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Introduction

Alzheimer’s disease (AD) is, together with Parkinson’s disease (PD), the most com-
mon form of senile dementia, characterized by progressive impairment in cognitive
function and behavior. With the size of the elderly population rising dramatically,
the development of new methodologies for diagnosis and treatment of these patholo-
gies represents a fundamental challenge for public health in the 21st century. The
onset of the diseases is identified by the incorrect folding and reorganization in beta
sheets structures of peptides (A peptide or a-synuclein respectively for AD and
PD) that are normally present in cerebral tissues. These misfolded proteins accu-
mulate and generate insoluble bundle of fibrils and plaques that are considered the
hallmark of the pathologies. It is well established, however, that the very onset
of the disease is linked to intermediate oligomeric populations, more than mature
fibrils. In this framework, my PhD project concerns the study of the molecular basis
of neurodegenerative disorders, to better characterize pattern and interconnections
in the amyloid fibrillation process.

The intervention in amyloid diseases, towards a therapeutic approach for their treat-
ment, can include different strategies interfering with the route of amyloid formation:
from blocking the production of the amyloidogenic proteins, to inhibiting or reverse
their misaggregation with exogenous or endogenous compounds, to modulate an
auxiliary cellular pathway that affects beneficially one or more of the foregoing ap-
proaches. In this thesis, the effect of molecules suspected to interfere with amyloid
formation has been investigated, to identify their interrelationship mechanisms with
the target proteins. Furthermore, the structures of the selected compounds have
been analyzed, to gain a deepen view on their physiological configuration. The cho-
sen molecules belong to different classes: a biomolecular class, the one of molecular
chaperones, that are already present in the cellular environments and yet play a role
in maintaining cellular homeostasis, and a chemical and exogenous one, the class of
curcumin derivatives. After this, the effect of AS peptide on model membranes has
been analyzed to better understand the mechanisms underlying the toxic action of
the peptide.

Molecular chaperones play essential roles in many cellular processes, including pro-
tein folding, targeting, transport, degradation and disruption of toxic aggregates by
clearance mechanisms. Moreover, they regulate protein functions in order to protect
against oxidative stress due to toxicity resulting from amyloid aggregates. Current
studies have attributed to the human chaperones Hsp60 and Hsp70 an important role
in amyloid neurodegenerative diseases, even if with often controversial mechanisms
that need to be clarified. Nevertheless, the oligomeric stability of Hsp70 has been
studied only recently while little is known about Hsp60 in the two forms in which it
is present in the cellular environment: the naive and mitochondrial form. Even for
the extensively studied GroEL, the bacterial homologue of Hsp60, some concerns
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remain about its structure and function in solution and, more importantly, under
physiological conditions. Since these molecules are readily emerging as therapeutic
and diagnostic targets, their comprehensive structural knowledge is an important
field for molecular biology, useful for the development of new drugs and therapies.
For this reason, a characterization of these proteins’ structures in solution was due
and has been firstly obtained. Subsequently a study of chaperones-amyloidogenic
proteins direct interactions has been carried out for the validation of possible defense
pathways based on preferential binding effects.

The chemical agents considered to interfere with amyloid £ peptide are new cur-
cumin derivatives. In fact, in the past years, curcumin seemed to be among the
most powerful candidates for the inhibition of the AS in vitro aggregation and fib-
rillization, being a natural compound and being already used as a natural drug for
different targets, including primarily as an antioxidant. The idea of exploiting cur-
cumin for therapeutic purposes, however, presents considerable limitations inherent
to its poor solubility, stability and ability to permeate the blood-brain barrier. Hence
it is necessary to synthesize compounds with the same ability of curcumin to bind
A S peptide, but that do not present stability and bio-availability problems, allowing
a real applicability in the treatment of the pathologies. The leading characters of
this part of the study, i.e. curcumin derivatives, have been designed to specifically
maintain the merits of curcumin, avoiding its defects, and have been characterized
with different techniques until the biological evaluation on a cellular model system.
My research project is focused on the study of the interactions between amyloido-
genic proteins and different chemical and biological agents mainly by means of Small
Angle X-Ray Scattering (SAXS), but presents a multidisciplinary experimental ap-
proach.

In this work the main technique used for the analysis, i.e. SAXS, is presented firstly
in Chapter 1, where the approaches exploited in the experimental data analysis are
introduced.

In Chapter 2, the two principal protein studied, a-synuclein and 5 amyloid, are pre-
sented and characterized even in comparison with model proteins, with the purpose
of investigating the interactions in their pathogenic pattern.

In Chapter 3 and 4 the molecular chaperones Hsp60 and Hsp70 have been at first
characterized in solution and compared with their crystallographic structures. Af-
ter this, the interaction with amyloid peptides has been inspected, showing their
potential role in a therapeutical approach to neurodegenerative diseases.
Subsequently, chemical compounds specifically designed to interact with AS peptide
are illustrated in Chapter 5. In this study two compounds have been proposed, with
different effects on the fibrillation kinetics, suggesting different possible therapeutic
strategy.

Finally, the effect of AS peptide on a model membrane have been investigated in
Chapter 6. The result has been repeated in presence of Hsp60, revealing its protec-
tive function in the protein-membrane interaction.

In the appendix A, the formation of a nanocarrier system has been characterized,
in the perspective of a potential use in the therapy of different pathologies like can-
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cer and Alzheimer’s disease. In appendix B, the theory of SAS technique has been
reported.
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CHAPTER 1
Small Angle Scattering: theory
and applications
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1.1 Introduction

Small Angle Scattering (SAS) is a fundamental tool in the study of biological macro-
molecules. The major advantage of the method lies in its ability to provide structural
information about partially or completely disordered systems with a resolution from
about one up to hundreds of nanometers. SAS allows one to study the structure of
native particles in near physiological environments and to analyze structural changes
in response to variations in external conditions. Given its sensitivity, it is an appro-
priate technique in the structural study of polymers, in solution or not, of colloids
in general, of nanocomposites and porous materials for biological purposes.

Scattering techniques can be used regardless of any manipulation of the sample un-
der examination: this possibility avoids procedures such as solvent removal, freezing
or the production of thin sections that often alter the sample leading to the formation
of artifacts. Unlike an image in direct space, the result of a scattering experiment
contains a statistically significant overall mean of the structure present in the inves-
tigated sample: with a single measure it is possible to access to an information with
a statistical relevance that is difficult to reach by any means with direct microscopy.
In general, in a scattering experiment, a suitable probe (photons or neutrons) of
wavelength A is collimated on the sample (see Fig. 1.1). The interaction is depen-
dent on the chosen probe, that can be visible light (Small Angle Light Scattering,
SALS), X-rays (Small Angle X-ray Scattering, SAXS) or neutrons (Small Angle
Neutron Scattering, SANS). However, regardless of the kind of probe, the incident
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radiation will be transmitted, absorbed and diffused: while the transmitted radia-
tion is blocked by an absorber (beam stop) before reaching the detector the diffused
radiation is revealed through a detector that is usually mono- or two-dimensional
(see Fig. 1.1, right).

Figure 1.1: Left: Schematic representation of SAS experiment: the sample is illuminated
by X-rays and the scattered radiation is registered by the detector. Right: Example of
SAXS scattering pattern, from [1] and of BSA as recorded by the two dimensional detector
Pilatus 1M at Elettra synchrotron, Trieste.

Scattering curve

k Sample
X'Ray k i P
or
neutron Incident beam

Wave vector:

Figure 1.2: Schematic representation of SAXS experiment: the incident wave characterized
by a wave vector k; impacts on the sample, and is scattered with ky. The detector records
the bi-dimensional scattered pattern. The radial average of this pattern gives the signal in
function of 20 and hence @). Adapted from [2].

If the scattering is isotropic, the two-dimensional image can be reduced, through
a radial average, to a one-dimensional curve called a scattering curve or scattering
intensity, I(Q) reported as a function of the scattering vector, @ (see Figure 1.2),
defined as the difference between the wave vector of scattered radiation, kg and that
of the incident wave, k;. In the case of the interaction between X-rays and matter,
each atom illuminated in the sample by the incident plane wave will become a
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scattering center that generates a spherical wave. The intensity that reaches the
detector is given by the constructive and destructive interference resulting from
the coherently emitted waves from the atoms present in the sample and contains
structural informations. I(Q) is the dependent variable of the scattering experiment:
it contains information on the size, shape and the interaction between the scattering
centers present in the sample. In fact the measured scattering intensity is linked
to the spherically averaged Fourier transform of the autocorrelation of the electron
density of the particle and to a factor depending on the distribution of the particle
in solution, namely the form factor.

A complete discussion of the Small Angle Scattering theory, with focus on SANS
and SAXS, is reported in appendix B. In the following, instead, the experimental
procedures and approximations that will be exploited in this thesis are summarized.

1.2 SAXS experimental analysis

1.2.1 Experimental procedure

The experimental scattered intensity from a determinate sample can be written as:
1(Q) = KNpVi(Ap)*P(Q)S(Q) + B (1.1)

where K depends on the specific variables of the instrument (incident flow, efficiency
of the detector), Np is the numerical density of the particles that scatter the probe,
Vp the volume of the single particle, Ap (contrast of the experiment) quantifies the
difference between probe and particle interaction with respect to probe-to-medium
interaction continuous, P(Q) is the form factor, S(Q) is the structure factor, @ is the
scattering vector and B is a linear background dependent on different contributions
such as instrumental noise.

Through simple geometric considerations it can be shown that:

Q = Ik — ki = T sin(0) (1:2)
where n is the index of refraction of the sample (approximate to the unit in the
case of neutrons e X-ray) and \ is the wavelength of the probe used. The Bragg
equation (A = 2dsinf), together with Equation 1.2 yields @@ = 27/d, where d is the
characteristic distance sampled by the chosen scattering vector, allowing to obtain
informations on the dimensions accessible to the experiment once the probe wave-
length and the angles sampled by the detector are fixed. At the same time, it defines
the maximum and minimum dimensions detectable from scattering experiment. For
example, in the case of a laboratory SAXS instrument which uses the X emission
of copper (Cu Ka = 1.542 A), if the sample-detector distance is about 30 cm, the
range of @ is 0.01-0.5 A1 corresponding to size in real space from 1 to 60 nm ap-
proximately. In the case of a SANS instrument present in research infrastructures
using neutrons from 1 to 10 A, for sample detector distances from 1 to 20 m, the
interval of Q varies from 0.001 to 0.5 A1 corresponding to size sampled from 1 to
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600 nm approximately.
In a scattering experiment, the resolution is defined as AR = 7/Qmaz, the mini-
mum discriminable dimension, where Q4. is nothing but the maximum value of @
accessible. If Qs = 0.5 A1 it is easy to calculate that AR is about 6 A. In other
words, small angle scattering techniques can be considered as experimental methods
where no interatomic distances are sampled, as in the case of high-angle diffraction.
The experimental curve obtained on a pratical session is connected to the scat-
tering cross section by:

s, 1(Q)
aa'@ = DSe(\)tDT(ZHAR)

(1.3)

where I(Q) in the number of photons detected, ® is the incident flux, A is the
incident surface, () is the efficiency of the detector, that depends on A incident,
t is the time of the measurement, D the thickness of the sample and T is the

transmission:
I

b

where [ is the transmitted intensity while Iy the incident intensity. Since samples

T (1.4)

absorb different fractions of radiation and this fraction does not contribute to the
scattering effect, the degree of absorption of a particular energy of radiation needs to
be determined for each sample, and this needs to be corrected for [3]. The measure
of the transmission factor of a sample can be obtained analyzing the beam flux of
the x-ray beam before and after the sample has been inserted. This can be realized
by some detectors after attenuation of the primary beam (to avoid damaging the
detector), by means of a beamstop-mounted photodiode, or by insertion of a strongly
scattering material behind the sample position. An alternative way is to determine
the transmission factor using a ionization chamber before (upstream) and behind
(downstream of) the sample through the ratio of the two ion chambers before and
after insertion of the sample. A large number of detector- and geometry-specific
variables can be corrected for by performing an absolute intensity calibration. To
obtain an absolute datum, i.e. a d¥/dQ expressed in units of cm™!, the number of
sample counts can be compared with an effective measure set on a standard material,
which provides the I, intensity, whose section of impact for @ = 0 is known.The
expression of the scattering cross section in absolute units (dX/dQ2(Q)|aps) can be
thus obtained, considering Equation 1.3:

dx I(Q)samp Dstd Tstd dx;
o= - —(Q =0 1.5
dQ (Q) abs I(Q = O)Std Dsamp Tior dQ2 <Q ) std ( )

Furthermore, the scattering intensity has to be corrected for the spurious contribu-
tion of solvent, capillary, air for to prevent misanalysis of the data. In the expected
experiments the concentration of sample is less than 1% by weight of the solution,
therefore if the concentration of solvent is approximated as unitary (C, ~ 1). In
this approximation, taking into account the contributions of the empty cell, of the
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buffer, of the particles in solution and of the background B, I, i.e. the scattered
intensity from the sample can be written as:

(Iy" — B) (1.6)

where I" is the measured scattering intensity of the particles in solution, I}" the
measured scattering intensity of the buffer, Ty, . = TpT, the transmission of buffer
and empty cell and T, the overall transmission. Therefore, to obtain the inten-
sity diffused exclusively by the suspended sample in solution, only the additional
measures of background B and of the cell holder filled with solvent in which the
sample will be suspended must be performed. The procedure described here, which
allows to arrive at the determination of the contribution of the sample only to the
scattering spectrum, is usually defined as data reduction. Considering the relative
transmission as unitary, Tior >~ Tyt

I,=(I" = B)— (Ij" = B) = I" — I}" (1.7)

1.2.2 Data treatment

In this section, an overview of the principal approximation and methods used in the
thesis will be presented. The theoretical basis of this section refers to appendix B.

1.2.2.1 Guinier approximation

The Guinier approximation starts from the expression of the form factor in terms
of Taylor expansion with isotropy conditions:

1

1 Q- (ra—r
P P

1 1 ;
_ iQ-(ra—ry)
72 /Vp /Vp drydrs (5p(1'1)<5p(r2)47T /de e

1 sin (Q|ry — rq1])
_ fQ/vp /VP dradey Sp(r)op(rs) LT (18)

Considering the Taylor series of % truncated at the second order, and the origin
of the axis in the center of mass of the particle so that pr drdp(r)ro = 0 with
o =x,y, z, we obtain:
Q2
<F2(Q)>WQ = 1-= drr?6p(r) + ... (1.9)
3f Jvp
And define the gyration radius R, in respect to the electronic center of mass and to
the electronic density fluctuations dp(r):

Jy., drr? 6p(r)
2 _ P
R = o) (1.10)
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2 P2
<FHQ)>u, = 1—Q?)Rg+... (1.11)

2 p2
~  exp <—Q3R9> (1.12)

The radius of gyration represents the effective size of the scattering “particle”
whether it is a polymer chain, part of a protein, a micelle, or a domain in a mul-

tiphase system. The usefulness of this plot stems from the fact that the obtained
particle “size” R, is independent of the absolute intensity Ip and of any model.
Instrumental smearing as well as polydispersity and multiple scattering appear to
decrease the effective Rg. Inter-particle effects also contribute to R, except at the
infinite dilution limit (case of an isolated particle). This relationship loses validity at
increasing () values. It can be shown that Guinier’s law is valid if we are in a range
of exchanged wave vectors such that QR, < 1.3. The gyration radius of the particle
can be directly associated with the geometrical characteristics of the particle. For

example, for a sphere of radius R, R = R, %, for an ellipsoid of semi-axes A, B
and C' instead Rg2 = 1/5(A? + B2+ (C?) and for other regular geometric shapes it is

possible to determine a relation between the turning radius and their characteristic
parameters.

1.2.2.2 The Guinier plot for elongated objects

The Guinier plot is modified when the scattering objects are elongated [4, 5]. The
two dimensional analogous of the gyration radius is the cross-section radius

- I3 P(r)ridr
R? = m (1.13)

where P(r) is the distance distribution function and for the intermediate @ cross

section
I1(0) _e’r2
1(Q) _ 10 - (1.14)
Q
For a cylinder, the radius R can be obtained by R = R, \ﬂ2) Similarly for a lamella

(flat object) of thickness T', the gyration radius of the lamella is

9 fooo Pt(’I”)TQdT

=20 "/ 1.15
t7g JoS Pi(r)dr (1.15)
and the intermediate-() Guinier approximation becomes:
I(0) _pope
1Q) = Fne @R (1.16)

2
where R? = %
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1.2.2.3 Porod approximation and P(r) distribution function
Consider the expression for the form factor relative to a scattering particle:

sin Qr

<F2(Q)>WQ:P(Q):/ dr P(r) : (1.17)
0 Qr
where the pair distribution function P(r) is:
2r [ )
P(r) = 71_/ dQ P(Q) Q sinQr (1.18)
0
and is normalized to unit [;°dr P(r) = 1. In order to determine the physical
significance of P(r), let us start from the Eq. (1.8) by making the substitution
r=r9—1I]1
1 sin(Qr)
PQ) = / / dridr §p(ri)dp(ry +r
( ) f2 VP VP ( ) ( ) QT

Qr  f?

_ /O ” drsi“gf” {ng < /V i Sp(ra)opes + >>} . (L.19)

By comparing this result with the Eq. (1.17), the term {. ..} results to be the P(r),

/ drSm(QT) r2i / dridwy 6p(r1)dp(r1 + 1)
0 Ve

1

P(r) = 4mr’— </ dry1 6p(r1)dp(r; —|—r)> . (1.20)
2\l .

Thus, the P(r) is connected with the orientational average of the autocorrelation

function of the particle contrast dp(r). The P(r) function can be used to calculate

the radius of gyration. By entering in the Eq. (1.17) the expansion

sinx 22 xt

= -+ — + ... 1.21
T 1 6+120+ ( )

it can be written:

PQ) = /OoodrP(r){l— QZTQ +}

I A
=1 6/0 drrep(r)+... (1.22)

that, by comparing with Eq. (1.11), yields to

1

Rz = 2/ drr? p(r) (1.23)
0

Let we consider the case of a particle with constant contrast Ap. The function
dp(r) can be written as Aps(r), where s(r) is a function describing position and
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shape of the particle which is one if the point r is into the particle and zero otherwise.
By substituting, the Eq. (1.20) transforms to

Pr) = dnr? 2 [ dr <s(ri 4 1) >, - (1.24)
VP Vp
This result shows that, for particle with constant contrast, the P(r) is the distance
distribution function which represents the probability density to find a vector having
the first end in the particle point r; and the second end again in the particle at
distance r from ry.
If we develop the integral in the equation 1.24 considering separately the particle
(core) and the volume of an internal shell of thickness r (which we call shell):

/ dri <s(ry+r)>,, = / dry <s(ry+r)>,,
Vp core
+ / dry <s(ry+r)>,,, (1.25)
shell

The expression <s(ry +1) >, = 2 [ dw,s(r1 +r) represent the solid angle fraction
from which r; is linked to the particle at distance r. The core integral <s(ri+r) >,
onry is 1, so Vp — Spr. For the internal shell:

/ dri <s(ri+r)>,, = Sp/ dr <s(z+r)>,, (1.26)
shell 0

where Sp is the surface of the particle and = the depth of the surface. Considering
the integral on the solid angle:

3 S
/ dry <s(ri+r)>, = Vp—Spr+—-Spr=Vp(1l-— ﬂ). (1.27)
Vp 4 4Vp
and P(r) is:
A7rr? Spr
P = 1-— e 1.2
M = T (-5 (129

that, inserted in the form factor expression, in function of r,,,., that is the r value
for which P(r) = 0:

27Sp  A(Qrmaz)

P(Q) = Q4Vg =+ QBV]% Sin(Qrma:r:)
—I-B(g;‘;;élgg) cos(Qrmaz) + - - - for high @ values.  (1.29)

The P(Q) trend can be approximated by the Porod law:

2wSp

PQ) oWz

(1.30)
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(b)

1.Q2

Figure 1.3: Schematic drawing of the scattering curve of a Gaussian coiled chain molecule,
from [6].

1.2.2.4 Kratky plot

In the field of biological macromolecules one is usually concerned with omodisperse
solutions of molecules with identical shape whose structures does not change with
time. The Kratky plot, I(Q) - Q? versus the Q plot, is a useful expression for the
scattering profile to describe the structural characteristics of a chain molecule, and,
consequently, is often used in polymer science [6]. The scattering curve of a chain
is composed by three regions: a gaussian part at very low @ that is due to the
overall shape of the globular particle, an intermediate é region operating from
larger subsections of the molecule which can be visualized as random arrangements
of chain elements. The outermost part of the curve will therefore have the shape
of the scattering curve of a needle i.e I ~ é if the chain is unfolded. Representing
I-Q? vs @, the Gaussian region drops towards zero at Q = 0, the 1/Q tail end
follows an ascending line the extension of which to the left passes through the origin
(see Figl.3). On the other hand, the scattering profile from a globular protein in the
high @ values obeys Porod’s law, that is, Q™. In this case, the Kratky plot should
have a peak, and the peak position should depend on R,. For protein solution, a
peak in a Kratky plot indicates a compact globular structure, and the absence of a
peak is an indication of a loss of compactness or globularity [7].

1.2.2.5 Gentfit

Genfit is an open-source software developed in the research group of Molecular
Biophysics in the Polytechnic University of Marche for the analysis of data ob-
tained from small angle scattering (SAS) experiments of X-ray (SAXS) or neutron
(SANS)[8], that will be widely used in this thesis. The program is written in Fortran
and in input reads mono-dimensional scattering curves, that can be fitted a series of
models. More than 50 models are available in the software, from simple asymptotic
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behaviors to geometric or geometrical form factors of entire atomic structures. Some
models provide both the presence of form factors and the presence of structural fac-
tors that take into account the interactions between the particles in solution. The
parameters of each model can be linked to the chemical-physical conditions of the
experiment by means of link functions which can be defined from time to time by
the user thus changing the temperature, pressure, concentration, pH, ionic strength
in the most suitable way for that specific fit. Thanks to these characteristics it is
also possible to generate SAS theoretical curves based on these models or on the
knowledge of the behavior of the species in solution with the aim of predicting the
best experimental conditions to be explored in a future SAS experiment. The in-
put SAS curve represents the macroscopic differential cross section, referred to as
Iezp(Q). Genfit minimize the x? function analyzing one or several (global fit) SAS

1 NQC exr c f(Qz)
N { L i) } (1.31)

=1

curves at the same time:

1N¢

€ =1

where V. is the number of SAS curves, Ng . the number of @ points of the curve
¢ and .fc(Qi) is the model SAS curve determined from Genfit, o. is the standard
deviation of the ¢ curve. To take account of the presence of a possible background
or some correction factors the model SAS curve is written as

I. being the model SAS curve in absolute units, k. the scaling factor and B the
background. Generally speaking the model SAS curve can be written as a linear
combination of M, models

M.

= Wemlem(Q) (1.33)
m=1

where we , is the weight of the m-th model, I.,,(Q) the curve determined for that
model. Every model depends on different parameters that are obtained by the x?
minimization. The fitting parameters can be related to sample structural features,
such us dimensions, shape, and scattering density. By means of the flags within
the program it is possible to decide whether to fit or to keep them fixed. At the
end of the calculation, Genfit generates different output files among which we find
the best curve that represents the fit, the parameter file, the distribution function
of polydisperse systems and Fourier transforms. The details of the principally used
models will be illustrated in the following sections.

Models

Worm like model The unfolded or intrinsically disordered state of the protein
monomer was described by statistical chains, such as the so-called worm-like model,
based on the Kratky-Porod statistics. The corresponding form factor Pk (Q), which
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includes the effect of excluded volume, has been obtained by Pedersen and Schurten-
berger through Montecarlo simulations, whose results have been given in terms of
numerical approximations. Pyx(Q) is multiplied by a two-density level cylindrical
cross section [9]. The unfolding protein form factor thus results:

2
Puns (Q) = (7L Pa(Q) | (o = o)+ 02T o 2 1%%?;
1.34

where L is the contour length of the chain, representative of the its extended length,
R, is the inner radius of the cross section that represents the mean half of the
thickness of the protein chain, § is the thickness of the solvation layer and J;(z)
is the first order Bessel function. The parameters pj, ps and pg are the scattering
length densities of the dry protein, of the hydration layer and of the bulk solvent,
respectively. The worm-like form factor P, (@) depends on L and on the statistical
segment (Kuhn) length b, the average separation between two subsequent segments.
The number of segments is simply given by the ratio n, = L/b.

Cylinders The shape of early protofibrils, representing the first fibrillation states,
and of the fibril-like aggregates, were described starting from cylinders form factor.
The form factor of a cylinder is written as:

sin (3QHeyicosB) Ji(QReysing) ?
%QHcleOSB QRcyISin/B
(1.35)
where R, and H., are the cylinder radius and length. The average scattering
length density of the cylinder, p.y , is fixed to the average electron density of a
protein, and the monomer aggregation number, Ny, is calculated from N, =

WRzychyl/Vl-

Pcyl(Q) = (27rRzychyl)2(pcyl_pO)2 /02 dﬁsmﬁ{

Bigger aggregates The fourth protein state (sph) is described by unspecific pro-
tein aggregates, which could reach very large dimensions. The signature of their
presence is the asymptotic behavior at the lowest Q-values of the scattering curve,
which could be interpreted by the tail of the form factor of large spherical shapes,
well described by the Porod law,

2T Osph
Q4

where oy is the surface-to-volume ratio of the spherical aggregates and pgpy, is its

average uniform scattering length density. To note, this law does not allow to get

the aggregation number Ngy,. However, the fraction of dry protein in the aggregate

can be easily determined by ¢gpn = %.

PSPh(Q) = NspnV1 (psph — po)(p1 — po) (1.36)

Form factor from a PDB structure To analyse SAXS curves with different
models, it has often been considered the macroscopic differential scattering cross
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section as a combination of the form factors corresponding to different states in-
volved:

dx N
de(Q) = CM% 1P (Q) + %PZ(Q) +... (1.37)

where ¢ is the protein mass concentration, N4 is Avogadro’s number, M; is
the monomer molecular weight, z; is the fraction of monomers involved in the
formation of the i-species, P;(Q) its form factor and N; is the aggregation number
of that species (which is 1 for unfolded monomers). The structure factor S(Q) was
approximated to unity due to the low protein concentration of the experiment.

SASMOL

Several models included in GENFIT are able to calculate the form factors of atomic
structures on the basis of Protein Data Bank (PDB) files, taking into account the
contribution of the solvation shell around the macromolecule. Some models are
based on the SASMOL method [10, 11], which uses the spherical harmonic expansion
of the scattering amplitudes, similar to the widely known CRYSOL software [12].
The main idea of SASMOL is to embed the macromolecule in a “tetrahedrical close-
packed” lattice and assign the lattice positions in contact with the atoms of the
macromolecule to hydration molecules. In this way, the scattering contribution of
water molecules inside cavities or grooves is taken into account. For each of the
PDB-based models, the GUI provides a facility where the user can load the PDB
files [8].
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1.3 Applications in the biological field for the character-
ization of proteins

Small-angle scattering have proved to be versatile techniques for the structural char-
acterization of biological macromolecules [13]. Recent advances have made it possi-
ble to obtain accurate data in a relatively short time, thus permitting time-resolved
studies [14]. The assessment of scattering curves can be obtained under low-contrast
solvent conditions and in a wide region, leading to the possibility to investigate even
complex objects like viruses [15, 16]. These developments have led to a breakthrough
in the application of these techniques to the study of protein folding, enabling equi-
librium and kinetic investigations [17, 18].

Since these techniques allow to approximately reproduce the physiological condi-
tions in which the protein is, they can provide low resolution information on the
tertiary and quaternary structure of proteins [19] and allow to study the interme-
diate structures from a polypeptide chain during its folding process. By SAS it is
possible to characterize the process of folding/unfolding |20, 21], the conformational
changes occurring after or during the activation of a certain process, the interactions
with other molecules [22], and even the density of the hydration water [23].
Considering that the derivation of a more detailed and refined structure of the par-
ticles subjected to SAS measurements is rather complicated, the coupled use of
complementary approaches has proved to be a powerful tool in the biological field.
In particular, the potential benefits of combining SAXS and MD simulations were
recently reviewed [24], with a focus on the development of algorithms able to re-
fine protein structures in solution from SAXS data, based on restrained Molecular
Dynamics (MD) results [25]. Another successful experimental match is between
SAXS/SANS and NMR [26], while the combination of SAS data with experimental
data from other techniques like electron and/or atomic force microscopy or fluores-
cence based techniques (as single-molecule FRET) is promising, too.

It is clear that SAS can be considered a very convenient technique to study protein
fibrillation and the effects of inhibitors. SAS investigations have been extensively
studied concerning the two most studied cases of proteins leading to fibrils: amyloid
B peptide and a-synuclein [27, 28, 29, 30]. In most cases, model-free approaches
demonstrate to be able to provide essential information.
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2.1 Introduction

Proteins, in unaltered conditions, are known to assume a well-defined three-
dimensional conformation (folding), linked to the aminoacidic disposition, which
constitutes its biologically active state. However, polypeptide chains can adopt a
multitude of conformational states depending on surrounding conditions (pH, tem-
perature, chemical agents), some of which may be thermodynamically more stable
than the native conformation itself.

Protein misfolding disorders are usually caused by peptides that, characterized by a
certain degree of meta-stability, create in particular conditions a population capable
of giving rise to cytotoxic aggregates [31, 32]. The molecular mechanisms under-
lying this kind of aggregation and the cytotoxic rising effect are to date topics of
fundamental importance in the context of multidisciplinary sectors, ranging between
biology, medicine, chemistry and physics.

In the followings of this section, a brief preface on the state of the art for the
proteins studied will be presented. Starting from the definition of intrinsically dis-
ordered proteins (IDPs, [33]) the two main proteins analyzed in this PhD thesis will
be introduced: AfS peptide and a-synuclein. These two proteins, that share the
lack of a fixed three-dimensional structure, are both connected with neurodegen-
erative disorders, respectively Alzheimer’s and Parkinson’s diseases. It is wildely
accepted that the formation of off-pathway fibrillar aggregates, compose the trigger
of the entire pathological phenomena [34|. The current hypothesis regarding the
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beginning of the neuropathology is focused on the role of small oligomers, which
are considered more toxic than the monomers or than the mature insoluble amyloid
fibrils [35, 36, 37|. The transient nature of the intermediate oligomers is equally
challenging for the characterization of the toxic potential of these species, and thus
a number of differently sized oligomers have been suggested as the cause of the dis-
eases. This is why this issue remains on the agenda in the biophysical debate even
if many efforts have been produced to elucidate the role of the separate species.

In the subsequent sections a preliminary characterization of AS peptide, in the two
alloforms AB1_49 and AB1_40, and a-synuclein will be presented, mainly by means
of SAXS technique, but with the aid of microscopy and AFM techinques. The char-
acteristics of two amyloidogenic proteins are presented in comparison with model
proteins, that can gain an amyloid status if subjected to appropriate experimental
conditions [38]. The proteins have been investigated in their native conformation
and after the fibrillation protocol, to describe the final states of the processes.

The results are in good agreement with basic and recent literature |39, 40, 11] and,
for the fibrillated state, with each others, confirming the similarity of the fibril
structure regardless the native conformation of the protein. SAXS curve of AB1_49
monomer has never been observed, at my knowledge, however it results in good
agreement with the recent SANS result of Zhang-Haagen et al. [41].

This discussion is presented here both as a portray of the characters of this work and
to underlie the possible changes resulting from the interaction of the amyloidogenic
proteins with biological as well as with chemical inhibitors, that will be presented
in the following chapters.

2.1.1 Intrinsically disordered proteins

Knowledge about the proteins’ function has always been correlated with the knowl-
edge of the structure. It is in fact known that in well-defined proteins a well-defined
tertiary structure has a fundamental role to allow them to carry out their biological
function. This concept, over the years, has been validated by determining the crys-
tallographic structure of numerous proteins and enzymes.

In recent decades, however, protein regions, which still perform a biological func-
tion, have been identified without any kind of well-defined tertiary structure [42, 33].
These segments can assume a defined structure following a link with a target
molecule or they may never assume a defined tertiary arrangement, always remain-
ing disordered [43]. The finding that a high percentage of proteins, encoded in the
eukaryotic genome, is totally or partially disordered is the cause of a great change of
perspective in structural and molecular biology. Indeed, numerous challenges aimed
at a deeper understanding of the structural properties and the consequent functions
of this new class of proteins, named Intrinsically Disordered Proteins or IDPs, have
been undertaken [44, 45].

An intrinsically disordered protein (IDP) is thus a protein known to lack a fixed
or ordered three-dimensional structure. IDPs cover a spectrum of states from fully
unstructured to partially structured and include random coils, (pre-)molten glob-
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ules, and large multi-domain proteins connected by flexible linkers. These proteins
present numerous advantages in respect to well-defined globular ones: they have a
greater interaction surface and a conformational flexibility that allows them to ex-
pose short parts of the polypeptide chain, making them able to interact with many
other types of proteins and molecules. They also have several post-translational
modifications that facilitate the adjustment of their functions and their stability
within the cell, making them able to interact with their target with high specificity
and low affinity [46].

Even if the major of the IDP proteins are non-pathological [47], in this set are high-
lighted two particular proteins linked to neurodegenerative diseases: the AS peptide,
linked to Alzheimer’s disease, and a-synuclein, linked to Parkinson’s disease.

2.1.1.1 Alzheimer’s disease and amyloid 8 peptide

Alzheimer’s disease (AD) is a neurodegenerative
disease characterized by the death of neurons in 7™
different areas of the cerebral cortex, resulting |
in loss of cognitive and behavioral function. It
is the most common form of dementia, progres-
sively disabling and with an onset that generally
occurs in pre-senile age (over 65 years), although
there are increasing cases of an insurgence at the
age of 40 [49].

One of the hallmarks of Alzheimer’s disease is

the formation of amyloid plaques and agglom- Figure 2.1: Sketch of healthy neuron
eration of insoluble neurofibrillary clusters and cells vs Alzheimer’s damaged cells,

* healthy cells

tangles in the cell bodies of neurons [34]. A com- from [48].
ponent of the tangles structures is the 7 protein,
a molecule involved in the development of various neurodegenerative diseases that
have in common the degeneration of microtubules. A is instead the constituent of
the core region, consisting of fibrillar aggregates, of extracellular conformations, ap-
proximately spherical in shape and with a diameter between 50 and 200 pm, called
amyloid plaques (neuritic or senile plaques), sketched in Fig. 2.1.
To explain the etiology and pathogenesis of Alzheimer’s disease in 1992 the hypothe-
sis of the amyloid cascade (see Fig. 2.2) has been proposed [50]. This hypothesis sug-
gests that the mismetabolism of 8-amyloid precursor protein is the initiating event
in AD pathogenesis, subsequently leading to the aggregation of the g-amyloid pro-
tein. Formation of neuritic plaques instigates further pathological events, including
the formation of the neurofibrillary tangles and disruption of synaptic connections,
which lead to a reduction in neurotransmitters, death of tangle-bearing neurons and
dementia. Thus, the formation of fibrillar aggregates, consisting of A5, composes,
according to this theory, the trigger of the entire pathological phenomenon.

The AS monomer is a peptide of 38 - 42 residues and belongs to the intrinsically
disordered protein family. It is normally produced and present in the brain and



22 Chapter 2. Amyloidogenic proteins

mutations

Accumulation of Ap and
oligomerization
Decrease in synaptic efficiency
due to the presence of AB oligomers

l ApB deposition into diffuse plaques '

Activation of astrocytes and microglia;
anti-inflammatory responses

Disruption of neuronal ionic homeostasis;
oxidative stress and inju
Kinase and phosphatase
activity altered
Synaptic disfunction and failure;
neuronal loss

Figure 2.2: The amyloid cascade hypothesis [51], from [52].
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Figure 2.3: Enzymes action on APP that generates the A3 peptide. From [53].

in the cefalorachidian liquor. The AfS biosynthetic pathway provides for various
reaction steps and involves the action of two proteases. The peptide is produced by
proteolytic cutting starting from the Amyloid Precursor Protein (APP), an integral
membrane protein of about 110 kDa expressed in many tissues and, more consis-
tently, in neuronal cells at the synapse level. Its main function has not yet been fully
clarified, but its implication in processes such as the regulation of synapse formation,
neuronal plasticity and iron transport to the extracellular environment is known [54].
The fibrillation process of AS is considered to be related to changes in secondary
structures leading to S-sheet formation, which proceeds via monomers aggregation
into oligomers up to the formation of the mature amyloid fibers, according to dif-
ferent nucleation, elongation and fragmentation processes. Amyloid fibrils usually
consist, of 2-6 unbranched protofilaments, each about 2-5 nm in diameter, character-
ized by a cross-0 spine, with g -strands perpendicular to the fibril axis and S-sheets
along the length of the fibril [56], sketched in Fig. 2.4.

The current hypothesis regarding the triggering of the neuropathology is focused on
the role of small A oligomers, which are considered more toxic than the monomers
or than the mature insoluble amyloid fibrils [57]. Nevertheless, the understand-
ing of the molecular mechanisms leading to oligomers formation and to the onset
of the pathology is still largely unknown, although different hypothesis have been
prompted [35]. A proposed mechanism of fibrils formation depict the presence in the
protein of a segment that can form a tightly complementary interface with an identi-
cal segment, which permits the formation of a steric zipper-two self-complementary
B sheets that form the spine of an amyloid fibril [58].

Different experimental evidences assign to oligomers a central role in the develop-
ment of diseases: they have been shown to interact with cell membranes, impairing
their structural organization, destroying their selective ion permeability, leading to
metabolic alterations (oxidative stress, Ca?T homeostasis) that eventually culminate
with neuronal cell death [59]. Binding of various amyloid oligomers with All, an
anti-amyloid oligomer conformation-specific antibody, revealed that, regardless of
the primary protein structure, the amyloid oligomers present a generic conforma-
tion and suggested that the role of plasma membranes is critical for the toxicity of
[-aggregation [60]. Recently, by studies in transgenic model mouse of Tg2676 of
AD, it has been shown that lipid rafts constitute a site where AS oligomers might
accumulate and cause toxicity in Alzheimer’s disease [61, 62].
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&: ApB1_49 and ApBi_40: two distinct alloforms
Y There are different alloforms of the AS peptide
]:3; ; in tissues. The two principal alloforms found in
-4 o amyloid plaques are 40 and 42 amino acids long

axis and are called respectively AB1_40 and AB1_4o.
Although the differences in the primary struc-

ture are minimal, these two species show very
different clinical and biological behaviors. Even
if the secreted concentration of ABy_49 is only

Figure 2.4: Figure 2: Scheme of the 10% of that of ABi_4, the longest alloform
cross-f structure of a mature amy-

loid fibril. Each (-sheet is indicated

L e

is predominant in the plaques of the cerebral
by yellow or green color and shows a parenchy.ma [63].~ Afr-a2 ap.pea‘rs to k.)e more
parallel alignment of the S-strands. neurotoxic than ABy_4 and kinetic studies seem
From [55]. to confirm that it forms fibrils much faster than
the shorter peptide [64|. The two peptides affect
each other’s aggregation rates and toxic activities: in wvitro studies have shown that
they form mixed aggregates [65, 66]. Moreover, these peptides show different behav-
iors in the initial phases of the aggregation. Af;_4o seems to form predominantly
hexameric aggregates, called paranuclei, with spheroidal radius structure around
2.5 nm [67], which coexist in equilibrium with the monomer. These aggregates they
associate themselves to give protofibrillar and fibrillar structures. In contrast, struc-
tures analogous to the paranuclei of the AB;_4o peptide have not been identified for
the peptide AfB1_49. Studies of introduction of mutations have suggested that the
critical residue that promotes the initial oligomerization and formation of paranu-
clei is Ile-41, while Ala-42 would facilitate the association between paranuclei. In
addition, oxidation of Met-35 blocks paranucleus formation but does not alter the
AB1_49 oligomer size distribution [68].
The two species, however, after prolonged incubation, produce similar proto-fibrillar
structures, hence the fundamental difference at the basis of the clinical differences
between the two peptides would be the initial oligomerization immediately after the
production of the peptides.

2.1.1.2 Parkinson’s disease and a-synuclein

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
after Alzheimer’s disease and affects about 1% of the population over 60 years old
[69].

The primary manifestations of Parkinson’s disease are abnormalities of movement,
including movement slowness, difficulties with gait and balance, and tremor. Non-
motor symptoms are equally present and include disorders of mood and affect with
apathy, anhedonia and depression, cognitive dysfunction and hallucinosis, as well
as complex behavioral disorders [70]. Pathologically, PD is characterized by the
prevailing death of the dopaminergic neurons in the pars compacta of the substantia
nigra located in the midbrain. Moreover, proteins and lipids aggregates in Lewy
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Bodies (LBs) and Lewy Neurites (LNs), were found also in other brain regions, such
as the dorsal motor nucleus of the vagus, the nucleus basalis of Meynert, and the
locus coeruleus [71]. In particular, Lewy Bodies are mainly constituted by ubiquitin
and an aggregated form of the a-synuclein protein. Electron microscopy showed that
a-synuclein present in Lewy Bodies and Lewy Neurites is organized into filaments
200-600 nm long and with a diameter of 5-10 nm [72], with a-synuclein filaments in
LBs characterized by a (-sheet structure characteristic of amyloid fibrils [73|. The
fact that a-synuclein is the major component of the aggregates and that mutations
in the gene encoding for the protein lead to autosomal dominant forms of PD has
attracted the attention for to unravel the causes of the mechanisms of the disease.
a-synuclein monomer is a small protein constituted by 140 amino acids that be-
longs to the synucleins family (a-synuclein, S-synuclein and y-synuclein), that share
a quite high sequence identity and similar expression pattern [74]. Synucleins are
expressed primarily in neural tissue, mainly at presynaptic terminal in mammalian
brains, and have in common a highly conserved a-helical lipid-binding motif with
similarity to the class-A2 lipid-binding domains of the exchangeable apolipoproteins
[75]. The primary structure of a-synuclein can be divided in three parts: N-terminus,

1 61 95 140

YBG&)  Amphipathic region NAC Acidic terminal el

Figure 2.5: a-synuclein primary structure divided into N-terminus, NAC and C-terminus.
Adapted from [76].

non-beta amyloid component (NAC) and C-terminus (Fig. 2.5). The first 60 amino
acids, the N-terminus of the protein, form, along with the NAC region, an amphi-
pathic a-helix responsible for a-synuclein interaction with lipidic membranes [77].
The single point mutations A30P, E46K and A53T responsible for familial form
of PD are all located in this region, accounting for variation in protein-membrane
interaction or in protein aggregation propensity.

The NAC fragment (61-95), constitutes the more hydrophobic region of a-synuclein
and it is believed to be responsible for the primary intramolecular interactions that
cause a-synuclein misfolding and aggregation [36]. This region promotes the for-
mation of S-amyloid in vivo, acquiring a S-sheet structure when a-synuclein forms
amyloid fibrils. The remaining part of the protein constitutes the C-terminus, which
includes 14 acidic residues and does not acquire a defined secondary structure in so-
lution, when a-synuclein is bound to the membranes or when it forms amyloid
fibrils.

Extensive biophysical investigations provided evidence of the lack of a secondary
structure when a-synuclein is isolated in vitro. For this reason, it has widely been
classified as intrinsically disordered protein and, as a model IDP, in numerous stud-
ies, has aided in the development of many technologies used to characterize IDPs
and arguably represents the most thoroughly analyzed IDP to date. Recent reports,
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however, have challenged the disordered nature of a-synuclein inside cells and have
instead proposed a physiologically relevant helical tetramer [78, 79]. Moreover, it
has been shown that different solution condition can influence the protein aggrega-
tion, assembling into fibrils that exhibit considerable morphological heterogeneity
[80]. Such polymorphism can lead to significant differences in fibrils height, width,
periodicity, length and mechanical properties [81, 82]. Despite a-synuclein’s rich
biophysical history, a single coherent picture has not yet emerged concerning its in
vwo structure, dynamics, and physiological roles.

2.1.2 Amyloid aggregation and fibrillogenesis

The non-pathogenic process of protein folding leads the peptide to assume a three-
dimensional structure, thermodynamically stable and biologically active, defined as
native conformation [83|, dependent on the amino acid sequence and the environ-
ment in which the protein is expressed. A generic polypeptide chain, in the not
folded conformation, possesses a high number of degrees of freedom which trans-
lates into a very high number of possible three-dimensional conformations. If to
reach the native conformation the protein should probe each of the possible confor-
mations, the whole process would require times of the order of 10® s [84]. Instead, it
is known that the folding process takes place in terms of the order of milliseconds,
with small differences correlated to the molecular weight of the particular molecule
in question. This difference between theoretical predictions and in vivo observations
was underlined by Levinthal, in 1969 [84]. Actually, the Levinthal paradox is solved
by the consideration that not all the probabilities of the states are equal but there
is a “bias” in respect to the native state [85]. Protein folding can be described as
a stochastic process of intramolecular self-assembly driven by the establishment of
noncovalent interactions such as electrostatic, hydrophobic, Van der Waals interac-
tions and hydrogen bonds leading to the energetically most favorable conformation.
There is no single way of reaching these states, but alternative routes that can be
traced according to the free energy profile. This concept can be summarized by
the so-called conformational funnel (Fig. 2.6). Protein folding is thus a hierarchical
process that involves a progressive increase in the conformational stability of the
protein, or a drastic decrease of the Gibbs free energy with respect to the unfolded
state. Many studies, from the work of Anfinsen in 1972 [87], have been carried
out on protein folding mechanisms both in vivo and in vitro, which have led to an
understanding of the relationships between primary structure and free energy able
to guarantee protein folding [31, 85]. Since the amyloid state is characterized by
high kinetic and thermodynamic stability due to their characteristic structure, the
process of forming amyloid fibrils can thus be considered as an alternative to the
normal folding process and in competition with the latter. Moreover, this confor-
mation can be adopted, in principle, from all existing peptide chains [83], not being
strictly the exclusive prerogative of some amino acid compositions.

In the context of intramolecular interactions, the native conformation constitutes
the most stable state from the energetic point of view and an absolute minimum in
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Figure 2.6: Combined protein folding/aggregation landscapes. Energy landscape model for
protein folding (left, in red) and aggregation (right, in blue) starting from the unfolded
ensemble. Different conformational states are available to a protein when stabilized by
either intramolecular (monomeric protein) or intermolecular (aggregation intermediates and
mature fibrils) contacts. The energy barriers can be lowered by suitable conditions such as
interactions with other proteins. From [86].
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the context of the conformational funnel (see Fig. 2.6). If we also consider inter-
molecular contacts in the context of aggregative phenomena, new minimum points
are found. The native conformation becomes a point of relative energetic minimum,
while the fibrillar state gains the status of absolute minimum. The amyloid state
could therefore be thermodynamically more stable than the native conformation of
many proteins, even under physiological conditions. Since the conversion of amyloid
fibrils provides an increase in terms of intermolecular interactions, it follows that the
formation of such aggregates is favored by high concentrations of peptide in unfolded
or partially-unfolded states. In this framework the folded state could represent a
metastable monomeric (or oligomeric) phase separated from the polymeric-fibrillar
state by a potential energy barrier.

Fibrillogenesis is thus a very complex process, as it is the result of the formation
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Figure 2.7: Schematic representation of the amyloid forming pathway. The nucleation de-
pendent mechanism is represented: soluble prefibrillar oligomers or nuclei are formed during
the lag phase, act as templates to sequester other aggregation-prone intermediates, leading
to rapid fibril growth (represented by the exponential elongation phase) and subsequently,
to the formation of insoluble mature amyloid fibrils. The plateau phase represents the
steady state when maximum fibril growth has been reached. From [88].

of inter and intramolecular bonds that change the structure and conformation of
the protein involved. The amyloid aggregative phenomena can be generally treated
as a polymerization process that takes place in distinct and consequential phases,
according to a nucleation and elongation mechanism (Fig. 2.7). An initial phase
called nucleation (lag phase) is observed during which the peptides in solution usu-
ally undergo a conformational modification with consequent formation of oligomeric
structures rich in 3 sheets (see Fig. 2.8). These aggregates are often called nuclei or
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Figure 2.8: Left: ordered cross-g structure forms amyloid fibrils. Right: (A) The cross-j3
diffraction pattern obtained from amyloid fibrils which arises from the (B) cross-3 structural
core of the protofilament shown in (C). The protofilaments shown in (D) self-associate to
form the more complex mature amyloid fibril (E). From [89].

seeds because they provide the basis for the subsequent assembly up to the forma-
tion of fibrils. Then follows a second phase, called elongation, during which the size
of the aggregates grows exponentially with the formation of protofibrils and mature
amyloid fibrils. Finally, a saturation is reached due to the establishment of a balance
between the aggregates present in the solution and the oligomeric fraction available
for the assembly. Since amyloid fibrils are insoluble and thermodynamically very
stable the process is hardly reversible. Despite the differences between proteins in
their native state, the corresponding amyloid fibrils appear to have in common the
cross- pattern. Unlike the native conformation, the three-dimensional structure
of the fibrils is not dictated by the amino acid sequence, although the details in-
herent in structure and stability may be sequence specific: at the nanoscale, fibrils
originating from different peptides have a high degree of structural homology [90].
Amyloid fibers are commonly 7-20 nm wide, but have a length that instead falls in
the order of micrometers and are composed of multiple thin protofilaments that can
be assembled in a variety of ways to create mature fibers. The characteristic X-ray
reflection pattern at or near 4.75 A indicates that protofilaments in the amyloid are
organized in a S-fold (see Fig. 2.8).

This landscape has been extensively analyzed in recent years, highlighting more
complex and articulated formation processes, which include secondary nucleations
and depend from unseeded or seeded aggregation [91]. From the known model of
Knowles group [35], in the absence of fibrils, all oligomers have to be generated
through primary pathways, since secondary nucleation requires the presence of fib-
rils. Once a critical concentration of amyloid fibrils has formed, however, secondary
nucleation overtakes primary nucleation as the major source of new oligomers, and
further proliferation becomes exponential in nature due to positive feedback. The
system finally reaches a critical concentration of fibrils, above which secondary nu-
cleation becomes the dominant mechanism generating new aggregates.

As aggregation is a stochastic process, the reaction mixture will be highly complex
and composed of several oligomeric species at any given time. Homogeneity of the
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sample is not thought to occur until after the polymerization reaction is complete
and even then, it is possible an instability in time. Furthermore, the composition
of the reaction can be significantly modulated by physicochemical parameters, such
as temperature, ionic strength and pH [38]. The presence of cosolvents influences
the stability, solubility, binding, and crystallization of proteins [92]. In particu-
lar cations and anions affect these processes with widely varied effectiveness: the
Hofmeister series ranks the relative influence of ions on the physical behavior of
biomacromolecules as well as a wide variety of aqueous processes [93]. It is thus not
surprising that independent studies of this highly dynamic reaction mixture have
yielded a plethora of transient molecular species that have been claimed to occupy
an essential position along this pathway [94]. The transient nature of the intermedi-
ate oligomers is equally challenging for the characterization of the toxic potential of
these species, and thus a number of differently sized oligomers have been suggested
as the cause of the diseases. This is the reason why, even if it has been differently
studied, this issue remains on the agenda in the biophysical debate.

Amyloid aggregates may however have a gainful function, as in the case of bacteria
where amyloid structures are involved in the formation and stabilization processes
of biofilms [95]. Moreover, amyloid fibrils can give micro-organisms favorable char-
acteristics such as mechanical resistance or increased virulence [96]. The cross-g
architecture guarantees a remarkable stability to the fibrils as it allows the for-
mation of an extended network of hydrogen bonds. For this reason, it has been
proposed their possible use in designing novel nanostructured materials [97, 98, 99].

Model proteins The ability to form structures of amyloid nature is not a unique
feature of proteins involved in protein misfolding diseases. Proteins of a different
nature, even non-pathogenic, can gain an amyloid status if subjected to appropriate
experimental conditions [100, 38]. These evidences have allowed to study the phe-
nomenon of amyloid aggregation in a much more widespread way, using less precious
and better known proteins as model proteins. For example, lysozyme, in this thesis
the one extracted from eggs (hen egg white lysozyme, HEWL), homologous to the
human protein, is a highly studied protein and characterized in detail in structural
terms. Mutant lysozyme was found involved in hereditary systemic amyloidosis
[101]. Aggregation of lysozyme was also observed in wvitro in different experimental
conditions that have in common the alteration of the native conformation due to
thermal destabilization after incubation at acidic pH or the presence of denaturing
agents or organic solvents [102, 103, 104].

Even insulin, a hormone protein, has been intensively examined as one of the best
models among proteins that can form amyloid fibrils readily in wvitro [105, 106].
Bovine serum albumin (BSA), S-lactoglobulin and cytochrome C can form aggre-
gates with amyloid characteristic, rich of S-sheets structures [107, 108, 109].

In this thesis this characteristic has been exploited to deepen the mechanism of
fibrillation in wvitro in our laboratory and for preliminary studies on amyloid inter-
actions.
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2.2 Materials and methods

In this section, the details of the different techniques exploited to characterize amy-
loidogenic proteins will be presented, to introduce the experimental section to follow.

Protein fibrillation

Lysozyme (Hen Egg White Lysozyme, HEWL, Sigma Aldrich) has been dissolved in
a 70 mM Glycine-HCI buffer at pH 2.7 containing NaCl (50 mM). The concentration
of HEWL in solution, 100 uM for SAXS and 50 pM for fluorimetric measurements,
has been evaluated spectrophotometrically at A = 280 nm using a molar extinc-
tion coefficient of 38.94 L mol~! em~!.The solution was incubated overnight in the
absence of NaCl and salt was added immediately before the induction of thermal
destabilization. Amyloid aggregates were produced by incubation of the sample at
65 °C under conditions of constant mechanical stirring (1100 rpm).

The a-synuclein was purified as a monomeric fraction from Escherichia coli as de-
scribed in [110] from the Vendruscolo laboratory, Department of Chemistry, Cam-
bridge. The different A peptides were purchased lyophilized by Anaspec. AB1_40
was solubilized in NaOH 5 mM (Sigma-Aldrich), pH 10, sonicated and lyophilized
according to Fezoui et al. protocol [111]. The lyophilized peptide was then dissolved
in PBS (pH 7.4) and filtered through two filters in series having diameter of 0.20
mm (Millex-Lg) and 0.02 mm (Whatman) respectively, in order to eliminate large
aggregates. The sample preparation was aseptically operated in a cold room at 4 oC.
The ABj_40 concentration was determined by tyrosine absorption at 276 nm using
an extinction coefficient of 1390 cm-1 M-1. AS;_42 aggregation was induced just by
solubilizing the peptide in hesafluoroisopropanol (HFIP), that was evaporated using
a gentle stream of nitrogen gas. The sample preparation was aseptically operated
in a cold room at 4 °C. The protein was carried in ice to the beamline and dissolved
just before the measurements in PBS.

Fluorescence and UV-Vis measurements

The aggregation kinetics of HEWL were monitored by fluorescence detection (50
uM) by Thioflavin T (5uM) at 485 nm and by absorbance detection (200 pM) by
Congo Red (20 pM) in the UV-Vis spectral range. Fluorimeter parameters have
been optimized by checking different emission/excitation slits, and finally analyzing
the kinetics with 9:9 slits. All reagents have been purchased by Sigma Aldrich.
A Perkin Elmer LS55 spectrofluorometer has been exploited for fluorescence
measurements equipped with a thermostatic bath that kept the sample at constant
temperature (20 °C).

A Cole Palmer spectrophotometer (67 series VU Visible Scanning spectrophotome-
ter; Bibby Scientific Ltd., Stone, Staffordshire, UK) has been used for absorbance
measurements at room temperature for Congo Red assays. The reported values
are the average of three measurements and are obtained from intensity weighted
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distributions.

SAXS

Experiments of AB1_4o and lysozyme were carried out at the Elettra synchrotron,
Trieste. Measurements were carried out at 20 °C in capillaries of 1.5 mm outer
diameter/0.01 mm wall thickness made from borosilicate (Hilgenberg, Maisfeld,
Germany) enclosed within a thermostatic compartment connected to an external
circulation bath and a thermal probe for temperature control. Two dimensional
patterns were recorded by Pilatus3 1M detector system that is based on the CMOS
hybrid pixel technology. The data were stored in TIF format and then directly
processed with FIT2D [112]. Each sample has been measured 20 times with an
acquisition time of 20 s and a rest time of 40 s for each step after a negative control
for radiation damage. The sample-to-detector distance was set to 1.247 m, which
provided wavenumbers Q between 0.1-4 nm™!. a-synuclein and AB;_49 were carried
out at the BM29 beamline in ESRF - the European Synchrotron Radiation Facility
in Grenoble, France. SAXS patterns were recorded using a bidimensional Pilatus
1 M detector. The sample cell used is a 1.0 mm diameter quartz capillary, with
a few tens of microns wall thickness. The transmitted intensity is monitored with
a diode integrated in the beamstop and the intensity measured during data acqui-
sition is used for normalization. Since the sample-detector distance was fixed at
2.867 m, the Q values ranged from 0.1 to 4.5 nm~'. Each measurement lasted 1 s,
followed by a dead time of 6 s in order to avoid radiation damage, and was repeated
at least 10 times. Protein samples were carried in ice, and freshly prepared with
the desired amount of curcumin-like compound. Ay _40 and AS;_4o concentrations
have been analyzed at 270 uM and 200 uM respectively and a-synuclein at 50 pM.
SAXS macroscopic differential scattering cross sections d¥/dQ(Q) (briefly referred
to as scattering intensities) were obtained, where possible for the setup of the exper-
iment, on an absolute scale (cm™!) by calibrating via a water sample, subtracting
the proper buffer contribution for each investigated condition, and correcting for the
protein volume fraction, as previously described.

Optical microscopy

Samples have been withdrawn from the aggregation kinetics and deposited in a glass
slide. For Congo Red stained observations, 20 ul of dye has been added on the slide
and left to dry under a laboratory hood. For fluorescence microscopy analysis the
same procedure has been followed without drying the sample and adding a ThT
drop (5 pM) on the glass slide in a dark room before the measurement.
Fluorescence microscopy measurements have been carried out on a Zeiss Axio Imager
2 microscope (Carl Zeiss Microlmaging GmbH, Germany) while optical microscopy
measurements have been performed with an Leitz Ortholux polarized light micro-
scope.
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Confocal Microscopy

Images of AB;1_4 fibril bundles stained with Thioflavin T (ThT) were obtained using
a Leica TCS SP5 inverted laser scanning confocal microscope (Leica Microsystems
AG, Wetzlar, Germany) interfaced with an Ar laser for excitation at 458 nm and
adopting a 63 x 1.4 numerical aperture oil immersion objective (Leica Microsystems)
in oil immersions. Fibril bundles were left to settle for 20 min from the initial solution
in 3.5 cm glass bottomed Petri dishes (WillCo-Dish, WillCo Wells, Amsterdam, the
Netherlands) and then imaged therein. The excitation power was 50-200 mW at the
objective, the line scanning speed was set to 400 Hz, and the wavelength collection
range was between 470- 515 nm. Transmission images were obtained in differential
image contrast mode (Nomarski image) using the same laser source.

AFM measurements

a-synuclein samples were placed on flat mica surfaces and allowed to dry for several
hours in a desiccator under Ny flow. AFM imaging was done at the Partnership for
Soft Condensed Matter (PSCP) Atomic Force Microscopy Platform, Grenoble, at
ambient conditions using an Asylum Research MFP-3D microscope equipped with
a high-resolution tip (Bruker MSNL-10; radius 2 nm, spring constant 0.6 N/m) in
tapping mode. The analysis of the AFM images was carried out using the Gwyddion
2.50 software [113]. Plane leveling and alignment of rows were done as corrections
to the raw data.
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2.3 Characterizations of protein structures and fibrilla-
tion processes

In this chapter, experimental results on the fibrillation of amyloidogenic proteins (-
synuclein and AB;_40/42 peptides) are introduced. First of all, the characterization
of the dynamics of amyloid formation has been analyzed by means of a model
protein, i.e. lysozyme. Subsequently, a brief study of the starting (monomers) and
final (fibrils) states of aggregation of a-synuclein and Af peptides is presented, to
depict characteristics and differences of the primary targets of this PhD thesis.

2.3.1 Fibrillation of model protein

As stated before (section 2.1.2), every protein can, in principle, exhibit an amyloid
state, under specific conditions. To investigate the kinetics of fibrillation, lysozyme
(HEWL), a well known protein, has been employed. Its amyloid aggregation has
been induced in vitro and investigated by classical biophysical techniques. In par-
ticular, the fibrillation of HEWL (50 M) has been observed by means of Thioflavin
T staining [114], 5uM (see Section 6.2) in presence of 50 mM NaCl [115, 116]. In
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Figure 2.9: Evolution of the ThT (5 uM) fluorescence signal in lysozyme (50 yM) fibrillation
pathway as a function of time and schematization of the nucleation and elongation process.
In the view of optimizing the results, different fluorimeter slits have been exploited. The
kinetic with different slits has been reported in different colors.

Fig. 2.9, the aggregation kinetic has been reported, highlighting the different phases
of fibrillation. The Thioflavin T (ThT) signal increases with time, showing a trend
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describable with a sigmoidal pattern:

Al — As

(t—tg)
1 —exp at

I(t) = ~ A, (2.1)

where A; is the initial value, set to zero for our analysis, Ay is the final value, tg the
nucleation phase and At the elongation phase. The saturation occurs after about
25 minutes (see Table 2.1). It is possible to distinguish a relatively short nucleation
phase followed by an elongation phase (apparent growth rate 7 = 1/At equal to
about 0.05 min~!). The very short lag phase occurs, on average, within 5 minutes
from the beginning of the fibrillation process.
To avoid interaction of ThT staining with the amyloid formation [117], the same
process has been observed with a spectrophotometric analysis with Congo Red (CR).
Tissue amyloids have traditionally been defined as amorphous proteinaceous aggre-
gates with distinctive tinctorial attributes after being exposed to alkaline solution
of CR. They appear red at normal light but yellow/green (“apple green”) between
crossed polarizers (the complementary spectral color). Binding to amyloid induces
a characteristic shift in CR maximal optical absorbance from 490 nm to 540 nm.
The analysis of the results has been done considering the ratio between absorbance
intensities at 490 nm, characteristic for Congo Red unbound, and 540 nm, charac-
teristic of Congo Red bound to fibrils [118] (see Fig. 2.10, left). The kinetic has been
performed in presence of 50 uM of NaCl and in absence of salt, known to speed up
the kinetic of fibril formation [93].
As can be seen in Fig. 2.10 right, the kinetic without ions is slowed (black line) in
respect to the one in presence of free-ions (green line). The lag phase of the sample
with NaCl is consistent with Thioflavin T measurements (see Table 2.1) with an
elongation phase of about 20 minutes. In absence of ionic strength, as expected,
both elongation and nucleation phases are extended, and the apparent growth rate
results lowered.

Even though the specificity of CR for amyloid fibrils only is still matter of debate
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Figure 2.10: Left: Example of absorbance spectra of lysozyme (50 yM) with Congo Red
staining monitored in time. Right: sigmoidal fitting of the ratio of the two characteristic
Congo Red peaks of lysozyme without (black line) and with 50mM NaCl (green line).
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Table 2.1: Sigmoidal fitting results of HEWL with ThT and Congo Red (CR) stainings. g
represent, the nucleation phase, At the elongation phase and 7 the growth rate.

t() At T

min min min

ThT (50mM NaCl) 5+2 25+3 0.040 + 0.005
CR (50mM NaCl) 8+2 20+ 2 0.050 £ 0.005
CR (0mM NaCl) 65+ 1 65 +2 0.015+ 0.005

-1

[119], the concordance between the two techniques allows to define the characteris-
tics times of the kinetic.

To obtain free-dye informations, SAXS measurements on the starting and final stages
of lysozyme fibrillation has been performed at Elettra synchrotron, Trieste. The ki-
netic of fibrillation has been checked acquiring the curve at the beginning of the
process and after 250 minutes, which was considered enough for fibrils formation
(Fig. 2.11). The time zero curve is characteristic of a globular protein, and it allows
to assert that lysozyme is present in solution in native conformation or, at most,
in a state only partially destabilized before being subjected to the protocol of fib-
rillation. The time course of the SAXS curves shows an increase in intensity over
time for the fibrillar sample. This signal evolution is evidenced by Kratky plots in
Fig. 2.11. While at ¢ = 0 the graph presents a single representative peak of a single
conformational population in solution, at final stages it presents a modification of
the low @) curve with the appearance of a slight peak indicative of the presence in
solution of large structures. Exploiting a Guinier analysis (see Section 1.2.2.1), the
average dimensions of the structures present in the two conformational populations
highlighted by the Kratky plot have been estimated (Fig. 2.11, bottom). The gy-
ration radius of the first stage of fibrillation is coherent with literature, resulting in
R;=1.5+0.1 nm [120], while for the fibrils the cross-radius in the Guinier rod-like
approximation is R.=7.5+0.1 nm.

To check the fibrillar nature of the sample, lysozyme fibers were observed with a
fluorescence microscope, using ThT as fluorophore (see Fig. 2.12). The fibrillar
structures are clearly distinguishable, the dimensions of which are comparable to
the theoretical ones presented in section 2.1.2. It should be noted the presence
of protofibrils arranged like a carpet under the fibril, captured in the right image.
These complexes act as reservoirs for the fibrillation.
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Figure 2.11: Measurements of lysozyme at 100 uM at initial (violet curve) and final (green
curve) stage of fibrillation. SAXS curves are reported (top left) and their Kratky plots (top
right), highlighting the different conformations of the two stages. In bottom, left and right,
the Guinier fitting in classical approximation for native lysozyme (Q,,q,=0.8 nm~!) and

for rod-like particle for fibers (Qq,=0.2 nm™1).

Figure 2.12: Lysozyme fibrils in presence of ThT after 3h of fibrillation kinetics. Scale bar:

100 pm.
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2.3.2 Characterization of amyloidogenic proteins: initial states

The starting stage of the different amyloidogenic proteins (a-synuclein, ASi_40,
Ap1_42) have been analyzed principally by means of SAXS technique.

This discussion is needed both in order to learn about the initial conformation of
these proteins and to observe the possible changes due to their interaction with
biological as well as with chemical partners.

a-synuclein:  SAXS curve obtained from a-synuclein in solution at neutral pH
in phosphate buffer at 1 g/L concentration is reported in Fig. 2.13.

The Kratky plot nearby shows a not completely unfolded conformation. The
Guinier analysis of spherical particle returns a gyration radius Rg=4.1£0.1 nm,
effectively compatible with the size of the monomer reported in recent literature
[82].  The SAXS curve has been also evaluated in the whole @) range adopting
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Figure 2.13: Top, a-synuclein monomer, 50 uM: scattering cross section and Kratky plot.
Bottom, Guinier fitting for the gyration radius determination, Q,,q,=0.25 nm™!.

a worm-like chain model [9], exploiting the Genfit software package (see section
1.2.2.5). This model is indeed suitable to describe the intrinsically disordered chain
of monomeric proteins [121]. Since the electron density and the dry volume of
the a-synuclein monomer can be determined using aminoacid literature data, the
fitting parameters of the model reduce to the contour length L of the chain, the
statistical Kuhn length b (which represents the separation between two adjacent
rigid segments of the chain), the core radius R,, of the circular cross-section and
the relative bulk mass density dy of the hydration water. The best fit curve is
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Figure 2.14: Fitting results of a-synuclein monomers with Genfit software, y?=1.1.

reported in Fig. 2.14, with a Kuhn length of 6=1.240.5 nm, L=94.64+0.4 nm,
R,—0.4440.01 nm and dy ~ 1.08%.

For amyloid S-peptide, the analysis performed concerns the two allosteric forms:
AB1-40 and AB1_go.

ApB1_40: In Fig. 2.15 a measurement of the AB;_40 peptide has been reported, re-
sembling the monomeric state. Effectively, the sample results in a very low gyration
radius (Rg=1.6240.09 nm). SAXS curve of the freshly prepared Afi_40 sample,
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Figure 2.15: AB;_40 monomer (270 uM): top, SAXS curve, Kratky plots and, bottom,
Guinier fitting, Qs = 0.6 nm™!.

as reported in Fig. 2.16, has been studied in the whole @) range by the worm-like
form factor. To note, the fixed estimated value V; = 5400 A3 for the dry volume
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of the ABj_40 monomer implies the constraint V; = WR%UL. The best fit curve was
obtained with b=2.04+0.5 nm R,,=0.41+0.01 nm and dy ~ 1.05%, confirming that
AB1_40 contains disordered single chains resulting from an ensemble of possible con-

formations.
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Figure 2.16: AB3;_40 monomer (270 uM) theoretical fitting with Genfit software, x2=1.2.

Af1_49: In analogy with the samples analyzed previously, the starting stage of
AB1_49 peptide aggregation has been observed. Indeed, the shape of the SAXS curve
does not suggest the presence of monomers, even compared with the monomers of
AB1_40 presented previously (see Fig. 2.17, left). The approach with a classical
Guinier fitting could not allow fine results, confirming a semi-aggregated trend of
the sample. Even the fitting with the worm like approximation, used for the other
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Figure 2.17: Left: AfB;_49 initial measurement vs A(5;_49 monomer, right:AfB; 4o Guinier
rod-like fitting: R.=1.940.2 nm (200 uM). At very low ) values an aggregate tendency has
been considered with a Porod like trend.

monomers, was not able to describe the initial state of this protein. It is necessary
to exploit the rod-like approximation, so considering higher aggregates, giving a
radius R,=1.940.2 nm (Fig. 2.17). At very low @ values an aggregate trend has
been considered with a Porod like trend and disregarded for the Guinier fitting.
This confirms the higher aggregation propensity of AB1_49 in respect of AS1_40.
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2.3.3 Characterization of amyloidogenic protein: final states

The final fibrillar stages of the a-synuclein and AB;_40 and AS_42 have been sam-
pled, also in this case, in order to characterize the targets to which the inhibitory
compounds will be added and to highlight the possible differences.

a-synuclein:  SAXS curves corresponding to a-synuclein fibrils are clearly very dif-
ferent from the ones corresponding to the monomeric form in solution (see Fig. 2.18).
Mature a-synuclein fibrils were measured by SAXS in several experimental sessions
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Figure 2.18: Fibers (red) and monomers (blue) of a-synuclein (50 uM).

in synchrotrons, according to the same protocol. However, since SAXS detects the
overall structures in solution, we could detect some difference between fibrils sam-
ples, probably due to different degree of maturation (see Fig. 2.19 and 2.20) and to
the evolution of the sample. The curves reported have been acquired with different
degree of maturation and in different experimental sessions. The curves and the
observation of Kratky plots reveal different conformations for the samples.

These differences can be highlighted with rod-like Guinier fittings (see 1.2.2.2), from
which the resulting values for the cylinders radii are R.=5.1£0.1 nm for the first sam-
ple, Rc=10£1 nm and R,=12+1 nm for the samples at a different time (Fig. 2.19).

Table 2.2: Cylinders radii from theoretical analysis for a-synuclein fibers.

Ry (nm)  Reo (nm) Polydispersity (%)

Sample 1 5.2 £ 0.2 - 48 £ 5
Sample 2 13.0 £06 1.8 +0.1 48 £ 5
Sample 3 28.0 £ 0.5 1.7+ 0.1 48 £ 5

Given these results, a theoretical fitting performed considering the presence of
cylinders whose radius is polydisperse has been carried out, to better characterize
the cylinders in solution (see Fig. 2.21). The results from the fitting return a great
polydispersity for all the samples, ranging at 48+5 % , and are reported in Table 2.2.
These results, in agreement with literature [39], highlight the evident inhomogeneity



42 Chapter 2. Protein structures and fibrillation process

10000
1000 p
100 £

10 ¢

d/d(Q) (cm™)
dZ/dQ)*Q? (a.u.)

. r 'w..:
\‘“WMMWW MWWVMWMMwJW iql‘f

0.1

0 0.5 1 15 2 25 3
Q(m™

1000
100 ¢

10 ¢

d5/dQQ) (cm™)
d3/dAQ)*Q? (a.u.)

0.1

Figure 2.19: Left: a-synuclein fibers at different degree of maturation (red, blue and green)
The green and blue curve showed a higher degree of homology so are reported together.
Right, Kratky plot of the same samples.

10000

s
e

1000 ¢ e

T
TR
o

d=/dQ) (cm™

0.1 ‘ ‘ ‘ L
0.08 01 012 014 016 0.8 0.2

Q (nm™)

Figure 2.20: Fitting of a-synuclein fibers with a Guinier rod-like approximation. The
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Figure 2.21: Genfit analysis of « fibers with cylinder model. Radii obtained are R;=>5.24+0.2
nm, R;=134+6 nm and R5=1.840.1 nm; R;=28.7+0.5 nm and R>=1.74+0.1 nm for the
different samples, showing a great inhomogeneity in the evolution of the samples. y?=2.1,
2.5, 1.9 for each fitting curve.

of fibrils samples, since the evolutionary pattern can be different. The polydispersity
has been confirmed by AFM microscopy at AFM platform in ESRF (Fig. 2.22; top).

In Fig. 2.22, bottom, profiles selected on the image are reported on the right. The
mean dimensions observed are 50 nm in thickness and 10 nm height, compatible
with mature fibrils [122, 123]. For AB;_40 and AB;_42, discrete steps leading to the
final states of fibrillation have been observed and compared.

ApB1_40 : The overall shape of the SAXS curves of AB;_49 noticeably changes at
increasing time after the sample preparation (Fig. 2.23). The best fit Guinier radii
R, are reported in Fig. 2.23.

SAXS curves corresponding to in solution A ;40 during its aggregation were fitted
in their low Q-range by adopting the Guinier approach for infinite rods, considering
the formation of elongated cylindrical structures and thus confirming the expected
presence of protofibrils and fibrils in solution. The cross section radii R, obtained
from this analysis are reported in Fig. 2.23, and they increase at increasing time as
it could be expected.

The final step, considered characteristic of the mature fibril sample, was fitted con-
sidering the possible presence of fibrillar cylindrical structures and disordered ag-
gregates. In fact two species in solution have been considered: cylinders of radius
2.34£0.4 nm and infinite height, given SAXS resolution, and disordered oligomers
(3+1%) with aggregation number 16+5 (Fig. 2.24). The morphology of the largest
species at the final stage of the aggregation kinetics was observed with confocal
microscopy, with ThT staining (Fig. 2.25). Samples showed prevalently the pres-
ence of long fluorescent "sticks"; importantly, negligible background fluorescence
was recorded indicating that these "sticks" account for the vast majority of ThT-
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Figure 2.22: Top: AFM images of a-synuclein fibrils at 0.2 pM. Bottom: AFM images of
the a- synuclein fibrils (left) and example profile of the selected regions (right). z-scale: 35
nm.
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Figure 2.23: Guiner plots for rod-like particles of SAXS data corresponding to AS;_49 270
uM, after 100, 150, and 200 minutes. Curves at increasing time are shifted for clarity by
a factor 5i (with i=0 for time 100, i=1 for the measurement after 150 minutes, and so
on). Continuous lines are the theoretical fitting corresponding to Guinier approximation
for rod-like particles. Right: Time dependence of the radius of the cross-section, obtained
by fitting SAXS curves corresponding to Af5;_4 in solution.
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Figure 2.24: AB;_4o at the final stage (red) fitted with elongated objects model (black line).
The monomer curve is reported for comparison (blue curve).

positive Af_40 structures in solution [124]. Even more, mature fibrils of AfS1_40

Figure 2.25: Fluorescence confocal images of ThT-stained AB;_49. Scale bar 20 pm.

were observed with a microscope with polarized light. We highlighted the presence
of fibrils with Congo Red staining. In Fig. 2.26 are represented what we can inter-
pret in term of fibrils bundle, giving their dimensions (approximately 50+£6 pm of
thickness, see Fig. 2.26). In Fig. 2.27 the characteristic birefringence under polarized
light is evidenced in large aggregates. Our results are in accordance with literature

[125].
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Figure 2.26: Top: Congo Red staining on a fibril bundle of AB;_49. Scale bar 20 pm.
Bottom: an isolated fiber, scale bar 10 pym.
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Figure 2.27: A,Bl_40 fibers

observed in polarized light microscope.
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Af1_49: For AB1_49, the set of SAXS curves shown in Fig. 2.28 shows a clear evo-
lution in time, starting from a sample that, as said before, was yet in an aggregated
state. It can be observed, in the prossimity of @ = 0, both an increase of the dif-
fused intensity and an increase of the slope of the curve. Both phenomena indicate
a growth in the average size of the particles present in the sample. The kinetic is
very rapid, since in 120 minutes the system is aggregated and stable. In the Kratky
plot, shown in Fig. 2.28 right, the lack of a maximum well defined above all in the
kinetic starting curve indicates a low amount of compact species in solution. A
transition occurs from a partially unfolded state to a more compact state. Given
the propensity of the monomer AfB;_49 for the aggregation, we can deduce that over
time fibers of variable length form. Since the length of these fibers is greater than
the size that our experimental apparatus allows us to analyze, data at the end of the
kinetic are interpreted, as before, with a cylinder model (one-dimensional hypoth-
esis). In this hypothesis the cross-sectional radius R, resuts R.=2.7+0.1 nm (see
Figure 2.29). The Genfit analysis, considering an infinite cylinder, returns a radius
of R=2.0+£0.5 nm, see Fig. 2.29, but a very high polydispersion (48+2%). It has
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Figure 2.28: Af;_45 starting (violet) and final (green) conditions (200 pM). Right: Kratky
plot representation of selected data.
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Figure 2.29: Af;_4o Guinier rod-like fitting: R.=2.740.5 nm for the final stage of fibrilla-
tion. AB;_40 Genlfit fitting with polydisperse cylinders model, X2 =1.1

been reported in the literature that the process of fibril formation, for example of
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ApBi_42 peptide [126], depends not only upon the specific conditions (ionic condi-
tions, pH, temperature, mixing, etc.), as well as the manufacturing route (synthetic
or recombinant), but also on the methods of synthesis and purification, even though
all studied samples formed amyloid-like fibrils at pH 3-6, and the fibrils contained
cross-f structures. For this reason, without prejudice to the characterization of
the samples obtained so far by SAXS technique, for each interaction reported in
the following chapters the reference protein will be the one measured in the same
measurement session, to ensure a correct comparison.
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3.1 Introduction

Chronologically speaking, the discover of protein that assist the correct folding of
other proteins in the cells has begun with the work of Georgopoulos and Hohn
[127] in 1979, who identified a groE gene product of approximately 65 kDa that
hydrolyzed ATP (Fig. 3.1). The term “molecular chaperones” was firstly utilized by
Laskey in 1978, referring to the nucleoplasmin, a protein required for nucleosome as-
sembly. In 1986, instead, Ellis used the term referring to “a class of cellular proteins
whose function is to ensure that the folding of certain other polypeptide chains and
their assembly into oligomeric structures occur correctly” [129] . During 80s, the
genetics of bacterio-phage morphogenesis together with the synthesis of Rubisco in
chloroplast lead to the knowledge of the existence of proteins that, contradictory in
respect to Anfinsen’s paradigm, have to assist the correct folding of protein inside
the cells (helping them to climbing over the energy barriers, as depicted in Fig. 3.1
and illustrated in section 2.1.2).

The explanation for the cell’s remarkable efficiency in promoting protein folding
was yet individuated in chaperones, a class of proteins found in all organisms from
bacteria to humans. Chaperones are located in every cellular compartment, bind



52 Chapter 3. Hsp60 characterization and interactions

I
Chaperones |
Chaperones

Folding
intermediates

Energy

Partially
folded
states

Amophous
aggregates

Amyloid
fibrils

Intramolecular contacts Intermolecular contacts

Figure 3.1: Left: Bright field and dark field of negatively stained preparation of groE
complexes. From [127]. Right: the chaperones help the protein to reach the correct confor-
mation in the energy landscape, from [128].

a wide range of proteins, and function in the general protein-folding mechanism of
cells. They have also a broad range of conformations and molecular weights, and
very different functions. From the very broad class of molecular chaperones, a nar-
rower selection called “chaperoning” can be identified. Chaperonins are defined as
the class of chaperones that assist in folding of (largely) newly synthesized proteins
with the help of ATP. While the main role of chaperones is to maintain protein
homeostasis, chaperonins have a more specific function. They are usually barrel
shaped and have a hydrophobic chamber to facilitate folding without the effects of
crowding (see Fig. 3.2). They are divided into two different subgroups, i.e. the
type I and type II chaperonins. The first class is composed by proteins in Eubakte-
ria and Eukarya (mitochondrial proteins) while the second class assemble Archaea
and Eukarya (cytosolic) proteins. We concentrate our discussion on Type I, and
specifically on human Hsp60. Heat shock proteins (Hsps), who owe their name to
their upregulation immediately after a heat shock, play crucial roles in bio-synthesis,
folding/unfolding, transport and assembly of other proteins.

Hereafter, a brief introduction to the structures of Hsp60 and GroEL will be pre-
sented, stressing the differences between the two forms of Hsp60 that can be found
in human cells: the naive and mitochondrial mtHsp60.

After this, experimental results on the in-solution structures of the chaperonins will
be presented. In fact, even if the bacterial GroEL have been extensively studied
[130, 131], the structure of human Hsp60 has been obtained only in 2015 [132] and
in presence of the co-chaperonin. Even more, our SAXS results underline differences
between GroEL in-solution and crystallographic structure, suggesting the need of a
multidiciplinary approach (in this case MD and SAXS) to reveal the actual config-
uration in physiological conditions. After the reconstruction of GroEL and Hsp60,
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Figure 3.2: Classification of chaperonins in the class of molecular chaperones.

their stability has been considered and compared, by means of Circular Dichroism
and SAXS. The stability and unfolding energy for the three proteins have been
obtained, introducing a differentiation between the three proteins that can be ad-
dressed either to the different structure (the presence of a MIS tail in the naive
Hsp60) or to a different evolutionary pathway. Results reported in this section have
been published in [19, 133, 134]|. Further analysis will be conducted on the confor-
mation and stability of the proteins in presence of their co-chaperonins and ATP.
The last section is dedicated to a SAXS analysis of the interaction between mtHsp60
and Af1_42. The results of Hsp60 action towards the fibrillation process of the pep-
tide demonstrate the ability of the chaperone to target A3 49 species responsible
for the induction of amyloid protein assembly. Although the specific mechanisms
by which the presence of the chaperone inhibits AB;_40 protein aggregates remain
to be elucidated, this result further confirm the extraordinary potentiality of molec-
ular chaperones in interfering with the crucial molecular steps leading to amyloid
aggregation in neurodegeneration [135, 136] with an “unactivated” mechanism, i.e.
without ATP. This result can be deepen coupling the “unactivated” effect with the
active one, even in presence of the co-chaperonin.

3.1.1 Chaperonin structures

GroEL and Hsp60 are arranged in a tetradecameric structure with a barrel shape
obtained by two stacked heptameric rings. Their correct functioning is also assisted
by the 10 kDa co-chaperonin GroES for GroEL and Hspl0O for Hsp60, that act
as a cap covering the central cavity of the tetradecamer (see Fig. 3.3, left). The
client polypeptide to be folded interacts with the inner side of the central cavity by
means of hydrophobic residues and ATP hydrolysis induces conformational changes
(from cis to trans conformation, i.e. from the open cavity to receive the substrate
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molecule to the closed cavity) [137]. After these changes, the chaperonin and the
co-chaperonin separate and the correctly folded protein is released [138].

Each chaperonin monomer is constituted of three structural domains: the apical,
intermediate and equatorial (see Fig. 3.3, right). The 547 aminoacids that compose

2 , Apical
y h ‘ domain
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« 1374 —>

Equatorial
domain
®
Intermediat .

184 A domain 7

Figure 3.3: Left: in top sketches are represented crystal structures of GroEL (PDB code
1SS8). In the bottom sketches, views of GroEL in complex with the cofactor GroES (green)
in the presence of ADP (PDB code 1PF9). The bound nucleotide is shown in space-filling
mode, from [139]. Right: representative snapshot with the Hsp60 domains shown in green
(apical), yellow (intermediate), red (equatorial). From [138].

the monomer, for GroEL and Hsp60, have different roles in binding the substrate
protein and in creating the tertiary structure of tetradecamers and heptamers and
link to the co-chaperonin [138]. In the panel shown in Fig. 3.4, a representation of
the principal amino-acids involved in the GroEL structure is presented. In partic-
ular, there are highlighted hydrophobic/aromatic residues that contribute to sub-
strate binding and in the binding of ATP/ADP (Fig. 3.4, top, left and center), the
ones involved in the interaction between equatorial domains (Fig. 3.4, top right)
and intermonomer-intraring contacts (Fig. 3.4, bottom). On the basis of data from
the GroEL crystal structure and from the alignment of many diverse Hsp60 se-
quences from different species, including humans, various authors have identified
highly conserved sequence segments and residues [141, 142|. The human Hsp60,
but not GroEL, has cysteine residues (Cys237, Cys442 and Cys447), that can be
interesting for developing Hsp60-binding compounds [138].

In a single cycle of ATP hydrolysis, GroEL, such as Hsp60, binds the substrate
proteins in its inner cavity, is then capped by the GrokES heptamers, binds and
hydrolyzes 14 ATP folding the substrate protein and ejects the correctly folded
components (Fig. 3.5), all in a matter of tens of seconds [143, 144|. After the sub-
strate protein is bound in the cavity of the first inner cage and has been capped
by the co-chaperonin, different scenarios have been depicted on the mechanism in
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Figure 3.4: Top, left: Amino acids involved in substrate binding in Hsp60: Y199 red, Y203
blue, F204 magenta, 1.234 cyan, L237 orange-brown, L259 yellow, V263 pink and V264
green.

Top, center: the two highly conserved sequences: 52-DGVTVAKEI-60 (orange-brown),
and 85-AGDGTTTATVL-95 (magenta) corresponding to the binding sites for Mg+ /K+
and ATP/ADP and the hydrophobic conserved residues L234 and L237, and N265 on the
surface of GroEL are shown in blue.

Top, right: hydrophobic contact residues 16, L73, L513, T517 and V521 (all in red) inter-
act with hydrophobic residues V39, 140, 149 and 160 (all in light violet) on the opposite
surface. The charged residues K4-E518 and E61-R36 (all in blue) also participate in the
intermonomer-intraring interactions.

Bottom, left: intermonomer—intraring contacts of Y203, V263 and V264 in the apical do-
main (forest-green color) interact with D304, the unaligned position 305, and with G306
(lime green). E257 (cyan) on one surface interacts with R268 and G269 (teal) on the op-
posite surface. Conserved residues in contiguous intermediate domains at positions 181 —
183 and 383 — 389 (orange).

Bottom, right: the interactions between rings (V464, K105, E461 and E467 (all in ma-
genta)) and the small residues A108, A109, and S463 (cyan). E434 and D345 are shown
(both blue), which contribute to the salt-bridge K105-E434 and to allosteric switch.

The figures were generated using the PyMOL program [140].
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Figure 3.5: Substrate binding to GroEL with GroES. Structural model is based on PDB
accession 1AON. From [128].

which the two folding chambers work [128], conflicting between an “asymmetric bul-
let cycle”, in which each chamber functions alternatively and the possibility instead
that both folding chambers can be working together and at the same time. Recent
findings suggest the conversion of the symmetric, football-shaped GroEL-GroES,
complex to the asymmetric, bullet-shaped GroEL-GroES; complex depending upon
the stochastic hydrolysis of ATP and the development of nucleotide asymmetry be-
tween the rings [131]. Moreover, single-molecule analysis demonstrates that the first
GroES to interact with GroEL is not necessarily the first one to dissociate from the
symmetric complex and that the dissociation may occur randomly [145].

The folding mechanisms that have been proposed are strictly linked to the struc-

sTD Hsp60 GroEL GroEL GroEL GroEL STD Hsp60 Hsp60 Hsp60 Hsp60
1.9uM 4.8uM 9.6uM 20.7 uM

6.4uM 1.0uM 2.0uM 4.0uM 18.9uM
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Figure 3.6: Left: Blue Native Polyacrylamide Gel Electrophoresis: comparison of Hsp60
with GroEL. Blue Native PAGE (4-16%) image of GroEL in the concentration range of
1.0-18.9 mM and Hsp60 protein at 6.4 mM; Right: Blue Native PAGE (4-16%) image of
Hsp60 in the concentration range 1.9-4.8 mM. From [146].

tural arrangement of the proteins in solution. Nevertheless the high degree of ho-
mology, discrepancies have been found in the oligomeric equilibria of GroEL and
Hsp60, giving the existence of Hsp60 as both a single and double-ringed football
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shaped structure [147] and its dissociation in single heptameric rings and in 60kDa
monomers [148]. More recently, structure and oligomeric state of the Hsp60, in
absence of ATP and co-chaperonin, have been studied in vitro in a wide range of
concentrations and with different biophysical techniques, in comparison with GroEL.
Results have confirmed that it exists in solution in a dynamic equilibrium between
two conformations: heptameric single rings and double ringed tetradecamers [146].
This is in contrast with GroEL behavior, that instead remains mostly in a tetrade-
cameric barrel shaped form. As reported in Fig. 3.6, where Blue Native PAGE have
been performed on the two chaperonins, while GroEL at different concentrations
in the 1.0 to 18.9 mM range gives rise to a unique single band corresponding to
the tetradecameric structure, the Hsp60 is resolved into two bands that can be at-
tributed to the heptamers and tetradecamers. Similar structures were observed for
the Thermus thermophilus chaperonin, as well [149]. This suggests that the hu-
man homologue may function alternating the two reaction mechanisms, where the
tetradecamer exists as a football in its protein-folding state, but dissociates into two
single rings in a certain amount at some point during the cycle.

The fact that the apo-protein has been observed in a single ringed conformation
presents an intriguing challenge to the theory of chaperonin function. In addition, a
better knowledge of Hsp60 structure and equilibrium in solution in comparison with
the bacterial GroEL could shed new light on the functioning of homologue proteins
in the different evolutionary patterns.

3.1.2 Two forms of Hsp60: the naive and the mitochondrial one-
Implications in diseases

Hsp60 is encoded and transcribed by a nuclear gene and translated in the cytosol.
The newly translated (“naive”) polypeptide has a mitochondrial import signal (MIS),
i.e. asequence of 26 amino acids at the N-terminus that drives Hsp60 to the inside of
mitochondria where the MIS is cleaved and the protein reaches the final conforma-
tion (mtHsp60, see Fig. 3.7). The different Hsp60s showed specific functional prop-
erties [150, 151, 152]. Even more, a peptide derived from the signal sequence MIS of
human Hsp60 has been found to be present in human histocompatibility leukocyte
antigen (HLA)-E and to be involved in the detection mechanism of stressed cells
[146]. In situations like cancers or inflammatory pathologies, Hsp60 accumulates
into the cytosol in its double form: the naive that, once produced by the cell nu-
cleus, never enters into mitochondria, and the mitochondrial one, secreted by the
organella upon stress [153, 154|. Chandra et al. [155] demonstrated that in Jurkat
and Hela cells, mtHsp60 directly interacts with procaspase-3 in cytosol enhancing
caspase-3 maturation and activation in a pro apoptotic function, with or without
mitochondrial release. mtHsp60 has been found associated with a3fS1-integrin, a
protein involved in the adhesion of metastatic cancer cells [156]. In other systems
that involve mainly naive Hsp60 accumulation in cytosol, a classical chaperone role
is supposed, since the protein knockdown is observed to favor cell death. In contrast
to what happens for mtHsp60 case, in this case the peculiarity of Hsp60 bonding
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Figure 3.7: Naive Hsp60: in red the MIS sequence is highlighted (MLRLPTVFRQ MR-
PVSRVLAP HLTRAY). The image is rendered using the structure from [19] and the UCSF
Chimera package [157].

with procapsase-3 would embed protein activation inhibiting the apoptotic trigger.
Collectively, these evidences suggest that there is a delicate equilibrium regulating
the pro- and anti-apoptotic functions of Hsp60 in cells and tissues, that depends on
mechanisms yet to be fully understood.

Since when the Hsp60 is imported into mitochondria, its folding and self-assembly
from monomers to oligomeric species is mediated by functional pre-existing Hsp60
complexes that catalyze chaperonin folding in an ATP-dependent process [146], a
study on the oligomeric equilibria of the two chaperonins, even in respect to GroEL,
can allow to a deeper understanding of the folding mechanism in vivo and on the
effective role of the chaperonin in the diseases and its therapeutic potentialities.
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3.2 Materials and methods

In this section, the details of the different techniques exploited to characterize the
chaperonins (mtHsp60, naive Hsp60 and GroEL) structures, stabilities and interac-
tions will be presented, to introduce the experimental section to follow. In particular,
a software developed by the research group of Molecular Biophysics in the Polytech-
nic University of Marche for the specific reconstruction of assemblies in solution,
starting from the experimental SAS curve and symmetries informations, QUAFIT,
is displayed.

Proteins

The recombinant naive Hsp60 was purchased from ATGen (Seongnam, South Korea)
in stock solution at 16.0 uM (buffer 20 mM Tris pH 8.0 and 10% glycerol (w/w)).
Lyophilized GroEL was obtained from SIGMA (St. Louis, MO, USA). As a step
prior to the experiments, we verified that the chaperonins under analysis were able to
properly work. Hence, ATP activities were measured by using the ImageJ Software,
and they are (16.48+0.02) nmol ATP min~! mg~! for GroEL; (4.740.1) nmol min~!
mg~! for naive Hsp60; and (17.7240.01) nmol ATP min~! mg~! for mitochondrial
Hsp60 used as a protein reference (BostonBiochem). AfB;_49, purchased by Sigma
Aldrich, was solubilized in hesafluoroisopropanol (HFIP), that was evaporated using
a gentle stream of nitrogen gas. The protein was carried in ice to the beamline and
dissolved just before the measurements in PBS.

Molecular dynamics and Principal Component Analysis

GroEL quaternary structure (PDB ID: 4AAR) was obtained from the protein data
bank and ATP molecules were deleted. This analysis has been mainly performed by
Angelo Spinello in Palumbo Piccionello research group, Department of Chemistry,
set in the University of Palermo. The GroEL monomer used in the following simu-
lations was taken from this structure. The tertiary structure of the Hsp60 monomer
was predicted using Swiss-Model Software. The missing monomer residues were
folded using ROSETTA modeling software and then added to the N- and C-endings
of the model with the software Maestro. The fragment library was obtained from
Robetta server. All MD simulations were carried out through the GROMACS 4.6.5
software package, by following a recently reported procedure. Amber ff99SB-ILDN
force field was used. A triclinic box of TIP3P water molecules was added around the
protein to a depth of 0.7 nm on each side. The charge of the protein was neutralized
and other Na™ and CI~ ions were added to set the solution ionic strength to about
0.20 M. Explicit solvent simulations were performed in the isothermal-isobaric NPT
ensemble, at a temperature of 300 K, under control of a velocity rescaling thermo-
stat. The particle mesh Ewald method was used to describe long-range electrostatic
interactions. The time step for integration was 2 fs and all covalent bonds were con-
strained with the LINCS algorithm. There were two temperature coupling groups
in these simulations, the first for the protein and the second for water and ions.



60 Chapter 3. Hsp60 characterization and interactions

Preliminary energy minimizations were run for 5000 steps with the steepest descend
algorithm. During the equilibration, the protein system was harmonically restrained
with a force constant of 1000 kJ mol~! nm~2, gradually relaxed into five consecutive
steps of 100 ps each, to 500, 200, 100 and 50 kJ mol~! nm~—2. RMSD were referred
to the starting configurations of MD.

Principal component analysis (PCA) was obtained by diagonalizing the covariance
matrix, which is built from the atomic fluctuations in a MD trajectory where overall
translational and rotational motions have been removed. The monomer backbone
atoms were used to construct the protein covariance matrices. Upon diagonalization
of this matrix, a set of eigenvalues and eigenvectors was obtained. The eigenvec-
tors correspond to directions in a 3N-dimensional space, and motions along a single
eigenvector correspond to concerted fluctuations of atoms. The eigenvalues of the
covariance matrix represent the total mean square fluctuation of the system along
the corresponding eigenvectors. If eigenvectors are ordered according to their de-
creasing eigenvalues, the firsts describe the largest scale correlated motions. The
trajectories were analysed using VMD software.

SAXS

SAXS measurements of naive Hsp60 and GroEL were performed at ID02 beamline
at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The
explored Q-range covers between 0.1 and 3 nm™', being the sample to detector dis-
tance set to 1.5 m. Experiments were carried out at 20 °C and 37 °C using a sealed
2 mm diameter quartz capillary enclosed within a thermostatic compartment con-
nected to an external circulation bath and a thermal probe for temperature control.
Both naive Hsp60 and GroEL solutions were measured at the weight concentrations
c=3 g/L, while the concentration of mtHsp60 was c=1 g/L and Af1_42 ¢=200 pM.
Every measurement was performed for 100 ms, and followed by a dead time of 3 s
in order to avoid radiation damage. Final SAXS d¥/dQ(Q) curves evidenced that
both GroEL and Hsp60 show no difference in the temperature range 20-37°C.
SAXS data of mtHsp60, and mtHsp60 with ASq_49 were collected at the Austrian
beamline of Elettra Synchrotron in Trieste, Italy [158]. Measurements were carried
out at 20 °C in capillaries of 1.5 mm outer diameter/0.01 mm wall thickness made
from borosilicate (Hilgenberg, Maisfeld, Germany) enclosed within a thermostatic
compartment connected to an external circulation bath and a thermal probe for
temperature control. We measured each sample 20 times with an acquisition time
of 20 s and a rest time of 40 s for each step after a negative control for radiation
damage and checked for consistency with literature values before usage. In both
the experimental set up, two dimensional patterns were recorded by Pilatus3 1M
detector system that is based on the CMOS hybrid pixel technology. The protein
macroscopic differential scattering cross section, d¥/dQ(Q), was determined by sub-
tracting from the protein in solution signal the one of the buffer, corrected by its
volume fraction in the protein solution. We carefully checked each set of scattering
pattern and performed the average after a positive control over radiation damage.
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Figure 3.8: The biological assembly from the monomer to the quaternary structure

Circular Dichroism

CD spectra for the unfolding studies in Guanidine Hydrochloride (GdnHCI) were
measured on a JASCO J-810 spectropolarimeter (CNR, Palermo) at 20 °C, with
a 20 nm/min scan rate and 1 nm resolution, using a 0.5 mm optical path length.
Protein concentration in samples at different GdnHCI concentrations was ¢ = 0.05
g/L for GroEL and ¢ = 0.1 g/L for Hsp60s. In order to minimize errors due to
protein concentration the unfolding was evidenced by the ratio of CD signals at two
different wavelengths (A = 212 nm and A = 223 nm).

QUAFIT

Theory

The QUAFIT method [159] allows to determine the quaternary structure of bio-
logical macromolecular assemblies by analyzing x-ray or neutron small-angle scat-
tering data. The method is based on the idea that asymmetric monomers, formed
by rigid domains of known atomic structure possibly connected by flexible linkers
of known sequence, are assembled according to a point-group symmetry combined
with a screw axis (see Fig. 3.8). QUAFIT establishes the form factor P(Q) of the
assembly that better reproduces the macroscopic differential scattering-cross sec-
tion provided by a SAS in-solution experiment as a function of the scattering vector
modulus Q. The structural parameters that define the configuration of the assembly
depends on the rigid domains (d = 1...Ngp) and on the flexible linkers assigned to
the structure (f = 1...Npy,) and are defined by a) the three translation coordinates
Uy = Uq, Qyy, Bu, and the three orientation coordinates wy = ag, 34,74, i-€. the
Euler angles, for each of the Nrp rigid domain; b) a set of dihedral angles I'y for
each flexible linker; c¢) two Ramachandran angles ¢, and ), for each residue g and
the torsion angle x4 of the side group, the rotation angle o, around the screw axis
and the translational distance d4. along the axis. The form factor of the assembly
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is the orientational average of its squared amplitude

Yom = Z S Fn(@ (3.1)

l 0 m=-—I

P(Q) =(IF(Q)

where < ... >, denotes the average over the polar angles w, of the scattering
vector Q, and Fj,,(Q) is the spherical tensor (with rank ! and component m) of
the assembly excess amplitude expanded in spherical harmonics up to the maximum
rank L. This tensor can be written in terms of the individual tensors for the isolated
assembly, the solvent displaced by the assembly, and the solvation shells of the
assembly,

Fin(Q) = Z ¢ ¥],n(Q) (3.2)

where c; contains the scattering length densities of the solvent, pg, and of the solva-
tion shells, pg; \Ilj 1 (Q)is obtained by summing the amplitudes \I/ 7 (Q) and \I/f] Q)
respectively of rlgld domains and flexible linkers, which should have been formerly
symmetrized according to all the point group and screw axis operations

Nrp Nrr

Z T Q)+ Y Q) (3.3)
f=1

Different controls allows to avoid non-consistent solutions.

In the backbone control of not superimposition of the structure, a first test consist
in the control that the linker the distance ryy ;- between two atoms k and k' of the
backbone not covalently bound is lower than the sum of their van der Waals radii
ryk and 7,57, respectively. The backbone control of all the linkers is carried out using
a term of backbone penalty of the monomer, which should be minimized

Nrp

Uy, = wpp Z Z H (rok + "ok — 7 kkr) (3.4)
F=1k>k

where H(x) is the Heaviside step function and wy, an arbitrary penalty weight. In
analogy, a second test regards the overlap between the side groups of the residues g
and ¢g0. In analogy with the backbone penalty, the side-group penalty term has the

expression:
Nrp,

Uside = Wside Z Z H(rscg + Tscqg’ — rf,gg’) (35)
I=1g>g

where 7y is the effective radius of the g-side group and ry 44 is the distance be-
tween the geometrical centers, uf 4 and uy g, of the two groups g and ¢, wgiqe is an
arbitrary penalty weight.
To control the capability of the linker to connect two rigid domains, in the QUAFIT
algorithm, the left-end of the f-linker is attached with the right-end of a chain be-
longing to the d-domain. On the contrary, the right-end of the f-linker is connected
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to the left-end chain of a d’-domain only for some values of the set of dihedral angles
I'y . Four representative atoms of the right-end residue of the f-linker are hence
taken under control by calculating the average distances ry between their positions
(denoted as u} r. and those they should take to ensure proper connections (uy;r;)),

4
1
rr=1 > g — g Rkl (3.6)
k=1

The connection control of all the linkers is then performed introducing a monomer
elastic energy term that should be minimized

1
Ueonn = §K§V§fr§ (3.7)

where K in the generalized elastic force constant. The optimum configuration of
rigid domains within the assembly should avoid any overlap among them, but should
also maintain the continuity of the whole structure. The crucial point is to find the
shortest approaching distance (“Contact Distance”) of two intrinsically asymmetric
RDs.

The shape of a rigid domain is defined by the probability G4(r) that an atom in
position r belongs to the d-RD:

Gary =Y T (33)

where 7 is the position of the k atom out of Ny atoms of the rigid domain, vy is
the relative core volume, defined in terms of the Van der Waals radius r, ;. The
overlap volume between d and d’ rigid domains can be written as:

L I—1+1o I
otz ls I o L%
Vaa (Wi waraa) = > >, > Z [Paa)i) 2y’ (Ta,a) Sy (Wa, wars Wy, )
l1,l2=0l3=|l; —l2| k1=—11 k=12
(3.9)

where S}’ Wd, War, Wr,,, ) are the Stone’s rotational invariants, an expansion basis

l1 712 713* (
set of orthogonal functions in the space of eight angular variables. Contact distances
are invariant under reference system rotation: hence, they can be expanded in series

of Stone Invariants,

L I—1412 I
Od,a (Wd, War s Wry ) = Z Z Z Z oqar] kll’l;f;; Td,d’)slill’,lliél:a*(wdvwd’7wrdd/)
I3 ,la=0 l3=|l1 —lo| k1=—I1 ka=—Ia
(3.10)
they are defined as the minimum approaching distances r4y to which corresponds
to a small value (~30 A?’) of the overlap volume Vyg (wq, war, rqq). Expansion coef-
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ficients are independent of any positional or orientational coordinates

la
[O’dd/]ggl’li;l?’ = (2[1 + 1)%12_l1_l3(—1)k1+l2 Z C(ZQ, lg, ll; ma, k—1-— mg)X
mo=—Ilo
13 I3y
/ dwg dwy,, oaa ({0,0,0}, war,wry, ) D2 o (Wi )DL o(wr )
(3.11)

200+ 1)(2l3+ 1)

(
X 3273

They can be used in to easily obtain the Contact Distances between d-RD and d'-
RD for any arbitrary combination of the eight angular variables, allowing a suitable
implementation of the method in a SAS data fitting program. The Stone’s invariants
expansions are among the first parameters the software calculates and can be time
consuming depending on the dimension of the assembly.

The Lennard Jones potential, based on the shape anisotropy, is defined in terms of
S1gMaggr:

ULjda (W, War, ra,0) = 4€da { [Udd, (wmwwwrdd,)] : - [add, o, wreora )] 6
Tdd rdd

(3.12)

It describes both the short-range attraction between RDs and their strong repulsion

due to the forbidden overlap, and where 44 is the depth of the potential well (in

arbitrary units). We can thus introduce the Lennard-Jones domain-domain potential

of the assembly,

N
> p21 mdd )y ULy dar, (Wa, Warwraar)

UrD,rD = (3.13)

Np
p:l mdd/p

being mgq, the multiplicity of the p'* pair of RD. In analogy, two new terms (the
Lennard-Jones domain-linker potential of the assembly, Urp rr, and the Lennard-
Jones linker-linker potential of the assembly, Upy, pr,) are introduced.
The optimum configuration is found by minimizing the target functional H defined
as

H = X2 + Ulinkers + Uoverlaps (314)

Where Ulinkers = Upp + Uside + Uconn, Uoverlaps = URD,RD + URD,FL + UFL,FLand

Ng ds _ds 2
2 _ 1 dQezp (Qk) a0 (Qk)
R RN s

k=1

(3.15)

where &(Qk) is the macroscopic differential scattering cross section at the k™ out
of Ng points of the experimental SAS curve, with uncertainty oeqp(Q%), ﬁfw(@k)
is the model scattering cross section at the same point provided by the QUAFIT
method. In the case of assemblies uniformly distributed over a discrete number
Neony of different configurations, which share the same rotational point group G
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and the same number N; of rototranslations around the screw axis,the form factor
is a simple average over all the configurations,

Neony
PQ) = Nl ; > PQ) (3.16)
con, k=1

Similar expression are defined for the averages of the different potentials. An
oligomerization intermediate is defined as a point-group oligomer in which not all
the symmetrical positions are occupied by monomers. The complete oligomer can
be assumed to form according to a hierarchical assembling of all the possible in-
termediates. In the case of weak association forces, all intermediates together with
the complete oligomer will be simultaneously present in solution. The SAS curve of
such a complex system constituted by N,p; possible particles is

Nobj
dXx _ cNy T 4
dTZ(Q) = Mo - Nagng](Q) + B (3.17)

where Nggg, is the aggregation number of the j — ¢h particle, x; is the fraction of
the whole biomolecule mass involved in the formation of the j — th particle.

Qualfit in naive Hsp60 structure

For GroEL reconstruction, according the MD results and on the basis of the PDB
4A AR structure, two units constituting the monomer have been considered as rigid
domains (RDs). The first RD includes the N- and the C-terminus referred to as
equatorial and intermediate domains. It is defined from residue 1 to 187 and from
377 and 524. The second RD includes the amino acids from 192 to 372. As a conse-
quence, the two RDs result to be connected by two flexible linkers, both arranged by
4 amino acids. The first FL, defined by the sequence DVVE, connects the residue
187 of the first RD to the 192 of the second RD. The other FL. (AGGV) connects
the residue 372 of the second RD to the 377 of the first RD. This monomer can form
tetradecamers based on the symmetry point-group D7.

The reconstruction of the Hsp60 structure has been performed by dividing the
monomer unit, constituted by 573 residues, in three RDs. The first RD includes N-
and C-termini and encompasses residues from 1 to 22 and from 553 to 573. The
second RD is from residue 27 to 210 and from 401 to 547. The third RD, from 215
to 396, is the apical red domain. Accordingly, four FLs are defined. The first FL,
sequenced as TRAY, connects the residue 22 of the first RD to the 27 of the second
one. The second FL (LEII) is from residue 210 of the second RD to the 215 of the
third one. The third and the fourth FLs (LSDG and EIPKE, respectively) connect
residues 396 (third RD) and 401 (second RD) and residues 547 (second RD) and
553 (first RD). A unique optimized structure of the monomer is assembled accord-
ing to the symmetry groups D7 and C7 to define the quaternary structure of the
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TEAEXXEXXXXLLXLAXXEAAS Input Data File for Quafit 4.0 FFEEEEErdLax ko ddasrss

OPTIMIZATION PARAMETERS 3533585535ttt ss sttt s st iastiinsasasinsssisssssss

Number of Cycles per Sub-Run .........:
Maximum Number of Sub-Run ...........
Bypothcticad Finadl B) cewinaemmes
Constant Value of T* (if not 0.0) ....:
Iterations Number for Error ARnalysis
Maximum Rank L for [2~il[l,m]l(Q) .....:
Maximum Rank L for [A~i]~S[1,m] (Q)
Maximum Rank T for S§[11,12,13,%1,k2] .: 3
Marimm: 2 ot ALLwmI NG coaessaeimmess
Number of Q's for A[l,ml(Q) --cvoouc--..

TCP Packing Distance (Bngs.) ......-...:
Number of Hydration Shells ...........:
Well Depth of LJ potential (epsilon)
Force Constant of Linker's Ends (K)

Linker Lateral Chains Overlap Penalty : 1.
Two linkers CA-CA Overlap Penalty ....: 1.
CA linker - Domains Overlap Penalty ..: 1.

Number of Zeros for Integration ......:
Number of Bins for Integration .......:
Number of Points for 3D Plots ........:
Reference Temperature (Celsius) ......:
Feference: Pressuae (BAF) asswasiaseias

Stone Exp. Contact Dist. Family Name
Stone Exp. Contact Dist. Flag (1/0)

Z[1,m] Calculation Flag (1/0) .......
Dummy Atom Shell Determination ......
Read HETATM atoms in PDB file (1/0)

Free / Thermod.-linked fractions (1/0):1

Optimisation free fraction (1/0) ...... 0
Plot Random Contact Distances (1/0) ..:0
No—-Cverlap test connected-RD (1/0) -0
Mixed D5/C5 symmetry (1/0) ...........:0
Exponent alpha of power-law error fu..:0.
Reduction contact distances (Angs.) :0

Figure 3.9: Example of the input file for QUAFIT routine

FRE wEAR RS hwekd RO AfTHG Bdld CORSLEEINES

AA |RD|SS|POL| Atom|Coord.vector r_ i | Condition
|FL| | | |%,¥,2,z,a,b,re,acl=,>,>=,<,<=,max,min|x,y,z,xr,a,b, rc,ac|
2 11 1 CA r <= r
524 1 1 1 CA r <= r
2 111 CA z < 0.0
524 1 1 1 CA z < 0.0

**xx%%x% Pairs of Amino acid Constraints

i:AA|RD|SS|POL|i:Atom|]:AA|RD|SS|POL|j:Atom|Coord.vector r_ij|
IFLI | | | IFL| | |

2 11 1 ca 193 2 1 L ca r

o m

Condition

>

|Val,Name,Vec.u_d |Fact.Val.|Method|

|st,el
.25 el
+ 25 el
el
el

|Val,Name,Vec.u dd|Fact.Val. |Method|

20.

B e e

cooo

|x,y,2,x,8,b,rc,acl|=,>,>=,<,<=,max,min|x,y,z,r,a,b, rc,ac

|Flag
|1/0
1

1
1
1

|st,el
el

Figure 3.10: Constraints on aminoacids position and on aminoacids relative distance
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= X QuaFit - Pre Alpha 0.1

Project name
Code Number

OPTIMIZATION PARAMETERS

Number of Cycles per SubRun
Maximum Number of SubRun 2
Hypothetical Final H(X) 0,1
Maximum Rank L for [Ai][lm](Q) [4
Maximum Rank L for [Ai]S[Im](Q) [
Maximum Q of A[lm](Q) 03
Stone Exp Contact Dist Flag
Stone Exp Contact Dist Family Name: [[SSSeIRI Nessun file selezionato
Optimisation free fraction
Exponent alpha of powerlaw error fu [t§
Factor H starting 2,0
icolumn3 1
qginputscale 1,0
sinputscale 1,0

STRUCTURE OF STATES

Number of Independent States:
Number of MC States Configurations [ 1] E N MMM 1R AR CHIC AGGREGATES[1] Number of Hierarchic Aggregates: [1]

Figure 3.11: Quafit screenshot from https://somo.chem.utk.edu/quafit/

tetradecamer and the heptamer, respectively. The set of geometrical parameters op-
timized by QUAFIT includes the three polar coordinates of the geometrical center
of each RD, the three Euler angles defining the orientation of each RD, the three
dihedral angles that define the conformation of each residue belonging to each FL
(two Ramachandran angles for the backbone and one angle for the side chain group).
Moreover, in the case of Hsp60, QUAFIT also optimizes the molecular fraction of
monomers forming tetradecamer. The maximum rank L of the spherical harmonics
expansion of the partial X-ray scattering amplitudes has been fixed to 7. Contact
distances among pairs of RDs are expanded in series of Stone’s rotational invariant
up to a maxim rank L'=3. SAXS curves have been analyzed in the whole range of
Q. With the information illustrated in section 3.1.1, different resulting structures
were excluded, even with a low 2.

When the analysis of the structure has been proposed the software was installed on
a University server. It took in input a .dat file with specified all the parameters to
allow the reconstruction and the SAXS curve (Fig. 3.9). During this analysis the
software was implemented to refine the structure adding some constraints between
known atoms and aminoacids (see Fig. 3.10). Nowadays, the software is implemented
in a software platform (see Fig. 3.11), to allow the accessibility for registered users
(https://genapp.rocks).
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3.3 Characterization and stabilities of chaperonins

Given the shown importance of the determination of these proteins’ structure, firstly
the in solution shape of GroEL, and after that of naive Hsp60 in comparison with
GroEL, have been reconstructed and are presented in this section. After this, the
denaturation path of GroEL, naive and mtHsp60 against a chemical agent (Guani-
dine Hydrochloride, GdnHCI) will be characterized, to obtain information on their
relative oligomeric stabilities.

3.3.1 Characterization of GroEL and naive Hsp60

dx/dQ(Q) (a.u.)

10~
GroEL
Hap6o

0.1

a(rm?) *

Q (nm™)

Figure 3.12: Left: differences in the structures of GroEL (red) and naive Hsp60 (blue),
measurements performed at ESRF, BM29 biosaxs line. Right: differences between naive
(blue) and mtHsp60 (red), measurements performed in Elettra synchrotron, Trieste.

In this context we used SAXS to obtain information on the conformation of the
chaperonines in solution and refined our analysis with the aid of other techniques,
in particular of Circular Dichroism (CD) and Molecular dynamics (MD) [19].

A first SAXS experimental observation of the proteins in solution shows different
features for GroEL and naive Hsp60, and for naive and mtHsp60, even if at low
resolution (Fig. 3.12). This result turned out to be interesting for the three proteins
and in particular for to determine the structure of GroEL in physiological condi-
tions. In fact, although several crystallographic structures of GroEL are deposited
in the Protein Data Bank, these differences could not be interpreted with any of the
PDB reconstructed present in literature (applying the SASMOL approach included
in the Genfit software package, see section 1.2.2.5 and [8], which uses the spheri-
cal harmonic expansion of the scattering amplitudes, similar to the widely known
CRYSOL software, as reported in Fig. 3.13, upper panel).

GroEL SAXS experimental curve, anyway, looks similar to the one obtained by Arai
et al. [160], confirming the accuracy of our experimental results and suggesting that
significant differences between solution and crystallographic GroEL structures exist.
Since both tetradecameric and heptameric GroEL PDB structures are reported, an
attempt to fit the SAXS curve by combining the presence of both oligomers in solu-
tion was done: no combination of these quaternary structures could satisfactorily fit
the experimental data (Fig. 3.13, bottom panel). In particular, while the position of
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Figure 3.13: SAXS experimental profiles of GroEL (open circles, c=3 gL-1) with tentative
fitting curves obtained from the crystallographic structures indicated in the legend (Top),
and from a combination (Bottom) of tetradecamers and heptamers from the 4AAR PDB
structure computed by the GENFIT software [§]
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the first minimum at Q ~ 0.5 nm™!

is well fitted, its shape and intensity is not ade-
quately reproduced. As showed in literature [146], GroEL do not present in solution
an equilibrium between heptamers and tetradecamers but a unique tetradecameric
state. The GroEL overall shape in solution was hence reconstructed starting from

SAXS data.

3.3.2 GroEL structure in solution

GroEL

|

8-

Salt bridges and hydrogen bonds

Figure 3.14: Workflow for GroEL reconstruction

Since all-atom MD simulations on GroEL tetradecameric barrel-shaped structure
(PDB ID: 4AAR) resulted to be a non-suitable procedure to reach an acceptable
fitting of SAXS data within reasonable time, being extremely time consuming, to
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provide the structure of the chaperonin GroEL in aqueous solution under physiologi-
cal conditions, the flexibility of the monomer of GroEL has been exploited [161, 130]
to explore its conformation. Starting from the monomer from the 4AAR PDB entry,
its flexibility was investigated by means of MD simulations, and the structure of the
tetradecamer was reconstructed by simultaneously finding the best conformation of
the MD modified flexible monomer and the best positioning of the tetradecameric
structure, assembled according to the D7 point group symmetry, satisfying the fit-
ting of the experimental SAXS curve (for a schematic representation of method’s
workflow see Fig. 3.14). To determine the position of flexible linkers, a 300 ns MD

of
i

~ 50 [0
N WWW

a

«n3r !
=

R~

0 50 100 150 200 250 300
time (ns)

Eigenvalues (nm?*)

o
T
o

Eigenvector index

Figure 3.15: Left: RMSD plot of the Ca atoms of the GroEL subunit (Top). Schematic
representation of the relative domains motion along the first three eigenvectors (Bottom).
GroEL domains are highlighted by different colors, i.e. equatorial (blue), intermediate
(green) and apical (red) domains, respectively. Right: Eigenvalues of the first 50 eigenvec-
tors relative to the PCA from 300ns MD of GroEL subunit.

simulation on the GroEL monomer extracted from the ring T of 4AAR PDB entry
has been performed. The RMSD relative to the starting configuration is depicted
in Fig. 3.15 left, showing that the isolated subunit explores a wide conformational
space, also in the absence of bound ATP molecule. Monomer’s flexibility modes,
evidenced by means of the principal component analysis (PCA), reveal the pres-
ence of three principal eigenvectors, out of fifty, relative to the main conformational
fluctuations (see Fig. 3.15, right). Representatively, the relative movements of these
eigenvectors are schematically depicted in Fig. 3.15, bottom left. The QUAFIT anal-
ysis [159] to reconstruct tetradecamers starting from the PDB of the monomer have
been performed (see section 3.2) considering two flexible linkers in the border region
between the apical and the intermediate domains (the two linkers are composed by
residues 188-191 and 373-376, respectively). Interestingly, in the isolated monomer
the apical domain (shown in red in Fig. 3.15) can move with respect to the equato-
rial (blue) and intermediate (green) domains, which result to be tightly bound, as
already evidenced within the tetradecameric structure, thus confirming the choice
of the flexible linkers as the hinge of these relative movements. Furthermore, a
residue root mean square fluctuations (RMSF) analysis confirms that selected se-
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Figure 3.16: Residue root mean square fluctuations (RMSF) analysis

quences corresponded to fluctuation minima at the interface of the rigid domains
(see Fig. 3.16). Using the QUAFIT method, according to the strategy described
in section 3.2, two different structures of the tetradecamer (A and B), both able to
best fit the experimental SAXS curve, have been obtained. To check the accuracy
of this choice, GroEL’s SAXS data were analyzed by QUAFIT method considering
the monomer as a single rigid domain: the fitting, reported below in Fig. 3.25, gave
a worse solution at lower values of Q, with a reduced x?=2.31. Best fitting curves
and different views of the A and B structures are reported in Fig. 3.17. Correspond-
ing reduced x? measuring the quality of data fitting for A and B solutions are 1.38
and 1.13, respectively. By comparing tetradecamer’s size, we could observe that,
although the oligomers are quite similar concerning external dimension (gyration’s
radius and barrel axes), the size of the internal cavity is considerably smaller for
structures A and B than for 4AAR (see below). This feature could be explained
by comparing the monomers from each oligomeric structure. In fact, in solution
the apical domain seems to adopt a tilted conformation, with respect to that of the
monomer extracted from 4AAR, orienting this domain toward the center of the bar-
rel. Notably, these conformational changes are representative of the bending mode
relative to the first eigenvector evidenced by the PCA reported in Fig. 3.15, right.
As evidenced by the Ramachandran’s plot, where the torsional angles ¢ and 1 of
the residues are plotted, structural changes due to chain flexibility, imposed during
the fitting process, did not dramatically distort the protein backbone (Fig. 3.18).
Interestingly, the resulting structure presents several new hydrogen bonds and salt
bridges (see Fig. 3.19) between adjacent subunits of the same ring (intra-ring salt
bridges), involving residues Asn229-Glu238 in the apical region, and Lys80-Asp41
in the equatorial domain. Notably, two repeated inter-ring hydrogen bonds were
also detected between Asnd37-Glud34, in the equatorial domain. In Fig. 3.20 a sec-
tion of the GroEL cavity (PDB: 4AAR) is compared with that of GroEL structure
obtained by SAXS experiments in solution, as described above. Two essential dif-
ferences are highlighted: i) the size of the two access windows and ii) the shape of
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Figure 3.17: Fit and reconstruction of GroEL
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4AAR

Figure 3.18: Ramachandran’s plot for the crystallographic (4AAR) (left) and the solution
structures (right) of GroEL.

Figure 3.19: Inter-ring (left) and intra-ring (right) salt bridges between the GroEL subunits
in solution; involved residues are represented as balls-and-sticks
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o

Figure 3.20: Cavities of 4AAR in the solid state (left), and of the solution structures of
GroEL (center) and Hsp60 (right).
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the internal chamber, where the client unfolded protein is hosted for undergoing the
folding process. In fact, the in-solution structure presents a smaller window of about
2 nm compared to that of the high-resolution solid state structures, such as 4AAR.
This feature induces us to suggest a role of GroEL, not only for recognition of client
proteins, but also for the initial denaturation step, forcing the nascent polypeptide
to pass through this tighter entrance. On the other hand, the cavity’s size was
estimated by counting the number of water molecules inside each heptameric ring
(see e.g. Fig. 3.21) for 4AAR (6591), GroEL-A (4136), GroEL-B (3968), Hsp60-A
(5147) and Hsp60-B (4349). These results show in solution a shrinking of available
volume for the client proteins.

Figure 3.21: Water molecules inside the single ring (heptamer) cavity of GroEL A structure
(4136).
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3.3.3 Naive Hsp60 structure in solution

\ 4

QUAFIT

. L = .

Energy minimizations

-
Salt bridges and hydrogen bonds

Figure 3.22: Workflow for naive Hsp60 reconstruction

Naive Hsp60 structure has been reconstructed, starting from the obtained in
solution monomer of GroEL from the previous analysis. The monomer was re-
constructed by homology modeling, the missing residues (MIS and unresolved C-
terminal aa) were modeled through the ROSETTA software (see section 3.2). Fol-
lowing the same approach used to study the structure of GroEL in solution (see
workflow in Fig. 3.22), 200 ns of MD simulation have been performed for the re-
constructed Hsp60 monomer. A representative snapshot, at about 150 ns, is shown
in Fig. 3.23b, with the attached MIS highlighted in cyan. The presence of these
additional C- and N-terminal sequences clearly impose an intrinsic stiffness to the
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monomer structure, as observed from the RMSD plot after 120 ns (Fig. 3.23a). In

-]

) 50 100 150 200
time (ns)

RMSD (A)

Figure 3.23: a) RMSD plot of the Ca atoms of the naive Hsp60 subunit; b) Representa-
tive snapshot with the Hsp60 domains shown in red (apical), green (intermediate), blue
(equatorial), the MIS and C-terminal sequences in cyan and in grey, respectively. The four
flexible linkers are also shown in black.

compliance with the approach followed for GroEL reconstruction and considering the
added sequence, the Hsp60 monomer used within QUAFIT has been divided in three
rigid domains: the apical (shown in red in Fig. 3.23b), the combination of equatorial
and intermediate fragments (blue and green) and the set of N- and C- endings folded
with ROSETTA (cyan and gray). Hence four flexible linkers have been defined. Two
of them are in the region between the apical and the intermediate domains (as in
the case of GroEL) and are composed by residues from 211 to 214 and from 397 to
400, respectively. The other two flexible linkers, connecting the N- and C-ending
domain to the equatorial-intermediate domains, are from residues 23 to 26 and from
548 to 55. Moreover, we have considered that, unlike GroEL, naive Hsp60 in solu-
tion can simultaneously be present as a mixture of tetradecamers and heptamers.
Consequently, the QUAFIT software package allowed us to obtain best fitting of
experimental SAXS data with tetradecameric and heptameric structures using the
flexible monomer model as their building block (Fig. 3.24). Nevertheless, we had
performed QUAFIT analysis even in the hypothesis of a unique tetradecameric pop-
ulation, but the bad fitting quality (Fig. 3.25) confirmed the simultaneous presence
of two quaternary structures in solution. Two best structures (A and B) obtained
with QUAFIT are reported in Fig. 3.24, together with their corresponding best fit
curves (corresponding x? are 1.28 and 1.31, respectively). Due to the presence of
the MIS sequences, the structures of the monomer A and B, seen in Fig. 3.24, re-
sult more compact than the ones for GroEL, confirming the stable RMSD values
shown in the last 80 ns of the MD simulation for the isolated subunit. Also, for
Hsp60 the entrance of the folding chamber is notably smaller. Moreover, the MIS
sequences are located inside the folding cavity, thus leading apparently to a reduced
space available for the guest proteins (see Figs. 3.17 and 3.24). Nevertheless, the
presence of amino acidic chains inside the cavities surprisingly allows the entrance of
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Figure 3.25: Tentative fitting of, top, GroEL with only rigid monomers (x? = 2.31) and,
bottom, naive Hsp60 with only tetradecamers (x? = 1.81).

a larger number of water molecules compared to GroEL A and B (see above). This
result can depend on the different exposed aminoacid in the cavity, maybe more
hydrophobic than in the previous structure. Non-covalent interactions in structure

Figure 3.26: Salt bridges in naive Hsp60

A have been representatively analyzed. In particular, several salt bridges were found
(see Fig. 3.26) involving residues Glu281-Arg268. Recently, the naive Hsp60 crys-
tallographic structure has been published, but just in complex with Hsp10 [132]. In
Fig. 3.27 are reported the comparisons with our structure. In respect to Nisemblat’s
one [162], our in solution structure is more compact (lower of about 1 nm in height
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and higher of about 2 nm in thickness), and the inner cavity results less spacious.
However, these effects could be attributed to the fact we are not in presence of
bound Hspl0.

In conclusion, we obtained the structures of GroEL and naive Hsp60 in solution by
means of a combined SAXS-MD study. Those results clearly confirm for the Hsp60
case the co-existence of tetradecamers and heptamers and the exclusive tetrade-
cameric structure of GroEL.

Figure 3.27: Left: the new structure (green, from [132]) is compared with our result (blue).
Right: the inner cavities are compared: crystallographic, blue vs our in solution reconstruc-
tion, green.

3.3.4 Chemical stabilities

These findings prompted to wonder if there were any differences in the oligomeric
stability of the three proteins considered (the bacterial and the human homologues,
mtHsp60 and naive Hsp60) [134, 133|. The attention has been then focused on the
stability characteristics of Hsp60s in order to further elucidate the structural basis
underlying Hsp60 functions, and providing information relevant to support, in gen-
eral, a relationship between stability and function [163]. In this light, a study of the
effect of guanidinium hydrochloride (GdnHCI) in solution has been conducted to
provide information on naive and mtHsp60 stability in parallel with GroEL, whose
chemical unfolding mechanism by denaturing agents has been previously character-
ized by several biophysical techniques [160, 164, 165, 166]. To deepen the experi-
mental investigation, the unfolding of the chaperonins has been followed by CD and
SAXS (see sections 3.2).

Results obtained by CD (CNR, Palermo) provided thermodynamic informations on
the unfolding of the three proteins [133]. Far-UV CD spectra at different denaturant
concentrations are reported in Fig. 3.28. When the amide polypeptide bonds are
aligned in regular arrays, such as a-helices or B-sheets, they have characteristic spec-
tra. For example, proteins with high contents of a-helices have characteristic bands
at approximately 223 and 212 nm. In the simple two-states approximation [167], the
experimental CD spectrum is considered a linear combination of the CD spectra of a
unique folded (F) state and a unique unfolded (U) state and the ratio between their
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Figure 3.28: Circular Dichroism (CD) spectra from top to bottom of GroEL, naive Hsp60
and mtHsp60 in the absence and in the presence of increasing concentrations of GdnHCI.
The concentrations of GdnHCI are reported in the legend.
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Figure 3.29: R’ values of mtHsp60 in function of denaturant concentration for mtHsp60
(from Equation 3.18).

molar concentrations defines the unfolding equilibrium constant, Kyns = [U]/[F].
The associated unfolding free energy is assumed to have a linear dependence on
the GdnHCI molarity in solution, AGu,s = —RT log Kynt = AGy — m [GdnHCI], R
being the gas constant and 7' the absolute temperature [168]. On these grounds,
the ratio R’ between the CD values at 212 nm and at 223 nm, reported in Fig. 3.29
for mtHsp60 as an example, can be analyzed according to the expression:

_ CDagam _ A+ Be=SGums/RT
B CDQlQnm B C+ G_AG“nf/RT ’

R (3.18)
where A, B and C are parameter linked to the extrapolation of the values of the
spectra at the completely unfolded stage and in absence of the denaturant, hence
in the pure native state. In order to reduce the number of fitting parameters, the
factors A and C have been fixed to the values derived from CD data in the initial
and final plateau region. Results of the analysis of the whole set of CD spectra
are summarized in Table 1. The fraction of unfolded proteins, fy = [U]/([U] +
[F]), was then obtained from the fitting parameters and is plotted as a function
of [GdnHC]]| in Fig. 3.30. The observation of the evolution of fi7([GdnHCI]) as a
function of GAnHCI concentration reveals that the unfolding of mtHsp60 is early and
less cooperative than the one relative to naive Hsp60. Different to the case of GroEL,
both of them seem to undergo a gradual unfolding without a single cooperative event
although this behavior is more pronounced for mtHsp60.

As a second step, the stability of the three chaperonins against GdnHCIl was
examined by SAXS experiments. In order to confirm the compactness of in-solution
mtHsp60, SAXS data are reported in Kratky plots, i.e. (dX/dQ(Q) - Q?) as a func-
tion of Q. In Fig. 3.31 both Hsp60s SAXS fingerprints are reported. They present
a broad peak, whose @Q-position changes for each species. Naive Hsp60 SAXS spec-
trum in the form of Kratky plot shows a peak at lower ) values in respect to that
corresponding to mtHsp60, clearly indicating that the average dimensions of naive
species are larger than the others, since the peak position is inversely proportional
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Figure 3.30: Fraction of naive (blue), mitochondrial (black) Hsp60 and GroEL (red) un-
folded protein plotted as a function of GdnHCI concentration. Theoretical fits to the data
are derived from Equation 3.18 and from [133].

Table 3.1: CD analysis results on thermodynamic parameters for mtHsp60, naiveHsp60 and
GroEL [134].

A B C | AGp (KJ/mol) | m (KJ-L/mol?)
mtHsp60 | 3.4 | 0.70 £ 0.02 | 3.5 33408 10 4+ 2
naive Hsp60 | 3.7 | 0.70 £ 0.01 | 3.6 10+ 1 16 4+ 1
GroEL 1.63 | 0.40 4 0.03 | 1.74 37T+ 7 20 + 6

to in-solution particle dimensions. We associate this evidence to an enrichment of
mtHSP60 heptamers compared to the naive form. Hence, SAXS curves obtained
at increasing GdnHCl contents between 0 and 2.0 M are analyzed by considering
the possible simultaneous presence of tetradecamers, heptamers, monomers and un-
folded species. SAXS curve corresponding to native mtHsp60, i.e. without GdnHCI,
is analyzed without the presence of unfolded species. The theoretical macroscopical
differential scattering cross section can be expressed as the sum of the contribu-
tions due to each species, as discussed in section 1.2.2.5. Hence, the macroscopical
differential scattering cross section results:

o
dQ2

Q) = 15 Nale Q) + 227 Pr(Q) + 1 po1aPa(@) +

o = 20 Pu(Q)) (3.19)

agg

where M7 is monomer molecular weight, N4 is Avogadro’s number, z1, =7, T14,
and xy are the fractions of protein molecules occurring as monomers, heptamers,
tetradecamers and unfolded species, respectively. Pi(Q), P7(Q), and Pi4(Q) are
accordingly the form factors corresponding to mtHsp60 monomers, heptamers and
tetradecamers. Py (Q) is the Pedersen-Schurtenberger worm-like chain form factor
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Figure 3.31: Top left: log-log plots of SAXS data corresponding to mitochondrial (blue
circles) and cytoplasmatic (red empty circles) Hsp60 at OM GduHCI; right: log-log plots
corresponding to 1.5M GdnHCI. Bottom left: Kratky plots of mitochondrial (blue circles)
and cytoplasmatic (red empty circles) Hsp60 at OM GdnHCI; right: same data at 1.5M
GdnHCL.

multiplied by a two-electron density level cross section for the protein chain as used
in previous studies [121] and N4 is the aggregation number of monomers arranged
in the worm-like species. Protein form factors corresponding to tetradecamers, hep-
tamers and monomers were obtained by adopting the PDB arising from [19], by
considering the shortage of MIS, and by taking into account water molecules posi-
tions at the hydration shell of each oligomer, according to the SASMOL approach
[10], see section 1.2.2.5. The mass density of proteins first hydration shell was
considered a fitting parameter and resulted to be incremented of ~ (12 £ 2) % in
agreement with literature results [23]. The average aggregation number results to
be >~ (9 +6). Given the relative low concentration ¢ of the protein in solution (1
g/L) and because the relatively high molecular weight of the investigated species, we
expect a small particle number density in solution. Consequently, the interactions
should be considered neglectable and the effective structure factor approximated
to unity. SAXS curve fitting was performed by using GENFIT software package
[8]. Experimental macroscopical differential cross sections obtained for mtHsp60
at increasing GdnHCI concentrations are reported in Fig. 3.32 together with their
theoretical fitting, which results to be satisfactory in the whole Q-range. This can
allow to distinguish between heptamers, close one to each other, and tetradecamers,
thus keeping information about tetradecameric dissociation at increasing GdnHCI.
As a result, the fraction of protein molecules which occur in each oligomeric species
is reported in Fig. 3.33. The protein dissociation appears as a cooperative phe-
nomenon between different oligomeric species in solution, and in particular hep-
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Figure 3.32: SAXS experimental curves and theoretical fitting (black lines) for mtHsp60
(1 mg/mL) are reported at increasing denaturant concentration, from 0 M GdnHCI (cyan
circles), 0.25 M (red circles), 0.75 M (green circles), 1 M (blue circles), 1.5 M (pink circles),
2 M (black circles). Curves are scaled for sake of clarity.

tamers and tetradecamers co-participate to the formation of monomers and un-
folded species. From the unfolding fraction is possible to obtain thermodynamic
informations on the process. In Fig. 3.34 the unfolded fraction for mtHsp60 in
comparison with naive Hsp60 as a function of GdnHCI concentration are reported.
Similarly to what observed by CD, unfolding for mtHsp60 occurs earlier, thus con-
firming its lower stability. Since AGyny = AGo — m[GdnHCI], where we consider
the unfolding free energy to have a linear dependence on GdnHCI molarity in solu-
tion, and AGy,r = —RTIn([U]/[F]), the parameters AGg and m are obtained from
the resulting unfolded species. The reference unfolding free energy resulted to be
AGo = 13+3 kJ/mol and m = 10+ 3 kJ/(mol?L). AGy provided by SAXS results
on mtHsp60 is about the half of the one obtained for naive Hsp60 [133].

Table 3.2: CD and SAXS results in comparison for thermodynamic stability values [134].

AGy (KJ/mol) | m (KJ-L/mol?)
SAXS CD SAXS CD
mtHsp60 |13 +£3 33 +£08| 10£3 1042

naive Hsp60 | 23 4+7 1041 |[14+5 16+1

GroEL 42+10 3747 |22+5 2946
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Figure 3.33: SAXS results reporting the protein molecules fractions occurring as differ-
ent oligomeric species. Full points refer to mtHsp60 monomers (red squares), heptamers
(black circles), tetradecamers (blue triangles) and unfolded species (green triangles), ver-
sus GdnHCI content. Note that SAXS curves corresponding to Hsp60 without GdnHCI
were fitted considering the unique presence of tetradecamers, heptamers and monomers in
solution. The superimposed black circle and the blue triangle at 0M GdnHCI represent
respectively the fraction of heptamers and tetradecamers in naive Hsp60 [133].

The results obtained from the two techniques are in accordance predicting a major
stability for the bacterial protein and a growing less stability form naive Hsp60 to
mtHsp60 (Table 3.2). The lower stability of human protein can suggest a different
mechanism of functioning that have been evolutionary awarded towards a greater
flexibility in different condition. It is worth of noting that two of the four residues,
R452, E461, S463 and V464 that are essential for double ring formation in GroEL,
are different in the correspondent Hsp60 positions [169]. In addition, Hsp60 can
function as an efficient “one stroke engine” in vivo, and a single ring is sufficient for
productive chaperonin-mediated folding [169]. In this perspective, our findings well
fit the general “stability-function” hypothesis, by which protein functional residues
are not optimal for protein stability [163]. We can speculate that also for chaperonin
60, the evolution has been driven by mutations which lead to new protein functions
by providing higher flexibility to the protein, but come at a cost to protein sta-
bility. Organisms evolve by balancing the advantage of accepting more functional
substitutions with the possible cost of effects on protein stability [170].
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Figure 3.34: Experimental points corresponding to the fraction of mtHsp60 (black) unfolded
proteins as a function of GdnHCI content, in comparison with naive Hsp60 unfolding profile
(red) and GroEL (blue) as revealed by SAXS from [133]. Lines are the theoretical fitting
performed by considering the unfolding free energy.
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Figure 3.35: Time evolution of 200uM Ap;_4o alone, left, and in presence of mtHsp60
(4puM), right.

3.4 Hsp60 interactions with AS peptide

Finally, in this section, the effects of mtHsp60 on AS peptide aggregation are pre-
sented, to illustrate the inhibitory effect of this chaperonin on the A1 _4o fibrillation
pathway.

As introduced in Section 2, Alzheimer’s and Parkinson’s diseases are characterized
by the presence, in brain tissues and in Lewy bodies respectively, of amyloid fibrils
and prefibrillar aggregates, originated by off-pathway conformational changes. Mod-
ifications in chaperones expression, however, can alter the neurotoxicity of oligomers
and fibrils, suggesting possible therapeutic strategies (Section 3.1.2). Moreover, it
has been found by NMR measurements that GroEL suppresses AB1_49 amyloid for-
mation by interacting with its two hydrophobic segments Leul7-Ala2l and Ala30-
Val36, key residues in fibril formation [171].

In this framework, mtHsp60-AS3;_40 aggregation kinetics was followed in time, to
observe the non-activated interaction of the chaperonin with the peptide.

Time resolved SAXS measurements allowed to monitor the aggregation process
of the AB1_42 (200 pM) in time, alone and in the presence of mtHsp60 (4 pM)
for about two hours (Fig. 3.35). An evolution in time for the samples with and
without chaperonin can be observed, inferring the presence, at the initial state, of
a distribution of oligomers not yet in an equilibrium state that proceed during the
folding pathway. Nevertheless, the sample with mtHsp60 seems to be inhibited in
its evolution, since the differences between the starting and the end point seem to
be less evident.

In order to better understand these phenomena, firstly we observed Kratky plots
(I(Q)- Q% vs Q, see Section 1.2.2.4) in order to gain a model-free result. The sample
with Af31_40 alone (Fig. 3.36, left) shows an evolution from unfolded to globular and
compact structures, and a progressive shift of the peak from higher to lower values
of @, indicating an increase in the mean dimensions of the system.

The sample with the addition of mtHsp60 (Fig. 3.36, right) seems to start from a
more compact condition, showing a peak at 0.4 nm ™', given from the coexistence of
tetradecameric mtHsp60 in solution (Fig. 3.36). Instead the evolution of the signal
proceeds in a less accentuated way towards bigger structures. At the end of the
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Figure 3.37: Final states of the A;_45 peptide alone (violet) and in presence of mtHsp60
(green) from the representation in form of Kratky plots of SAXS curves.

recorded kinetic the peak for the two systems show significant difference in the po-
sition, illustrating an inhibitory effect for the chaperonin (Fig. 3.37). Time resolved
measurements reveal that mtHsp60 is able to modify the peptide aggregation pat-
tern, inhibiting the aggregation process. The effect of mtHsp60 on AS aggregation
has been analyzed recently, showing a striking effect of the chaperonin towards a
complete blocking of the progression of the fibrillation [136], see Fig. 3.38 in which
a Thioflavin T fluorescence experiment has been reported: the increase of the signal
of AB1_40 alone is completely inhibited in presence of mtHsp60 even after 24 hours.
The experiments in literature [136] have been performed at lower concentrations
and in presence of AfB1_40 instead of AB1_49. The differences between our results
could be charged on these differences of concentration and type of peptide, since
the AfB1_42 has a more rapid time dependence. In fact, the starting point of our
kinetics could not be considered as composed of only monomers (see Fig. 2.17, where
the AB1_40 and AB1_4o peptide are reported at the earliest stage of measurement
performed). It is possible that the action of the mtHsp60 is more effective when
the population of protein in solution is monodisperse and there are no seeds for
secondary nucleation growth.

To test the effect of the chaperonin on mature fibrils, SAXS curves have been ac-

quired, in time, on a sample of yet formed Ay _4o fibers with the delayed addition
of mtHsp60: the chaperonin has been included in the sample after the peptide has
been free to aggregate.
It can be seen from Fig. 3.39, bottom, that SAXS curves show small differences in
time evolution. Interestingly, the Kratky plots show an evolution of the signal to-
ward the formation of bigger aggregates at very low Q values. This result points out
a possible interaction mechanism of Hsp60 toward amyloid fibrils and and highlights
the multiple applications of the chaperone with respect to the formation of different
oligomeric species, as will be observed also see for the Hsp70.
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Figure 3.38: Form [136]. Left: Thioflavin T measurement on 50 uM ApB;_4 with the
addition of 40 M mtHsp60. Right: AFM measurements of AS species formed in the
presence of mtHsp60 under amyloid aggregation conditions: a) and b) 50 uM of AB;_40 at
the starting and final stage of fibrillation and ¢) and d) 50 uM of AB;_4¢ with 2uM at the

starting and final stage of fibrillation. Scale bar 1 ym, z-range for a, b, ¢: 7 nm, for d: 9.6
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Figure 3.39: Left: interaction of mtHsp60 with already formed fibrils of A5y _40. Right:
Kratky plots of starting and ending stages of mtHsp60 with already formed fibrils of AS;_ 49,
highlighting a slightly modification in time.
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4.1 Introduction

Even more attention has been posed, in recent years, on the study of molecular
chaperones, with the aim to enhance their specificity in the treatment of various
diseases [172]. In fact, as introduced in section 3.1 for Hsp60, their connection with
the onset of different pathologies is an experimental evidence. In the brains of pa-
tients affected by Alzheimer’s Disease (AD), an increased level in the expression of
another particular molecular chaperone, the Hsp70, has been reported, suggesting
its potential role the in the pathogenesis [152, 173].

Furthermore, there are evidences that indicate an inhibitory effect of Hsp70 on a-
synuclein, the protein linked to Lewy bodies in Parkinson’s disease [174, 175].
Characterizing the interactions of Hsp70 with amyloid proteins linked to the onset
of neurodegenerative diseases could thus help to identify the molecular mechanisms
underlying the pathologies and possible therapeutical strategies.

Moreover, very recently, different research groups designed and produced engineered
chaperones (GHsp70), capable to selectively bind specific proteins and to inhibit
their misfolded aggregation pattern [176].

The study here presented aims to deepen the understanding of the effect of wild
type and engineered Hsp70 on the fibrillogenesis of AB1_42 amyloid peptide and a-
synuclein, investigating the structure and kinetics of amyloids-GHsp70 complexes.
Before the experimental section, a brief introduction on the structure and func-
tioning of the wild type Hsp70 is presented, with the description of the engineered
proteins analyzed.
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Figure 4.1: Wild type Hsp70 domains, from [177].

Wild type Hsp70 consists of two structurally distinct domains connected by
a linker (Fig. 4.1). The N-terminal nucleotide-binding domain (NBD), which in
Homo Sapiens Hsp70 corresponds to residues 1-383, binds to ATP and hydrolyzes
it to ADP. Such ATPase domain has a conventional nucleotide-binding fold, that
is the “actin fold” found in different proteins where aminoacid residues form a cleft
into which ATP is bound [178]. This binding promotes a conformational change
that closes the cleft [179]. The substrate binding domain (SBD) corresponds
to residues 397-641 and can interact and transiently associate with short linear
peptide segments of folding intermediates. The SBD can be further subdivided
into a (-sandwich region (residues 397-507) named substrate binding subdomain
or B-subdomain and an a-helical subdomain (residues 508-641), composed of five
a-helices (namely, A, B, C, D and E) that governs substrate affinity of the chaper-
one. The peptide-binding site, which lies between the two S-sheets, is hydrophobic
in nature and contains a deep pocket capped by the helices. The helical subdomain
has been suggested to regulate the kinetics of substrate binding and act as a “lid”
for the substrate binding pocket. In fact, a lidless variant of Dnak, the bacterial
Hsp70 homologue, has been reported to be unable to stimulate the refolding of
chemically denatured firefly luciferase [180]. When an Hsp70 protein is ATP bound,
the 1id is open and peptides bind and release relatively rapidly (see Fig. 4.2). The
helical subdomain shows specificity for hydrophobic residues, particularly leucine.
When Hsp70 proteins are ADP bound, the lid is closed, and peptides are tightly
bound to the substrate binding domain. The two domains are connected by a short
linker segment (6 residues), which is highly conserved. Also, there is a C-terminal
intrinsically disordered region of 26 residues [176].

Given the natural predisposition of Hsp70 towards the correct folding of proteins,
this chaperone has been selected as a possible tool to inhibit amyloid formation
[181]. Furthermore, it has been observed that in absence of ATP or ADP, Hsp70
showed the same inhibitory effect, indicating a nucleotide-independent interaction
[182]. The presence of an unactivated mechanism can propose Hsp70 as a simple



4.1. Introduction 95

SUBSTRATE

- R e
-~ -—-
< "aé ~ F 5 °
ke 4\ % Q.
I ' \ ¢ o
I
| <X j.,
¢ \ _ *':,'
,/ \£ CLOSED
N

f\ e
A - o
Intermediate

conformatiol
[
SUBSTRATE

I

e

~

N
 OPEN

Figure 4.2: Sketch of ATPase cycle of Hsp70: binding of ATP to the NBD of Hsp70 opens
the lid over the substrate-binding domain and allows substrate to bind. ATP hydrolysis,
catalyzed by various co-chaperones leads to the closing of lid and trapping substrate in the
substrate binding pocket. PDB structures are rendered with USCF Chimera software [157].

and powerful tool for therapeutic purposes. Moreover, the realization of engineered
proteins with enhanced interaction capability has been exploited in recent years
to obtain proteins or antibodies that bind specifically target disordered regions
[183, 184, 185].

Actually, the details of the substrate binding mechanism remain still unclear and
the nature of possible interactions with substrate proteins is not yet fully resolved.
Even the oligomeric stability of the chaperone has been analyzed just recently
[186], correlating its stability with the sequence composition and to the secondary
structure. In this work, in addition of wild type Hsp70 (Hsp70WT or 7T0WT),
two grafted proteins produced to specifically bind with pathogenic proteins have
been studied, produced by the Vendruscolo laboratory, Department of Chemistry,
Cambridge [176].

To obtain these particular proteins, an additional binding site for a specific epitope
has been introduced in a target protein into Hsp70, with the purpose of selectively
increase the affinity of Hsp70 for that target, while maintaining unaltered its
functionality. The engineered protein was obtained adding at the C terminus
peptides which are termed “complementary peptides” (see Fig. 4.3). This strategy
has already been applied before in literature [176, 187, 188, 189] to obtain a tool for
inhibiting toxic protein aggregation associated with conformational disorders such
as Alzheimer’s and Huntington’s diseases. With this approach, the Hsp70 variants
retain the wild-type sequence, and so the binding site, but have an additional
peptide, which binds to the target protein, identified with the analysis of the
interactions between amino acid sequences in the Protein Data Bank (PDB) [189]
and grafted at the end of the disordered C-terminus of the molecular chaperone.
As a result, the C-terminus of the engineered Hsp70 mutants effectively acts like a
“fishing line”, with a hook (the complementary peptide, colored green in Fig. 4.3b),



96 Chapter 4. Hsp70 characterization and interactions

wt Hsp70 Al  GHsp70

Binding
site

GHsp70NAC EILVSYQ EQVTNVG (a-synuclein residues 61-67)
GHsp70-AB FKLSVIT QKLVFFA (AB42 residues 15-22)

Figure 4.3: Design of the grafted proteins: representation of wild-type Hsp70 (wt Hsp70,
panel a) and the grafted form (GHsp70) (b) bound to a-synuclein (colored red in both
panels). In the table are reported the target sequences and the complementary peptides
exploited for the linker [176].

that selectively binds the specific epitope on the target protein, thus creating the
“engineered interaction” shown in Fig. 4.3b. The complementary peptides, reported
in Fig. 4.3 were designed to target a part of the NAC region of a-synuclein (see
Section 2.1.1.2) and the AS peptide.

Our analysis of the three forms of Hsp70 has been performed principally by means
of SAXS, to analyze the differences of the chaperones in solution and their effects
on the fibrillation pathway of A peptide and a-synuclein.
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4.2 Materials and methods

In this section, the details of the different techniques exploited to characterize the
Hsp70s structures and interactions with Af1_40 and a-synuclein are presented, to
introduce the experimental results in the following section.

Protein production

The a-synuclein was purified as a monomeric fraction from FEscherichia coli as de-
scribed in [110] from the Vendruscolo laboratory, Department of Chemistry, Cam-
bridge. Apf1_42 was solubilized in hesafluoroisopropanol (HFIP), that was evap-
orated using a gentle stream of nitrogen gas. The protein was carried in ice to
the beamline and dissolved just before the measurements in PBS. As reported in
[176, 189], the different complementary peptides were grafted at the C-terminal end
of human Hsp70 (human Hsp70 1A, GenBank entry NP005336) by mutagenic poly-
merase chain reaction (PCR) with phosphorylated oligonucleotides (for details see
[176]). Protein concentrations (1:1 Hsp70:amyloids, 50 uM) were determined by ab-
sorbance measurements at 280 nm using theoretical extinction coefficients calculated
with ExPASy ProtParam [190].

SAXS

Small Angle X-ray Scattering (SAXS) experiments were carried out at the BM29
beamline in ESRF - the FKuropean Synchrotron Radiation Facility in Grenoble,
France and repeated, for chaperones alone, in Elettra synchrotron, Trieste. Protein
samples were carried in ice, and freshly prepared in the beamline. SAXS patterns
were recorded using a bidimensional Pilatus 1 M detector. The sample cell used
is a 1.0 mm diameter quartz capillary, with a few tens of microns wall thickness.
To minimize the dose and the consequent radiation damage, protein solutions were
only irradiated during data collection using a fast experimental shutter located 4
m upstream of the sample, thus controlling the acquisition time. Since the sample-
detector distance was fixed at 2.867 m, the Q values ranged from 0.1 to 4.5 nm~!.
Fach measurement lasted 1 s, followed by a dead time of 6 s in order to avoid
radiation damage, and was repeated at least 10 times.

AFM measurements

After dilution (1:1000, until 0.05 pM) in appropriate buffer, a-synuclein and
GHsp70NAC samples were placed on flat mica surfaces and allowed to dry for sev-
eral hours in a desiccator under No flow. AFM imaging was done at the Partnership
for Soft Condensed Matter (PSCP) Atomic Force Microscopy Platform, Grenoble at
ambient conditions using an Asylum Research MFP-3D microscope equipped with
a high-resolution tip (Bruker MSNL-10; radius 2 nm, spring constant 0.6 N/m) in
tapping mode. The analysis of the AFM images was carried out using the Gwyddion
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2.50 software [113]. Plane leveling and alignment of rows were done as corrections
to the raw data.
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4.3 Characterization of wild type and grafted Hsp70s
structures

First of all, the three protein variants have been analyzed, by means of SAXS
techniques, to determine their configuration and stability in solution, as reported
in the following.

In Fig. 4.4, SAXS curves of wild type Hsp70 (Hsp70WT), GHsp7ONAC (70NAC)
and GHsp70AB (70AB) are reported. The features of the three proteins seem to
be very close one to each other and show very similar characteristics at higher Q
values, while in the 0-0.3 nm~! range they differ one from each other. Since Hsp70
has two different spatial arrangement, the first check that has been conducted
concerns the possibility that these differences arise from the ADP/ATP bound
conformations of the monomers, in case the proteins privileged one of the two

arrangements (shown previously in Fig. 4.2). With this aim, the trends are
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Figure 4.4: SAXS curves of Wild Type Hsp70 25 uM (violet line), and the two grafted
peptides GHsp70NAC 60 u M (green line) and GHsp70AB 60 uM (blue line), scaled for the
comparison.

compared in Fig. 4.5 to the theoretical reconstruction from PDB entry 2KHO of
DnaK ADP bound and the ATP-bound conformation from 4B9Q [191], obtained
by applying the SASMOL approach included in the Genfit software package [§],
as briefly reported in section 1.2.2.5. The two theoretical curves show a low-@Q
trend very similar, while at intermediate values the two conformations differ, and
in particular, the open conformation deviates from the others while the closed
conformation adheres to the trend of the experimental curves. It can be deduced
that the 2KHO is the most suitable arrangement for the fitting of our data.
Despite this, at low @) values the experimental curves differ from the reconstructed
one. In particular the curve that mostly differs from the wild type Hsp70 theoretical
reconstruction is the experimental curve of wild type Hsp70.

To control if such differences refer to a different oligomeric stability at the
same concentration, SAXS curve of Hsp70W'T were obtained varying protein
concentration from 25 to 200 uM (Fig. 4.6). When Hsp70WT concentration is
higher than 100 M, Fig. 4.6, the curve changes noticeably, depending probably
on the formation of larger aggregates. FEven Kratky plots highlight the differences
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Figure 4.5: Top: Comparison between the Hsp70 variants at 50 uM and the reconstructed
curve from the monomer of 2KHO PDB entry and 4B9Q [191], to show the chosen PDB
structure and right, comparison with only the reconstructed curve 2KHO. Bottom: Kratky
plots of the studied chaperones and reconstructed curve of 2KHO
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Figure 4.6: Left: wild type Hsp70 at different concentrations (in the legend). The curves
are scaled to note the differences in shape, referring to the 25 uM curve, with appropriate
scaling factor depending on the concentration. Right: Kratky plots of the same chaperones.
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showing a shift towards lower @ values, so to higher dimensions. To stress this
effect, the curves at the two extremes of concentrations, i.e. 25 uM and 200 pM
have been analyzed considering two peaks with two Gaussian distributions (the
minimum replica allowed by the fitting). While the high-Q peak is conserved in
both concentrations (at 0.7740.02 nm™!), the low-Q peak shifts from 0.4040.02
nm~! for the 25 uM sample to 0.304£0.03 nm~! for the 200 uM sample (see
Fig. 4.7). Even the area occupied by this peak shifts from 6% to the 9%, suggesting
an increasing amount of aggregated structures. This result is in agreement with
previous analytical size-exclusion chromatography (SEC) results [186], reported in
Fig. 4.7, that prove that increasing Hsp70 concentration increase the oligomeric
distribution of the protein, starting from a monomeric distribution at 70 uM to a
co-presence of aggregates at 220 puM.

Given these experimental results, in the 25-100 uM range, where the experimental
curves have the same features, the differences between wild type and grafted
proteins cannot be attributed to concentration effects. The observed differences
can be therefore attributed to an intrinsic polydispersion of the sample.
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Figure 4.7: Left: Gaussian fitting (green line) of Hsp70WT at 50 uM and 200 pM, re-
spectively. Right: analytical SEC analysis of wild type Hsp70 at protein concentrations of
220 puM (black line) and 70 uM (grey line). At the top of the chromatogram the molec-
ular weights of standard proteins: conalbumin (75 kDa), ovalbumin (43 kDa), carbonic
anhydrase (29 kDa) and ribonuclease A (13.7 kDa). Reported from [186].

Table 4.1: Gyration radii for Hsp70 from the Guinier and P(r) analysis.

R (Hsp7OWT) R (GHsp70NAC) R (GHsp70AB)

nm nm nm
Guinier analysis 83 £0.3 6.5 £0.1 45 £0.1
P(r) 81+£0.5 6.5 £0.1 42 £0.2

theoretical Guinier 3.14 - 2.90 £ 0.01

To characterize the oligomeric composition of the protein variants, an analysis
of the differences between grafted and wild type chaperones has been performed
with P(r) distributions, normalized by the areas, obtained with GNOM software
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Figure 4.8: Left: P(r) analysis for Hsp70WT, GHsp7ONAC and GHsp70AB, D,,,. are,
respectively, 29.0, 25.0 and 16.2 nm. Curves have been normalized by the area and are in
arbitrary units. Right: Guinier analysis for the three Hsp70 in comparison, Q,q.=0.14
nm~! for wild type, Qmae=0.2 nm~! for grafted proteins.

[192] and reported in Fig. 4.8, left. Gyration radii from this analysis are reported
in Table 4.1. The radii increase starting from GHsp70AB to wild type, that, in
particular, reaches the higher values. The two engineered proteins, and especially
GHsp70AB, seem to be more monodisperse, with dimensions similar to the reported
radius for wild type Hsp70 in literature, that is 3.740.1 nm [193]. The represented
curves suggest the hypothesis of increasing aggregates, shifting from engineered
to wild type Hsp70. The SAXS curves have been analyzed even with a classical
Guinier fitting for compact structures (Fig. 4.8). With the Guinier approximation
a set of gyration radii consistent with P(r) has been determined (Table 4.1), while
the theoretical one obtained from the Guinier fitting of the curve deduced from the
PDBs, ranges between 3.14£0.01 nm and 2.90+0.01 nm depending on the open
(4B9Q) or closed (2KHO) conformation. It can be deduced that GHsp70AB seems
to have the most monodisperse distribution, while the deviation of the wild type
sample curve implies the presence of low weight oligomers, probably dimers.

With these premises we analyzed the Hsp70s data with Genfit software, considering
an aggregation number up to the most polydisperse situation from literature [186],
that is monomers, dimers, trimers and tetramers (for details on the Genfit model
see Section 4.2 and 1.2.2.5). As expected, the two grafted proteins return a good
fit considering only a monomeric composition for GHsp70AB and GHsp70NAC
(Fig. 4.9) while for Hsp70WT at 50uM a satisfactory fit was obtained (see Fig. 4.10)
considering a very low concentration (1%) of dimers, comparable to what reported
in literature [186]. The same fitting has been obtained on Hsp70WT at 200 pM.
Here the presence of oligomers results higher, with a percentage of monomers
(27%), dimers (38%), trimers (16%) and tetramers (18%) (see Fig. 4.10).
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Figure 4.9: GHsp70NAC and GHsp70AB fitting with Genfit software: the fitting is satis-
factory considering only monomers with x? = 0.2 and x? = 1.2 respectively.
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Figure 4.10: Left: Hsp70WT 50 pM fitting with Genfit analysis, x?=1.3. Monomers are
99%, dimers 1%. Right: Hsp70WT 200uM in which are considered monomers (27%), dimers

38%), trimers (16%) and tetramers (18%), y2=1.6.
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4.4 Hsp70’s interactions with amyloids

The interactions of the variants of Hsp70 with different species of amyloid beta
peptides have been studied by means of SAXS technique. Hsp70s interactions toward
the different conformations of these peptides were observed at increasing time, until
24 hours. The comparisons between the effect of the different proteins have been
carried out observing the data in form of Kratky plots and, where appropriate,
highlighted by the representation of the difference between the curve of the two
Kratky plots in different times. With this representation is possible to better notice
the different population arising in the evolution, identifying the @Q-range of the
modifications.

In the following, the interaction of GHsp70NAC with a-synuclein monomers and
the effect of Hsp70W'T on fibrils compared with the one of the grafted Hsp70 will
be depicted.

4.4.1 GHsp70NAC with a-synuclein monomers

25

dx/do(Q) Q2 (a.u)

(il “} i
e
2 M’fu ‘ {MAHT\% gg' a®

fl{
\".\ ) | M. ‘

A[d¥/dQ(Q) Q7 (a.u.)

.“
0 0.5 1 15 2 25
Q (nm")

Figure 4.11: Top: GHsp7ONAC with o monomers (1:1). Bottom left: Comparison between
specific (GHsp7ONAC, green line) and aspecific (GHsp70AB, blue line) effect on a-synuclein
monomers. The curves have been obtained subtracting at the Kratky plots of the samples
at 24h the plot of the one at time 0. In this way the resulting peak can highlight the ) range
of the population emerging in time evolution. Right: graphical sketch for the suggested
mechanism displayed by the shift in Kratky plots.



4.4. Hsp70’s interactions with amyloids 105

The effect of the grafted protein in respect of a-synuclein monomers is showed in
Fig. 4.11 top, in the form of Kratky plot. The three curves represent the evolution
of the signal of the complex during time, starting from the violet curve reaching
the light blue one after approximately 24 hours. There is a concrete shift of the
peak towards higher values of @ (Fig. 4.11). Highlighting the evolution in time,
a difference between Kratky plots have been represented in Fig. 4.11, bottom left,
subtracting at the Kratky plots of the samples at 24h the plot of the one at time 0,
for GHsp7ONAC and GHsp70AB. In this way the resulting peak represent the pop-
ulation that arises from the interaction between the chaperones and the a-synuclein
monomer. In this representation, the peculiar shift for GHsp70NAC is evidenced
by the position of the green curve in Fig. 4.11, that emphasize the formation of a
population of approximately 4 nm. This effect can be attributed to a dissociating
effect of the grafted protein with respect to low molecular weight oligomers of a-
synuclein and to the encapsulation of the disordered monomers in a tight structure
with GHsp7ONAC (see the graphical sketch in Fig. 4.11). The effect, in this inten-
sity, is peculiar for GHsp70NAC, while the aspecific interaction of GHsp70AB seems
to involve different populations.

Such results, obtained by SAXS, confirm and support the Thioflavin T (ThT) fluo-
rescence results reported in literature [176, 182|, excluding the possible interference
of ThT in the mechanisms underlying the inhibitory effects of Hsp70 [194], the
intrinsic Hsp70 little fluorescence [182] and the formation of amorphous aggregates.
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4.4.2 Hsp70 effects on fibers
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Figure 4.12: Top: difference in Kratky plots between Hsp70WT and a-synuclein (violet
curve) and f fibers (green curve). Bottom left: Immunogold-TEM images of a-synuclein
fibrils in the presence of Hsp70; arrows show examples of bound Hsp70 to fibril ends, from
[195]; Bottom right: untreated a-synuclein fibrils and a-synuclein fibrils from full chaperone
system disassembly reaction. Aligned short fibrils appear decorated with globular structures
(right, white arrows). Reproduced from [196].

In order to shed light into the mechanism of the intrinsic anti-aggregation ac-
tivity of Hsp70 and the specific inhibitory contributions of the interactions between
Hsp70 and various a-synuclein and AB;_4o aggregated species, we investigated the
effect of the three Hsp70s on these structures at physiological pH.

First of all, the Hsp70WT interacts with the amyloid fibrils formed from AB;_40 and
the ones from a-synuclein, showing a common interaction with both the samples. In
Fig. 4.12 the differences between the Kratky plots of Hsp7O0W'T fibers are reported
(violet line for A1 _42 fibers and green line for a-synuclein fibers). It can be noticed
the rise of a peak in the @ range of 0.5-1.2 nm ™!, consistent with a new population in
solution, whose average dimension should be of about 50-100 nm. The disaggregat-
ing effect can be hence interpreted in a detaching effect of the ends of the fibrils made
by the chaperones, allowing the formation of small fragments. This hypothesis has
been reported in literature [195, 196], and several experimental techniques, includ-
ing TEM (Fig. 4.12), have been exploited to check this hypothesis on a-synuclein
fibers. The binding of Hsp70 to proteins is considered hydrophobically-driven [197]
and it is interesting to note that the dimensions of aggregates detached from Hsp70
are smaller for a-synuclein than for AB;_49 peptide, even if the two monomers are
inverted in size. This effect can be related to the observation of smaller radii for
a-synuclein fibrils with respect to Af1_42 peptide (see Sections 2.3.2 and 2.3.3)
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suggesting an effective interaction with fibril bundle instead of single monomers.
Considering the cylinder radii for the fibrils reported in sections 2.3.2 and 2.3.3 and
the peaks of the Kratky plots as proportional to the radii of the structures, it can
be obtained that the rate of the heights of the cylinders detached from a-synuclein
is approximately 4 times the ones of Ay _49.

The engineered Hsp70s were designed to interact with monomers of the amyloido-
genic proteins, given the grafting of the specific peptide, but showed an effect even
on mature fibrils. Even more, in contrast to what might be expected, the effect of
grafted Hsp70 with respect to the wild type one, resembles to compete with the wild
type “aspecific” effect. The formation of the populations at 0.5-1.2 nm~! is lowered
with GHsp70AB and almost suppressed for GHsp70NAC. In both cases instead a
peak between 0 and 0.5 nm™!
teractions with a-synuclein fibers than with A1_4o fibers. It can be suggested that
two different mechanisms, more than competing, are subsequent in the binding with
the fibrils, with a first detaching effect and a secondary interaction with the frag-
ments. The lower ) value peak can be attributed to soluble amorphous aggregates
of a-synuclein and Hsp70, since they are not detected with fluorescence techniques
[176]. The peak at 0.1240.02 nm~! can be identified as characteristic for the grafted
interaction (obtained with a Gaussian fit of the curve between 0 and 0.5nm~!) and
the one at 0.740.1 nm ™! for AB;_4o fibrils and 0.940.1 nm~" for a-synuclein fibrils
typical of wild type interaction (even here with a Gaussian analysis). In order to

arise, and appear to be more pronounced in the in-

evaluate the kind of prevalent interactions, the rate “G/wt” between the intensities
of the two peaks can be considered as an indication of the specificity /aspecificity of
the affinity. If the value is lower than 1, the aspecific effect is predominant, while if
it is higher than 1 the grafted mechanism is more efficient. The rates are reported
in Table 4.2. We obtain the higher G/WT rate for GHsp70NAC with a-synuclein
fibrils and a high value for GHsp70AB with ApB;_4o fibrils: these rates suggest a
preference of the specific action mechanism of the grafted protein with respect to
the aspecific one of the WT species. For GHsp70AB with a-synuclein we obtain
a poised rate, while for Hsp70NAC with Af;_42 the rate value suggests an higher
effect of the aspecific component with respect to the grafted one.

A possible interpretation of this behavior can be a two-phase mechanism in which

Table 4.2: G/WT rates for the interactions between engineered proteins and fibrils.

a-synuclein fibers AfS1_4o fibers
GHsp70NAC 43+ 1.3 0.8+ 0.2
GHsp70AB 1.2 4+04 1.5+ 04

the chaperone, in an aspecific mechanism, detaches cylinders from the bundles of
fibrils and then, particularly in the case of complementary peptides associated to
the target, the grafted peptide connects this fragments with a soluble linker, forming
very high weight populations. These wider aggregates are not detected by ThT and



108 Chapter 4. Hsp70 characterization and interactions

in high dilution are dispersed. In this way the population arising from the interac-
tion with the “wild type” mechanism disappears in favor of bigger aggregates. To
check this hypothesis, AFM measurements have been performed on GHsp70NAC
on a-synuclein fibers, in parallel with SAXS measurements at the Atomic Force Mi-
croscopy Platform on ESRF facility. Since the unevenness of fibrils in solution (as
showed in Chapter 2), depending on the aging and the environmental conditions of
the sample, the availability of an in situ instrument with which to measure the same
SAXS sample acquires importance, conferring reliability to the obtained results.
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Figure 4.13: Differences in Kratky plots highlighting the two mechanisms underlying the
interaction of the Hsp70s with the fibrils, starting from Hsp70WT (A), to GHsp70AB (B)
and GHsp70NAC (C) with AB;_4o fibers (green line) and a-synuclein fibers (violet lines).
It can be seen that the populations created by the Hsp70WT proteins are conserved in a
lower efficiency in the grafted Hsp70, interacting instead with the formation of a population
at very low Q values.
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Figure 4.14: AB;_45 fibers, left, and « fibers, right, in interaction with the three chaperones:
Hsp70 wild type (violet line), GHsp7ONAC (green line) and GHsp70AB (blue line).

In Fig. 4.15, AFM images of a-synuclein fibrils alone (top) and of a-synuclein
fibrils with GHsp70NAC (bottom) are reported. As it can be seen, the effect of
Hsp70NAC on a-synuclein fibers is evident and results in a diminishing of fibers
in the samples. This observation is in accordance with the supposed effect of
GHsp70NAC of converting part of fibrils in soluble oligomers, with a specific-
aspecific mechanism. These aggregates are not visible in AFM measurements,
vanishing in the initial dilution of the samples. Such chaperone action has been
shown in [197]|, where the binding of Hsp70 to prefibrillar species results in a
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distribution shift from insoluble to soluble forms of a-synuclein.
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Figure 4.15: AFM images of a-synuclein fibrils alone (top) and of a-synuclein fibrils in
interaction with GHsp7ONAC (bottom). z-range: 35nm.

In Fig. 4.16, AFM profiles of the detected structures have been reported, show-

ing mean dimensions of approximately 40 nm in thickness, compatible with bundle
of fibrils in both samples. AFM measurements, avoiding the presence of bias linked
to dyes such as ThT, confirms and complements SAXS measurements, giving infor-
mations on the three-dimensional structure of aggregates in solution.
The overall analysis is coherent with previous studies on the action of Hsp70 and
GHsp70s on monomers of a-synuclein and 8 amyloid, and deepens the interaction
with fibrils, suggesting a possible candidate for the therapy of neurodegenerative
diseases and probing the mechanisms of link between chaperones and complex struc-
tures such as fibrillary aggregates.
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Figure 4.16: AFM images of the a-synuclein fibrils (top) and « fibers with GHsp70NAC
(bottom), each with the selected profiles on the side. z-range: 35 nm.
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5.1 Introduction

Curcumin is a molecule (diferulomethane) naturally found the turmeric root, with
polyphenolic molecular structure similar to other plant pigments (e.g. extracted
from grapes (resveratrol), or in green tea (catechins)). There are substantial
in — vitro data indicating that curcumin has antioxidant and anti-inflammatory
activity [198]. Moreover, studies of Alzheimer’s disease (AD) indicate a direct
effect of curcumin in decreasing the amyloid pathology of AD [199, 200, 201]. As
the widespread use as a food additive, curcumin was considered a promising agent
in the treatment and/or prevention of AD [202]. Nonetheless, the idea of using
curcumin for therapeutic purposes presents huge limitations inherent to its poor
solubility, stability and ability to permeate the blood-brain barrier (BBB). For these
reasons it would be opportune to synthesize compounds with the same ability of
curcumin to bind A peptide, but that do not present stability and bio-availability
problems, allowing a real applicability in the treatment of the disease. In this sense,
the replacement of 1,3-dicarbonilic nuclei with heterocyclic isosteres is a promising
strategy, which has already allowed the identification of isoxazole and pyrazole
derivatives capable to bind the peptide Ap fibrils in the same manner as curcumin
[203].

Here is presented a multi-disciplinary study that starts from the design of curcumin-
like compounds, presenting the key chemical features required for inhibiting amyloid
beta aggregation, and achieves to report the effects of these compounds in the
in — vitro aggregation of amyloid beta peptide [204].
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Compounds design was performed in order to increase curcumin stability and
capacity to penetrate the blood-brain barrier via an in silico drug-design by Antonio
Palumbo Piccionello research group, Department of Chemistry, set in the University
of Palermo. The chemo-informatic screening was performed through the calculation
of molecular descriptors, able to highlight the drug-like profile. Computational
design highlights two different scaffolds, namely, distiryl-1,2,4-oxadiazoles and
distiryl-1,3,4-oxadiazoles, which were easily synthesized in good yields. in — vitro
experiments, include Synchrotron SAXS and fluorescence spectroscopy. The
fluorescence spectroscopy was performed in the NEST laboratory in Pisa, in tight
collaboration with Dr Antonella Battisti. In-solution experiments revealed that
these compounds modify amyloid beta peptide aggregation pattern not only in
the secondary structures, but even in terms of structures’ dimension. The in-vitro
cytotoxicity potential of the synthesized compounds was performed on a model
neuronal cell line (LANS5) revealing, similarly to curcumin, a low cytotoxicity below
10 mM.

Results reported in this section have been published in [204].
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5.2 Materials and methods

The different techniques exploited for the studies on curcumin-like compounds and
interactions are hereafter presented, to introduce the experimental section to follow.

Samples preparation

The lyophilized synthetic peptide A51_49 (Anaspec) was solubilized in NaOH 5 mM
(Sigma-Aldrich), pH 10, and sonicated and lyophilized according to the Fezoui et
al. protocol [111]. The lyophilized peptide was then dissolved in PBS (pH 7.4) and
filtered through two filters in series with diameters of 0.20 mm (Millex-Lg) and 0.02
mm (Whatman), in order to eliminate large aggregates. The sample preparation
was aseptically operated in a cold room at 4 °C. The AfS;_49 concentration was
determined using tyrosine absorption at 276 nm using an extinction coefficient of
1390 cm~'M~!'. Compounds 7 and 4 were dissolved in DMSO. Absorption and
fluorescence spectra for compounds 7 and 4 were registered at different times in
order to assess their stability and the absence of fluorescence interference for the
following spectroscopic measurements. The final samples containing ABj_40 and
curcumin compounds were obtained by appropriate aseptic mixing of the solutions
and were used immediately for the aggregation kinetics experiment.

Aggregation kinetics for spectroscopic experiments

Aggregation was induced by incubating 75 mM AfB;_40 in the presence and absence
of 7.5 mM curcumin compounds (4 or 7), in 0.1M phosphate buffer solution (PBS,
pH 7.4), 1% DMSO, for 6 h at 45 °C under continuous magnetic stirring in the ther-
mostatic cell holder of a FLUOROMAX 4 HORIBA Jobin Yvon spectrofluorometer
(NEST, Scuola Normale Superiore and NANO-CNR, Pisa). The aggregation process
was monitored by setting both the excitation and the emission monochromators at
405 nm and measuring the light diffusion at 90 ° [205, 206]. The illuminated volume
was a cylinder of 20 mL, with the total volume of the solution in the microcuvette
being 800 mL. For such a large volume, fluctuations of diffused light reflect a very
small number of large particles floating in the solution. Assuming a Poisson dis-
tribution, we may estimate that in 20 mL fluctuations should arise from a particle
concentration as low as ~ 10~ M. Therefore, we can safely assume that monomers
and small oligomers are the largely predominant species in our systems.

Thioflavin T fluorescence

Thioflavin T (ThT) fluorescence emission was monitored using a FLUOROMAX
4 HORIBA-Jobin Yvon spectrofluorimeter (NEST, Scuola Normale Superiore and
NANO-CNR, Pisa). The excitation and emission wavelengths were 450 and 485
nm, respectively, with slit widths of 2 nm. The ThT concentration was 5 mM. In
particular, for each sample 50 mL of 75 mM AfS;_49 with and without 7.5 mM
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curcumin compounds was added to 850 mL of a ThT solution with 5 mM final
concentration. Thus, we reached 4 mM ApB;_409 and 5 mM ThT final concentrations.

Confocal Microscopy

Images of AB1_49 fibril bundles, and compound 4-AB;_49 and compound 7-ASB1_40
complexes stained with ThT, were obtained using a Leica TCS SP5 inverted laser
scanning confocal microscope (Leica Microsystems AG, Wetzlar, Germany) inter-
faced with an Ar laser for excitation at 458 nm and adopting a 63 x 1.4 numerical
aperture oil immersion objective (Leica Microsystems) in oil immersions (NEST,
Scuola Normale Superiore and NANO-CNR, Pisa). Fibril bundles, and compound
4-A 140 and compound 7-A 549 complexes were left to settle for 20 min from the
initial solution in 3.5 ¢cm glass bottomed Petri dishes (WillCo-Dish, WillCo Wells,
Amsterdam, the Netherlands) and then imaged therein. The excitation power was
50-200 mW at the objective, the line scanning speed was set to 400 Hz, and the
wavelength collection range was between 470-515 nm. Transmission images were
obtained in differential image contrast mode (Nomarski image) using the same laser
source.

SAXS

SAXS experiments of AfB1_49 were carried out at the BM29 beamline in ESRF -
the European Synchrotron Radiation Facility in Grenoble, France. Protein samples
were carried in ice, and freshly prepared with the desired amount of curcumin-like
compound. Apf;_40 concentration was spectrophotometrically checked to be 270
uM. Each sample was measured at 37 °C. SAXS patterns were recorded using a
bidimensional Pilatus 1 M detector. The sample cell used is a 1.0 mm diameter
quartz capillary, with a few tens of microns wall thickness. On BM29, data collec-
tion on protein solutions is possible in a wide temperature range via an automated
sample changer. After each measurement protein samples are stored at 37 °C, with-
out stirring. To minimize the dose and the consequent radiation damage, protein
solutions were only irradiated during data collection using a fast experimental shut-
ter located 4 m upstream of the sample, thus controlling the acquisition time. The
transmitted intensity is monitored with a diode integrated in the beamstop and
the intensity measured during data acquisition is used for normalization. Since the
sample-detector distance was fixed at 2.867 m, the Q values ranged from 0.01 to 0.45
A-1. SAXS macroscopic differential scattering cross sections d¥/dQ(Q) (briefly re-
ferred to as scattering intensities) were obtained on an absolute scale (cm™!) by
calibrating via a water sample, subtracting the proper buffer contribution for each
investigated condition, and correcting for the protein volume fraction, as previously
described. Each measurement lasted 1 s, followed by a dead time of 6 s in order to
avoid radiation damage, and was repeated at least 10 times.
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Biological evaluation

The cytotoxicity of the compounds and their effect on AB1_40 aggregation in vitro,
were studied on the LAN5 neuroblastoma cell line through an MTT assay (BioNec,
University of Palermo). Cells were treated with both compounds 4 and 7 at 1 and
5 mM doses, respectively. Taking into account the cytotoxicity potential of AB1_49
in aggregated species, LANS cells were treated using aliquots taken during A4
aggregation kinetics at 50 mM in the absence and presence of the oxadiazoles 4 and
7, each one at 5 mM. AB1_40 aliquots were sampled after different incubation times.
The experiments were carried out under the same conditions as the Rayleigh exper-
iment, but using an Af;_49 concentration of 50 mM. The A5 amyloid aggregation
kinetics were followed at a controlled temperature (37 °C) and under stirring (200
rpm) at 50 mM. The samples for cytotoxicity assays were collected at the beginning,
after 30 minutes, and after two hours of kinetics experiments, and were diluted in a
medium at 5 mM of AS. To assess cell viability after 24 h of treatment, the MTT (3-
(4,5- dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide)) assay (Sigma-Aldrich)
was performed as previously reported.
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5.3 Curcumin like compound: design and interactions

Here an analysis on curcumin-like compounds realization and interaction will be
presented, starting from the characterization and design of curcumin derivatives
proceeding to the analysis of interaction with ABj_40 peptide.

5.3.1 Drug design of curcumin-like compounds
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Figure 5.1: Structure of curcumin and dataset for the generation of the curcumin-like
database.

The in silico study was based on the design of structures, related to curcumin,
characterized by the substitution of the di-ketonic core of the molecule with a more
stable, planar heterocycle (see Fig. 5.1): a large library with new compounds pre-
senting the curcumin-like structure was generated. The chemo-informatic screening
was accomplished by means of the software package Maestro Schréedinger, through
the calculation of molecular descriptors able to highlight the drug-like profile of new
molecules. From this screening, the database was reduced to about 700 compounds
possessing the requested features. These compounds were used for the following step
of Docking with the biological target, a pentamer of A (PDB: 2BEG, Fig. 5.3) [207],
given the absence of oligomer of PDB in literature. Docking poses revealed the
preference for a binding on the saddle near Met35 (see Fig. 5.2), a previously pro-
posed binding site for curcumin and other aggregation’s inhibitors [208] and the
preference of curcumin to interact with the lateral oligomer region, nearby the 17-
21 aminoacid residues, as previously experimentally observed for curcumin as well
as for other aggregation inhibitors, such as Hsp70 in Section 4.1 [209].

Six compounds, between 50 selected by the docking, binding the Met35 region with
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Figure 5.2: Left: the biological target used for drug design (a pentamer of AS;_49),
PDB:2BEG from [207], image realization with Chimera USCF software [157]. Right: Dock-
ing poses for curcumin (top) and for selected compounds (bottom) binding saddle nearby
Met35.
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Figure 5.3: Structures of selected curcumin-like compounds. Docking score for curcumin
was -3.92.

higher score (see Fig. 5.3) have been considered. Evaluation about synthetic feasi-
bility and preliminary attempted synthesis, allowed the selection of two compounds.
These compounds are two different oxadiazoles regio-isomers, which where both ob-
tained through conventional cyclization reaction. In particular, the 1,2 4-oxadiazole
derivative, that we called 4, was obtained by following the conventional amidoxime
route [210], while the 1,3,4-oxadiazole regio-isomer 7 was obtained from the con-
struction of a diacylhydrazine derivative followed by cyclization (see Schemes 5.1).
Both compounds were obtained in good overall yields and with all double bonds
with trans geometry.

In order to assess whether compound 4 and compound 7 were able to directly inter-
act with AB1_40 and to influence its aggregation process, the self-assembly kinetics
in the presence and in the absence of either compound have been monitored.



118 Chapter 5. Curcumin-like compounds on Af aggregation

Scheme 5.1 Synthesis of Compound 4 and 7.
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5.3.2 In wvitro aggregation

First of all, to detect the specific formation of S-strands aggregates in amyloid fibrils
at the end of the kinetics, Thioflavin T (ThT) assay has been performed [115, 116].
The fluorescent dye has been added to different samples only at the end of the
kinetic, to avoid bias of the exogenous compound for the kinetic of aggregation
and for the effect of the curcumin-like compound itself [211, 212]. In Fig. 5.4, left,
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Figure 5.4: Left: Fluorescence spectra of ThT bound, at the end of the aggregation process,
at 75 uM AB;_4o alone (triangles) and in the presence of 7.5 uM of compound 4 (circles) or
compound 7 (squares). Right: Aggregation kinetics obtained by Rayleight scattering of 75
uM Ay _40 alone (triangles) and in presence of 7.5 uM compound 4 (circles) or compound
7 (squares).

fluorescence spectra of ThT bound to AB;_49 are reported at the end of the fibril-
logenesis kinetics in absence and presence of synthesized compounds. A significant
reduction in ThT emission can be detected in samples with compound 4, whereas
a less marked reduction in fluorescence maximum is registered in the presence of
compound 7. Since ThT fluorescence intensity is proportional to the amyloid struc-
tures formed [114], this suggests a different interaction of the two compounds with
AB1_40- In order to qualitatively evaluate the morphology and the differences of
the species at the final stage of the aggregation kinetics, confocal microscopy was
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AB1 o ABy g+ 4

Figure 5.5: Fluorescence confocal images of ThT-stained AB;_40 (left), commented in 2.3.3
and reported as reference, compound 4-treated AB;_40 (center) and compound 7-treated
ApBi_40 (right) after 6 hours of incubation. Scale bar: 20 um, as reported in the legend.

performed on aliquots of the solutions used for the kinetics experiments. Samples
were stained with ThT, left to settle down in glass-bottom dishes in order to allow
the aggregates precipitating, and then imaged. Fig. 5.5 shows images acquired at
the final stage of incubation of AB;_49 with or without the curcumin derivatives.
The peptide sample treated with compound 4 does not reveal a massive presence
of amyloid fibers or large conglomerations, whilst a prevalent formation of small
amorphous aggregates is observed. Larger aggregates are instead detected in the
presence of compound 7.

Given the proportionality between the light scattering intensity and the size of all
the species in solution, the kinetics of samples incubated under amyloid protocol
conditions have been observed monitoring the behavior of Rayleigh scattering peak,
so in a free-dye approach. Fig. 5.4 shows the time course of the Rayleigh peak inten-
sity during the aggregation kinetics of 75 uM ASB1_40 incubated at 45 °C, alone or in
the presence of compound 4 or compound 7. The ABy_49 peptide aggregation kinet-
ics follows a sigmoidal profile characteristic of a typical nucleation-polymerization
process where the plateau corresponds to the completion of the aggregation process,
and its limit value is related to the properties of the aggregates formed at the end of
the process. In the presence of compound 4 (see circular symbols in Fig. 5.4, right),
no significant change of light scattering intensity can be observed for the sample
up to 3 hours from the beginning of the process, suggesting that the aggregation is
inhibited by the compound, even if the sensibility of the technique cannot ensure
the absence of low molecular weight oligomers. When the sample is incubated in
the presence of compound 7 (see square symbols in Fig. 5.4) the inhibition of the
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aggregation seems to be not so drastic. However, the assembly rate and the final
amount of final aggregates are significantly reduced. In addition, no lag phase can
be observed, thus suggesting that compound 7 is able to perturb the aggregation
route of AfB1_4¢ in respect to the one of compound 4 and of AfBi1_49 alone. These
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Figure 5.6: Left: SAXS curves of 270 uM A5, _4 just after the fresh preparation without
any compound (red), with compound 4 (blue) and with compound 7 (green), each one in
molar ratio 1:1 with AS8;_49. Right: SAXS curves corresponding to the same samples with
the same color legend, after 200 minutes from preparation.

experimental results indicate that while compound 4 is able to strongly inhibit the
aggregation of ABj_49 peptide toward the formation of amyloid aggregates, com-
pound 7 alters the aggregation pattern redirecting a portion of monomers towards
non-amyloid states.

To investigate at a molecular level the effect of each compound on the aggregation
kinetics of AfB1_40 , SAXS curves of 270 uM ApB;_40 in the absence and in the
presence of compound 4 or compound 7 (both in 1:1 molar ratio) were recorded im-
mediately after their fresh preparation (time 0) and after 100, 150 and 200 min from
the preparation. Experimental curves corresponding to two compounds with A5 4
are reported in Fig. 5.6, left, and compared to the one of AB;_49 alone. First of all,
it can be noticed that the scattering intensity a @ >~ 0 increases adding compounds
in solution (green and blue points in respect to red ones). Since at the same protein
weight concentration values the cross section is proportional to the molecular weight
of the average particles in solution [213], it is clear that both the compounds induce
immediately an aggregation on AB;_49 peptide, given the very small dimensions of
the compounds alone. Even more the overall shape of SAXS curve is different in
presence of compounds and between compound 4 and 7. On the other side, SAXS
data of compounds 4 and 7, in molar ratio 1:1 with AS_40 monomers evidence a
sudden modification and a different kinetic pattern of the peptide aggregation state.
The final stage of AB;_40 peptide aggregation in presence and in absence of the
compounds shows appreciable differences, as reported in Fig. 5.6, right panel. In
fact, the Q-range between 0.3 and 0.6 nm~! show noticeable differences between
ApB1_40 and AB1_40 with compound 4, at lower () are clear the differences with the
peptide with compound 7 and the peptide alone.

More in details, while the SAXS curve of the peptide alone 100 min after the prepa-
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ration was best fitted according to the Guinier approach for long cylinders represen-
tative of fibrillar species, as reported in chapter 2.3, this approximation failed fitting
the corresponding data in the presence of both compounds at any time. However,
the standard Guinier approximation related to unspecific spherical-like particles can
successfully fit the low @ trend of all the experimental curves in the presence of com-
pounds 4 and 7, as shown by the linear trend of the plots log %(Q) vs. Q2 reported
in Fig. 5.7. The best fit Guinier radii R, are reported in Fig. 5.7, bottom: in pres-
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Figure 5.7: Top: Guinier plots for spherical particles of SAXS curves corresponding to Aj
in presence of compound 4 (B) and 7 (C) (ratio 1:1) compared with Guinier approxima-
tion for rod particle for AB;_40 alone (A, see Section 2.3.2), all obtained at time 0 (violet
squares), and after 100 (blue circles), 150 (yellow triangles), and 200 (red diamonds) min-
utes. Curves at increasing time are shifted for clarity by a factor 5i (with i=0 for time 100,
i=1 for the measurement after 150 minutes, and so on). Continuous lines represent the
theoretical fitting.

Bottom: Time dependence of the gyration radii resulting by fitting SAXS curves corre-
sponding to Af;_40 in presence of compounds 4 (blue) and 7 (green), as in the legend.

ence of both compounds we observe that the average dimensions of the particles in
solution is increasing versus time.

These model-free approaches enabled us to evaluate that both compounds 4 and
7 immediately modify ASy_49 aggregation state and provided the average dimen-
sions of the particles in solution in each specific case. However, model-free methods
do not provide a complete description of the species present in solution. Hence a
further SAXS data analysis by Genfit software [8] was performed considering the
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simultaneous presence in solution of disordered chains (unf) and cylinders (cyl),
considering the scattering cross section as

) cNy

0@ = T [FunrPonr(@) + 2 Poi(@) (5.1

where c is the protein mass concentration, N4 is Avogadro’s number, M; is the
monomer molecular weight, x; is the fraction of monomers involved in the forma-
tion of the i-species, P;(Q) its form factor and N; is the aggregation number of
that species (which is 1 for unfolded monomers). The structure factor S(Q) was
approximated to unity due to the low protein concentration of the experiment (see
1.2.2.5). This analysis has been performed considering the results obtained with the
other techniques, in particular microscopy images, suggesting a polymorphism in
the samples (Fig. 5.5). Results are reported in Fig. 5.8 and summarized in Fig. 5.9
in respect to AB1_49 alone and point out a description of the different species in
solution. While in the final investigated time step of AB;_49 peptide aggregation

dxr/de(Q)(em™)

-1
Q(nm?) Q) L

Figure 5.8: Starting (blue) and final (red) stages of AS alone (left), AS in presence of
compound 4 (middle), Ag in presence of compound 7 (right). Black lines represent the
fitting obtained with worm like model (one population with aggregation number 1 for AS
alone and two population for AS with compounds 4 and 7) and cylinders. Curves are scaled
for sake of clarity (10% factor) to evidence the fitting in the whole range of Q.

the predominant object in solution resembles the cylindrical shape, confirming the
fibrillar pattern, in the final step of aggregation in presence of compounds the results
are clearly different. Compound 4 determines the prevalent presence of disordered
aggregates, with just a low percentage of cylinders. On the contrary, compound 7
decreases the development of cylindrical species, in respect to the case of just AS1_40
in solution, in favor of disordered species. These findings are in agreement with the
other experimental techniques, showing a strong inhibiting action of compound 4
and an interaction of compound 7 with amyloid formation, as pointed out from the
fluorescence microscopy (see Fig. 5.5) and Rayleight scattering (see Fig. 5.4).

Finally, a biological analysis of the effects of the two curcumin-like compounds
was carried out. To follow the internalization of the compound associated with Aj-
peptide, red-labeled AB1_40 (ASHF) was used to follow peptide uptake in Neuronal-
type SH-SY5Y cells (Fig. 5.10). Cells treated with ASHF were monitored over time;
after 2-3 hours of incubation at 37 °C the peptide started to concentrate in intracel-
lular vesicles. The peptide was administered to cells treated with different probes,
too. The peptide did not accumulate on the plasma membrane, it was slowly inter-



5.3. Curcumin like compound: design and interactions 123

AB40 Compound 7+AB40 Compound 4+AB40
1 worm like 2 worm like: 2 worm like:
start Nyge=1 2542%, n,p=241 0,1040,03%, n,g,=2+1
7518%, Nyg=1312 99,840,5%, N,g=1313
31+1% worm like: 3144% worm like: 9519% worm like:
N,ge=1615 Nagg=17%5 N,g=1615
end 97+48% cylinder: 69+7% cylinder: 541% cylinder:
R=2.3+0.4nm h>150 nm R=2.840.6 A h>150 nm R=2.840.4A h>150 nm
I AB I | AB-compound 7 | | AB-compound 4
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= Nagg=1 @ Nagg=13 B Nagg=1 B Nagg=1 @ Nagg=13
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Figure 5.9: Table (top) of remarkable parameters and schematic representation (bottom)
of SAXS fitting analysis on starting and final data of AS;_49 and AB;_49 with compounds
7 and 4. SAXS curves were analyzed considering a combination of the form factors cor-
responding to the fibril-like cylinders states and unfolded species to describe respectively
final and initial stages. In table the percentage of each species obtained from the fitting is
reported, for the worm like model the aggregation number of segments(N,4q) and for cylin-
der model the radii (r) and the cylinders length (h, always undetectable by the technique).
The presence of the two compounds lead to a different behavior in the final stages, where
the fraction of cylinders in solution decrease from A(;_49 alone for both compounds, more
noticeably in presence of compound 4.

nalized in vesicles that after 24 h partially colocalize with lysosomes.

Further analyses have been performed on LANS cells, treated using aliquots taken
during aggregation kinetic of the peptide alone or in presence of the compounds
in a 10:1 peptide/compound ratio (Fig. 5.11). Cells were treated with both com-
pounds and revealed a low cytotoxicity for both compounds 4 and 7 at 1 uM,
particularly small for the last one. Conversely the addition of compounds at higher
concentration (5 puM) raised a potential cytotoxicity, and specifically compound 4
reduced the cell viability at 5 pM (Fig. 5.11). From previous studies performed
under the same conditions, we consider in the sample the prevalence of oligomeric
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Figure 5.10: Efficient internalization of complexes constituted of curcumin derivatives and
AB-peptide in SH-SY5Y cells. Scale bar 10 um.

] ? Etrl
E 7 7
] é 'é 2 he
80 - ’ % = AR +4 (5 uM)
< A+ = AB +7 (5 uM)
N W
2wl 7 ;
© E 7
s n
2 ] 2 7
© 404 % %% *
S n
: n
] n
] n
n]
_ r
, 1
.
SN N 1l
Ctrl 1uM 5uM 0 min 30 min 120 min

Figure 5.11: Histograms showing the percentage of cell viability after treatments with
A31_40 and the compounds alone or in combination. Results obtained for compound 4 and
7 corresponding at 1 hour from the beginning of the aggregation process: *p<0.001 vs Ctrl;
§p<0.001 vs Ctrl, 1uM and 5uM; #p<0.001 vs Ctrl and 1uM.

species [214]. As expected, Af increase its toxicity along its aggregation kinetic due
to the formation of toxic oligomeric species. Interestingly, compound 7 is able to
counterbalance the formation of toxic oligomers, probably modifying the aggregation
pathway toward less toxic aggregates, because after 2 hours is able to slightly reduce
the AS_4p-induced toxicity. On the other hand, co-administration of compound 4
clearly enhances A4 toxicity. The latter effect could probably be explained by
the higher presence of toxic oligomers in the medium, due to the inhibitory effect of
compound 4 on the peptide aggregation into less noxious amyloid fibrils.
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5.3.3 Induced Fit Docking

Figure 5.12: IFD pose for compound 4 bound to AS;_4 (turquoise) and unbound AS;_4
(orange) (PDB: 2BEG). In the presence of 4, Gly37-Gly38 are compressed by the ligand

and loss the zigzag conformation.
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Figure 5.13: Interaction maps derived from IFD poses for compound 4 (left) and compound
7 (right) bound to chain A (PDB: 2BEG).

Because this different behavior of 4 and 7 was experimentally proved, a further
analysis of the compounds binding mode was performed by means of Induced Fit
Docking (IFD). IFD results showed that the binding of compounds 4 and 7 occur
in a similar way in terms of involved amino acids and non-covalent interactions.
According to IFD, both compounds bind AS in a saddle between Met35 and Val39,
by means of hydrophobic interactions (see Fig. 5.12 and 5.13). The conformation
of investigated compounds into the binding site is almost similar in terms of
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molecule’s orientation and conformation around rotable bonds. On the other side,
a clear difference could be envisaged with compound 4 concerning Gly36-Gly37
conformation in comparison to the starting pentameric structure. In fact, in the
presence of bound 4, the peptide backbone seems compressed, thus perturb the
[-sheet motif. In the presence of compounds 7, the zigzag [-sheet motif is partially
preserved (see Fig. 5.14). Hence, IFD results suggest that while compound 7 could

Figure 5.14: IFD poses for compound 4 (turquoise) and 7 (orange) bound to A/ pentamer
(PDB: 2BEG). In the presence of 7, the pristine zigzag conformation of Gly37-Gly38 is
partially preserved.

just interfere with A aggregation avoiding packing of oligomers along fibril major
axis, due to steric hindrance, compound 4 could also interfere with the formation
of the B-sheet motif, unfortunately thus allowing the formation of toxic off-pathway
structures.

In conclusion, both the compounds 4 and 7 interact with AB;_y4¢ fibrillogenesis.
They give rise to aggregates with different morphologies as well as with different
cytotoxic potential. This result can be exploited to different aims. Taking into ac-
count as basic requirement the low cytotoxic impact of a drug, compound 7 could be
deemed to be a promising candidate even considering the outrightness of its effect
on AfBi_40. On the other hand, compound 4 triggers a lower peptide aggregation,
featured by a higher cytotoxicity. This hypothesis is in agreement with our biolog-
ical analysis: compound 4, linking to AB1_40 oligomeric toxic species, inhibits the
formation of large aggregates, but its addition to the amyloid peptide may induce
a higher concentration of small toxic oligomers, thus producing a collapse in cell
viability. The eventuality here described does not completely rule out the interest
toward compound 4. It is possible, in fact, to consider its use toward studies for
the identification of toxic oligomers, coupling it to a removal treatment after the
binding.
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6.1 Introduction

A well-established mechanism in neurodegenerative disease etiology involves the
neuronal membrane damage as a consequence to the seeding and growth of amy-
loidogenic aggregates onto the lipid bilayer. In particular, it has been reported that
ApB is able to bind the ganglioside GM1, expressed in lipid rafts on the extracel-
lular surface, particularly on synaptic membranes [215]. The complex GM1-Af in
vivo has been identified in cerebral cortices from AD and Down’s syndrome sub-
jects, while it was not detected in controls [216]. Substantial evidence suggests that
small, prefibrillar oligomers, forming at the beginning of the aggregation process
potentially act as synaptotoxins towards the cellular membrane [217, 218, 37|. The
understanding of amyloid peptides interaction with cellular membranes is thus be-
tween the major molecular challenges among the efforts against Alzheimer’s disease.
In this study the interactions of the liposomes with both monomers and an early
aggregated protein solution is presented. The liposomes (LUV) exploited represent
a good model of neural membrane, with raft components, like cholesterol and GM1,
natural effective charge (POPS) and lipid main component (POPC).

The experimental section follows two approaches: a first study of the effect of
monomeric and oligomeric species of model proteins on the lipid bilayer by means
of fluorescence spectroscopy, and a second study of the interaction of AS peptide on
lipid membranes by means of Neutron Spin Echo (NSE). In particular, the fluores-
cence experiment has been designed in accordance with literature [219], exploiting
the quenching effect of a fluorophore, i.e. carboxyluorescein, inside LUVs. With this
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device, an eventual leakage of the membrane by amyloid fibrils of model proteins
can be observed by a sudden increase in the fluorescence signal. On the nanome-
ter scale, however, undulations of the lipid bilayer are experimentally much more
difficult to probe. Few spectroscopic techniques offer the spatial and temporal res-
olution needed. NSE is capable of probing direct measurements of bilayer undula-
tion with spin echo experiments, allowing access to the bilayer’s bending modulus
[220, 221, 222]. This admitted getting information on the mechanism through which
ApS species can influence membrane functionality. Moreover, to better understand
such mechanism, but also in the perspective of a therapy search, the role of mtHsp60
was investigated by the study of the interaction of the liposomes with the same early
aggregated AS peptide solution, maturated in the presence of mtHsp60.

The NSE-SANS study is part of a manuscript in submission. The results reveal an
effective interaction of oligomers on the membrane integrity, showing a disruption
of the membrane in presence of oligomers only. Even more, AS peptide induces
variations in the dynamic properties of membranes, that are even more marked in
the presence of AS oligomers considered the most toxic forms.
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6.2 Materials and methods

In this section, the samples investigated and the techniques used are reported, divid-
ing them into samples and techniques for the fluorescence analysis and for Neutron
Spin Echo measurements.

Spectrofluorometer experiment

The Large Unilamellar Vescicles (LUVs) were produced by repeated extrusions,
through a 100 nm pore filter of a solution containing multilamellar vesicles (MLVs)
of POPC and POPS (POPC: POPS = 9: 1) in 10 mM HEPES buffer, containing
Carboxyfluorescein (10 mM) at pH 7.4, as indicated in literature [219]. The excess of
carboxyfluorescein outside the LUV has been cleaned up by column chromatography
(with HiTrap® Desalting Columns with Sephadex G-25 as gel filtration medium)
and subsequent dialysis in the appropriate buffer. Since the quenching effect was
the key point of the fluorescence experiment, a quenching calibration of carboxyflu-
orescein has been done, reported in Fig. 6.1

Hen egg white lysozyme (HEWL), has been purchased by Sigma Aldrich and dis-
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Figure 6.1: Carboxyfluorescein quenching in function of concentration.

solved in glycine buffer 70 mM at a stock concentration of 50 uM. The aggregation
process of lysozyme was previously monitored by ThT fluorescence (see section 2.2),
in order to prepare and characterize the solution to be used for the interaction stud-
ies with LUV.

A Perkin Elmer LS55 spectrofluorometer (Polytechnic University of Marche) has
been exploited for fluorescence measurements equipped with a thermostatic bath
that kept the sample at constant temperature (20 °C).

The LUV presence has been checked in terms of the size by Dynamic Light Scat-
tering (DLS), in Polytechnic University of Marche. For light scattering measure-
ments, a Malvern NanoZetaSizer apparatus, equipped with a 5 mW He-Ne laser,
was employed. The reported values are the average of several measurements and
are obtained from intensity weighted distributions.

The GUV preparation has been obtained following the literature, with the elec-
troformation method [223]. An amount of 20 uL of a 2 mg/mL lipid (POPC and
POPS in 9:1 rate) dissolved in chloroform solution was spread on the surfaces of two
conductive glasses (coated with fluorine tin oxide), which were left under vacuum to
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remove all traces of the organic solvent. The glasses were placed with their conduc-
tive sides facing each other and separated by a 2 mm thick Teflon frame to form a
chamber which was filled with 10 mM carboxyfluorescein solution. The glass plates
were connected to a function generator and an alternating current of 1 V with a 10
Hz frequency was applied for about 2 h. The solution obtained from this process
has been checked to contain GUVs with an optical microscope. The sample has
been purified with a dialysis overnight in HEPES buffer and then controlled again
with the microscope to ensure the stability of the system. Fluorescence microscopy
measurement have been carried out on a Zeiss Axio Imager 2 microscope (Carl
Zeiss Microlmaging GmbH, Germany) while optical microscopy measurements have
been performed with an Leitz Ortholux polarized light microscope, in Polytechnic
University of Marche.

Neutron Spin Echo experiment

Lipids (POPC and POPS) cholesterol and bovine brain GM1 were purchased from
Sigma Aldrich (Milan, Italy), and were used without any further purification.
Amyloid S-peptide 1-40 (AB1-40) peptide was purchased by ANASPEC. mtHsp60
was purchased by Atgen, Korea. LUV, AB;_40 and mtHsp60 solutions, were pre-
pared and characterized in double, by using both HoO and DO buffers as solvent.
LUVs were made from films of a binary lipid combination of mono-unsaturated
POPC:POPS (9:1), with cholesterol and bovine brain GM1, 95% w/w of PC:PS:Chol
(81%:9%:10% w/w respectively) and 5% w/w of GM1. The solvent was then evapo-
rated with a gently nitrogen flow and films were left under vacuum overnight. After-
ward, dried films were solubilized both with 50 mM phosphate buffer with 20 mM
NaCl prepared with HoO or D20O to obtain a concentration of about 9 mg/ml. Com-
plete hydration of the lipid material in the aqueous solvents was obtained by several
freeze/thawing cycles. After a two hours equilibration, liposomes were extruded
by applying the suspension to a Lipofast extruder (Avestin, Mannheim, Germany),
with a polycarbonate membrane filter with 100 nm pore and 31 extrusion steps.
AB1_40 was dissolved in 50mM phosphate buffer with 20mM NaCl and after a
sequential filtration with Millex LG 200 nm and Amicon 20 nm filters the concen-
tration was determined and brought to 45uM. An aliquot of this solution was char-
acterized and used as Af1_49 monomer, the resting part was aggregated at T=37 °C
under stirring at 200rpm. The aggregation time for NSE, ¢; (65min), correspond-
ing to the oligomers reach condition, was chosen both considering previous studies
and after characterization of time sampling aliquots during the whole aggregation
process, up to the final plateau state, showing the formation of mature fibrils, both
in D20 and H50O samples. The characterization was performed by fluorescence and
F-UV circular dichroism (CNR, Palermo) to follow also the conformational changes
during the aggregation process. Without and with mtHsp60 aliquots of solution
right after mixing (¢9) and for comparison after ¢;=65min of incubation time were
withdrawn to be mixed with the liposomes. The final liposomes and AB;_49 con-
centrations were 5.9 mM and 22.5 mM for all the samples, with lipid:AS;_49 ratio
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of about 260:1 and when present AZ:mtHsp60 ratio was 20:1.

NSE neutron-scattering experiments were conducted on the IN15 spin-echo spec-
trometers located at the Institut Laue Langevin in Grenoble, France. Neutron spin-
echo spectroscopy measures the real part of the normalized intermediate scattering
function Pnsr(Q,t) = Re[I(Q)/I(0)] = %%, a quantity that varies from
0 to 1, where Q is the total momentum transferred to the sample, S(Q,w) is the
dynamic structure factor, which gives the probability that an incident neutron is
scattered by the sample with a momentum transfer () and energy transfer w. The
selected wavelength was 10 A, with a maximum spin echo time of 194 ns in a Q-
range 0.029 < @ < 0.115 A~1. The samples were contained in the quartz cells with
1mm path length.

SANS measurements were carried out on the lowest momentum transfer and lowest
background SANS instrument, D11, at the Institut Laue-Langevin (ILL), Greno-
ble, France [224]. We recorded spectra at three sample-detector distances (1.4, 8.0,
and 34 m) and by using 8 A wavelength neutrons. The investigated wave vec-
tor modulus @ ranged from 0.0025 to 0.55 A1, Samples were measured at room
temperature in a 1 mm thick quartz cell. Experimental detector counts were cor-
rected for background from buffer, sample cell, and electronic noise by conventional
procedures. The two-dimensional isotropic scattering spectra were corrected for de-
tector efficiency by dividing by the incoherent scattering spectra of pure water and
azimuthally averaged, too. The resulting macroscopic differential scattering cross
section are reported in absolute units (cm™1).
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6.3 Model protein fibrillation and interaction with mem-
brane

6.3.1 Fluorometric analysis of membrane-protein interactions

The aim of our analysis is to analyze the interactions between different protein
structures and model lipid systems, i.e. large and giant unilamellar vesicle (LUV
and GUV), in order to reproduce the interaction between a neuronal membrane
and the different species of amyloid oligomers formed neurodegenerative disease. In
this framework, we adapted and improved a protocol to quantitatively study the
effects of proteins with LUVs in solution, by using fluorescence spectroscopy. The
effect of peptide interaction on membrane stability has been studied monitoring
the 5,6-carboxyfluorescein (CF) leakage from liposomes composed of POPC/POPS.
The fluorophore is included in the vesicles at high concentrations, in such a way to
quench its fluorescence. If the protein interacts with the membrane and there is a
leakage effect, there is a dispersion of the fluorophore in the surrounding environ-
ment, so that it dilutes and recovers its fluorescence ability.
The choice of LUVs and GUVs as a biological membrane model has been carried out
considering the relative ease with which they are obtained and their characteristic of
being unilamellar system, therefore constituting a good model of natural biological
membranes. Fluorometric measurements have been carried out, obtaining infor-
mations with a statistical relevance, in respect, for example of direct microscopy.
Nevertheless, optical and fluorescence microscopy have been employed to check the
correct internalization of the fluorophore in the vesicles. Various protocols already
exist and have been exploited to produce vesicle populations of homogeneous size
with high entrapment efficiency [225, 223|. After direct observation of GUVs with
an optical microscope analysis (example image in Fig. 6.2), the correct encapsulation
of the desired amount of fluorophore, that is to quench the fluorescence effectively
inside the GUV, and not around it, has been ensured with fluorescence microscopy
(Fig. 6.2). As can be seen, the interior of the vesicle results black at the microscope,
confirming the quenching of the fluorophore inside the liposome and the effective-
ness of the method.
Instead, to control LUVs dimensions and integrity, a DLS analysis has been per-
formed, to check sample size distribution and integrity before fluorescence spec-
troscopy investigation (see Fig. 6.3). The release of carboxyfluorescein due to the
possible breakdown of liposomes has been monitored by a fluorescence assay at a
wavelength of 520 nm (Fig. 6.4, top). At the end of the interaction the Triton X-100
detergent 10% (w/v) was added in order to induce the destruction of all the sus-
pended vesicles. The system has been always previously checked adding an amount
of Triton X-100 to the liposome sample and observing the increase of fluorescence
as the liposomes are disrupted.

Amyloids fibril formation of lysozyme has been previously characterized with
Thioflavin T and Congo Red staining to control the formation of correct amyloid
structures, and from the sample used in the fluorometric experiment an amount of
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Figure 6.2: Top: GUV optical microscopy image. Bottom: GUYV filled with quenching CF,
obtained with fluorescence microscopy.
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Figure 6.3: DLS distribution of LUVs in solution.
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fibrils has been withdrawn and observed with Congo Red at the optical microscopy.
After all the controls, the experiment has been performed adding preformed fibrils
at the sample of LUV filled with carboxyfluorescein. The data obtained clearly
show that the amyloid aggregates, oligomers and fibrils, are able to interact with
the membrane, destroying the vesicles. Native proteins neglect LUVs, without in-
terfering with the lipid membrane.
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Figure 6.4: Interaction between vesicles and aggregates present in solution at the end of
the fibrillation protocol (blue) and lysozyme in native conformation (red). Fibrils and
monomers (0.4 uM) were added to the system at the beginning of the experiment and the
system has been monitored in time.
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Figure 6.5: SANS experimental data in HoO and D5O.

6.4 Neutron Spin Echo characterization of membrane-
protein interactions

To observe changes in the dynamics of membrane in presence and absence of the
protein, it has been used the Neutron Spin Echo technique, a well-suited experi-
mental approach for a direct investigation of local lipid bilayer undulation dynamics
and the membranes’ corresponding mechanical properties [226]. NSE is a dynamic
method ideal for studies of the thermal fluctuations of the biomembranes because
its correlation times (0,1 ns to 100 ns) and lenght scales (10-10° A) [227, 228]. As
introduced before NSE spectroscopy measures the real part of the normalized inter-
mediate scattering function Pysp(Q,t) = Re[I(Q)/1(0)] = %%
Q is the total momentum transferred to the sample, S(Q,w) is the dynamic struc-
ture factor, which gives the probability that an incident neutron is scattered by
the sample with a momentum transfer @) and energy transfer w. A previous SANS

, where

characterization of the samples has been performed to evaluate the structure factor
S(Q) obtained in D20 and possible structural changes induced by the two species
of AB1_40 and by the chaperone to the LUV. The resulting macroscopic differential
scattering cross section are shown in Fig. 6.5.

Curvature free energy of elastic membranes is commonly expressed by the Helfrich
Hamiltonian [229], while the fluctuation dynamics of microemulsion droplets are
depicted by Milner and Safran [230]. The normal bending modes of the flexible in-
terface are coupled to the viscous friction exerted by the suspending medium with a
single exponential decay exp(~'*) with a relaxation rate of I' = %q?’, where 7 is the
effective viscosity of the solvent medium and k. the bending rigidity [228]. In this
manner, faster interfacial film relaxations are assigned to stiffer membranes. While
well suited to describe data from soft interfaces, this expression fails to accurately
account for the dynamics of phospholipid vesicles. Zilman and Granek introduced
a model to describe curvature shape fluctuations of freely suspended flat phospho-
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Figure 6.6: Fitting of the normalized scattering functions against Fourier time obtained
by NSE at different @ values (0.29, 0.39, 0.50, 0.61, 0.72, 0.83, 0.93, 1.04, 1.15 nm~1) for
vesicles alone made in D50 from Equation 6.1, reported as example.

lipid bilayers [231]. On the local length scales probed by the NSE experiment, the
lipid bilayer of a vesicle is approximately flat. The Zilman-Granek model takes into
account a coupling of the bending modes and local diffusion processes: in a rigid
membrane with a bilayer bending rigidity of k. >> KpgT, less free volume can be
explored by individual molecules; this means that the relaxation rate for a coupled
process of undulation and local curvature will increase, whereas the average am-
plitude of the modes will decrease. The anomalous subdiffusive relaxation of the
bending motions is described by a stretched exponential decay:

Poac(Q,1) = Poae(Q, 0)e= T (6.1)

where I is the relaxation rate. In Fig. 6.6 the decay and the fitting of liposomes alone
is reported as an example. The relaxation rate is related to the bending elasticity
as

Q’° (6.2)

KpT\'"* KpT
ke > n

where 7 is solvent viscosity and the factor = originates from averaging over the
angle between the wavevector and the plaquette surface normal, Kp is the Boltz-
mann’s constant and T the temperature. 7, approaches unity when k./KpgT >> 1.

T'(Q) = 0.0257% (

The viscosity is assumed as three times the viscosity of DoO at 20° as reported in
[232]. The anomalous dependence on k. is explained as a result of two competing
effects: the increase of the undulation relaxation rate and the decrease of the
average undulation amplitude both with increasing stiffness k.. While a stiffer
membrane subject to a random thermally activated undulation will relax faster to
its flat state, it is less efficient in exploring volume, so that one has to wait a longer
time for an empty solvent blob to be filled up by membrane material [231].

In order to test the effect of amyloid oligomers on LUVs, AfB1_40 solution has
been incubated at 37 °C under stirring at a 200 rpm, a protocol that ensures
the formation of amyloid on-pathway species [233]. Aliquots from the sample
were removed at different times from the beginning of the process (to=0, t;=30
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Figure 6.7: Left: fluorescence spectra of ThT in 50 uM AB;_49 collected at different times
from the beginning of the incubation at 37°C under stirring. Times are tc=0 min (violet),
t1=30 min (blue), t3=50 min (green), t3= 65 min (yellow) and ¢4,=300 min (red). In the
inset, the emission maximum at 476 nm is shown as a function of time. Right: circular
dichroism spectra of 50 uM AS;_4 at the beginning of the aggregation process to=0 min
(violet), at a time ¢3= 65 min (yellow), corresponding to oligomers formation, and at and
t4=300 min (red) the end of the process.

min, t=50 min, t3=65 min, ¢,=300 min) and the amyloid species formation
was monitored by Thioflavin T fluorescence (Fig. 6.7). At ¢3=65 min, the ThT
fluorescence corresponds to the growth phase of the fibrillation kinetics profile
(Fig. 6.7 inset), with maximum emission that reached about 75% of the signal
arising from mature fibrils at 300 min. In fact, the CD spectrum of species formed
after 300 min presents a minimum at 222 nm, as expected for a protein with cross-3
structure, thus indicating the completion of fibril formation in the sample (Fig. 6.7).
At t3=65 min, CD spectrum reveals a transition unordered-f structure not yet
completed for AS_40 peptide with the minimum slightly shifted from the initial one.

6.4.1 Effect of AS3i_, on lipid membranes

The species selected by means of ThT are heterogeneous prefibrillar oligomeric
species, which are supposed to be the most pathogenic amyloid forms for their
ability to interact with cell membranes, impair calcium homeostasis and induce
apoptosis or necrosis in cells. As concerns the interaction with AB1_49, the results
show an increase of membranes rigidity in the presence of the amyloid peptide (see
Fig. 6.8). The effect is small when the dynamics of LUVs is analyzed with AB1_40
collected at ty. However, it is much more significant in the presence of AB1_49
oligomers which cause an increase in the bending module that results almost dou-
bled compared to control. The significant increase of the bending modulus k. by
incubation of LUVs with A1_40 peptide respect to liposome control is correlated to
a membrane bending deformation, and thus a change in the bilayer curvature due to
protein-membrane interactions [234]. This result is in agreement with other studies
performed on bilayer lipids by other techniques and with NSE findings previously
reported by Hirai [30, 235].
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Figure 6.8: Left: relaxation rate I of membranes alone (violet), liposomes A5 _ 49 monomer,
liposomes with A8 oligomers (red) as a function of the scattering vector Q. Right: relax-
ation rate I' as a function of @) in a log-log scale. Curves have been scaled for sake of clarity.
Solid lines represent the fits from equation 6.2.

6.4.2 Effect of Hsp60 on membrane-protein interactions

As next step, the effect on LUV dynamics of ABj_40 species produced by the in-
cubation of the peptide with the human chaperonin mtHsp60 has been analyzed.
AB1_40 has been incubated in the presence of Hsp60 at 37 °C and under stirring.
The same sample was brought into contact with LUVs for subsequent NSE analysis.
In Fig. 6.9 are reported I'(Q) values in function of @ for liposomes with AS1_40
incubated in the presence of Hsp60 at the beginning of the aggregation protocol
and after 65 minutes. The fitting of equation 6.2 are represented in Fig. 6.9 and
values are reported in Table 6.1. Very interestingly the chaperonin reverses the
rigidity increase caused by Af;_49 oligomers, placing the bending modulus in an
intermediate value between the LUV (hence in their stable conformation), and the
LUV with AB;_40 (hence in a possible toxic essay). Instead AS;_y40 incubated with
mtHsp60 and collected at t3 does not significantly changes the LUV bending module
in respect to Af1_49 monomers.

In Fig. 6.9, left, are reported I'(Q) values in function of Q. The fitting from
equation 6.2 are represented in Fig. 6.9 right and values obtained are reported in
table 6.1. The results of LUV’s bending modulus are in accordance with literature
[236]. It seems that the rigidity of the membrane is increased in presence of the
peptide and that the chaperonin reverses this process, placing the bending modulus
in an intermediate value between the LUV alone and the LUV with AB1_40.

The overall results confirm that the interaction with LUVs is especially due to
oligomeric prefibrillar species which cause significant variations in the mechanical
properties of lipid bilayers and show that aggregates produced by the incubation
with Hsp60 are not so efficient in affecting features of membranes.
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Figure 6.9: Left: Relaxation rate I'(Q)) of membranes alone (violet), liposomes with
mtHsp60 and AfS;_40 monomer and fibrils (green and blue), liposomes with AS;_40
monomer (yellow), and ABy_4¢ fibrils (red) as a function of the scattering vector Q. Ex-
perimental points are connected with lines just to guide the eye. Right: Relaxation rate I"
as a function of the scattering vector @. Solid lines represent the fits from equation 6.2.

Table 6.1: Bending moduli of liposomes alone and in presence of AS;_49 and mtHsp60

Sample k.(10719).7
Liposomes 0.55 + 0.06
A51,40 mono 0.70 £0.04
AB1_4p oligo 0.92 +0.03

mtHsp60+ApS; 40 mono 0.64 + 0.05
mtHsp60+AB1_49 oligo  0.66 + 0.05







Conclusions

In the last decades, the study of the mechanisms inducing amyloid fibril formation
has involved several experimental and theoretical biophysical approaches [237, 238].
Many efforts have been made by scientist at the borderline between biology,
chemistry, biochemistry and physics in order to understand why and in which way
a protein starts its amyloidogenic pattern [239, 240]. This fundamental research
issue is evolving in parallel to the development of drugs able to modify protein
self assembly towards amyloid fibrils [241, 242]. SAXS experiments demonstrated
to be suitable methods to investigate protein amyloidogenesis and the possible
effects of inhibitors, being an in-solution technique, requiring low amount of sample
and giving the possibility of a good time-resolution, in the case of Synchrotron
SAXS, making it possible to follow the aggregation pattern [14]. For this reason,
this technique has been chosen for this PhD work. In particular by means of
SAXS technique the interaction of chaperones and chemical compounds with
amiloidogenic proteins have been explored.

Taking advantage of combining SAXS and MD techniques [25], the resolution at
atomic level of two oligomeric structures revealed some new structural features of
GroEL and naive-Hsp60 in solution [19]. The stability by chemical denaturation
of the human chaperonins mtHsp60 and naive Hsp60 have been analyzed and
compared to that of its bacterial homologue, GroEL [134, 133]. The overall
results have shown that Hsp60 is clearly less stable than its bacterial homolog: it
dissociates at lower denaturant concentrations, it presents a smaller free energy
change in the absence of denaturant and its dissociation is not as cooperative
as the GroEL one. Moreover, the denaturation of Hsp60 tetradecamers involves
single ring formation, while GroEL disassembly has no heptameric intermediate. A
better knowledge of the Hsp60 structure and equilibrium in solution in comparison
with the bacterial GroEL can give some hints on the functioning of homologue
proteins in the different evolutionary patterns [243]|. Furthermore, whereas in naive
Hsp60 the prevalence of 14mer species can be observed, the equilibrium is shifted
towards heptamers for mtHsp60 under the same conditions in solution. Probably
this different oligomeric equilibrium, confirmed by the analysis of SAXS curves in
the absence of denaturant, is partially responsible for the differences in stability
found between mitochondrial Hsp60 and naive one, confirming, as happens for
GroEL, the prevalence of tetradecamers higher stability to naive Hsp60. Apart
from the oligomeric organization, the influence of Mitochondrial Import Sequence
in reinforcing Hsp60 protein monomeric structure cannot be excluded. Like the
other targeting signals for mitochondria, chloroplasts, or the ER [244], also Hsp60
MIT presents over-representation of positively charged residues, like arginine. Even
more, secondary structure prediction tools [245] reveal that Hsp60 MIS involves
an « helical domain in proximity to the N-terminus of the protein. The presence
of this helical tail is able to stabilize adjacent residues that, in the absence of the
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same, present higher disorder content.

The results of Hsp60 action towards the fibrillation process of AfB1_40 peptide
demonstrate the ability of the chaperone to target AS1_40 species responsible for
the induction of amyloid protein assembly. Although the specific mechanisms by
which the presence of the chaperone inhibits Af)_49 protein aggregates remain
to be elucidated, this result further confirm the extraordinary potentiality of
molecular chaperones in interfering with the crucial molecular steps leading to
amyloid aggregation in neurodegeneration [135, 136]. Once the Af;_4o active seeds
are recruited through hydrophobic interactions in the presence of only off-pathway
species, the highly prone to aggregate AfB1_4o peptide lower its rate to form new
seeds and subsequently to fibrillate.

Together with Hsp60, another molecular chaperone has been observed in the
interaction with AB;_49 and a-synuclein: the Hsp70. Its action towards amyloid
aggregation have been exploited, confirming its effectiveness in modifying the
aggregation pattern of a-synuclein [174]. Employing specifically designed proteins,
the affinity and the antiaggregation activity of the molecular chaperone for a target
protein have been enhanced [176]. A preferential binding mechanism between the
engineered Hsp70 and a-synuclein governs the inhibition of the early stages of
aggregation. Towards fibril formation two different mechanisms seems to arise, one
linked to the wild type Hsp70, disaggregating fibers of a-synuclein and 8 amyloid,
and a specific mechanism typical of grafted proteins that interact directly with
these fragments reverting them in soluble aggregates. The tight balance between
these factors, therefore, could be a key aspect of the suppression of pathogenic
events, including the nucleation and spreading of aggregate formation by molecular
chaperones, and could also be an important aspect to consider in the design of
future therapeutic agents targeted towards misfolding diseases.

In the context of chemical inhibitors, curcumin-like compounds effect has been
investigated. This study integrates different research efforts focused on the devel-
opment of small molecules able to interfere with amyloid 8 peptide uncontrolled
aggregation [202|. The newly synthesized compounds were designed according to
the same principles and provided equivalent promising impact on ASq_49 according
to the scoring states resulting from docking [246]. The in wvitro studies on the
real effects of these compounds presented interesting prospects. Firstly, both
the compounds 4 and 7 succeed in modifying AB;_4 fibrillogenesis. However,
they give rise to aggregates with different morphologies as well as with different
cytotoxic potential. Taking into account as basic requirement the low cytotoxic
impact of a drug, compound 7 could be deemed to be more promising than 4,
which presents a high cytotoxic potential. Experimental biophysical results account
for an immediate effect of compound 7 on AfBi_49, and for a moderate peptide
aggregation in presence of this compound. On the other hand, compound 4 triggers
a lower peptide aggregation, featured by an higher cytotoxicity. These results
suggest that compound 4 can be able to link AB;_49 oligomeric toxic species and in
some way to shelve their natural tendency to aggregate into amyloid fibrils. This
hypothesis is in agreement with the biological analysis: if compound 4 inhibits
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the formation of large aggregates, then its addition to the amyloid peptide may
induce a higher concentration of small toxic oligomers, thus producing a collapse
in cell viability. The eventuality here described does not completely rule out the
interest toward compound 4. In fact, it is possible to consider its use toward
analysis for the identification of toxic oligomers. In fact, if the action of potential
therapeutic agents produces intermediates of fibrillation and/or products of fibril
disaggregation, then their accumulation could be harmful. In this respect, a careful
usage of tetracycline as fibril inhibitor is indicated because of the accumulation of
toxic precursors [247].

The study on the effects of the AfB1_40 oligomers on Large Unilamellar Vesicles
(LUVs) dynamics and on the role of the human chaperonin Hsp60 in influencing
these effects, suggests several observations. First, incubation with AfS peptide
significantly increase the bending modulus k. of LUVs, representing how the
membrane responds to bending deformations, with direct implications of bilayer
curvature to protein-membrane interactions [234, 227|. This effect was strongly
marked when LUVs were in contact with oligomeric species produced during in
vitro AfS1_40 amyloid aggregation. The increase in the bending modulus would be
associated to the formation of pores with high modulus, and would became more
marked at further higher concentrations, due to significant interpore interaction. In
the “channel hypothesis” on A amyloid toxicity [248|, AS oligomers would share
their mechanisms of toxicity with antimicrobial peptides in their ability to insert
in the membranes and thus to leading ion channels or pores formation considered a
cause of neurodegeneration [249]. To provide a methodological tool with potential
applications in therapeutic field, after having characterized, the bending properties
of LUVs incubated with AfS species upon the incubation of the peptide with a
human chaperonin Hsp60 under the same experimental conditions of control have
been tested. Very interestingly, in this case, no significant increase in the bending
modulus was found for Hsp60-A3 peptide collected at the time corresponding to
control oligomers in respect to initial species. This effect can be the result of a
protecting direct effect of Hsp60 on the membranes [250] or of the action exerted
by the chaperonin on amyloid seeds, inhibiting the route for amyloid on pathway
formation, simultaneously blocking the formation of the fold features that induce
membranes stiffening associated to toxicity of amyloid species [251]. In both cases,
this study confirms the extraordinary anti-amyloidogenic nature of the human
chaperonin Hsp60, rendering it highly promising in design of beneficial strategies
for neurodegeneration.

In conclusion, different compounds interacting with amyloidogenic proteins have
been tested, even in presence of model membrane or cellular environments, with the
purpose of better understand the process of aggregation and identify the means to
counteract the onset of serious pathologies. This analysis has led to highlight several
promising strategies, to identify the characteristics of new or less studied molecules
and to emphasize the strengths to be exploited to draw each type of intervention.
Biophysical and molecular analysis needs an in wivo application to be validated
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but they can provide work cues for and perspectives of action in an applicative
therapeutic field.



APPENDIX A

Nanocarriers for drug delivery

Polyamine phosphate nanoparticles (PANs) have an interesting potential for the de-
livery of large therapeutics i.e. plasmids, siRNAs, which can be complexed with the
polyamines before nanoparticle formation [252, 253|. PANs are formed on a simple
and straightforward one step procedure, involving the mixing of polyamines solu-
tions and phosphate ions, driven by electrostatic interactions and hydrogen bonding
between the positively charged amines groups of the polyamines and the negatively
charged phosphate ions (see Fig. A.1). It has been shown that PANs, prepared from

[HPO™]

Figure A.1: Sketch of PANs formation.

poly(allylamine)hydrochloride and phosphate buffer (PB) are stable in moderate
basic pHs and disassemble at acidic pHs and pHs over 9 [254|. Therefore, PANs will
be stable in bloodstream and cell media but dissolve in endosomes once uptaken in
cells. This response to the pH and the capacity of the polyamines of complexing
negatively charged molecules makes PANs particularly appealing for their use as
vectors for drug delivery. The ionic strength also plays an important role in the
association of the polyamine chains as the charged polymers tend to coil with in-
creasing ionic strength. At low ionic strength chains are more extended. The state
of the chains, extended or coiled, can impact on the way that the chains are linked
among them in the presence of the phosphate ions [255, 256]. The formation and
growth of PANs has been evaluated as a function of the concentration of phosphate
ions and ionic strength by measuring scattering intensity by SAXS.

SAXS allowed to trace the formation of the PANs at low phosphate concentration
and learn about the nucleation process between phosphates and polyamines that
leads to the generation of the nanoparticles. SAXS measurements were performed
for samples prepared by mixing PAH, 1 mg/mL, with PB at concentrations from 1
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Figure A.2: Kratky plots of SAXS experimental curves as a function of phosphate buffer
concentration.

to 10 mM. Kratky plots do not evidence a bell-shape peak at low Q characteristic
of compact objects in solution (see Fig. A.2) below 4 mM PB, while at higher PB
concentrations the plots suggest the presence of compact objects. Therefore, SAXS
spectra were fitted by considering the simultaneous presence of flexible polymers and
spheres made of the same polymers. Fitting was performed considering the theoreti-
cal approach for flexible disordered polymers developed by Pedersen-Schurtenberger
(see Section 1.2.2.5), reported in Fig. A.3. Fitting results show an increasing in the
Kuhn length with PB concentration to reach a constant value comparable with the
size of the PANs (see Fig. A.3). The increase in Kuhn length for increasing PB
concentrations, below the complete formation of particle spheres, tells us that the
polymer becomes stiffer by association with phosphate groups. In particular, Kuhn
lengths are ~8 nm without PB and almost double when PANs appear in solution.
This means that the polymer loses conformational freedom as the concentration of
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Figure A.3: SAXS experimental curves as a function of phosphate buffer concentration,
together with their theoretical fitting. All experimental conditions refer to PAH 1 mg/mL
and increasing phosphate buffer (PB) content as indicated in the legend in mM units. From
bottom to top PB molarity increases. Curves are scaled for clarity. Right: Average spheres
radii, R (nm) obtained with Genfit analysis, considering spheres in solution at increasing
phosphate buffer concentration. B) Kuhn lengths, b (nm) corresponding to disordered
polymers for the formation of PANs in phosphate buffer.

phosphates increases in solution. The increase in the Kuhn length is concomitant
with the formation of polymer spheres. Once the polymer is only present as spher-
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ical particles the Kuhn length does not change.

The same analysis has been repeated with different buffers and changing the ionic
strength of the system (see Fig. A.4). Different buffers show the same trend in PANs
formation, at different molar values of phosphate. Increasing the ionic strength of
the media during PANs preparation impacts on the size and stability of the nanopar-
ticles. Instability of PANs at high ionic strength is related to the screening of charges
on the polyamines/phosphate complexes that weakens the interaction between phos-
phates and polyamines.
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=
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Figure A.4: Top: SAXS curves, scaled for the sake of clarity, correspond to the same
PB conditions and NaCl concentration as in the legend. In the inset the average radii
of PANS are reported vs NaCl content in solution. Bottom: SAXS experimental curves
and theoretical fitting as a function of the phosphate concentration for PAH exposed to
a single phosphate component from PB. A) SAXS curves of PAH at 1 mg/mL prepared
in presence of increasing concentrations of KH2PO4 (mM). B) SAXS curves of PAH at 1
mg/mL prepared in presence of increasing concentrations of Na2HPO4 [mM].

By means of SAXS is possible to study the organization of polymer chains during
their nucleation into nanoparticles, exploiting the Genfit software with the worm-
like model. Most interesting, we can observe how the Kuhn length of the polyamines
changes while the amount of PB in solution increases till 5 mM, the PB concentra-
tion at which all the polymer is forming rigid spheres. The changes in Kuhn length
as the concentration of phosphate ions increase hint on the evolution of the con-
formational freedom of polymer chains and their bending rigidity (elastic module)
while nanoparticles are nucleating.

In conclusion, the formation of polyamine phosphate nanoparticles (PAH, PANs)
have been analyzed by means of complementary techniques. Polyamines, already
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identified as excellent vectors for the polyamine transport system mediated cell im-
port process, also emerged for their ability to specifically convey a bioactive function-
ality into mitochondria. SAXS studies show how the nucleation of the PAH chains
with the phosphate ions results in a progressive decrease in conformational freedom
and an increase in bending rigidity for the polymer as evidenced by the increase
in the Kuhn length as the phosphate buffer concentration increases. These results
give a deeper insight on the process of formation of supramolecular polyamine phos-
phate nanoparticles and in the decrease of conformation freedom and the increase
in stiffness that polymer undergo during their nucleation through amine phosphate
interactions. The increase in the Kuhn length with buffer concentration shows in
an elegant way the changes in the state of the polymer from a random walk config-
uration to a condensed state as in PANs.

This study, implemented by DLS and TEM analysis is part of a manuscript in
submission.

Materials and methods

PANs Poly(allylamine) hydrochloride salt (PAH) (MW: 15 - 10 3 g/mol), Phos-
phate Buffer (PB), Sodium Phosphate dibasic (NagHPOy), Potassium Phosphate
monobasic (KH2PO,), Hydrochloric Acid (HCl), Sodium Hydroxide (NaOH) and
Sodium Chloride (NaCl) were purchased from Sigma-Aldrich. Polyelectrolyte stock
solutions and all subsequent diluted precursor solutions were prepared with MilliQ
deionized water. Grids and supports of copper and osmium tetroxide were obtained
from Electron Microscopy Sciences (USA).

SAXS SAXS experiments were performed at the Elettra Synchrotron, Trieste.
Temperature was kept at 20 °C during measurements. SAXS patterns were recorded
using a PILATUS detector. The distance from the sample to the detector was set to
1.5 m, in order to obtain a Q-range from 0.08 to 3.4 nm ™! with A = 0.995 Athe X-
ray wavelength. The incident and transmitted intensities have been simultaneously
recorded with the aim of obtaining data in an absolute scale. Hence, normalized
SAXS patterns were azimuthally averaged to obtain one-dimension profiles of scat-
tered intensity. The buffer contribution was subtracted, taking as data for the
buffer the scattering of the water solutions of phosphate and salts before addition
of polyamines for each investigated condition. Each measurement was performed
for 10 s, followed by a dead time of 2 s in order to avoid radiation damage, and
repeated at least 20 times.
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Small Angle Scattering theory

The fundamentals of SAS are herein presented following the texts [4] and [257].
The geometry of a Small Angle Scattering experiment is sketched in Fig.1.1. A
probe with energy E affects the sample and is scattered by an angle §. The incoming
particle can be represented as a plain wave:

to(r) = exp(ikr) (B.1)

where k = 27” is the wavevector, and its motion is described by the Schroédinger

equation of the interactions between the probe and the target, and can be written
as

(V2 + k)i (r) = (r)e(r) (B.2)

where ¢(r) is the reduced potential of the interaction and together with k, the wave
vector, depends on the type of technique. The solution of the equation in the Born
approximation (or single scattering approximation) is

$(Q) (B.3)

wout<r) = eikr -

where the first term represents the incident plain wave and the second the spherical
scattering wave modulated by a “diffusion amplitude” represented by the Fourier
transform of the reduced interaction potential. Considering the scattering cross sec-
tion d¥/d) defined as the number of particles on the detector on the number of
incident particles for unit of solid angle and time, and that the number of scattered
particles depend on the interaction between the probe and the sample, the differ-
ential cross section depends on the Fourier transform of the reduced potential of
interaction:

do 1\?, . 9
=(5) 1@l (B.4)
Even more, the scattering cross section of different probes can be described by

the equation:

do ;

b * ) —iQ-(R;—R; > B5

=2 (F1F QP (Qe . (B.5)
where F;(Q) is a scattering length, with f; a normalization factor, connected with
the iy, atom/molecule and has the dimension of a lenght. It usually depends on @
and is dependent on the probe that is is used.
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Assuming that the configurations are independent from their positions we can sep-
arate the mean on the position from the mean fo the orientations:

do % * —iQ- _R.
- = <Z fi 1 (Q)Fj(Q)> (TR (B.6)
i\ oL F
Considering that the atoms of the target have different scattering lenghts, F; can
be written as:

F;,=(F)+0F; (B.7)
in which

(B.8)

5F, = F, — (F)

The deviations from the mean square value (F') are uncorrelated from the atoms
positions, i.e. (§F) =0, (§F}0F;) = 6;; (|6F|*) = 6;,; ((F; — F)?) and

55(Q) = 3 (pariy) =5y 3 () (B9)

Z?J

% =Y (Nff; <F>*(Q)Si;(Q) + Nfi f; < 6F*(Q) > 6;;5;(Q)) (B.10)
1:7j
that is

do

= S (< F>*(Q+ <3 F2(Q) > 6iy) fPNSi;(Q) = > Nf* < F? > 5;(Q)
ij i,

(B.11)

Starting from these general considerations it is possible to easily obtain the

scattering cross sections for SANS and SAXS experiments, as reported in the sections

below.

B.1 SANS

A SANS experiment employs thermic neutrons, i.e. a neutron beam at the temper-
ature of 290 K, corresponding to a distribution of kinetic energies centered at 0.025
eV. The scattering of such neutrons by the targeted sample is mediated by strong
interaction: i.e. each neutron interacts with point-like atoms. Neutron scattering
occurs as a result of the interaction with the atomic nuclei. The scattering potential
V(r) can thus be approximated by a sum of J-function pseudopotentials [257]:

™ 2 N
V(r) = 277? S bid(r — xy) (B.12)
i=1

h h

where rj is the position of the i~ nucleus and b; is the scattering length of the i—¢
nucleus. The reduced potential is linked, for massive particles, to the interaction
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potential from the relation ¢(r) = QE—’QV(I') and is therefore given by:
2m
o(r) = 5 V(r) =4r Z bid(r — R) (B.13)

with the scattering lengths F; = b; (see equation B.6). From Equation B.4:

2
% = (417[-) <‘¢(Q)‘2> = <Z bib;feiQ(RiRj> (B.14)

As stated in Equation B.10, the scattering cross section can be divided in two
contributions, one connected to the mean value of the scattering length density and
another linked to the fluctuations:

do do do
m N <dQ>coherent " (dQ)mcohe'rent (B15)
where
(88) conerent = N ((9F)?) = N ((6b)?) (B.16)
(%)incoherent =N<F >2 S(Q) =N<b >2 S(Q) .

The subscript refers to coherent and incoherent scattering. Informations about the
structure of the system is contained entirely within the coherent contribution to
the cross section: there is no incoherent contribution if the sample consists of one
isotropic species of zero nuclear spin. In the absence of inchoerent scattering the
cross section for scattering is

(gg) = Nb25(Q) (B.17)

where Nb? is the cross section for a system of N independent nuclei and S(Q)
represents the effect of spatial correlations.

B.2 SAXS

In a SAXS experiment the probe is a beam of photons with energy ranging from 1 to
30 keV. The general definition of the scattered intensity I(Q), derived in appendix B,
is given by the squared three-dimensional Fourier transform of the electron density,

p(r) per unit volume |[6],
2
> : (B.18)

I(Q):‘1/<

where V is the irradiated sample volume and the angular bracket < - - - > represents

/ dr p(r)e'Qr
1%

an ensemble (or time) average over all possible positions and orientations of the
particles in the system. The electron density can be written as [258]

p(r) = dp(r) + po, (B.19)
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where pg is a uniform average value calculated over a volume larger than the reso-
lution volume. The master equation (B.18) transforms to

2
Q) = ‘1/< >

2
-1 < dr 6p(r)eiQ'r+p0/ dr 'Q* > (B.20)
V- Alv

v
With the property ﬁ [ dr ¢'QT = §(Q), where 6(Q) is the Dirac delta function,

we can write
1 2
1Q = < > (B.21)

The contribution of §(Q) to the scattering intensity is of no consequence because

/ dr [5p(x) + pole’@™
Vv

/Vdr 3p(r)e’ AT + po(2m)*5(Q)

it is identically zero except when Q = 0, that is, except for radiation not being
scattered by the particles. The distribution of scattering centres in the i-th particle
can be described in the reciprocal space by defining the form factor,

R@ = 4 [ drdpeer (B.22)

; /V dr 5pi(r), (B.23)

where V; is the volume of the scattering particle i. Clearly it results F;(Q) = 1.
In the case in which the orientation and the position of the k — th particle are
not mutually dependent, then:

do 1 N
o _ 1 2 2 , .
70 v Zfz <F7(Q)>w, (B.24)
Np Np A
+ —ZZM <F(Q) >0, <F}(Q) >y, < @B R 5 p o (B.25)
i=1 j#i

and using the definition of correlation function g(R;, R;) which depends exclusively
from the distance R;; = R; — R; we can write that:

. 1 .
<RI sp R, = o / dR;; g(Ryj) e’ ¥

= /dRzJ Rij) —1] ZQR”-i—/dsze i

— - ) ot QR @
= V/Vdszh(Rw)‘?QR + % 6(Q), (B.26)
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where we introduced h(R;;) = g(Rij) — 1 which is the total correlation function.
We reach the expression of the scattering intensity:

do 1SR g,
dQ) \%4 — . i i
| e Np )
+szf’fj <FZ(Q> >Wi<F;(Q) >UJ]' hij(Q), (B.27)
i=1 ji

where iLZ‘j(Q) is the tridimentional Fourier transform of the total correlation func-
tion.

The Equation B.27 is valid in general and can be extended to the case of identical
particles such as n species in solution. If we now hypothesize that the interaction
between different particles has a spherical symmetry, hence the orientation of the
particle is isotropic:

p
Q) = D nafi<FQ)>u, — <FalQ)>2,]+
a=1

p p
+ Z Z \/nanﬂfafﬁ <Fa(Q) >WQ<FE(Q) >wQ Saﬁ(@) (B-28)

a=1 =1

where the mean value has been obtained not on the single particle orientation but
on the polar angles of the vector Q, where p is the number of the different species
in solution. The isotropic structure factor is:

Sozﬁ(Q) = 504,6 + VvV 1allp BQB(Q) =
— bup + /RangdT /0 r2drhos(r) smé?m (B.29)

In most of the Small Angle Scattering experiments on proteins, given the reso-
lution that we can obtain experimentally, we can consider each particle as an object
with a uniform scattering density p; immersed in a scattering length density solvent
po- Working in very diluted conditions (the protein concentration is approximately
1% by weight), we can hypothesize that pg is the average scattering length density of
the system and the function dp;(r) can be replaced by the constant Ap; = p; — ppin
the equations (B.22-B.23):

1 .
Fi(Q) = 7 dr e'Q* (B.30)
v JV;

In the case of spherical particles with a density of length of uniform scattering,
the expression of diffuse intensity becomes:

Q) = Y VansfafsFa(Q)F5(Q)Sas(Q) (B.32)

O‘vﬁzl
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where the form factor for a sphere of radius R:

FO.R) = o(QR) — 3 (QR)— (QR)cos(QR)

‘ B.33
@Ry (B:3)
The diffuse intensity will become
P
Q) = Y. VnangApalpsVaVs®(QRa)P(QRs)Sas(Q),  (B.34)
a,B=1

where the structure factor is

22”3:1 \/nanﬁApaApBVavﬁq)(QRa)(I)(QRﬁ)Saﬁ(Q)
@ = 7, 1a(Bpa V2 (QR,) - (B3

When we are dealing with even more diluted systems (n, — 0), then we can approx-
imate the structure factor S, simply with the function 6, 3 as we assume that the
particles spread the radiation independently of each other. In the simplest case of
a very diluted, monodispersed, two-phase, e in isotropic approximation, the diffuse
scattering intensity is simply:

1(Q) = np(Ap)*VEP(Q), (B.36)

where Vp is the single particle volume. Considering these approximations valid, it
is easy to see that by means of the small angle diffusion technique is possible to
obtain information about the structure of the object investigated. Different form
factors are reported in Figure B.1, showing that different objects with the same
overall dimension result in very different SAS shapes.
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Figure B.1: Form factors for some simple geometries having the same gyration radius of 30
A, from Igor simulations [259).
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B.3 Derivation of SAXS reduced potential

Consider an electromagnetic plain wave with an incident electric field Ey on a free
electron. The electron starts oscillating and emit radiations. We are studying the
electric filed emitted in a generic point, very far from the electron and from its
oscillation core (Dipole approximation) and at a distance bigger then \ of radiation
(enough to see the electromagnetic field as radiation in the observation point).
From Maxwell’s equations, with p and J the density of charge and the current of
the target electron:

VE= 2
_ _oB
VxE=-% (B.37)
VB =0
VxB=54(%®+2)
OA(r,
E(r,t) = —V¢(r,t) — 221 (B.38)
B(r,t) =V x A(r,t)
1 oo 0*A J
A)-VA=—S (V24— =2 B.
V(VA) =V 2 (V ot o 60) (B39
0? 0
c%@f — V20 =55 (VA +0060t) + £ (B.40)
L04 —V2A = LV (VA +060t) + =
choosing the gauge c?VA + %
1 0% _
agr ~ V=15 (B.AL)
sor — VA= G5

where A gives the distribution of charge density in the sample. For to evaluate the
electric field in the observation point, it is necessary to consider that the electro-
magnetic waves are transverse: EL1BLK , where k' is the propagation versor. It
can be easily seen that |FE| = ¢|B|. Solving the equation for A it can be found a
relation between the current and the vector potential, considering r as the distance
detector-target and r” the position of the scattering atom in respect to the mass

center
//‘

It — [r—r
Alr,t) = — / I ) (B.42)

~ dregc? lr —r”|

In this way it has been defined a delayed vector potential: fields propagates with
finite velocity v, the measurement at time ¢ depends on the position of the electron

at the time before, i.e. #/ = ¢ — F=="| rr”

Ir|

. Since r >> 7" v —r"| ~ |r| — ~r

Alr,t) = — / B30t — D) (B.43)
C

 dwegccr
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but the current density of the electron is the product between its velocity and the
charge density J = pv

dre
/d?’r"J(T",t - f) = /dgT//p(’l”//,t/)U(T”,t/) =eve(t) =e dZ’ =p(t') (B.44)
c

where p = er. as the electronic dipole moment associated to the electron. If we
assume the incident radiation to be polarized linearly in z, so that p and A have

only one component:
1

A = ———p. (¢ B.45
2(r, 1) 47T€()C2Tp2( ) ( )
_ 0A,
B, By
0A,
B, = (B.46)
B,=0
_ DA, _ 0A, 7 Ip=(t') 1 1, _ 7 o' dp=(t') -
B, = oy (%) or 47regc2r2 ( par T ﬁpz(t/)> - 47ra(:}c2r2ﬁ p@t’ - _47ra§/c3rzpz<t/)
. 0A, _ 1 .
By - ox — <4wsgc3r> (%) pz(t/)
(B.47)

Generalizing

B ( ! ) B(t') x 7 (B.48)

4dmegcdr

1
dmegcdr

E| = ¢|B| = (

where 0 is the angle between the incident and the scattered wave. Considering an
incident field E(r,t') = Ege™"

> P(t') sin 6 (B.49)

E 2 . - 2 o
p=ef=ce <6> = e—EOeM(t*E) = e—EOe*ZkreMt (B.50)
m m m
B (- N Byetiet sing (B.51)
~ \dreoc?m r 0¢ i '

. . 2 2, . . .
in which rg = m = £ is the classical radius of the electron. In this way

I(r) _ E[? 51

I, B

sin? 6 (B.52)

and since te intensity emitted by an accelerated electron is I = % and the flux
J = AN I(r) _ J(r)-#

TASS Io o
dj _ J(T) 7 2 2 .92, i 2 9
Q- g st = (lo(Q)F) (B.53)

(j‘é) =risin®6 (B.54)
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and the reduced potential

¢(Q) = 4mrgsin g’ AT (B.55)

¢(r) = 4nrosiné(r — R;) (B.56)

If more atoms are considered, i being the index for the atom and p;(r) the
numeric density of the electrons around the i7" nucleus, in the classical elastic

approximation of Thompson:

{gb(r) =dnrgsin® ), pi(r — R;)

$(Q) = drrosind Y, pi(Q)e' R (B.57)

in which 6 is the angle between the direction of the electric field of the electromag-
netic incident wave and the direction of the diffuse wave, p;(Q) = [ d®re’@ p;(r).
From Equation B.53:

do e2 \? o » ) —OR. iOR.
Q- (m) (nf')” <Z P (Q)p;(Q)e " Wie QRJ> (B.58)
Z7‘7
where sinf = nn’ and 7, 7' the directions of the scattered and incident beam.
We can define s
et (n)pi(Q)

FiQ) = 5y (B.59)

the scattering length density characteristic of X-rays, where f; is the normalization.
From Equation B.11 we obtain:

do

o=y < (ApVp)? > PQ)S(Q) (B.60)

where np = Np/V is the global number density and < (ApVp)? > represent an
average square electron number per particle

1
<(ApVp)*>= prZfz'Q (B.61)
i=1
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