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In memory of my grandfather

Jodo Rosa

To my family

To act, that is true intelligence. | will be whatever | want. But | have to want it.
Success is in succeeding, and not in being able to succeed. Any large landplot
can host a palace, but where will the palace be if it is not built there?

Fernando Pessoa
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SUMMARY

“Multimodal Imaging Probes for the Diagnostics of

Alzheimer’s Disease”

SUMMARY

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder that
leads to progressive decline of cognitive functions that usually begins with
memory loss and impairment, and is followed by loss of judgement, decision-
making, orientation and language.

The exploration of novel imaging solutions based on the design of
innovative imaging probes that visualize amyloid plaques is highly important as it
could largely contribute to the early identification of the disease allowing for: 1)
early intervention to slow down the disease process—even without definitive cure
available today—and 2) delineating novel therapies.

In this thesis we report the design, synthesis, in vitro and in vivo validation
of multimodal imaging probes based on metal complexes for the detection of
amyloid plaques.

We have used a modular approach to create these probes where a targeting
unit (PiB), capable of selective binding to the amyloid plaques is linked to a metal
chelator (DO3A, DOTA, MAMA) which acts as an imaging reporter. The major
advantage of this approach is that it allows the use of a large number of metal ions
as imaging probes for a variety of modalities. By a simple choice of the
appropriate metal in the imaging probe, we can create a platform of imaging
agents for various modalities by using the same chelator and targeting unit: e.g.
Gd** for MRL, ""In*" or Ga’* for SPECT and ®Ga’" for PET detection.
According to their chelating structures, these ligands include DO3A derivatives
(Ly, Ly, L3), one DOTA derivative (L4), and a MAMA derivative (Ls). Indeed,
DO3A and DOTA derivatives are well known to form very stable complexes with
lanthanide (Ln*") and other trivalent metal ions (M""), while MAMA derivatives
are commonly used for complexation of the reduction products of *TcO, in

Nuclear Medicine for application in SPECT brain imaging (Scheme 1).
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Scheme 1

The Gd’"-complexes have been evaluated with respect to their potential
use as contrast agents in T;-weighted MRI (Chapter 4). This included the
assessment of their 10gPcywater coefficient (10gPoctwater = -0.15-0.32), their critical
micellar concentration (cmc) by relaxometry, as well as their relaxometric
properties in the absence and in the presence of ABj4 and Human Serum
Albumin (HSA). A combined '’O NMR and "H NMRD study has been carried out
on GdLs. The affinity constants characterizing HSA binding were also determined
by paramagnetic relaxation enhancement (PRE) measurements (Ka gar1 = 709 £
89 M'l; Ka, gaz = 250 + 18 M'l), These in vitro studies suggest that our Gd*'-
complexes show promising characteristics to be used as MRI contrast agents for
AP amyloid detection in AD.

We have also investigated the in vitro interaction of the Ln** complexes



SUMMARY

with AB;.40 in solution using different experimental techniques, such as Surface
Plasmon Resonance (SPR), Saturation Transfer Difference NMR (‘H STD NMR),
Circular Dichroism, Thioflavin-T fluorescence, 2D HSQC NMR, Dynamic Light
Scattering and TEM images (Chapter 5). The neutral Ln’" complexes of the two
DO3A-PiB derivatives, L; and Lj, interact with aggregated AP;4o in aqueous
solution. A modification of the L; ligand by introduction of an aliphatic Cs chain
spacer between the chelating DO3A macrocycle and the targeting PiB moiety
changes the strength of the interaction (as measured by the dissociation constants,
Kp), as well as the stability of the aggregated structures. We also found that the
most hydrophobic monomer, GdL3, stabilizes the a-helical peptide structure and
has the better protective effect against peptide aggregation.

Our results also suggest that Lal; and probably LaL; will not interact with
monomeric AP at normal, physiologically relevant concentrations of the peptide.
This is important since it preserves the bacteriostatic effect of AP;.49 in the brain
at low (uM) concentrations, which is therefore not diminished by a possible
interference with our probes. The absence of interaction also reduces the non-
specific background, thus enhancing the signal contrast when these MRI probes
bind to AP;.40 amyloid fibrils and plaques.

To conclude the work, we have studied the capability of our neutral
complexes to bind amyloid deposits ex vivo and in vivo (Chapter 6). Ex vivo
studies with post-mortem AD human brain slices confirm the selective binding of
our EuL; complexes to human AP amyloid deposits. The in vivo biodistribution
studies of the SPECT tracer formed by L, and the radioactive y-emitter Indium’*
("InL;) in normal Swiss mice show that it is able to permeate the Blood Brain
Barrier to a small extent (0.36 and 0.11 %ID/g of the '''InL; complex at 2 and 30

min post injection, respectively).

In this thesis, we have covered the entire process of imaging probe
development, including the chemical synthesis and physico-chemical evaluation
of the probes, the investigation of their interaction with amyloid peptides, ex vivo
studies on AD Human brain slices and transgenic mice (APPswe/PS1/dE9
mutation), as well as in vivo SPECT studies using '''In labeled complexes in

normal mice.
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“Sondes d’imagerie multimodales pour le diagnostic

de la maladie d'Alzheimer ”

RESUME

La maladie d'Alzheimer (MA) est une maladie neurodégénérative
chronique qui conduit a un déclin progressif des fonctions cognitives et qui
s’accompagne habituellement de pertes de mémoire et d’un dysfonctionnement
des fonctions coordinatrices. Il survient ensuite une altération du jugement, de
I’expression orale et une désorientation spatiale. Cette maladie est caractérisée par
la formation de plaques amyloides et n’est diagnostiquée le plus souvent qu’a un
stade avancé, suite a des tests comportementaux.

Le développement de nouvelles sondes d'imagerie capables de visualiser
ces plaques amyloides pourrait permettre d’améliorer le diagnostic de la maladie
en le rendant beaucoup plus précoce. Ceci pourrait aboutir a: 1) ralentir de
manicre significative la progression de la maladie, méme si aucun traitement
curatif n’est encore disponible a ce jour 2) la formulation de nouvelles thérapies.

Dans cette thése, nous avons congu, synthétisé et étudié des nouvelles
sondes d'imagerie multimodales a base de complexes métalliques pour la
détection des plaques amyloides.

Nous avons utilis€¢ une approche modulaire pour créer ces sondes ou une
unit¢ de ciblage (PiB), capable de reconnaitre sélectivement les plaques
amyloides, est liée a un chélateur métallique (DO3A, DOTA, MAMA) qui agit
comme un rapporteur d'imagerie. Le principal avantage de cette approche est
qu'elle permet I'utilisation d'un grand nombre d'ions métalliques comme sondes
d'imagerie pour une large variété de modalités. Par un simple choix du métal
appropri¢ dans la sonde d'imagerie, nous pouvons créer une plateforme d'agents
de diagnostic pour diverses applications en utilisant le méme ligand: par exemple,

111 + +
In*" ou “’Ga’" pour la

Gd’" pour I'Imagerie de Résonance Magnétique (IRM),
Tomographie d'Emission Monophotonique (TEMP) et **Ga’" pour la détection

Tomographie par Emission de Positons (TEP).
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Nous avons synthétisé des dérivées de DO3A (L;, Ly, L3), un dérivé de
DOTA (Ly), et un dérivé de MAMA (Ls). En effet, les dérivées de DO3A et les
dérivés DOTA sont bien connus pour former des complexes tres stables avec des
lanthanides (Ln*") et d'autres ions métalliques trivalents (M), tandis que les

PMTe en

dérivés MAMA sont couramment utilisés pour la complexation de
médecine nucléaire pour les applications en imagerie cérébrale par TEMP

(schéma 1).
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Schéma 1

Les complexes de Gd*" des ligands L;, L,, L3 ont été étudiés en vue d’une
potentielle utilisation comme agents de contraste en IRM pondérée en T,
(Chapitre 4). Cela comprend la détermination de leur coefficient de partage

logPoct/eau » leur concentration micellaire critique (cmc) par relaxométrie, ainsi que
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leurs propriétés relaxométriques en présence et en l'absence du peptide AB1-40
humain et de D’albumine du sérum humain (ASH). Les études d’'’O par
Résonance Magnétique Nucléaire (RMN) et de Résonance Magnétique Nucléaire
par Dispersion (RMND) ont étés réalisées avec le complexe GdLs. Les constantes
d'affinité de certains complexes de Gd>" avec la ASH ont également 6&té
déterminées par des mesures d’augmentation de résonance paramagnétique (ARP)
(Ka, GAL; = 709 + 89 M'; Ka, GdL; = 250 + 18 M™). Ces études in vitro
suggérent que nos complexes de Gd®* présentent des caractéristiques prometteuses
pour étre utilisés comme agents de contraste IRM pour la détection de 1'Af
amyloide dans la MA.

Nous avons également étudié l'interaction in vitro des complexes des Ln®*
avec AP0 en solution en utilisant différentes techniques expérimentales comme
la Résonance Plasmatique de Surface (RPS), la Différence de Transfert de
Saturation par RMN 'H (DTS RMN), le dichroisme circulaire, la fluorescence de
la thioflavine T, 2D HSQC RMN, la diffusion dynamique de la lumieére (DDL) et
le Microscopie Electronique a Transmission (MET) (chapitre 5). Les complexes
des Ln*" neutres avec les ligands L; et Ls, interagissent avec le peptide APj.40
agrégé en solution aqueuse. Une modification du ligand L, par I'introduction d'une
chaine aliphatique Cs entre le chélatant (un macrocycle DO3A) et la cible PiB,
modifie la force de l'interaction (mesurée par les constantes de dissociation, Kp),
ainsi que la stabilité des structures agrégées. Nous avons également constaté que
le monomeére plus hydrophobe, GdL3, stabilise la structure du peptide en hélice
alpha et possede le meilleur effet protecteur contre 1'agrégation des peptides.

Nos résultats suggerent également que le complexe Lals; et probablement
le complexe Lal; n’interagissent pas avec le peptide Afp monomérique a des
concentrations physiologiquement pertinentes du peptide. Ceci est important car il
préserve l'effet bactériostatique a de faibles concentrations (WM) du peptide AB;.40
dans le cerveau, qui n'est donc pas diminuée par une possible interférence avec
nos sondes. L'absence d'interaction réduit également le bruit de fond non
spécifique, améliorant ainsi le contraste du signal lorsque ces sondes IRM
détectent des fibrilles et des plaques amyloides.

Pour conclure ce travail, nous avons étudié¢ la capacité de nos complexes

neutres de détecter les dépots amyloides ex vivo et in vivo (chapitre 6). Les études
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ex vivo avec des tranches de cerveau humain portant la MA, post-mortem,
confirme la liaison sélective du complexe Eul; aux dépdts AP amyloides
humains. Les études de biodistribution in vivo par TEMP avec le traceur formé

par L; et I’émetteur y radioactive Indium®* ('"!

InL,) ont étés réalisées avec des
souris suisses saines. Ils montrent que le complexe '''InL, est capable de traverser,
bien que faiblement, la barriére hémato-encéphalique (0,36 et 0,11% ID / g a 2 et
30min apres injection, respectivement).

Dans cette thése, nous avons exploré l'ensemble du processus de
développement d’une sonde d'imagerie : la synthése chimique et 1'évaluation
physico-chimique des ces sondes, leur interaction avec des peptides amyloides,
des études ex vivo sur des tranches de cerveau humain et de souris transgéniques
(APPswe / PS1/dE9 mutation) porteurs de la MA, ainsi que les études in vivo a
L I

l'aide de I’imagerie TEMP avec des complexes marqués a = In et chez la souris

saines.
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da Doenca de Alzheimer”

RESUMO

A doenga de Alzheimer (DA) ¢ uma doenca neurodegenerativa cronica que
conduz a uma diminuicdo progressiva de fungdes cognitivas e & geralmente
acompanhada pela perda de memoria e disfungdo na coordenagao de movimentos.
Em seguida, ocorre um desequilibrio na tomada de decisdes, na comunicacao oral
e uma desorientagdo espacial. Esta doenca ¢ caracterizada pela formagao de placas
amiloides e ¢ frequentemente diagnosticada numa fase ja bastante tardia, apds
uma avaliagdo por testes comportamentais. O desenvolvimento de novas sondas
capazes de visualizar estas placas amiloides pode melhorar o diagnostico da
doenga, podendo detecta-la em fases bastante precoces do seu desenvolvimento.
Isto podera levar a: 1) uma redugdo significativa da progressao da doenga, mesmo
que a cura ainda nao seja possivel 2) um melhor desenvolvimento de novas
terapias.

Nesta tese, desenvolvemos algumas estratégias para a sintetize quimica de
novas sondas de imagens multimodais e estudamos as propriedades fisico-
quimicas dos seus complexos metalicos de coordenagdo para a deteccao de placas
amiloides.

Usamos uma abordagem modular de sintese, onde a unidade de reconhecimento
alvo (o PiB), capaz de reconhecer seletivamente as placas amiloides, vai estar
ligada a um quelante de metais (DO3A, DOTA, MAMA) funcionando como um
reporter de imagem. A principal vantagem desta abordagem ¢ que ela permite a
utilizacdo de um vasto nimero de ides metéalicos que podem ser explorados em
varias modalidades. Escolhendo o metal apropriado na sonda de imagem,
podemos utiliza-la depois em vérias aplica¢des, usando o mesmo ligando, como
por exemplo, o Gd*" para Imagem Ressonincia Magnética (IRM), ou ''In*" ¢
“Ga*" para Tomografia Computadorizada por Emissio de Fotdo Simples

(TCEFS) ¢ ®*Ga’" para a detecgio por Tomografia por Emissdo de Positrdes
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(TEP).

Sintetizamos portanto varios derivados de DO3A (L;, L,, L3), um derivado de

DOTA (L4), e um derivado de MAMA (Ls). Os derivados de DO3A ¢ DOTA sao

bem conhecidos por formar complexos muito estdveis com varios lantanideos

(Ln’") e outros ides metalicos trivalentes (M>"). Os derivados MAMA sdo

comummente usados para a complexagio do *™

cérebro com 0 TCEFS

Esquema 1

Tc em medicina nuclear para o
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Os complexos de Gd*>" foram estudados em relagdo ao seu uso potencial
como agentes de contraste em IRM com ponderagdo em T1 (Capitulo 4). A este
estudo foi incluida também a avalia¢do do seu coeficiente de particdo (logPocy/sgua)s
a sua concentracdo micelar critica (CMC), por relaxometria, bem como as suas
propriedades relaxométricas na auséncia e na presenca de péptidos APi4 €
albumina do soro humano (ASH). Os estudos de RMN de "0 ¢ '"H RMND foram
realizados para o complexo GdL;. As constantes de afinidade com a ASH foram
determinadas através de medidas de aumento da relaxagcdo paramagnética (ARP)
(Ka, GAL; = 709 + 89 M™"; K,, GdL; = 250 + 18 M), estes estudos in vitro
sugerem que os complexos Gd** apresentam caracteristicas promissoras para
serem usadas como agentes de contraste em IRM para a deteccdo da B-amiloide
na DA.

Investigamos também a interagdo in vitro dos complexos Ln>" com os AB,.
40 em solugdo aquosa utilizando diferentes técnicas experimentais, tais como
ressonancia plasmatica de superficie (RPS), Diferenca de Transferéncia de
Saturacdo por RMN ('H DTS-RMN), dicroismo circular, fluorescéncia da
tioflavina T, 2D HSQC RMN, difusdo dindmica da luz (DDL) e imagens de
Microscopia Electronica de Transmissdao (MET) (Capitulo 5). Os complexos
neutros de Ln®" dos dois derivados de DO3A-PIB, L, e Ls, interagem com os Ap.
40 em solu¢do aquosa na sua forma agregada. Uma simples modificagdo do
ligando L, pela introdugdo de uma cadeia hidrocarbonada Cs que funciona como
espagador entre o quelante macrociclico DO3A e a unidade de reconhecimento
alvo PiB, consegue alterar a for¢a de interacdo (medida pelas constantes de
dissociagdo, Kp), bem como a estabilidade das estruturas agregadas de Af;.0.
Descobrimos também que o complexo mais hidrofobico, GdLs, estabiliza a
estrutura do peptideo em hélice a e tem um efeito protetor contra a agregacao dos
péptidos.

Os nossos resultados sugerem também que Lal; e provavelmente Lal,
ndo interagem com a forma monomérica dos péptidos AB em concentracdes
fisiologicamente relevantes do péptido. Isto ¢ importante uma vez que se preserva
o efeito bacteriostatico que os AP;.49 t€ém no cérebro a baixas concentragdes (LM),
que ndo &, por conseguinte, diminuido devido a uma possivel interferéncia com as

nossas sondas. A auséncia de interagdo reduz também o ruido de fundo ndo
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especifico, aumentando assim o contraste do sinal de ressondncia magnética
quando estas sondas se ligam as fibrilas de AP;.40 € as placas amiloides.

Para concluir , estudamos ainda a capacidade de nossos complexos neutros
para detectar os depositos amiloides ex vivo e in vivo (Capitulo 6). Os estudos ex
vivo foram efectuados com fatias de cérebro humano post-mortem de pacientes
com DA para confirmar a ligacdo seletiva dos nossos complexos EuL; aos
depdsitos de amiloides A humanos. Os estudos de biodistribuicdo in vivo por
TCEFS foram realizados com os complexos formados por L; e o emissor y

C N T Y
radioativo de Indium’" (

InL;) em ratinhos suicos normais e mostraram que o
complexo '""InL; é capaz de penetrar a barreira hematoencefalica ainda que
fracamente (0,36 e 0,11% ID/g com o complexo ''InL; a 2 ¢ 30 min apés a

injecao, respectivamente).

Nesta tese, exploramos todo o processo de desenvolvimento de sondas
imagiologicas, incluindo a sintese quimica e avaliacdo fisico-quimica das sondas,
a investigagdo da sua interagdo com peptidos amildides APB;_49, estudos ex vivo em
fatias de cérebro de humanos de pacientes com doenga de Alzheimer e ratinhos
transgénicos (mutagdo APPswe / PS1/dE9), e ainda os estudos in vivo, usando os

111

=+ . .
complexos marcados com In’ para TCEFS em ratinhos normais.
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1.1.Introduction to Medical Imaging

Medical imaging is defined as the set of processes and techniques used to
image the human body for clinical purposes or medical science. Although imaging
of removed organs and tissues can be performed for medical reasons, such
procedures are not usually referred to as medical imaging, but rather are a part of
pathology.

Medical sciences have undergone a huge progress in the last few decades
and most of the advances are due to the developments in biomedical engineering
and new imaging technologies. For a long time, medical examination of human
organs and tissues was not easily accessible and in most of the cases it was very
invasive due to the traditional protocols used. The introduction of modern imaging
technologies has created a new paradigm for clinicians to examine the human
body by combining information from anatomy, physiology, cellular/tissue
morphology, molecular events, etc.'

In the last decade, medical imaging has become possible at the level of
molecular events and gave rise to a new field known as Molecular Imaging, which
involves non-invasive in vivo assessment of biological events at the cellular and
molecular level, either in normal or in pathological situations.

The advances in Molecular Imaging prompted the elaboration of new
chemical strategies to create new drugs, called molecular imaging probes, able to
visualize biological events at the molecular level. Drug design is the research field
responsible for the development of new compounds capable of earlier detection of
abnormal events and preventing and treating diseases. In molecular imaging, the
cooperation of many different disciplines such as chemistry, physics, biology,
medicine and computer sciences is required, making this field one of most
multidisciplinary ones.

Many novel imaging systems and applications have been discovered lately.
This is nicely reflected in the drastic increase of review publications in the field
and the constant introduction of new enigmas to explore. In the field of probe

design, the major goal is the optimization of the inherent imaging probe properties
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regarding the technique used. The understanding of all the limitations is a key step
in the discovery of highly optimized systems.

Recently, the combination of more than one biomedical imaging
modalities, to acquire the maximum information, by using a single imaging probe,
opened new avenues. This requires the development of novel multimodal probes
that can be used in different imaging techniques at the same time.

In this introductory chapter, we present a short overview of the different
techniques used in neuroimaging and we introduce the main concepts and the
strategies reported in the literature to design multimodal imaging probes for early

diagnostics of Alzheimer’s disease.

1.2.Neuroimaging techniques

1.2.1. PET and SPECT

In the field of nuclear imaging, most praise must be given to Henri
Becquerel and Marie Curie for the discovery of natural radionuclides, largely used
later in nuclear medicine.>’

Nuclear medicine appeared almost 50 years after the first discoveries on
radionuclides, but it was soon implemented as one of the most successful
diagnostic approaches. In 1946, when radioactive iodine (I-131) was first injected
for the treatment of thyroid cancer, a whole new era has begun.

PET (Positron Emission Tomography) and SPECT (Single Photon
Emission Computerized Tomography) are non-invasive nuclear imaging
techniques used to obtain 3D image reconstructions from the body distributions of
injected radiopharmaceuticals. Since these techniques are very sensitive, small
doses of radiopharmaceuticals are injected to obtain accurate imaging probe
distributions.*

The differences between these techniques relate to their physical properties

resulting in different sensitivity, spatial resolution, examination time and

specificity.
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Figure 1.1. Schematic representation of positron emission by a radionucleus and

subsequent annihilation with two-photon emission.

PET imaging implies the use of a short-living positron-emitting
radionuclide. Initially, a proton decays to a neutron in the nucleus resulting in the
emission of a positron and a neutrino (B* decay). The positron collides with an
electron in its path and they mutually annihilate. This phenomenon produces two
opposite gamma photons with energies of 511 keV, being emitted at almost 180
degrees to each other.” Hence, it is possible to localize with detectors their source
along a straight line of coincidence (also called the line of response, or LOR). As
represented in Figure 1.1, the positron range and the photon non-colinearity are
the limiting factors for the spatial resolution of the images obtained. Another
limiting factor of the technique relates to the short half-life of the radionuclides
that requires expeditious radiochemistry to produce the radiolabelled molecules.
Nevertheless, the introduction of new synthetic strategies, such as click-chemistry,
simple methylations or other nucleophilic/electrophilic additions, opened a new
range of applications for PET in nuclear medicine * '

SPECT is a nuclear medicine tomographic imaging technique that detects
single gamma ray photons. The gamma decay observed by SPECT is of lower
energy photons (93-363 keV). Like gamma cameras, it detects first the single
photons for a 2D reconstruction and then, to get the 3D SPECT images, a rotation
around the patient of the gamma camera is combined with computational
methodologies. The projections obtained from the various angles are then
reconstructed giving rise to a SPECT image of the body (Figure 1.2).

The limitations of SPECT are more related to the technical instrumentation

used than to the inherent physical properties.'> The radiochemistry implied for
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SPECT is less laborious and the radiolabels produced have longer half-life times
(several hours and days), enabling the imaging of several important biological
processes and kinetic studies in vivo (Table 1)."*'*

PET and SPECT are nowadays largely used for brain imaging. For
instance, in SPECT several compounds labelled with **™Tc and '*’I showed good
brain imaging: **"Tc-HMPAO or **™Tc-ECD, both with good access to the brain
and to metabolic brain pathways; '’I-IMPY and '*’I-BZM, brain receptor agonists

319 Being PET one of the most sensitive

and Alzheimer’s disease labels.
techniques for imaging small amounts of radiotracers in vivo, it is not surprising
that the use of this technique for neuroimaging purposes evolved impressively in

the last decade, with the contribution of several radiotracers,

collimator

Rotating scintillator
camera

Figure 1.2. Schematic representation of SPECT imaging.
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Table 1.1. Most common PET and SPECT radionuclides®*?!

PET
Nucleus ''C BN %Ga “cu PO 1*p %2Rb Th  '*Ho
hv/keV 511 511 511 511 511 511 511 511 511
Tis 20min  10min 68min 13h  122sec 110min 76sec 18h 27h
SPECT
Nucleus TR T TCu “Ga  "In Gd _ ™Ho Ta  ™Sm
hv/keV 140 159 185 93 245 363 80 208 103
Tin 6h 13h  3d 78h 3d 20h 26h 7d 47h

such as fluorodeoxyglucose (‘*F-FDG) for general brain metabolic activity*?, and
"C-specific radioligands for brain tumours,” Alzheimer’s*’, Parkinson’s®

disease, etc.

1.2.2. Magnetoencephalography

Magnetoencephalography (MEG) is an imaging technique used to measure
the magnetic fields produced by electrical activity in the brain via extremely
sensitive devices. MEG measures the neural electrical activity with very high
temporal resolution but relatively low spatial resolution. Neurons vary in size and
shape that are intricately connected to each other. Functionally, these neurons
form transient coherent networks using chemical and electrical synapses and
producing changes in local electrical and chemical properties. It is possible to
detect, with sensors outside the head, changes relating to either electrical activity
(instantaneous reflections of neural events) or changes in metabolic consumption
of nutrients and oxygen (caused by neuronal demand and mediated by blood
supply). The advantage of measuring the magnetic fields produced by neural

activity is that they are likely to be less distorted by surrounding tissue
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(particularly the skull and scalp) compared to the electric fields measured by
electroencephalography (EEG). *°

There are many uses for MEG, including assisting surgeons in localizing
pathology, assisting researchers in determining the function of various parts of the

brain, neurofeedback, and others.

1.2.3. Computed Axial Tomography

Computed tomography (CT) or Computed Axial Tomography (CAT)
scanning uses a series of X-rays of the head taken from many different directions.
Typically used for quickly viewing brain injuries, CT scanning uses a computer
program that performs a numerical integral calculation (the inverse Radon
transform) on the measured X-ray series to estimate how much of an X-ray beam
is absorbed in a small volume of the brain. Typically the information is presented

. .2
as cross sections of the brain.”’

1.2.4. Magnetic Resonance Imaging

Nuclear Magnetic Resonance (NMR) was discovered by physicists and
quickly spread its influence to many scientific areas. In almost 60 years, six Nobel
prices were awarded in the field of NMR and a specific one for Magnetic
Resonance Imaging (MRI) in 2003, shared by Paul Lauterbur and Peter Mansfield
- Nobel Prize in Physiology or Medicine. The basic concepts that led to MRI were
laid out by Bloch and Purcell in the late 1940s, by detecting the ability of some
nuclei, with their nuclear spins aligned in the presence of an external magnetic

2831 Therefore, nuclei with

field, to receive and transmit electromagnetic energy.
odd number of protons and neutrons have a magnetic moment and angular
momentum, magnetically induced and detectable. Many different isotopes are
currently used for NMR spectroscopy, such as hydrogen (‘H), fluorine (‘°F),
sodium (**Na), phosphorous (*'P), carbon ('>C), nitrogen (°’N), oxygen (‘’0), etc.
Isotopes have different abundances and sensitivities, which determine the ease of

their detection. In this respect, 'H is the most common isotope used in NMR

spectroscopy.

André F. Martins — PhD Thesis



CHAPTER 1

These concepts, complemented by the use of magnetic field gradients to
spatially localise the NMR signals, gave rise to the production of the first clinical
MRI prototypes. From the early 1980s till today, the application of Magnetic
Resonance Imaging (MRI) in radiology as a non-invasive clinical imaging
technique has rapidly increased.

MRI is a very unique method to produce high resolution 2D and 3D-
images of organs and soft tissues, and a non-invasive technique that does not
require harmful ionizing radiation. The images obtained from a MRI scanner arise
from the water protons present in the tissues that represent more than 70% of the
human body weight. Since the various tissues and organs differ case by case in
water compositions - fats, muscles, fibres, etc. - resoluble and accurate MR
images of the body can be recorded.’***

External magnetic fields produced by the magnets in MRI scanners
typically vary in the 1.5-11.7 T (Tesla) range, these values corresponding to the 'H
Larmor frequencies of 60-500 MHz. The maximum magnetic field presently
allowed for human use is 9.4 T. Besides that, magnetic coils are used along
different axes in order to generate gradients employed for slice selection and
phase and frequency encoding. With frequency encoding, magnetic field gradients
are aligned on the homogeneous magnetic field. As a result, protons positioned in
different locations have different chemical shifts. The total information gathered is
translated into 2D and 3D images. >*

Magnetic Resonance Imaging provides 3D images of different 'H
resonance intensities of the water localized in different parts of the body.
Manipulation of intrinsic parameters inherent to nuclear magnetic relaxation can
optimize MR images. These are the spin-lattice or longitudinal relaxation time
(T)), which determines the rate of recovery of the longitudinal magnetization (M,)
to its equilibrium value (M,) after eg. a 90° pulse has made it zero, and the spin-
spin or transverse (T,) relaxation time, determining the rate of disappearance of

the transverse magnetization (M,y) created by that pulse (Figure 1.3).
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Figure 1.3. Longitudinal (T,) and transverse relaxation curve (T3).

The relaxation times may be used to redefine the intensity of MR images
with the aid of specific pulse sequences and the settings of their specific time
delays (extrinsic parameters).” T;- and T,-weighted images have been developed
to produce different types of contrast in tissues. T;-weighted images produce a
positive contrast effect and T,-weighted images a negative contrast (Figure
1.4).3637

Body tissues and organs can produce MR images without the introduction
of any agent able to enhance the contrast of tissues within the body. This is
because the water protons of different tissues have different T, and T, values.
However, contrast media have been developed in order to record images with

better contrast, needed in some clinical situations.
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Figure 1.4. Representation of the effect in T and T, on the time evolution of the
magnetization components, M, and My, in a spin-echo experiment. The change in
T, and T, can be due to the inherent differences of water mobility in different
tissues or to the presence of contrast agents which decrease the relaxation times.
The time evolution is represented by the extrinsic parameters TR (repetition time)

and TE (evolution or echo time) of the pulse sequence used.
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1.3.MRI Contrast Agents

MRI Contrast Agents (CA) are used to increase the contrast in MR images.
This is possible because MRI CAs are paramagnetic complexes or
superparamagnetic particles able to decrease the relaxation times T, and T, of
tissue protons. The information perceived in anatomical MR images with contrast
agents is the result of their influence in the surrounding water molecules in the
organs. The surrounding water proton nuclear spins in the tissues experience the
paramagnetic effect of the CAs which causes a decrease of their relaxation times.

These exogenous contrast agents affect both T, and T,. The image contrast
obtained depends on the dominant effect: decreased T, results in positive contrast
in T,-weighted images while decreased T, leads to negative contrast in T,-

weighted images (Figure 1.4).

1.3.1. Positive Contrast Agents (T1)

Positive (T;) contrast agents are exogenous complexes containing a
paramagnetic metal ion which decrease the longitudinal proton relaxation time of
water protons. The gadolinium cation (Gd®") is the metal of choice for these
approaches because it has a high magnetic moment (u’= 63 BM?), 7 unpaired f-
electrons and long electronic spin relaxation times.**~’

The Gd*" metal ion is extremely toxic with very low lethal doses. The
toxicity of Gd*" is linked to its capability to replace Ca>" and block ionic channels
and enzymatic biological processes (involving eg. calmodulin, calsequistrin,

498 To suppress toxicity, Gd** must be coordinated by specific ligands,

calexitin).
able to form thermodynamically very stable and kinetically inert complexes
(Table 2). The stability of the Gd>" complexes is a very important requirement to
avoid the release of free metal ion into the body. It has been demonstrated that all
the critical cases of nephrogenic systemic fibrosis (NSF), a potentially lethal
disease linked to the presence of Gd*", occurred in kidney failure patients after
injection of Gd**-based contrast agents which have low kinetic/thermodynamic

stabilities.*”*** Thus, in safe contrast agents the transmetallation processes that
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can occur in the presence of other endogenous metal ions (Zn2+, Ca2+, Cu2+, etc.)
and ligands (lactate, bicarbonate, phosphate, etc.) must be negligible.*

The majority of the clinically approved T; contrast agents are gadolinium-
based and formed with polyaminocarboxylate derivatives (Table 2).** Macrocyclic
polyaminocarboxylate ligands, such as DOTA or HP-DO3A, have been shown to
form Gd>* complexes of high thermodynamic stability and kinetic inertness.*’
Some linear ligands, such as DTPA, were also reported to have high
thermodynamic stability constants, similar to the ones measured for macrocyclic
ligands. However, DTPA bis-amide derivatives have lower thermodynamic and

especially kinetic stabilities (Figure 1.5 and Table 2).

Table 2. Thermodynamic stability constants, logK, proton relaxivities and

commercial names of clinical Gd-based CAs

Chemical name Generic Name  Brand Name 7 (mM's’) LogKk
GdDTPA Gadopentetate Magnevist 430" * 22.46%
GdDOTA Gadoterate Dotarem 420°*% 2530

GADTPA-BMA  Gadodiamide =~ Omniscan ~ 4.39*>"  16.85°'

GdHP-DO3A Gadoteridol Prohance 3.70° > 23.80 7

GdDO3A-butrol ~ Gadobutrol Gadovist 3.60°*  21.80°

GdDTPA-BMEA Gadoversetamide OptiMARK 4.70° 16.84 %°

Relaxivities in water at “20MHz, 25°C and b40°C

André F. Martins — PhD Thesis



CHAPTER 1

) o
T
a e
<1 \N._ “‘n/ )
; \_/\/&
o
Gd-DOTA
Dotarem
o, (5] v} 0
N N D VAR
e 1 \lo Gt T N b
U e o 7
TN R,
)\/\__/z/&m .
o o
Gd-Gadobutrol™_ Gd-HPDO3A
Gadovist Prohance

b @ ) (" )

Gd-DTPA Gd-DTPA-BMA

Magnevist Omniscan
v\
(\ \\ \ H

HN
[*]
o Ph
Gd- DTPA-BMEA ¢
Optimark ‘.L‘.D Ph
N\,

o 0 R o
) \/o o
.0 Gd-MS-325
( | : 5_:_0 Vasovist

g

-
\\/ \"< Gd-BOPTA

0 Multihance

Figure 1.5. Schematic representation of commercially available and clinical Gd-

based CAs: a) polyaza macrocycles, b) linear polyaminocarboxylates.
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The efficiency of an MR contrast agent is defined by its relaxivity, r;, that
is the longitudinal paramagnetic relaxation rate enhancement (1/7;) observed for 1
mM of contrast media in aqueous solution. It is represented in mM™s™ and is

dependent on the magnetic field and temperature (Equation 2).

I 0
Tiobs Tlvd Y;p

1 1
= +nlGd] )
]-Iobs 1d
r=r" +n® 3)

Here 1/T,,ps represents the observed water proton relaxation rate, 1/T;, is
the diamagnetic water proton relaxation rate contribution and 1/7Tj, is the
paramagnetic contribution. 1/7T}4 is obtained in the same conditions as 1/T;,s but
in the absence of the paramagnetic complex (solvent contribution).

The relaxivity is composed of an inner sphere and an outer sphere term
(Equation 3). The inner sphere term describes the relaxation effect originating
from the closest hydrogen nuclei of water molecules interacting directly with the
paramagnetic ion, while the outer sphere term describes the effect of the
interactions between the paramagnetic ion and closely diffusing water molecules
without interacting with the complex (outer sphere). In some cases, water
molecules weakly interacting with the ligand might constitute a second hydration
sphere, which can lead to a second sphere relaxivity term, see Figure 1.6). For
clinical agents, approximately 60% of the relaxivity originates from inner sphere
and 40% from outer sphere effects.

The inner sphere relaxivity term is linearly proportional to the hydration
number (q) of the Gd** complex. All the examples shown in Figure 1.5 are
monohydrated complexes (q = 1), meaning that in the inner coordination sphere of
the metal complex there is space for a single water molecule. Complexes with

higher hydration numbers (q = 2 or 3), presenting high thermodynamic constants
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have been also suggested as potential MRI contrast agents, such as GdHOPO
derivatives or GAAAZTA.”"® However, increasing the hydration number often
compromises the thermodynamic stability of the complexes and makes them more
vulnerable to a transmetallation or transchelation process with biogenic metal ions
or anions (lactate, HCO;, PO,”, aspartate and glutamate protein residues),
specially if the two water molecules are in a cis position in the Gd** coordination
sphere.””’

In addition to the hydration number, other parameters that govern the
efficiency of a given MR contrast agent can be also optimized: the Gd-H distance,
ream; the water exchange rate, k.. = 1/7y, where 7y is the mean lifetime of the
water molecule(s) in the inner sphere of the metal ion; the rotational correlation

time, 7g; the electronic spin relaxation times, T, and 75, (Figure 1.6).

H H

N

H Bulk water

b/H ™

H H

H
" Qs
Inner Sphere Second-sphere

@
.
= o
g
o ]

Quter-Sphere

Figure 1.6. Schematic representation of a Gd*"-complex (GdDOTA) with one
coordinated water molecule (inner-sphere water, its oxygen is in black) in solution
(bulk water, oxygens are in red). Second-sphere water molecules (water oxygens
in blue) are close to the carboxylate groups with their hydrogens oriented towards
the carboxylate oxygens. The parameters that govern the relaxivity are also

represented.
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The inner sphere term is represented as in Equation 4, where c is the
molal concentration of the contrast agent, ¢ is the number of bound water
molecules per paramagnetic ion, 7 is the mean lifetime of water molecules in the
inner sphere, and 1/T;, is the longitudinal proton relaxation rate in the bound
state. 1/T;, comprises a dipole-dipole term and a scalar term (Equation 5). The
scalar term is negligible for Gd’" complexes, 1/Ty,, is essentially determined by
the dipole-dipole mechanism.

The dipole-dipole term is modulated by reorientation of the nuclear spin
vector with respect to the electron spin vector, by variations of the electron spin
orientation, and by the water exchange rate. All this can be seen in Equation 6,
where y; is the nuclear gyromagnetic ratio, g is the electron g- factor, uy is the
Bohr magneton, rgqu is the proton distance to the electronic spins, S is the total
spin quantum number of the paramagnetic ion, ®s is the electron Larmor
frequency, oy is nuclear Larmor frequency, and 7.; are the correlation times of the
dipolar interaction (Equation 7). Thus, 7,; are influenced by the water exchange
lifetime, 7,, the rotational correlation time, 7, and the longitudinal/transverse

electron spin relaxation times of the metal ion, Ty, and 75, respectively.

1 cq 1

—= X 4

T 55.55 ((T§+ rm)J @
1 1 1

T, TIDD Tlsc ( )
1 2 M 2 h2 y2Y2

TIDD :E(ﬁj ﬁS(S*‘l)X[3](0)1;TC1)+7J(OJS;IC2)] (6)

LS S (7)
ci Tr ’Tie Tm
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1.3.2. New generation, positive Contrast Agents

Targeted contrast agents may greatly improve diagnostic molecular
imaging by increasing the sensitivity of the method, making it possible to
visualize specific biological structures and selectively detect the target moieties.”®
% In order to overcome the limitations posed by the low sensitivity of MRI and
the low target concentrations, targeting approaches and the efficacy of the agents
should be simultaneously optimized in order to generate detectable MRI contrast
at the targeted site.

Another class of contrast agents that will significantly affect the field of
MRI involves responsive agents. A responsive agent is capable of reporting of a
metabolic or physiological event by changing its relaxivity. The design of this new
class of agents exploits the fundamental means by which a paramagnetic species
affects the intensity of an image acquired by MRI. Examples of responsive MRI
agents include: enzymatically activated contrast agents, probes sensitive to pH,
temperature, radicals, oxygen partial pressure, or metal ion concentration (Figure
1.7). Responsive agents have a great promise of becoming potent diagnostic tools.
However, in order to quantitatively relate the observed relaxivity change to the
local change of a physiological parameter (e.g. pH), the local concentration of the
contrast agent must be known independently, by using ratiometric methods for

instance.®!%?
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Figure 1.7. Examples of some Gd>* complexes reported as responsive MRI CAs:

a) enzyme responsive™, b) iron responsive®’, ¢) calcium responsive®, d) zinc

s 65
responsive

1.3.3. Negative Contrast Agents

T, contrast agents decrease the water signal intensity by shortening the

transverse relaxation times. The large magnetic susceptibility anisotropies induced

by these agents are able to create local magnetic field gradients in solution, which

efficiently diphase the transverse magnetization components.

Nowadays, the importance of high magnetic field MRI scanners (scientific

and clinical use) is growing steadily. T; contrast agents become less efficient at

high magnetic fields (B,) due to the decrease of r; relaxivity with increasing field.

On the other hand, T, contrast agents can be an efficient solution for high field

applications since the transverse relaxivity (r;) increases at high fields, as can be

seen by the relaxation time (T,) dependence on the square of B, (Equation 8),

thus their development is growing with the technical evolution.

66,67
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1 _ P T Aoy,
T, 1+ 12 Awy,

8)

In Equation 8, f represents the complex/water concentration ratio, ¢ is the
hydration number, 1, is the residence time of the water molecules and Awy, is the
paramagnetic chemical shift of the coordinated water molecules, which is
proportional to B, in fast chemical exchange conditions, z,.Awy <<1.

Currently, the majority of T, contrast agents are iron-oxide based
superparamagnetic nanoparticles that can be coated with dextran, silicates or other
non-immunogenic polymers. Surface coating is useful not just because it provides
biocompatibility, but also because most of the coating polymers can be
functionalized, allowing strategies for specific and selective targeting,

multimodality and therapy applications to be explored.®®”!

In fact, depending on
their coating and the size of iron-oxide particles, one can design SPIO
(Superparamagnetic, 50-500nm), USPIO (Ultra small superparamagnetic, 4-
50nm), MION (monocristalline) and CLIO (cross-linked) nanoparticles with quite
different relaxivities and biodistributions.

Recently, many novel systems, such as carbon nanotubes (iron oxide
doped)”, zeolites (Dy’" doped) * and metal-organic frameworks (MOFS) (Dy*"
doped)’ have been studied as potential T, contrast agents, for multimodality (T},

T, optical imaging, radioactive) techniques and for different targeting strategies

(Figure 1.8).

48 André F. Martins — PhD Thesis



CHAPTER 1: Introduction to Neuroimaging, Contrast Agents and Alzheimer’s Disease
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Figure 1.8. General scheme of an MRI contrast agent based on nanoparticles.”’

1.4.Multimodality agents

In the recent years, multimodality imaging has emerged as a novel concept
that combines simultaneously or successively two or more imaging methodologies
to provide complementary information in biological studies and medical
diagnostics. Magnetic Resonance Imaging (MRI) is endowed with excellent
resolution, while nuclear imaging techniques offer detection of the probes with
remarkable sensitivity. Optimally, in multimodal approaches the imaging probes
used in the different modalities should possess identical biodistribution enabling
an easy overlap of the acquired images (Figure 1.9).

When multimodal applications are concerned, metal-based imaging agents
are particularly interesting. Indeed, metal ions may provide suitable probes for
various imaging modalities (PET, SPECT, MRI, optical imaging). By the
appropriate choice of a chelating agent, one can complex, with the same ligand,
different metal ions that possess properties for these imaging modalities. Provided
their charge is identical, these metal complexes formed with the same ligand
might be expected to have similar biodistribution and are therefore interesting

candidates for multimodal imaging applications. Evidently, the concentration of
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75,76

the probe will have to be adapted to each imaging modality.

0%IDg

Figure 1.9. (A) Schematic representation of ferritin loaded in triplicate with
(RGD peptide, dye and **Cu), resulting in ferritin nanoprobes. (B) In vivo PET

images and (C) fluorescence images after injection of ferritin nanoprobes.’’

1.5.Imaging of Alzheimer’s disease

1.5.1. Introduction to Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder that represents
in the last decades the most common cause of dementia in the elderly population
worldwide.”® The latest report of the Alzheimer’s Disease International (2012)
states that about 30 million people are suffering from AD, and the percentage
number can increase in 2040 to 90 million people due to the increasing life
expectancy.”” The incidence of AD increases with age: every five years after the

age of 65 the risk of developing this devastating disease approximately doubles.*
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In addition, AD represents a major public health problem being among the most
costly diseases in Europe and in the United States. The economic burden of AD is
considerable. It is estimated that 36 million people worldwide are living with
dementia, with numbers doubling every 20 years to 66 million by 2030, and 115
million by 2050. The worldwide costs associated (US$604 billion in 2010)
amount to more than 1% of the global GDP. If dementia care were a country, it
would be the world’s 18" largest economy. Alzheimer’s disease is among the most
significant social, health and economic crises of the 21% century.®'

The first clinical manifestations of AD include memory impairment and a
lack of cognitive capacities and typically, a gradual and chronic failure of memory
is recognized. Other symptoms include confusion, impaired social judgment,
language disturbance, agitation, withdrawal, irritability and impulsivity.

The diagnostics of AD is very subjective in the first medical approach and
normally is detected from the patient history, collateral precedents from relatives,
and clinical observations, based on the presence of characteristic neurological and
neuropsychological disturbances. Based on cognitive tests, the diagnosis of AD
becomes definitive only at later stages of the disease, when much of the brain is
seriously damaged and progressive cognitive decline has occurred. The
confirmation of the neuropathology is done by post-mortem histology and also
observation of cortical atrophy, degeneration of cholinergic basal forebrain
neurons, hippocampal atrophy and enlarged ventricles.***’

AD pathology is characterized by the presence of extracellular senile
plaques composed of abnormal miscleaved amyloid-f (AP) peptides and
intraneuronal neurofibrillary tangles caused by hyperphosphorylated tau protein

84,85 - -
*>> Those evidences gave rise to the most

and microtubules cellular dysfunction.
scientifically accepted hypotheses: amyloid - most currently accepted — and tau.
Both hypotheses consider these proteins as key players for the evolution of the
disease.

The genetics seems to play also an important role, since according to twin
studies, a major part of the risk for sporadic AD is genetically determined by the
autosomal dominant familiar inheritance (5% of cases) and polygenic background
in people having more than 65 years of age (>95% of cases). ***’

In addition to the genetic component, other factors affect the risk for

developing AD: life style, environment, sex, traumatic injury, depression,
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education, medication, etc.®®

The dominant identification of gene mutation that is implicated in
biological mechanisms leading to A accumulation and senile plaques generation
is also an issue to be addressed. The amyloid precursor protein (APP) and the
presenilin 1 (PSEN1) and 2 (PSEN2) genes are currently known to be implicated
in the familial forms of AD (Table 1.3).** In contrast with the familial AD, the
causing factors of the AP accumulations and other pathological mechanisms
remain mostly unclear in the sporadic form. Most AP peptides are composed of 40
(APi-40) or 42 (APi-42) amino acids, produced by proteolytic cleavage of the
trans-membrane amyloid precursor protein (APP) by PB- and y- secretases.

However, so far only the apolipoprotein E (ApoE) gene has been associated with

the risk for AD. °*°"

Table 1.3. Major reported polymorphisms in AD **

N° of Relevance to
Chromosomal Mode of
Gene (protein) pathogenic AD
location inheritance
mutations pathogenesis
APP
. Increase in AP
(beta-amyloid
) 21g21.3 AD 31(84) (AB 14240 ratio)
precursor protein)

PSENI1 Increase in AP
(presenilinl) 14q24.3 AD 175 (389) (ADy_4p/40 Tati0)

PSEN2 Increase in Ap
(presenilin2) 1q31-42 AD 14 (23) (Ab)_g249 ratio)

ApoE Increase in AP

. . . aggregation:
(apolipoprotein Complex risk
19q13.32 n.a. lipid/cholesterol
E, E4-allele) increase
transport?
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ApoE is known to be involved in lipid transport and its metabolism.
Furthermore, it plays a specific role in the central nervous system, including
neuronal development, regeneration and certain neurodegenerative processes. The
polymorphism of the ApoE gene determines three isoforms of the ApoE protein
(€2, €3, £4) with different conformation, binding and lipid composition.”>** Strong
relationships were found between the number of the inherited €4 alleles - ApoE &4
- and the risk for developing AD and the age at onset.”

Membrane cholesterol modulates the cleavage of the APP protein and in
the presence of the &4 isoform the balance is shifted to the production of AB.”

The amyloid cascade hypothesis has been the predominant model of
molecular mechanisms underlying the pathogenesis of AD. According to this
model, the fundamental cause of AD is the accumulation and aggregation of the
AP peptide in the brain.*> A major role for other pathogenic mechanisms includes:
inflammation, oxidative stress, lipid dysfunction, signalling abnormalities and

neuronal degradation (Figure 1.10).

Abnormal & —— AB
—— Tau-meditated neuronal injury and dysfunction
—— Brain structure
~—— Memory

—— Clinical function

Biomarker magnitude

Normal

Cognitively normal : Mcl : Dementia

Clinical disease stage

Figure 1.10. Hypothetical model of Alzheimer's disease “amyloid cascade

hypothesis™.”®
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1.5.2. Amyloid cascade hypothesis

It was when Alois Alzheimer first analyzed microscopically the post-
morbid brain of a 51 year old patient, Auguste Deter, presenting strange
behavioural symptoms, short-term memory loss and presence of plaques and
neurofibrillary tangles (NFT) that all the scientific community started to elaborate
the amyloid cascade hypothesis. This hypothesis suggests that insoluble plaques,
formed due to excessive accumulation and aggregation of miscleaved A} amyloid
peptides (mainly AB;_49 and ABi_4,) initiate a downstream cascade that leads to
AD onset: synaptic alterations, deregulation of the intracellular soluble tau
protein, formation of neurofibrillary tangles and progressive neuronal loss.*

The amyloid precursor protein (APP), a membrane-anchored receptor, is
implicated in neuronal synapses and is a constituent part of neurons. The
production of AP from APP is conciliated to certain protective biological
functions. Normal cleaved AP is naturally degraded in cells, which have their own
mechanisms.

The generation of AP peptides from ubiquitously expressed APP has been
thought to have a natural biological function, as cells are known to contain
enzymatic machinery necessary for the production and degradation of normal
cleaved AB.”” This non-amyloidogenic pathway is still unclear in the way that it
cellular machinery acts, but it is known that the majority of the normal processes
include the first approach of a-secretase cleavage of the peptide (Figure 1.11).

The problem persists when, at first glance, the APP is first cleaved by the
B—secretase (BACEIl). This proteolitic enzyme is implicated in a general
physiological mechanism, regulated intramembrane proteolysis (RIP), and is a
functional component of APP itself. The action of f—secretase is responsible for
the release of the first amyloid ectodomain.

The remaining stub then binds to the active site of y-secretase, which
contains transmembrane domains presenilin-1 or 2. The action of y-secretase is
implicated in both non- and amyloidogenic pathways.

The cleavage by y—secretase occurs in the transmembranar domain and
results in the liberation of the amyloid B-protein (AP) and the APP intracellular
domain (AICD), which possess transcriptional regulatory activity (Figure 1.12).%
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y-secretase can cleave the protein at several sites after amino acids 38, 40 or 42,
and therefore has the propensity to yield three different isoforms, determining the
peptide’s toxicity. The most common isoforms are AB;i_49 and APi_42, with AB1_49
being the most frequently cleaved, but ABi_4 is the most fibrillogenic and thus

aggregates forming the amyloid plaques, related in Alzheimer’s disease onset. ***°

a Non-amyloidogenic pathway b APP-NTF
EBB5D
K670N/  Swedish mutation
Y-secretase B-secretase M671L
5 ABT3T
H677R
D678N  Tottori mutation
O-secretase
APP-NTF
[I a-secretase g(
A692G Flemish mutation
E693Q  Dutch mutation
£603C  Arctic mutation
Amyloidogenic pathway E693K Italian mutation
D634N  lowa mutation
Extracellular space
Membrane L705V
Y-secretase AT13T
Release IEeIEme T714A  Iranian mutation
— AP (PSEN1) ; T714 Austrian mutation
APP-CTF sequence (PSEN2) [VnsM French mutation
V715A  German mutation
[\msv Florida mutation
17167
- t
Bsecretase V7171 Londonmutation
g,. V717L
e V717F  Indianamutation
V717G
723L | — "1723P  Australian mutation
Cytosol
APP-CTF

Figure 1.11. Mechanisms for the amyloidogenic pathway. a) Schematic

representation of a typical non- and amyloidogenic pathway. b) Types of abnormal

cleavage by secretases and typical mutations.
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Figure 1.12. Production of amyloid-f protein from amyloid precursor protein
(APP) by the amyloidogenic pathway. a) APP is cleaved by f—secretase, resulting
in the secretion of the large ectodomain and the APP intracellular domain (AICD).
b) y—secretase can cleave the protein intramembranously at several sites after

amino acids 38, 40 or 42.%

1.5.3. The Blood Brain Barrier enigma

The most important factor limiting the development of new drugs for the
central nervous system (CNS) is their ability to cross the bood-brain barrier
(BBB). This morphological structure typically comprises four different types of
cells: the endothelium, the pericyte, the astrocyte foot process and the capillary
nerve ending (Figure 1.13). Notwithstanding, it is in the endothelial cells that the
crucial effect of impermeability to certain molecules starts. The endothelium in
brain capillaries is aided by tight junctions that narrow the spacing between the
endothelial cells, resulting in a very selective and restrictive permeation of
metabolites. Adding to that fact, there is still another intrinsic barrier for
compounds able to surpass the first obstacle, the brain-to-blood efflux systems (P-
glycoprotein and other multidrug resistance proteins, MRPs), enzymatic activity,

101,102

plasma protein binding, and cerebral blood flow. It is thus very improbable

that huge and hydrophilic molecules cross brain endothelial capillaries by passive

. . 103,104
diffusion.'%>1°
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The BBB is thus the structure responsible for the flow between the
circulating blood to the brain extracellular fluid (BECF) and the Central Nervous
System (CNS). The exchange of metabolites (and other specific molecules) and
the selective mechanisms that lead to the specific restriction of large particles,
hydrophilic and harmful molecules, while allowing the diffusion of certain
metabolites and hydrophobic molecules (O,, CO,, water, ethanol, hormones, L-
dopa, etc), is being the issue of some important studies and discussions. Electric
charge, lipid solubility, and molecular weight can be used to help predict whether

or not a molecule will cross the BBB.'®

Abluminal
membrane

Tight junction

Basement
membrane

Pericyte
Figure 1.13. Brain microvasculature representation comprising the endothelium,

the pericyte, the astrocyte foot process and the capillary nerve ending.'®

Brain tumors have a fenestrated BBB and diseases such as multiple
sclerosis have episodes that involve temporary weakening of the BBB. Gd*"-based

106,107 198 have been used to

contrast agents and monocristalline (MION) particles
image these BBB breakdowns.
There are some methods used to image rat or mice brains by injecting

superparamagnetic iron oxide particles directly into the brain.'”” Pautler et al.
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reported also that Mn(II) chloride could be used to map active regions of the brain

since the manganese(Il) ion (biologically not harmful) participates in synaptic

action potential by voltage-gated calcium channels.'"

Disruption of the BBB can be induced by other means, using for example

. . . . . . : 111 :
intra-carotid arterial infusion of hyperosmotic solutions , local ultrasonic

112,113 114,115

irradiation and vasoactive compounds (mannitol) However these
invasive methods are not very well considered for clinical use. In this sense, the
strategies required to cross the BBB, without the requirement of external
disruption, imply generally the use of endogenous BBB transporters by mediated
transport, and can be classified into carrier-mediated transport (CMT), active
efflux transport (AET) and receptor mediated transport (RMT)."'® Some examples
can be seen in Figure 1.14. Whereas the CMT and AET systems are responsible

for the transport of small molecules between blood and brain'"”

, the RMT systems
are responsible for the transport across the BBB of certain endogenous large

118
molecules.

BBB endogenous transporters

Drug Discovery Today

Figure 1.14. Endogenous blood-brain barrier transporters. Carrier-mediated
transport (CMT), active efflux transport (AET) and receptor mediated transport
(RMT). GLUT]I, glucose transporter; LAT1, large neutral amino acid transporter;
CAT1, cationic amino acid transporter; MCT1, monocarboxylic acid transporter;

CNT2, concentrative nucleoside transporter; CHT, choline transporter; NBT,
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nucleobase transporter; ABCB1, adenosine triphposphate-binding cassette (ABC)
transporter; OAT, organic anion transporter, OATP, organic anion-transporting
polypeptide; EAAT, glutamic acid amino acid transporter; TAUT, taurine
transporter; INSR, insulin receptor; TFR, transferrin receptor; IGFR, insulin-like
growth factor receptor; LEPR; leptin receptor; FCGRT, Fc fragment of IgG
receptor transporter; SCARBI, scavenger receptor, class B. The X designation for
the CHT and NBT transporter indicates these transporters have not yet been

cloned or identified at the molecular level for the blood—brain barrier (BBB).'%!'®

Those targets opened a full box of new ideas and formulations, with the
aim to increase the permeability to the BBB by the help of specific carriers,
inhibiting the efflux multidrug-resistance or using the receptors in the brain

103,119

endothelial cells. The idea of using a “Trojan horse” by this means is being

greatly explored and some reports showed that large particles and proteins usually

not present in the brain are now able to cross the BBB.'**'*

1.5.3. Molecular Imaging probes for Alzheimer’s Disease

Currently, no clinical imaging techniques are available for early detection
of the disease. The development of diagnostic agents for early in vivo
visualization of the amyloid plaques is a critical issue, which would also be highly
important for monitoring new therapeutic strategies. The most significant
advances have been made in the field of nuclear imaging, in particular in positron

emission tomography (PET).

1.5.3.1. Nuclear imaging
Many small organic compounds have been developed to possess high

binding affinities for the AP aggregates. Several structures were identified to
present promising binding properties to amyloid plaques: Congo Red, Chrysamine
G, Thioflavin S, bromo-styrylbenzene (BSB), and smaller styrylbenzenes (Figure
1.15).'*
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Figure 1.15. Chemical structures of compounds that bind to A plaques: Congo
Red, Chrysamine G, Thioflavin S, BSB, and styrylbenzenes.

Recently modified, non-charged stilbenes and benzothiazoles showed both
to label AP aggregates very specifically and to permeate the BBB in vivo (Figure
1.16)."**'%* Some of these molecules have fluorescent properties useful for optical
detection.'**'*” ''C -and '®F-labelled derivatives of stilbene (florbetapir)'** and the
Pittsburgh compound-B (PiB)'*'** are among the most promising PET tracers of
AD (Table 1.4). Certain compounds are making their way into the clinics with
very exciting and promising results. The uptake mechanism across the BBB is still
uncertain but passive transcellular diffusion is the most probable way of

entrance. 127
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Figure 1.16. Promising benzothiazol and stilbene derivatives reported to cross the

BBB and to specifically target the amyloid plaques.'*

Table 1.4. Inhibition constants (K;, nM)  of various agents against binding of '*F-

AV-45 to AP plaques in postmortem AD brain homogenates.'*

Compound name K (nM, n=3) Compound name Ki (nM, n=3)
BAY 94-9172 (AV-1) 2.22+0.54 AV-45 2.87 +0.17

| AV-136 | 6.37+3.75 AV-137 | >1,000
PIB 0.87+0.18 BTA-1 1.28+0.46
GE-067 (3'-F-PIB) 0.74 +0.38 AZD2184 1.70 + 0.54
BF-170 428 + 57 IMPY 1.29+0.46
Thioflavin T >1,000 FDDNP 172+18

" IMSB >1,000 K-114 >1,000

| SB-13 3.18+1.04 | CG >1,000

* More details in Appendix 2

The structural interaction of these compounds with amyloid plaques is still
uncertain but some recent studies with AB;_49 and AB;_s» hypothesize that the
hydrophobic aromatic rings composing the target compounds are positioned
within the “channel” that is formed by the side-chains in the cross-f structure
(Figure 1.17). The long axis of the molecule is parallel to the long axis of the

fibril, allowing the n—m interactions and in some cases reflecting the increase of
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fluorescence of the chromophore (Thioflavine T)."!

Another hypothesis for the negatively charged Congo Red (CR) argues
that the B-sheet structure implies that B-strands are packed side by side with a
repetitive occurrence of a positively charged N-terminus. This nicely fits with the
binding of a CR molecule that has one negative charge at each end, matching
every fifth positive N-terminus. In the modelled AP hairpin the distance between
K16 and K28 is about 20-25 A, similar to the distance between the two sulfonate

132,133
d. "~

(SO3") groups in Congo re

<5 & ~25 A

Figure 1.17. B-hairpin model of potential complementary interaction between (a)

an AP fibril and Thioflavine T (benzothiazole)’' and (b) AP peptide and Congo

132
red °.

Attempts have been also made to develop *’"Tc-labelled A SPECT imaging
probes which, given the easier accessibility of **™Tc as compared to the cyclotron-
based '°F, could provide a more convenient and cost-effective approach to the

1 *™Tc-probes have been reported based

detection of AD. Recently, small, neutra
on derivatives of biphenyl, benzothiazole aniline, chalcone, flavone, or pyridyl

benzofurane. Some of them showed reasonable brain uptake and aftinity towards
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Figure 1.18. Structures of = "Tc-labeled amyloid imaging probes (image taken
from the ref."?").

1.5.3.2. MRI

In the absence of any contrast agent, the MR contrast in the amyloid
plaques is associated to iron accumulation, which leads to hypointense spots in 7>,
T>* or susceptibility-weighted images. '*® The detection of plaques weakly loaded
with iron is more challenging, and exogenous contrast agents become
necessary.'>** So far, the development of MRI contrast agents for the diagnosis
of Alzheimer’s disease has been rather modest. Poduslo et al. used CA-aided MRI
to visualize AD plaques with GdDTPA conjugated to a putrescine-modified
human A 8 ;.42 peptide able to cross the BBB and target individual amyloid
deposits in the brain of AD transgenic mice. Given the large size of the probe,
several days (weeks) were necessary to label the amyloid plaques in the transgenic
mouse brain in vivo."”’ Yang et al. reported imaging studies with ultrasmall
superparamagnetic iron oxide nanoparticles, chemically coupled with the A 5 142
peptide to detect amyloid deposition. They applied intra-carotid mannitol
treatment to enhance BBB permeability of the agent in transgenic mice.'*

Non-specific Gd-complexes like GdDTPA applied in
intracerebroventricular injection protocols and in ex vivo MRI to stain Alzheimer

brain tissues, are also able to increase the contrast of amyloid aggregates.'*'*!
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1.6.Outline of the Thesis

This thesis is the result of a multidisciplinary research work, with the goal
to discover new contrast agents for the early diagnostics of Alzheimer disease
with non-invasive in vivo imaging methods.

Chapter 2 gives a brief presentation of the imaging probe design by
considering requirements for the choice of both the targeting unit and the imaging
reporter moiety.

Chapter 3 describes all the synthetic work that gave rise to the various
ligands investigated. The general synthesis is depicted for each ligand and a full
characterization of the new molecules is presented.

The relaxometric physical-chemical characterization of the Gd*
complexes with respect to their use as MRI probes is described in Chapter 4.

Chapter 5 deals with the determination of the affinity constants of our
lanthanide complexes for amyloid peptides by using different techniques. We also
try to answer the question if our complexes are able to detect and prevent
aggregation of A} peptides.

Finally, Chapter 6 concludes the work with the ex vivo and in vivo studies
with AD human brain slices and mice, respectively. This Chapter answers also
another key question: “Can our complexes be used for AD brain delivery and

specific/selective targeting of amyloid plaques?”
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CHAPTER 2: Objectives of the Thesis and Probe Design

Today, clinical medicine crucially lacks imaging techniques to diagnose
Alzheimer’s disease at an early stage. The main reason is that no specific imaging
probes, in particular probes adapted to multimodal approaches, are available to
visualize amyloid plaques in vivo.

For multimodal applications, metal-based imaging agents are particularly
interesting. Metal ions provide suitable probes for various imaging modalities
(PET, SPECT, MRI, optical imaging). By the appropriate choice of a chelating
agent, one can complex, with the same ligand, different metal ions that possess
properties for these imaging modalities.

In this context, our objective was to design, synthesize and investigate
novel ligands with capability of (i) efficiently complexing different metal ions
adapted to different imaging modalities, including Gd®" for MRI, '"'In*" for
SPECT or ®®Ga’" for PET, (ii) efficiently labelling AB plaques via specific

binding, and (iii) delivering the complexes across the blood-brain-barrier.

A molecular imaging probe must contain at least one targeting moiety and
one reporter group. For the targeting moiety, the benzothiazol function (Figure
2.1) was selected among the list of compounds able to bind A} plaques (see eg.
Figure 1.15). This selection was based on two priority criteria, the binding
affinities for amyloid plaques, defined by Ky or K; values'”, and the
hydrophobicity evaluated by the logPocyn20 values. From Table 1.4 in Chapter 1,
one can conclude that the inhibition constant, Kj, of the Pittsburgh compound B
(PiB) is among the lowest of all compounds known to bind amyloid deposits,

implying very strong affinity.

Re 18
N

Figure 2.1. Structure of 6-substituted benzothiazole aniline (BTA) derivatives.
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The probes should efficiently cross the Blood Brain Barrier (BBB). The
Blood Brain Barrier permeability of compounds depends on various parameters:
1) molecular weight (MW); 2) number of possible hydrogen bonds formed by a
chemical structure; 3) plasma pharmacokinetics.'*’

Lipid mediated free diffusion is favoured for compounds with MW below
400Da. Therefore, low MW compounds cross the BBB more efficiently with rates

144 at least for

that seem to correlate inversely with the square root of their MW,
compounds under 600 Da. The H-bonding capacity of a compound can be
estimated by the following rules: 4 H-bonds for each terminal amide group, 3 H-
bonds for each internal amide, primary amino group or carboxyl group, 2 H-bonds
for each hydroxyl group, 1 H-bond for each ether or carbonyl group and finally
add the total H-bonds formed between drug and the solvent (water).'”> The total
number of H-bonding capacity should not be higher than 8. This H-bonding
counting is usually substituted by the octanol/water partition coefficient, log
Pocywater, that reflects the hydrophobicity (lipophilicity) of a compound in water
and which should be as close as possible to 2. This optimal value of 2 corresponds
to a pronounced hydrophobic (lipophilic) behaviour of the compounds which
make them able to permeate the BBB by free diffusion.'*

The design of a multimodal probe to be used with techniques such as MRI,
PET and SPECT should also include a stable and efficient reporter group. Here we
exploit the rich physical properties of trivalent metal cations, such as lanthanides
(Ln*") particularly Gd** as MRI contrast agent, as well as In’" and Ga’*, with
radioisotopes adequate for SPECT ('"In) and PET (*Ga). Thus, our reporter
group should include a chelating moiety capable of forming very stable complexes
with those trivalent metal ions. Tetraaza macrocycles with four (DOTA) or three
(DO3A) acetate arms form thermodynamically stable and kinetically inert
complexes with trivalent metal ions (Lo*", In*", Ga™").!1%1%7

Since these macrocyclic metal complexes are very hydrophilic, the choice
of the targeting moiety is particularly important as it should substantially increase
the overall hydrophobicity of the probe.'*

Table 2.1 shows that changes in the terminal amine at position 4’ (R4’) or

in the aromatic benzyl position 6 (Rg) in BTA derivatives induce important
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changes in the partition coefficient (logP) and in the affinity to AB;.4 amyloid
deposits. The introduction of the methoxy group in the Rg position of the
benzothiazol always led to a simultaneous optimization of logP and K; (see also

Appendix 2).

Table 2.1. Lipophilicity (log Pcis) and AB.4 binding affinities (Kj)
of 6-substituted BTA analogues. '**'*

log Pcis R4 Ki(nM) Ry

R¢* NH, NHCH; N(CHj), NH, NHCH; N(CHs),
H 20 27277 34 37 1 40
CH; 24 3.1(34° 38 95 10 64
OCH; 19 26(27° 33 70 49 1.9
OH 07 12(13° 20 46 43 44
CN 1.8 2.5 3.2 64 8.6 11
Br 2.9 3.6 4.4 7.2 1.7 2.9

“ Rs and R, refer to substituent positions as shown in Figure 2.1.
b The numbers in parentheses are 10g P, uer values determined by conventional octanol-

buffer partitioning.

With respect to BBB permeability in normal mice, Mathis et al.'*® reported
that BTA derivatives enter easily the brain. Derivatives with certain Rg or Ry
modifications (Rs, OCH3, H, OH, CN; R4, NH,, NHCH3, N(CH3),) had better
permeation than others. It is worth noting from Table 2.2 that the introduction of
the methoxy group in position 6 (Re) leads to a reasonable brain uptake for 2 min
and 30 min, measured as % of the normalized injected dose per gram (%ID-Kg/g),
for any of the modifications presented in R4 (primary amine, NH,, secondary

amine, NHCH3; tertiary amine, N(CHjz),).
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Table 2.2. Mouse brain entry and clearance of 6-substituted BTA analogues'*®

(%1D-kg)/g in brain at 2 min Ry

(%61D-kg)/g in brain at 30 min Ry

ratio of 2 min/30 min Ry

Rs NH:z NHCHj3 N(CH3)z NH: NHCH3 N(CH3)2 NH:z NHCH3 N(CHg)2
H - 0.43 0.19 - 0.057 0.078 - 7.6 2.5
CHz - 0.22 0.078 - 0.083 0.15 - 2.1 0.52
OCH3 0.32 0.33 0.16 0.084 0.10 0.14 3.8 3.2 1.1
OH - 0.21 0.32 - 0.018 0.10 - 12 3.0
CN - 0.32 0.24 - 0.063 0.097 - 5.0 2.5
Br 0.12 0.054 0.12 0.11 1.0 0.49

With these considerations in mind, we have conjugated a BTA derivative,
previously proved to possess optimized AP binding properties, to the metal
chelating unit DO3A-monoamide (Figure 2.2). In our ligand design, the
formation of neutral complexes with trivalent metal ions as well as a short linkage
between the metal binding and the amyloid-recognition sites were essential

elements to facilitate BBB permeability.

Figure 2.2. General structure of a trivalent metal complex of DO3A-BTA

derivatives.

The R4 linking position to the BTA structure includes an amide function
and allows the introduction of different spacers linking the two moieties. With the
introduction of different linkers, the hydrophobic properties and flexibility of the
ligand can be changed in order to optimize the target binding properties and BBB
permeation of the probe. The three ligands synthesized in the DO3A-BTA family
are presented in Figure 2.3.
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Figure 2.3. Structural representation of L;, L, and L; coordinated to a metal,

forming the complex M**-L, (x = 1,2.3)

The success of the organic synthesis (detailed in Chapter 3) and the
structural flexibility of the probes led us to propose another two different
structures. The first one uses a DOTA moiety substituted at the C, atom of one
methylene carboxylate arm (Figure 2.4, A), with the purpose of increasing the
stability of the metal complexes, changing their total charge and avoiding the
presence of an amide oxygen coordinating to Gd**, which negatively affects its
water exchange. In the other one, the chelating structure is a monoamine-
monoamide (MAMA) moiety adapted to **™Tc labeling for SPECT (Figure 2.4,
B). *™Tc-complexes with MAMA structures have been reported to present good

: 19,150,151
brain uptake.'*?%"
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Figure 2.4. Structures of A) M*'-DOTA-PiB (L) based probes and B) *"Te-
MAMA-PiB (Ls) based probes.*>"*!
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CHAPTER 3: Organic Synthesis of the Ligands

3.1.Synthesis of the DO3A-BTA derivatives

This chapter is dedicated to the description of the synthesis and structural
design of the new DO3A-BTA derivative ligands obtained in this work. The
reasons that led us to choose the 4'-methylaminophenyl-benzothiazole targeting
moiety, the tetraaza DO3A, DOTA and MAMA chelating structures (See
Abbreviation section), the introduction of an amide function in the R4 terminal
position and the addition of the methoxy function in the 6 position of the
benzothiazol group (Re) have been explained in Chapter 2.

The structures of the three DO3A derivative ligands are described in
Figure 3.1. The first ligand, L4, has a short acetamide linker between the targeting
and chelating moieties. The second ligand L,, with a 4-acetamidobenzamide
linker, was designed to increase its lipophilicity and rigidity and also to determine
whether the BBB crossing capacity was altered or not. Ligand L3 has a longer
aliphatic 6-acetamidohexanamide spacer to confer flexibility to the structure,
increase the lipophilic behaviour and contains one extra amide function, such as
L,. All these three ligands were conceived with the purpose of forming non-

charged complexes with trivalent positive metal ions (M.
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.
Q* H
&J\/ & S

o

K/
\l)

Figure 3.1. Structural representation of ligands L;, L, and L3 coordinated to a

metal ion, forming the complexes M**-L, (x =1, 2, 3)

3.2.Synthesis of the BTA moiety, 4-(6-methoxybenzol[d]thiazol-

2-yDaniline

The synthesis of the BTA targeting moiety was done according to the work

of Mathis et al., 3148152

O,
@NOZ Q S
al >\—QN02 Lawesson reagent @NOZ
HZNOOMG - = MeO@NH MeO@NH

THF, 0°C -> RT, 2h Chlorobenzene,

1 2 reflux, 4h
96% 85%
S,
NO. K3Fe(CN)6 MeO. SnCI2 MeO s
NaOH EtOH, N
reflux, %h reflux, 4h 5
52% 92%

Figure 3.2. Synthetic route used to prepare the BTA targeting moiety 4-(6-
methoxybenzol[d]thiazol-2-yl)aniline.
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The general strategy for the BTA synthesis is outlined in Figure 3.2.
Firstly, we have performed the amide formation by the acylation of 4-
methoxyaniline (1) with 4-nitrobenzoyl chloride to form the product 2 with a very
high yield (96 %). Subsequently, compound 2 was made to react with half
equivalents of Lawesson’s reagent and the thiation occurred with a good yield to
obtain the corresponding thioamide 3. The following reaction was the-cyclization
of the compound 3 in the -ortho position of the methoxyphenyl ring to form the 6-
methoxy-2-(4-nitrophenyl)benzo[d]thiazole, 4."> This Jacobson’s cyclisation'™* is
an oxidative reaction to form benzothiazol derivatives using potassium
ferricianide as oxidant with yields varying from 20-55%.'* We tried other
methods reported to have higher yields using DDQ-Promoted cyclization of
thioformanilides.'>> However, the result was not better, directing us again to the
Jacobson’s cyclisation that is the most widely used.

In the final step of this pathway, compound 4 was reacted with stannous
chloride to reduce the nitrophenyl group, to obtain, with a remarkably high yield,
the envisaged benzothiazol derivative 5 (4-(6-methoxybenzol[d]thiazol-2-

vl)aniline), containing a free terminal primary amine function.

3.2.1. Synthesis of the BTA chloroacetamide reaction intermediates

The next step of our strategy was to synthesize the BTA chloroacetamide

intermediates. For each final compound, a different procedure was used.

Q 0. Cl
MeO s e MeO s N
O O
N N
Acetone, RT, 3h
5 6 86%

Scheme 3.1
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Scheme 3.1 describes the introduction of the smaller acetamide linker into
the BTA moiety (5) in order to obtain ligand L. For this step, we performed an
acylation of compound 5 with chloroacetyl chloride in acetone. The available
primary amine from the aniline moiety undergoes a fast reaction with the

chloroacyl group forming product 6 with a good yield, after recrystallization.

o) - o ¢
o C‘)J\/u o Y1) sock, s0°C, 2h s WNH
HO CHyClz, RT, Ho Acetone, RT, N
NaOH aq, 3h 2) 5 overight
7 8 s 9 50%
Scheme 3.2

The strategy to obtain the 4-acetomidobenzamide intermediate towards the
second final product L, (Scheme 3.2), started by the functionalization of 7 by
adding, via an amide formation, a halogenated function, necessary for the
alkylation of the BTA derivative on the macrocycle. For that task, the reagent 7
(4-aminobenzoic acid) reacted with chloroacetyl chloride under Schotten-

L 156,15
Baumann conditions, ~ !

obtaining the corresponding amide 8. Compound 8
was then activated by chlorination with thionyl chloride (SOCIl,). These two
reactions were done in this order to prevent the reaction of the chlorinated product
on itself. Consequently, the 4-(2-chloroacetamido)benzoyl chloride was
introduced in a fast reaction with compound 5 using acetone as solvent, to achieve

the condensation and obtain the final intermediate 9 (4-2-chloroactetamido)-N-(4-

(6-methoxybenzol[d]thiazol-2-yl)phenyl)benzamide).

72% 5 82%

Scheme 3.3
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The intermediate for the synthesis of the third ligand L3 was obtained as
represented in Scheme 3.3 using a strategy similar to that in Scheme 3.2. The
preparation of the longer Ls linker 6-acetoamidohexanamide required the
acylation of compound 10 aminohexanoic acid with chloroacetyl chloride in a
reaction with dichloromethane under Schotten-Baumann conditions. The
intermediate product 11 (6-(2-chloroacetoamido)hexanoic acid) obtained was
reacted with SOCI, to achieve the chlorination of the carboxylic acid in very mild
conditions (CH,Cl,, 25°C) and to minimize side reactions (cyclization) that was
observed when trying to perform the same reaction with (4-(2-
chloroacetoamido)butanoic acid). The  very  reactive  2-chloro-6-
acetoamidohexanamide chloride 11 obtained before was reacted with compound 5
with the primary free amine available and enabled the condensation to obtain
compound 12 (6-2-chloroactetamido)-N-(4-(6-methoxybenzol[d]thiazol-2-
vl)phenyl)hexanamide) with high yields.

3.2.2. Synthesis of DO3A-BTA derivatives, L;, L,, L.

Me

[ j ——
N
)\\/ Acetonitrile,

{oXe)

BuOt ™\ arm % ]©/
v Ve W e
’ ,

BuOt Bu " )days, RT )\\/N
e % /<
pL, CH,CL,
2) TFA,
45°C,
overnight
W ) <©
[ n=1,2, 70%,
)\\/ N\/Z( 30%,
HO L,
Scheme 3.4
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The last step of this first synthetic approach to obtain an imaging probe
with the targeting moiety attached to the reporter structure is depicted in Scheme
3.4. The final ligands L, L, and L3 were obtained by the monoalkylation of the
functionalized compound 13, tri-tert-butyl-DO3A, with compounds 6, 9 and 12.
Compound 13 was commercially available, and the synthesis started from this
functionalized macrocyclic building block."® In our hands, the reaction proceeded
in acetonitrile at room temperature and for 48h. The acid sensitive tert-butyl
protecting groups were then removed with trifluoroacetic acid (TFA) and the final
ligands with the free carboxylic acid moieties were obtained with global yields

over the two last steps of: L; = 70%; L, = 30%; L3 = 68%.

3.3.Synthesis of the DOTAGA-BTA derivative.

The strategy of the route for the synthesis of a DOTAGA-BTA (DOTAGA
= 4-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7, 1 0-tetraazacyclododecan-1-
yl)pentanoic acid) derivative (Figure 3.4) will be discussed in this section. As
addressed in Chapter 2, the metal complexes of a tetracarboxylate DOTA
derivative ligand have an increased thermodynamic stability and kinetic inertness
as compared to DO3A-monoamide analogues. The additional charged
coordinating arm can also render the final product more hydrophilic when forming
complexes with trivalent metal ions, as the final complex is negatively charged (-1
charge).

The synthetic procedure used two different methodologies. The next
section will detail them, which share the same objective in obtaining the

intermediary product DOTAGA.
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Figure 3.4. Structural representation of ligand L4 coordinated to a metal ion,

forming the neutral complex M3+-L4.

3.3.1. Synthesis of the DOTAGA-BTA derivative, L4

The first step (Scheme 3.5) starts with compound 14 2-amino-5-
(benzoyloxy)-5-oxopentanoic acid using an analogous method to that of
Eisenwiener to obtain several functional DOTA derivatives including
DOTAGA."” 1t includes the synthesis of an orthogonally protected bromo-alkyl-
dicarboxylic acid diester for the monoalkylation of cyclen or tris-tert-butyl-
DO3A4. The product 15 was protected by tert-butylation of the available carboxylic
acid, aided by tert-butyl-trichloroacetimidate (TBTA) as reagent to obtain 16
benzoic  4-bromo-5-(tert-butoxy)-5-oxopentanoic anhydride. The alkylation
reaction of tris-tert-butyl-DO3A 13 with compound 16 proceeded for 48H in
acetonitrile and in the presence potassium carbonate. The benzoxy protection from
compound 17 was removed by a saponification in a mixture THF/ water 1/1 (v/v)
and with lithium hydroxide as a base. This step was obtained with a yield of 67%
giving compound 18, the tris-tert-butyl-DOTAGA.

Linking the BTA derivative 5 to the tris-tert-butyl-DOTAGA 18 was
achieved in the presence of coupling reagents EDC, HOBt in CH,Cl, for 48H. The
tris-tert-butyl-DOTAGA-BTA derivative 19 obtained in the precedent step was
deprotected in acidic conditions with TFA and the final product L4 was purified

with low yields due to the low reactivity of aromatic primary amine.
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Scheme 3.5

The overall yield of the two last steps of L4 synthesis was around 12%,

devoid of the effect of lateral n-sink orbitals from aromatic groups. The lone pair

on the nitrogen touches the delocalized ring electrons and becomes delocalized

with them. Delocalization of those electrons makes the molecules more stable and

thus disrupting the delocalization costs energy, reason why nucleophilic character

of compound 5 is quite weak.'® So, we have tried another strategy with a more

activated intermediate to obtain L4. This strategy (Scheme 3.6), published very
recently by Bernhard et al., uses the DOTAGA-anhydride (2,2°,27-(10-(2,6-

dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetic acid) that is commercially available or can be synthesized directly
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from DOTAGA with acetic anhydride and pyridine, to form the peptide bond in

161
one forward step.'®

/
\_/

O 1 > &é o son T /@/4 \Q/

35%

Scheme 3.6

DOTAGA-anhydride 20 demonstrates a high reactivity towards
nucleophilic reagents and presents a maximum 98% one direction regioselectivity
for the isomer formed by the attack at the carbonyl C1 atom as reported for

propylamine'®’

. However this high yield is only achieved with primary amines
(propylamine for example) for the same reason as described previously about the
weak reactivity of some aromatic groups. Nevertheless, in the presence of the
BTA derivative 5 with its primary amine available and in the presence of DMF,

compound L4 was obtained with 35% yield.

3.4.Synthesis of the bis-Trityl-MAMA-BTA derivative, Ls

Ligand Ls is designed to complex *™Tc for Single-Photon Emission
Computed Tomography (SPECT), and capable of targeting amyloid deposits via

the BTA moiety. The monoamide-monoaminedithiol (MAMA) structure was used

for *™Tc chelation (Fi igure 3.5) and the synthetic route (Scheme 3.7) was based

on reports of Serdons, Cheng and Gale et al.'**!3>162
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99m

Figure 3.5. Structural representation of ligand Ls coordinated to = Tc, forming

the neutral complex TcO-L5. '*
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Scheme 3.7

2-aminoethanethiol 21 was firstly protected with a trityl group by the aid
of TFA and triphenylmethanol. The protection was quick and after 2 hours the
compound 22 S-triphenylmethyl-1-aminoethanethiol was obtained. Compound 23
was then obtained by chemical alkylation of compound 22 with chloroacetyl
chloride in smooth conditions. The protected MAMA structure 24 was obtained in
high yield by the reaction of compound 22, having a primary amine available,
with the 2-chloroacetamide group of 23.

The last step, also represented in Scheme 3.7, was successfully performed
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by reacting compound 6  2-chloro-N-(4-(6-methoxybenzol[d]thiazol-2-
vl)phenyl)acetamide (Section 1.2) with 24. The alkylation of the secondary amine
from the bis-Trityl-MAMA was slow and after 2 weeks the protected product pLs
was obtained with 31% yield. To obtain the neutral complex TcO-Ls, the removal
of the thiol protecting trityl groups is usually done with trifluoroacetic acid and
triisomethylsilane in an inert solvent. However, some reported work alerts of the
formation of several side products (mono-S-trityl, di-S-trityl, inter and intra-
disulfide bonds), therefore deprotection and complexation in aqueous medium

using heating in the presence of hydrochloric acid will be used.'**

3.5.Experimental

3.5.1. Materials and methods

Chemicals were purchased from Sigma-Aldrich, Alfa Aesar and
Chematech (DO3A-tBut;) and used without further purification. Analytical grade
solvents were used and were not further purified unless specified.

Reactions were monitored by TLC on Kieselgel 60 F254 (Merck) on
aluminium support, with detection by examination under UV light (254 nm), by
adsorption of iodine vapour, by spraying with ninhydrin and by complex
coloration with Gragendorff solutions. Ion exchange chromatography was
performed on Dowex 1X2-OH- resin and polar affinity chromatography with
silica gel (Sigma Aldrich). 'H and '*C NMR spectra were run on a Bruker Avance-
500 (11.7 T) spectrometer, operating at 500.132 and 125.769 MHz, for 'H and
13C, respectively. Chemical shifts (8) are given in ppm relative to the CDCl;
solvent ('H, & 7.27; 1>C 77.36) as internal standard. For 'H and *C NMR spectra
recorded in D,0, chemical shifts (8) are given in ppm, respectively, relative to
TSP as internal reference (‘H, & 0.0) and tert-butanol as external reference (*°C,
CHs; 6 30.29). Mass spectrometry was performed at the Centre de Biophysique

Moléculaire du CNRS in Orléans, France.
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3.5.2. Synthesis of the Benzothiazol moiety

N-(4’-methoxyphenyl)-4-nitrobenzamide (2). To a solution of 60 ml of
p-anisidine (3.08 g, 25 mmol) and dry triethylamine (3.48 ml, 25 mmol) in freshly
distilled THF, was added dropwise at 0°C, 30 ml of a solution of 4-nitrobenzoyl
chloride (3.03 ml, 25 mmol) in distilled THF over 20 minutes. The mixture was
stirred 1h at 0°C then 1h at room temperature. The white precipitate was filtered
and the solution was concentrated under vacuum to 30 ml. Then 50 ml of water
was added and the solution was allowed to stand overnight at 4 °C overnight. The
yellow-green precipitate was filtered and dry under vacuum to give 6.53 g of
compound 2 (96 %). (‘"H NMR (CDCls, 25°C, 500 MHz): & (ppm) 3.75 (s, 3H, -
OCHs), 6.95 (d, °J =9Hz, 2H, H-1,5), 7.67 (d, *J= 8.35Hz, 2H, H-2,4), 8.17 (d, *J
=8.75 Hz, 2H, H-11,13), 8.36 (d, *J = 8.75 Hz, 2H, H-10,14). >C NMR (CDCL,
25°C, 500 MHz): 6 (ppm) 55.173 (-OCHj3;, C-7), 113.811 (C-6,5), 122.097 (C-
11,13), 123.499 (C-10,11), 129.091 (C-2,4), 131.773 (C-3), 140.702 (C-9),
149,036 (C-12), 155.896 (C-6), 163.359 (C-8). HRMS (ESI): m/z: cacd for
C14H3N204: 273.08698, found 273.08697.

N-(4’-methoxyphenyl)-4-nitrothiobenzamide (3). Compound 2 (6 g, 22
mmol) was dissolved in 15 ml of chlorobenzene. Then, Lawesson’s reagent (5.34
g, 13.2 mmol) was added to the solution and the mixture was refluxed 4h. After

cooling, the solution was allowed to stand overnight at 0°C. The orange
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precipitate was filtered and then dissolved with acetone to separate the residue of
Lawesson’s reagent. The solution was evaporated to dryness to give 5.40 g of the
compound 3 (85 %). ("H NMR (DMSO, 25°C, 500 MHz): & (ppm) 3.37 (s, NH),
3.78 (s, 3H, -OCH3), 7.02 (d, *J = 8.8Hz, 2H, H-11,13), 7.76 (d, *J = 8.8Hz, 2H,
H-10,14), 7.99 (d, °J = 8.6 Hz, 2H, H-1,5), 8.3 (d, °J = 8.6 Hz, 2H, H-2,4). “C
NMR (DMSO, 25°C, 500 MHz): & (ppm) 55,313 (-O-CHj3, C-7), 113.692 (C-6,5),
123.281(C-11,12), 125.343 (C-10,14), 128.612 (C-2,4), 132.632 (C-3), 147,902
(C-9), 148.13 (C-12), 157.49 (C-6), 194.1 (C-8). HRMS (ESI): m/z: cacd for
C14H13N,0;5S : 289.06414 , found 289.06421.

o 1 10 11
7.7 N\8 2_—S
5 N
4 14 13

2-(4’-nitrophenyl)-6-metoxybenzothiazol (4). Compound 3 (5 g, 17.3
mmol) was wetted with 3ml of ethanol and then 15 ml of 10% aqueous NaOH
was added. The mixture was diluted with water to provide a final suspension of
5% aqueous NaOH. The mixture was slowly added over 45 minutes into a
refluxed solution of potassium hexacyanoferrate(Ill) (22.8 g, 69.4 mmol). Then
the mixture was refluxed 3h. The brown precipitate was filtered and dried under
vacuum and 100 ml of a mixture of dichloromethane-methanol (75/25 v/) was
added. The solid was filtered off and the solvent was evaporated. Then a 100 ml of
a mixture of chloroform-methanol (20/80 v/v) was added to the residue and the
brown-yellow precipitate was filtered to give 2.56 g of compound 4 (52 %). ('H
NMR (CDCls, 25°C, 500 MHz): & (ppm) 3.93 (s, 3H, -OCHj3), 7.16 (dd, 1H, *J =
9.55 Hz, *J = 2.4 Hz, H-5), 7.4 (s, 1H, H-1), 8.02 (d, *J = 8.95 Hz, 1H, H-4), 8.22
(d, °T = 8.75 Hz, 2H, H-11,13), 8.35 (d, °J = 8.21 Hz, 2H, H-10,14). °C NMR
(CDCls, 25°C, 500 MHz): 6 (ppm) 55.173 (-OCHs, C-7), 104.209 (C-1), 116.803
(C-5), 124.487 (C-11,13), 124.695 (C-4), 127.991 (C-11,14), 137.267 (C-2),
139,562 (C-3), 148.862 (C-12), 148.928 (C-9), 158.774 (C-6), 162.75 (C-8).
HRMS (ESI): m/z: cacd for C;4H;;N,0O5S: 287.04849, found 287.04854.

André F. Martins — PhD Thesis



CHAPTER 3

7/0 . 1 s 10 11
5 N
4 14 13
2-(4’-aminophenyl)-6-metoxybenzothiazol (5). To a solution of 4 (2.3 g,
8 mmol) in 120 ml of ethanol was added Sn(II) chloride dihydrate (5.87 g, 48.2
mmol) and the mixture was refluxed for 4 h. The ethanol was evaporated and the
residue was dissolved in ethyl-acetate. The resulting solution was washed 3 times
with an aqueous solution of 1M of NaOH and the organic phase was collected and
washed 2 times with 25 ml of water. The organic phase was collected, dried over
MgSO;, and the solvent was evaporated. The crude product was purified by flash
chromatography with dichloromethane-ethyl acetate (8/1). 1.89 g of compound 5
(92 %) was obtained. '"H NMR (CDCls, 25°C, 500 MHz): & (ppm) 3.88 (s, 3H, -
OCH3), 3.98 (s, NH), 6.73 (d, °J = 8.5 Hz, 2H, H-11,13), 7.05 (dd, 1H, *T = 9 Hz,
*J =2.45 Hz, H-5), 7.323 (s, °J=2.35 Hz, 1H, H-1), 7.848 (d, °J = 8.5 Hz, 2H, H-
10,14), 7.873 (d, °J = 9 Hz, 1H, H-4). HRMS (ESI): m/z: cacd for C;4H;3N,0S :
257.07431, found 257.07442.

3.5.3. Synthesis of L

o 1 10 11
7~ 6 2 _-S
/8 9 12 N
15
5 N
4 14 13 16
o Cl

2-(4’-chloroacetamide-phenyl)-6-metoxybenzothiazol (6). To a solution
of 5 (1.5 g, 5.9 mmol) in 45 ml of dry acetone was added potassium carbonate
(2.42 g, 17.6 mmol) and a solution of chloroacetyl chloride (0.56 ml, 7.0 mmol)
in 15 ml of dry acetonitrile. The mixture was stirred 2h. The potassium carbonate
was filtered and washed with dichloromethane, and then solvents were
evaporated. The crude product was recrystallized in a small amount of acetonitrile
to give 1.65 g of compound 6 (86 %). '"H NMR (CDCls, 25°C, 500 MHz): & (ppm)
3.9 (s, 3H, -OCHs, H-7), 4.41 (s, 2H, H-16), 7.12 (m, 1H, H-5), 7.34 (s, 1H, H-1),
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7.73 (d,*J =7.1 Hz, 2H, H-11,13), 7.86 (d, *J = 7.5 Hz, 1H, H-4), 7.88 (d,*J = 7.1

Hz, 2H, H-10,14), 8.36 (s, NH).
)ﬂmﬂ

”Cﬁ@w&@
Y

2-(4’-chloroacetamide-phenyl)-6-metoxybenzothiazol-fBu;DO3A

(pL1). To a solution of DO3A-tBu; (500 mg, 0.97 mmol) in 20 ml of dry
acetonitrile was added potassium carbonate (552 mg, 4 mmol), and a solution of 6
(226 mg, 0.68 mmol) in 15 ml of dry acetonitrile. The reaction was stirred for 48 h
at room temperature. The solid was filtered off and the solvent was evaporated.
The crude product was purified by flash chromatography with dichloromethane-
ethyl acetate (9/4). 692 mg of product pL; was obtained as yellow oil (88%). 'H
NMR (CDCls, 25°C, 500 MHz): 6 (ppm) 1.38 (bs, 18H, -OtBut, H-27), 1.49 (bs,
9H, -OtBut, H-28), 2.74 (bd, 4H, H-17,18), 2.93 (bs, 4H, H-19,20), 3.14 (s, 4H,
H-21),3.28 (m, 2H, H-22), 3.43 (s, 2H, H-16), 4.26 (bs, 4H), 3.9 (s, 3H, -OCH3,
H-7), 7.06 (bd, 1H, H-5), 7.34 (bs, 1H, H-1), 7.91 (d, 1H, H-4), 7.98 (bs, 4H, H-
9,13,10,9). °C NMR (CDCls, 25°C, 500 MHz): & (ppm) 27.807 (C-27), 27.934
(C-28), 51.423 (C-19,20), 51.670 (C-17,18), 54.258 (C-22), 55.308 (C-7), 56.52
(C-21), 58.975 (C-16), 80.517 (C-26), 80.606 (C-25), 103.766 (C-1), 115.159 (C-
5), 119.252 (C-11,13), 122.884 (C-4), 127.529 (C-10,14), 128.387 (C-9), 135.809
(C-2), 140.631 (C-12), 148.222 (C-3), 157.204 (C-6), 164.942 (C-15), 169.923
(C-8), 169.999 (C-23), 170.6 (C-24).
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2-(4’-chloroacetamide-phenyl)-6-metoxybenzothiazol-DO3A (L;). The
compound pL; (657 mg, 0.81 mmol) was dissolved in 20 ml of a mixture of
trifluoroacetic acid and dry dichloromethane (1:1) and heated at 45°C overnight.
The solvents were evaporated and the crude product was dried under vacuum. The
crude product was dissolved in a small amount of absolute ethanol and then
diethyl ether was added and the mixture was allowed to stand overnight at -5°C.
351 mg of yellowish crystals were filtered and dried under vacuum (79 %). 'H
NMR (D0, 50°C, 500 MHz): é (ppm) 3.616 (bs, 8H, H-17-18), 3.82 (s, 8H, H-
19,20), 3.9 (s, 3H, -OCHj3, H-7), 4.120 (H-16), 4.23 (s, 2H, H-22), 4.26 (bs, 4H,
H-21) 7.14 (bd, 2H, H-11,13), 7.79 (bq, 4H, H-10,14,1,4), 7.9 (d, 1H, H-5). °C
NMR (D,0O, 50°C, 500 MHz): & (ppm) 49.699 (C-17,18), 49.833 (C-19,20),
51.521 (C-21), 54.73 (C-22), 55.900 (C-16), 56.401 (-O-CH3, C-7), 105.06 (C-1),
116.304 (C-5), 120.715 (C-11,13), 123.146 (C-4), 128.182 (C-10,14), 128.702 (C-
9), 136.024 (C-2), 140.595 (C-12), 147.710 (C-3), 157.811 (C-6), 166.559(C-15),

155.304 (C-8), 170.866 (C-23), 173.399 (C-24). HRMS (ESI): m/z: cacd for
CoH39N4OsS: 643.25446, found 643.25429.

3.5.4. Synthesis of L,

O Cl
3 4 9
HO
8
1 2 5
NH

4-(2-chloroacetamido)benzoic acid (8).
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A biphasic reaction containing 7 (1.2 g, 8.8 mmol) in 45 ml of CH,Cl, and
an aqueous 0.1IM NaOH solution was performed adding a solution of
chloroacetyl chloride (0.9 ml, 11.2 mmol) in 15 ml of CH,Cl,. The mixture was
stirred 3h at room temperature and the aqueous phase was acidified at pH ~ 2 with
an aqueous solution of 0.2M HCI. The organic phase was extracted by various
(~6) washing processes with CH,Cl,, dried over MgSO4 and the solvent was
evaporated. The crude product was dissolved in a small amount of acetone and
diethyl ether was added afterwards. Stand overnight at -5°C for recristalisation
and pale yellowish crystals were filtered to give 1.56 g of compound 8 (82 %). 'H
NMR (CDCI3, 25°C, 500MHz): & (ppm) 4.294 (s, 2H, , H-9), 4.41 (s, 2H, H-16),
7.705 (d, J = 8.5 Hz, 1H, H-4, 6), 7.905 (d, J = 8.5 Hz, 1H, H-3, 7), 10.660 (s, -
OH). >C NMR (CDCls, 25°C, 500 MHz): & (ppm) 43.948 (C-9), 119.04 (C-4, 6),
130.830 (C-3, 7), 142.868 (C-2), 165.519 (C-8), 167.293 (C-1).

(@] Cl
o 5 4
23 18 2 1
13 10 6 3
/ NH
20 N 16 7 8
22
21 14 15

4-(2-chloroacetamido)-N-(4-(6-metoxybenzothiazol[d]thiazol-2-
yl)phenyl)benzamide (9). A solution of 8 (1.2 g, 5.6 mmol) was solubilised in
SOCI, for 2H at 50°C. The SOCI, was evaporated under vacuum, heating at 40°C
and the crude product (1.2g, 5.2 mmol) was introduced in a 45 ml acetone
solution containing 5 (1.2 g, 4.7 mmol) with potassium carbonate (2.14 g, 15.6
mmol) and the mixture was stirred overnight. The solid was filtered and washed
with acetone, and then solvents were evaporated. The crude product was dissolved
in a small amount of acetonitrile and the precipitate obtained was filtered to give
1.05 g of compound 9 (50 %). 'H NMR (DMSO, 25°C, 500 MHz): & (ppm) 3.855
(s, 3H, H-23),4.315 (s, 2H, H-1), 7.123 (d, J = 6.5 Hz, 1H, H-20), 7.7 — 8.13 (m,
10H, H-18, 21, 5, 4, 2, 8, 12, 11, 14, 15), 10.438 (s, NH), 10.615 (s, NH)."’C
NMR (DMSO, 25°C, 500 MHz): & (ppm) 43.6 (C-1), 55.75 (C-23), 104.926 (C-
18), 115.79 (C-18), 118.62 (C-11, 15), 119.076 (C-20), 120.386 (C-4, 8), 123.145
(C-21), 127.457 (C-12, 14), 128.086 (C-13), 128.891 (C-5, 7), 129.55 (C-06),
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131.89 (C-17), 135.83 (C-10), 141.631 (C-3), 141.752 (C-22), 148.098 (C-19),
157.366 (C-9), 164.395(C-2), 165.073 (C-16).

O
(0]

-
@YU VU Lg et
ba

35
6-methoxybenzo[d]thiazol-2-yl)phenyl)carbamoyl)phenyl)amino)-2-

oxoethyl)-tri- ert-Buz;DO3A (pL,). To a solution of DO3A-tBus 13 (300 mg, 0.58
mmol) with potassium carbonate (226 mg, 2 mmol) in 20 ml of dry acetonitrile,
was added a solution of 9 (316 mg, 0.7 mmol) in 15 ml of dry acetonitrile at room
temperature. The reaction was stirred for 48 h at room temperature and followed
by TLC. The solid was filtered off and the solvent was evaporated. The crude
product was purified by flash chromatography with dichloromethane-ethyl acetate
(9/2). 200 mg of product pL, was obtained as orange oil (38%). 'H NMR (CDCls,
25°C, 500 MHz): 6 (ppm) 1.415 (t, 27H, -OtBut, H-33,34), 2.8-3.44 (bs, 18H, H-
25, 24, 26, 27, 23), 3.84 (s, 3H, H-7), 7.015-8.072 (m, 11H, H-1, 5, 4, 10, 14, 11,
13, 21, 17, 20, 18), 10.159 (s, NH), 11.193 (s, NH). *C NMR (CDCls, 25°C, 500
MHz): & (ppm) 27.870 (C-34, 35), 42.263 (C-24, 25, 26, 27), 45.432 (C-29, 28),
67.26 (C-23), 81.988 (C-32), 82.132 (C-33), 104.130 (C-1), 115.400 (C-3),
119.378 (C-11, 13), 120.754 (C-20, 18), 123.305 (C-4), 124.659 (C-12), 127.672
(C-10, 14), 128.440 (C-106), 128.754 (C-21, 17), 130.845 (C-2), 136.245 (C-9),
141.720 (C-19), 142.382 (C-3), 148.705 (C-6), 157.492 (C-8), 164.623 (C-15),
165.530 (C-22), 166.112 (C-30), 171.372 (C-31).
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6-methoxybenzo[d]thiazol-2-yl)phenyl)carbamoyl)phenyl)amino)-2-

oxoethyl)-DO3A (L;). The compound pL; (200 mg, 0.22 mmol) was dissolved in
a mixture of trifluoroacetic acid and dry dichloromethane (1:1) and heated at 45°C
overnight. The solvents were evaporated and the crude product was dried under
vacuum. The crude product was dissolved in a small amount of absolute ethanol
and then diethyl ether was added and the mixture was allowed to stand overnight
at -5°C. 130 mg of yellowish crystals were filtered and dried under vacuum (78
%). "H NMR (D,0, 50°C, 500 MHz): & (ppm) 2.75 (bs, 8H, H-22, 28, 29), 3.472
(bs, 16H, H-25, 24, 26, 27), 3.95 (s, 3H, H-7), 7.44 — 8.1 (m, 11H, H-1, 4, 5, 10,
14, 11, 13, 21, 17, 20, 18). HRMS (ESI): m/z: cacd for C3sH49N;00S: 761.284,
found 761.244.

3.5.5. Synthesis of L3

OH

6-(2-chloroacetamido)hexanoic acid (11). To a biphasic mixture
containing 10 (1.5 g, 11.4 mmol) in 45 ml of CH,Cl; and an aqueous of 0.1M
NaOH, a solution of chloroacetyl chloride (1.05 ml, 13.08 mmol) in 15 ml of
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CH,Cl, was added. The mixture was stirred 3h at room temperature and the
aqueous phase was acidified at pH ~ 2 with an aqueous solution of 0.2M HCI.
After extraction with CH,Cl,, the solvents were evaporated. The organic phase
was extracted by various washing processes with CH,Cl,, dried over MgSO4 and
the solvent was evaporated. The crude product was dissolved in a small amount of
acetone and diethyl ether was added afterwards. Stand overnight at -5°C for
recristalisation and bright yellow crystals were filtered to give 1.7 g of compound
11 (72 %). '"H NMR (CDCI3, 25°C, 500MHz): § (ppm) 1.873 (m, 2H, , H-3),
2.384 (t, 2H, H-2), 3.353 (q, 2H, H-4), 4.032 (s, 2H, H-6), 6.984 (s, 1H, H-6),
10.928 (s, -OH). >C NMR (CDCl;, 25°C, 500 MHz): § (ppm) 24.399 (C-3),
31.499 (C-2), 39.582 (C-4), 42.678 (C-6), 167.173 (C-5), 177.431 (C-1).

Cl
21 22
o 1 10 11
7/ 6 2 s ¢}
8
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14 13

6-(2-chloroacetamido)-N-(4-(6-methoxybenzothiazol)hexanamide (12). A
solution of 10 (1.2 g, 5.6 mmol) was solubilised in SOCI, for 1H at 25°C. The
SOCI, was evaporated under vacuum at 25°C, solubilised in chloroform and
extracted with a solution of NaOH aqueous (pH~9). The crude chlorinated product
(1.2g, 5.2 mmol) was introduced in a 45 ml acetonitrile solution containing 5 (1.2
g, 4.7 mmol) with potassium carbonate (2.14 g, 15.6 mmol) and the mixture was
stirred overnight at room temperature. The solid was filtered and washed with
acetonitrile, and then solvents were evaporated. The crude product was dissolved
in a small amount of acetonitrile and the precipitate obtained was filtered to give
2.04 g of compound 12 (82 %). '"H NMR (CDCls, 25°C, 500 MHz): & (ppm) 1.30
(t, 2H, H-18), 1.45 (t, 2H, H-19), 1.60 (t, 2H, H-17), 2.34 (t, 2H, H-16), 3.1 (m,
2H, H-20), 3.85 (s, 3H, -OCHs, H-7), 4.40 (s, 2H, H-22), 7.11 (d, J = 8.0 Hz, 1H,
H-5),7.68 (s, 1H, H-1),7.76 (d,J =7.5 Hz, 2H, H-11,13), 7.89 (d, J = 7.5 Hz, 1H,
H-4),7.96 (d,J =8 Hz, 2H, H-10,14), 8.20 (s, NH), 10.18 (s, NH).
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6-methoxybenzo[d]thiazol-2-yl)phenyl)amino)6-oxohexyl)amino)-2-

oxoethyl)-tri-fBBus;DO3A (pL3). To a solution of DO3A-tBus (600 mg, 1.16
mmol) with potassium carbonate (552 mg, 4 mmol) in 20 ml of dry acetonitrile,
was added a solution of 12 (400 mg, 0.89 mmol) in 15 ml of dry acetonitrile. The
reaction was stirred for 48 h at room temperature and followed by TLC. The solid
was filtered off and the solvent was evaporated. The crude product was purified
by flash chromatography with dichloromethane-ethyl acetate (9/4). 750 mg of
product pL3 was obtained as yellow oil (93%). 'H NMR (CDCls;, 25°C, 500
MHz): 6 (ppm) 1.25 (t, 27H, -OtBut, H-33,34), 1.46 (bs, 2H, H-18), 1.60 (bs, 4H,
H-19, 17),2.43 (bs, 2H, H-15), 2.67 (s, 16H, H-25, 26, 23, 24), 2.74 (s, 8H, H-22,
27,27, 28),3.06 (bs, 2H, H-22), 3.7 (s, 3H, -OCHs, H-7), 6.84 (d, ] = 9.0, 1H, H-
5), 7.10 (bs, 1H, H-1), 7.67 (d, J = 8.5, 1H, H-4), 7.77 (d, J = 8.5 Hz, 2H, H-
11,13), 7.89 (d, J = 8.5 Hz, 2H, H-14,10), 8.26 (s, NH), 10.18 (s, NH). °*C NMR
(CDCls, 25°C, 500 MHz): o (ppm) 25.025 (C-18), 25.566 (C-17), 27.750 (C-34),
27.861 (C-33), 27.943 (C-22), 28.139 (C-19), 37.077 (C-16), 38.393 (C-20),
55.425 (C-25, 26), 55.632 (C-27, 28), 55.788 (C-24,23), 56.146 (C-7), 81.705 (C-
32), 81.758 (C-31), 104.243 (C-1), 115.289 (C-5), 119.978 (C-11,13), 123.164 (C-
4),127.483 (C-10,14), 127.951 (C-9), 136.122 (C-2), 142.415 (C-12), 148.711 (C-
3), 157.475 (C-6), 165.673 (C-21), 171.623 (C-8), 172.332 (C-29,30), 173.51 (C-
15).
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-methoxybenzo|d]thiazol-2-yl)phenyl)amino)6-oxohexyl)amino)-2-
oxoethyl)-DO3A (L3). The compound pL3 (750 mg, 0.81 mmol) was dissolved in
a mixture of trifluoroacetic acid and dry dichloromethane (1:1) and heated at 45°C
overnight. The solvents were evaporated and the crude product was dried under
vacuum. The crude product was dissolved in a small amount of CH,Cl,, and then
acetone was added to the mixture and stand overnight at -5°C for recristalisation.
450 mg of yellowish crystals were filtered and dried under vacuum (73 %). 'H
NMR (D0, 50°C, 500 MHz): 6 (ppm) 1.71 (ms, 2H, H-18), 1.91 (bs, 2H, H-19),
1.98 (bs, 2H, H-17), 2.61 (s, 2H, H-16), 2.67 (s, 2H, H-20), 3.6 (bs, 12H, H-25,
26, 24), 3.70 (s, 2H, H-22), 3.74 (s, 3H, -OCH3, H-7), 3.89 (s, 4H, H-25, 26), 4.10
(s, SH, H-24, 23), 4.26 (s, 4H, H-27), 4.31 (s, 2H, H-28), 6.98 (s, 1H, H-1), 7.17
(s, 1H, H-4), 7.59 (s, 4H, H-10,14,11,13), 7.87 (d, 1H, H-5). C NMR (D,0,
50°C, 500 MHz): & (ppm) 25.39 (C-17), 26.619 (C-18), 28.784 (C-19), 37.279 (C-
16), 40.135 (C-20), 49.9 (C-23,24), 51.33 (C-25, 26), 54.481 (C-28), 55.38 (C-
22),55.9 (-O-CH3, C-7), 56.229 (C-27), 104.835 (C-1), 116.52 (C-5), 120.63 (C-
11,13), 122.632 (C-4), 127.255 (C-9), 127.97 (C-10,14), 135.317 (C-2), 141.23
(C-12), 146.258 (C-3), 157.919 (C-6), 162.99 (C-21), 163.276 (C-8), 166.543 (C-
15), 172.556 (C-30), 174.842 (C-29). HRMS (ESI): m/z: cacd for C3sH49N700S:
755.331, found 755.265.

94 André F. Martins — PhD Thesis



CHAPTER 3: Organic Synthesis of the Ligands

3.5.6. Synthesis of L4

Br

5-(benzyloxy)-2-bromo-5-oxopentanoic acid (15). To a solution of 14 L-
Glutamic acid y-benzyl ester (2 g, 8.43 mmol), 3.03g of NaBr (29.7 mmol) in 20
ml of aqueous 1N HBr were added in cold (0°C), NaNO; (1.06g, 17.6 mmol) and
stirred for 2 hours. After that, 750uL of concentrated H,SO4 were added to the
reaction and the water phase was extracted with diethyl ether 4 times. The organic
phase was washed with brine, dried with Na,SO4 and the solvents evaporated in
vacuum. The concentrated product gave 1.62 g of compound 15 (64 %). '"H NMR
(CDCls;, 25°C, 500 MHz): 6 (ppm) 2.429 (dm, 2H, H-3), 2.609 (m, 2H, H-4),
4.435 (q, 1H, H-2), 5.172 (s, 2H, H-6), 7.36 (m, 1H, H-10), 7.4 (s, 2H, H-8, 9),
9.369 (s, -OH). °C NMR (CDCls, 25°C, 500 MHz): & (ppm) 29.547 (C-3), 31.595
(C-4),44.448 (C-2), 66.884 (C-6), 128.356 (C-10), 128.489 (C-8), 128.708 (C-9),
135.572 (C-7), 172.359 (C-1), 174.068 (C-5).

10

5-benzyl 1-tert-butyl 2-bromopentanedioate (16). To a solution of 15
(1.2 g, 3.9 mmol) in 20mL CHCI3 a solution of 1.50mL (8.2 mmol) TBTA (tert-
butyltrichloroacetimidate) in 20mL cyclohexane was added dropwise over 20 min.
Then 3mL of dimethylacetamide (DMA) followed by 200 ml boron trifuoride
ethyl etherate as catalyst. The reaction mixture was stirred for 3 days at room
temperature. The mixture was concentrated and the remaining DMA phase was
extracted three times with 30mL hexane. The hexane phase was evaporated and
the residue chromatographed over silica gel 60 (CH,Cly:EtOAc 9:1) affording 0.8
g (58%) of a colorless liquid. '"H NMR (CDCls, 25°C, 500 MHz): & (ppm) 1.445
(s, 9H, H-12), 2.295 (dm, 2H, H-3), 2.5 (m, 2H, H-4), 4.23 (q, 1H, H-2), 5.086 (s,
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2H, H-6), 7.262 (m, 1H, H-10), 7.281 (s, 2H, H-8, 9). *C NMR (CDCl;, 25°C,
500 MHz): & (ppm) 27.425 (C-12), 29.481 (C-3), 31.267 (C-4), 46.393 (C-2),
66.087 (C-6), 82.042 (C-11), 127.940 (C-10), 127.995 (C-9), 128.298 (C-8),
135.612 (C-7), 167.879 (C-1), 171.447 (C-5).

Tris-tert-butoxy-DOTAGA-5-benzyloxy-1-tert-butoxy (17). To a
solution of 13 tri-tert-butyl-DO3A (0.518 g, 1.06 mmol) with 700mg of potassium
carbonate in 45 ml of dry acetonitrile was added a solution of 16 (0.43g, 1.3
mmol) in 15 ml of dry acetonitrile and the mixture was stirred and refluxed over
48h. The solid was filtered and washed with dichloromethane, and then solvents
were evaporated. The crude product was purified by column chromatography
(silica gel 60; CH,CIL,:EtOH 9:1 followed by EtOH:NH; 95:5) 0.6 g of yellow oil
17 (72 %). "H NMR (CDCls, 25°C, 500 MHz): & (ppm) 1.418 (s, 36H, H-12, 23,
24), 1.885 (ds, 2H, H-3),2.57 (m, 16H, H-13, 14, 15, 16), 3.205 (m, 7H, H-17, 18,
2), 5.125 (td, 2H, H-6), 7.312 (bs, 5H, H-8, 9, 10). *C NMR (CDCls, 25°C, 500
MHz): 6 (ppm) 25.148 (C-3), 28.330 (C-23, 24, 12), 30.771 (C-4), 49.703 (C-13),
52.196 (C-16), 52.388 (C-15), 52.679 (C-14), 56.083 (C-18), 56.319 (C-17),
63.745 (C-6), 66.147 (C-2), 80.660 (C-11), 80.687 (C-21), 80.895 (C-22), 128.216
(C-10), 128.328 (C-9), 128.606 (C-8), 136.245 (C-7), 171.073 (C-19), 171.228(C-
20), 172.435 (C-1), 173.675 (C-5).
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Tris-tert-butoxy-DOTAGA-1-tert-butoxy (18). To a solution of 17 (0.6 g,
0.76mmol) in 15 ml of THF was added LiOH (75mg, 3.04mmol) in 15 ml of
water and the mixture was stirred 3h. The THF was evaporated and the solution
was acidified at pH ~ 3 with IN HCI. The product was extracted from the aqueous
solution with chloroform for three times. The organic phase was dried with
Na,SOq, filtered and then solvents were evaporated to get 0.36 g of compound 18
(67 %). "H NMR (CDCls, 25°C, 500 MHz): & (ppm) 1.86 (d, 2H, H-4), 1.39 (s,
36H, H-7, 18, 19), 2.372 (ds, 2H, H-3), 2.904 (m, 16H, H-8, 9, 10, 11), 3.369 (s,
2H, , H-13), 3.419 (bs, 3H, H-12, 2), 7.902 (s, -OH). *C NMR (CDCl;, 25°C, 500
MHz): & (ppm) 24.849 (C-3), 27.901 (C-18, 19, 7), 32.503 (C-4), 48.440 (C-8),
50.684 (C-11),51.721 (C-10), 52.104 (C-9), 55.532 (C-13), 55.582 (C-12), 63.413
(C-7), 81.059 (C-6), 81.193 (C-16), 81.581 (C-17), 169.518 (C-14), 171.430 (C-
15),172.428 (C-1), 176.298 (C-3).

André F. Martins — PhD Thesis



CHAPTER 3

Tris-tert-butoxy-DOTAGA-1-tert-butoxy-6-metoxy-benzothiazol  (19). A
solution of the amine 5 BTA derivative (0.18g, 0.70mmol) in CH,Cl, (45 mL) is
added to an ice-cooled solution with compound 18 (0.41g, 0.58mmol) containing
HOBT (2.0 equiv) in CH,ClL,. EDC (1.50 equiv) is added to the mixture, which is
then stirred at room temperature for 7 days, followed by TLC (it was still not
completed). The reaction mixture is diluted with dichloromethane and washed
with brine, dried with MgSQO,, and filtered. The crude product was purified by
column chromatography (silica gel 60; CH,Cl,:EtOAc 8:2 followed by
EtOAc:MetOH 95:5) and 0.3g of product 19 was obtained with a yield of 16%.

'H NMR (CDCl;, 25°C, 500 MHz): & (ppm) 1.375 (bs, 36H, H-21, 32, 33), 1.856
(bs, 2H, H-16), 2.113 (bs, 2H, H-17), 2.53 (ms, 8H, H-25, 24), 2.78 (s, 8H, H-23,
22), 3.133 (bs, 6H, H-26, 27), 3.175 (s, 1H, H-18), 3.78 (s, 3H, -OCH3;, H-7),
6.973 (d,J =9.0, 1H, H-5), 7.247 (bs, 1H, H-1), 7.746 (d, J = 8.5, 1H, H-4), 7.812
(d, T =8.5Hz, 2H, H-11,13), 7.89 (d, J = 8.5 Hz, 2H, H-14,10. >C NMR (CDCl;,
25°C, 500 MHz): & (ppm) 24.872 (C-17), 28.195 (C-21, 32, 33), 33.119 (C-16),
49.329 (C-22), 52.532 (C-23), 52.774 (C-25), 53.253 (C-24), 55.724 (C-7),
56.768 (C-26), 57.037 (C-27), 62.383 (C-18), 80.807 (C-31), 80.902 (C-30),
80.986 (C-20), 104.182 (C-1), 115.408 (C-5), 119.648 (C-11,13), 123.170 (C-4),
127.670 (C-10,14), 128.598 (C-9), 136.190 (C-2), 142.412 (C-12), 148.701 (C-3),
157.554 (C-6), 165.337 (C-21), 171.112 (C-19), 171.324 (C-8), 172.304 (C-28),
172.489 (C-15).
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DOTAGA-6-metoxy-benzothiazol (L,4). a) The compound 19 (0.3g,
0.32mmol) was dissolved in a mixture of trifluoroacetic acid and dry
dichloromethane (1:1) and heated at 45°C overnight. The solvents were
evaporated and the crude product was dried under vacuum. The crude product was
dissolved in a small amount of absolute ethanol and then dimethyl ether was
added and the mixture was allowed to stand overnight at -5°C. 450 mg of
yellowish crystals were filtered and dried under vacuum (73 %). b) A solution of
DOTAGA-anhydride 20 in DMF at 70°C was put into reaction with a solution of
the 5 BTA derivative (1.2 equiv) in the presence of triethylamine (3 equiv). The
mixture was heated 36h. After the evaporation of DMF, the crude solid was
purified by reverse phase column chromatography on C18. After evaporation of
acetonitrile, the aqueous solution was lyophilized to afford a pale yellow solid of
L4 with 35% yield. '"H NMR (D,0, 50°C, 500 MHz): & (ppm) 2.415 (ms, 2H, H-
23), 2.732 (ms, 2H, H-22), 3.024 (bs, 4H, H-20,21), 3.335 (dd, 2H, H-16), 3.614
(t, 2H, H-17), 3.8 (ms, 4H, H-25, 24), 3.929 (s, 4H, -OCHs, H-18), , 7.58 (d, 2H,
H-11,13), 7.935 (s, 1H, H-1), 8.0 (s, 1H, H-4), 8.243 (ds, 1H, H-5), 8.31 (ds, 2H,
H-14,10). HRMS (ESI): m/z: cacd for C36H49N-O9S: 714.79, found 714.276.
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3.5.7. Synthesis of Ls

S-triphenylmethyl-1-aminoethanethiol (22). Triphenylmethanol (3.40 g,
14 mmol) and 2-aminoethanethiol hydrochloride (175 g, 1.1 equiv.) were stirred
in pure trifluoroacetic acid (100 mL) for 4h at room temperature. After
evaporation of TFA, the residual oil was dissolved in DCM and the pH was raised
to 9 by dropwise addition of 1 M sodium bicarbonate. Elimination of DCM under
reduced pressure led to the formation of a white precipitate which was isolated by
filtration to give 22. The product was recristalized with 100mL of diethyl ether at -
25°C. (5.13 g, 79%); '"H NMR (CDCl3, 25°C, 500 MHz): & (ppm) 2.27 (t, 2H,
J=6.5Hz, H-8), 2.6 (t, 2H, J = 7THz, H-9), 7.44-7.19 (m, 15H, (H-1, 2, 3, 5, 6)x3),
7.79 (s, 2H, -NH,). °C NMR (CDCls, 25°C, 500 MHz): & (ppm) 31,751 (C-8),
38.013 (C-9), 66.885 (C-7), 126.567 (C-1), 127.463 (C-3, 5), 127.739 (C-2, 6),
143.608 (C-4).

BrAc-S-trityl-cysteamine (23). Compound 22 (2.5g, 7.8mmol) and
chloroacetylchloride (1.3g, 11.7mmol) were stirred in 80 mL anhydrous
dichloromethane, and 3ml of triethylamine (3ml, 21.3mmol), for 3hours at room

temperature. The reaction was followed by TLC (dichloromethane). The final
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solution was washed with an aqueous solution of sodium bicarbonate and the
organic layer taken. The organic phase dehydrated and concentrated by Na,SOs.
Evaporation of the dichloromethane under reduced pressure gave the final product
23 (2.3g, 75%)."H NMR (CDCl;, 25°C, 500 MHz): & (ppm) 2.45 (t, 2H,
J=6.5Hz, H-§), 3.16 (q, 2H, J= 6Hz, H-9), 3.99 (s, 2H, H-11), 6.685 (s, 1H, , -
NH), 7.32-7.22 (m, 15H, (H-1, 2, 3, 5, 6)x3), 7.79 (s, 2H, -NH,). °C NMR
(CDCls, 25°C, 500 MHz): & (ppm) 31,714 (C-8), 38.388 (C-9), 42.561 (C-11),
66.95 (C-7), 126.867 (C-1), 128.016 (C-3, 5), 129.531 (C-2, 6), 144.537 (C-4),
165.650 (C-10).

Trityl /
1-7 \)
S 12
/

Trityl 13

Tris S-trityl-N2S2 (24). Compound 23 (2g, 5.05mmol) and compound
22 (2.58g, 8.05mmol) were stirred in 80 mL anhydrous dichloromethane, and 3ml
of trichylamine (3ml, 21.3mmol), and then the solution was heated under reflux
for four days. After cooling down, the product was extracted with CH,Cl, and an
aqueous solution of sodium bicarbonate. The organic layer was taken and
dehydrated by Na,SO4. The solvents were evaporated and the crude product was
purified by column chromatography on silica gel (CH,Cl,:EtOAc 8:3) to give
compound 24 (2.2 g, 65%). 'H NMR (CDCl;, 25°C, 500 MHz): & (ppm) 2.39 (m,
4H, H-8, 13), 2.48 (t, 2H, J=6Hz, H-12), 3.099 (s, 2H, H-11), 3.121 (q, 2H,
J=6Hz, H-9), 7.44-7.21 (m, 15H, (H-1, 2, 3, 5, 6)x3). °C NMR (CDCls, 25°C,
500 MHz): & (ppm) 31,634 (C-13), 31,956 (C-8), 37.290 (C-12), 47.897 (C-9),
51.401 (C-1I), 66.289 and 66.320 (C-7, 7’), 126.305 and 126.320 (C-1, I’),
127.510 (C-3, 5), 129.121 (C-2, 6), 144.275 (C-4), 170.878 (C-10).
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N-(4-(6-methoxybenzo[d[thiazol-2-yl)phenyl)-2-((2-oxo0-2-((2-
(tritylthio)ethyl) amino)ethyl)(2-(tritylthio)ethyl)acetamide (pLs). To a 100 mL
CH,Cl; solution containing 0.558 g (0.822 mmol) of 24 and 0.383 g (1.15 mmol)
of compound 6 were added 0.31 g (2.24 mmol) K,CO; and 0.130 g (0.87 mmol)
of Nal and the reaction mixture was brought to reflux. After 7days, reflux was
ceased and the reaction mixture was concentrated to a dark red residue which was
taken up in 100 mL CH,Cl, and washed with NaHCOs(aq) and brine, dried over
MgS0O4 and concentrated. Flash chromatography on silica gel (CH,Cl,:EtOAc
9:1) yielded 0.25 g (31%) of product as a pale orange foam solid. '"H NMR
(CDCls, 25°C, 500 MHz): 6 (ppm) 2.43 (m, 4H, H-8, 13), 2.47 (t, 2H, J = 6Hz, H-
12), 3.036 (q, 2H, J=6Hz, H-9), 3.175 (s, 2H, H-11), 3.9 (s, 3H, H-29), 6.390 (t,
1H, J= 6Hz, H-26), 7.111 (d, 1H, J= 6Hz, H-25), 7.45-7.21 (m, 15H, (H-1, 2, 3,
5, 6)x3), 7.665 (d, 2H, J= 6Hz, H-21, 17), 7.771 (d, 2H, J= 6Hz, H-18, 20), 7.97
(d, 1H, J=9Hz, H-28), 9.603 (s, 1H, -NH) . *C NMR (CDCl;, 25°C, 500 MHz):
O (ppm) 29.855 (C-13), 31.544 (C-8), 37.577 (C-12), 53.725 (C-9), 55.356 (C-
29), 57.079 (C-11), 59.450 (C-14), 66.598 and 67.119 (C-7, 7°), 103.807 (C-28),
115.026 (C-26), 118.923 (C-17, 21), 123.053 (C-25), 126.302 (C-19), 126.553 (C-
1), 127.523 (C-18,20), 127.632 (C-2,6) 128.748 (C-3, 5), 129.121 (C-2, 6),
135.826 (C-23), 139.439 (C-16), 144.017 (C-4), 148.341(C-24), 157.196 (C-27),
164.719 (C-15), 168.027 (C-22), 169.016 (C-10).
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CHAPTER 4: Physical-Chemical Characterization of Gd-DO3A-PiB Derivatives

4.1.Introduction

Magnetic Resonance Imaging (MRI) offers non-invasive mapping of
structure and function with excellent spatial resolution. MR images can be
enhanced by improving the contrast with paramagnetic contrast agents (CAs),
ideally with specific and selective delivery. Given the high electron spin and slow
electronic relaxation of the Gd®" ion, Gd*" complexes are the most widely used
MRI contrast materials, ensuring positive contrast (Chapter 1 section 1.3).'** The
efficacy of a contrast agent is measured by its relaxivity defined as the
paramagnetic enhancement of the water proton relaxation rate normalized to 1
mM concentration of Gd®".'®* The overall relaxivity of a CA is the sum of the
relaxivities originating from the inner and outer sphere terms, the two
contributions being comparable for small molecular weight agents.'® The inner
sphere relaxivity term is determined by the microscopic parameters of the Gd*"
complex, the most important being the hydration number (g), the rotational
correlation time (7r), the water exchange rate (k.x) and the electron spin relaxation
times.

The values of 7 and ke of the Gd** complex can be tuned by appropriate
ligand design. The maximum relaxivities predicted by the Solomon—
Bloembergen—Morgan (SBM) theory can only be attained by chelates displaying
simultaneous optimization of ke, and 7z, implying also that the molecular
constructs/assemblies are rigid enough.'®®

As discussed in Chapter 1 (section 1.5 d), so far, the development of MRI
contrast agents for the diagnosis of Alzheimer’s disease has been modest and
limited to two approaches: 1) a GdDTPA probe conjugated to a putrescine-
modified human AB .4, peptide'*’, and 2) ultrasmall superparamagnetic iron oxide
nanoparticles, chemically coupled with the A4 peptide.'* In addition, non-
specific, clinical contrast agents have been also tested for their utility in the

113,141 Tz*-weighted MR images without any contrast

detection of amyloid plaques.
agent can be also recorded by taking advantage of the paramagnetism of highly

iron loaded amyloid plaques.'®’
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To the best of our knowledge, the Gd>* complexes of ligands L;-L; are the
first small molecular weight, potential MRI contrast agents bearing a specific unit
that allows targeting towards amyloid plaques. In Chapter 4, we describe the most
important physical-chemical parameters that characterize these complexes with
respect to their use as MRI probes for AP amyloid detection. These studies
include the determination of the water/octanol partition coefficients characterizing
the lipophilicity of the complexes, the determination of the parameters influencing
their relaxivity, as well as a relaxometric assessment of their micellization in
aqueous solution and their binding to serum albumin and to the AB;.49 amyloid

peptide.

4.2.Experimental

4.2.1. Sample Preparation

GdLy, = 12,3) complexes were prepared by mixing GdCl; solutions and
ligand Ly (x = 12,3 in equimolar quantities and the pH of the solution was adjusted
to 7 by adding aqueous NaOH (0.1 mM). The solution was allowed to react for 24
hours at 60°C by regularly controlling the pH. The absence of free metal was

168 .
In the relaxometric

checked in each sample by using the xylenol orange test.
HSA binding studies, we used 0.6 mM HSA (4%) solutions. For the AP; 40
binding studies, the peptide was added directly from the bottle to an equimolar
solution of GdLy, x = 1,3y complex (200 uM) in 0.05 M HEPES buffer at pH 7 and
the sample was sonicated. Milli-Q water was always used to avoid metal
contamination. The sample containing the reconstituted peptide was used

immediately to avoid degradation in solution.
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4.2.2. Determination of the Octanol-Water Partition Coefficient

The partition coefficient was determined as a ratio of compound
concentration in the octanol phase to the amount of compound in the aqueous
phase (Equation (1)). The logarithm of the partition coefficient is referred to as the

log P value.

[Solute] Octanol Phase
[Solute] AqueousPhase

Partition Coefficient (P) = (1)

The “shake flask” method was used for the determination of log P.'*
Water saturated with octanol and octanol saturated with water were used in the
experiments. The benzothiazol ring absorbs strongly at approximately 330 nm
thus the partition was quantified using UV spectrophotometry on a Perkin-Elmer
Lambda 19 UV/VIS Spectrophotometer.'”” For each phase, the maximum
wavelength (Amax) Was verified. A 1:1 volume ratio was used for the partitioning
of the solution with GdL, « = 123). In a 2mL Eppendorf, 0.5ml of a 100pM
solution of GdLy, (x = 12,3) was added to 0.5ml of the saturated phase of 1-octanol.
30 mins of centrifugation were taken for each sample. GdL. « = 123

concentrations were determined in each phase using standard curves.

4.2.3. '"H NMRD measurements

Proton NMRD (nuclear magnetic relaxation dispersion) profiles were
recorded on a Stelar SMARtracer Fast Field Cycling NMR relaxometer (0.01-10
MHz) and a Bruker WP80 NMR electromagnet (20, 40, 60 and 80 MHz) adapted
to variable field measurements and controlled by a SMARtracer PC-NMR
console. The temperature was monitored by a VTC91 temperature control unit and
maintained by a gas flow. The temperature was determined by previous calibration

with a Pt resistance temperature probe. The longitudinal relaxation rates (1/T))
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were determined in water. Measurements were performed at 25 and 37 °C.

4.2.4.0 NMR experiments

Variable-temperature 'O NMR measurements were performed on a
Bruker Avance-500 (11.7 T) spectrometer and a BVT-3000 temperature control
unit were used to stabilize the temperature, measured by a substitution technique.
The samples were sealed in glass spheres that fitted into 10 mm o.d. NMR tubes,
to eliminate susceptibility corrections to the chemical shifts.'®>'”" Longitudinal
relaxation rates 1/T; were obtained by the inversion recovery method and
transverse relaxation rates 1/T, by the Carr-Purcell-Meiboom-Gill spin-echo

technique. As an external reference, acidified water of pH 3.4 was used.

4.2.5. HSA affinity constants determination for GdL, 3

HSA (defatted, from SigmaAldrich, <0.01% fatty acids and <I1%
globulins) affinity constants were assessed by Proton Relaxation Enhancement
(PRE) measurements. The proton relaxation rates at increasing concentrations of
the protein and of the metal chelate were measured using a Bruker WP80 NMR
electromagnet adapted to variable field measurements and controlled by a
SMARtracer PC-NMR console (40 MHz, 310 K). Constant concentrations of
GdL;3 (0.1 mM) for the E-titration and 0.6 mM HSA for the M-titration were

used.
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4.3.Results and discussion

4.3.1. Lipophilicity determined by the partition coefficient

A contrast agent designed to detect amyloid plaques in the brain has to
pass the blood brain barrier. The BBB permeability of a compound is related to its
1) lipophilicity, often expressed by the water/octanol partition coefficient, log
Poct/water, 11) molecular weight (MW), and iii) plasma pharmacokinetics.143 Low
MW, amphiphilic molecules are expected to have the best BBB permeability.
Typically, compounds with log Pocywater ~ 2 have optimal BBB penetration. We
have determined the log P values for all the three GdL, complexes (x = 1,2,3).
The log Pocywater Values obtained are -0.15, 0.32 and 0.03 for GdL,, GdL,, and
GdLs, respectively. As expected, these are lower than those for the highly

lipophilic PiB itself or for other phenylbenzothiazole derivatives (Table
4.1),130.143.150

Table 4.1. Molecular weight (MW) and lipophilicity (log Pocymo) of
phenylbenzothiazole (BTA) derivatives

N s log Pocymzo MW Ref.

Thioflavin T 0.57 319 149
R,=CH;, R,=NH, 2.6 240 i

R,= CH;, R, = NHCH; 2.6 254 149
R,= OCH,, R, = NH, 1.9 256 149
R,= OH, R, = NHCH; (PiB) 1.23 256 150
R,= OH, R, = ReO-TEEDA 121 602 150
R,= OCH3, R, = ReO-TEEDA 2.52 616 150
#mTcO-BAT-Bp-1 0.68 559 135
#MTcO-BAT-Bp-2 1.35 573 135
#"TcO-BAT-Bp-3 2.09 587 135

GdL, -0.15 842 This work

GdL, 0.32 918 This work

GdL; 0.03 912 This work
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However, the log Pocywater Values are similar to those reported for neutral

2 and much

In(DTPA-bisamide) complexes bearing two hydrophobic chains,'’
higher than 1ogPocywater for the double-charged In(DTPA)z' chelate (-2.86). Some
Re and Tc complexes have also relatively high, close to optimal log Pocywater
values and correspondingly, they had interesting BBB passage in vivo.” These
complexes are structurally very different from those of Gd**. The Gd** ion is
much larger and needs considerably more chelating units in order to form stable
and inert complexes, therefore it is not possible to create stable lanthanide
complexes as compact as those of Tc or Re. Moreover, the chemical nature of
lanthanide ions requires strongly ionic coordinating functions. These factors all
contribute to an increased hydrophilic character of the chelates. The addition of
bulky lipophilic groups could increase the overall lipophilicity of the complex;
however, it would also increase the molecular weight, which disfavours BBB
permeability. Indeed, low MW compounds cross the BBB more efficiently with

144 at least

rates that seem to correlate inversely with the square root of their MW,
for compounds under 600 Da. The molecular weights of the GdL, complexes are
MW =842, 918, 912 Da, respectively, for x = 1,2,3, above the optimal values. We
should note, however, that peptide analogues with a MW over 1000 Da were
shown to cross the BBB.'”*!" From Table 4.1, we can note also that neutral

complexes with rthenium were reported to have optimal properties, including the

blood brain barrier crossing and selective binding to amyloid plaques. '*°

4.3.2. Relaxometric measurements

4.3.2.1. Micellar aggregation
Nuclear Magnetic Relaxation Dispersion (NMRD) profiles reflect the

magnetic field dependency of the proton relaxivity () and are commonly used to
characterize MRI contrast agents. The NMRD curves of the GdLy chelates
recorded at 0.2 mM (L;, L3) and 0.1 mM (L;) concentrations are characteristic of a

small-molecular weight complex (Figure 4.2).
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Figure 4.2. '"H NMRD profiles of A) GdL,, B) GdL, and C) GdL; at 0.2 mM
(GdL; and GdL3) or 0.1 mM (GdL3) (V,A) and at 5 mM (m,e) at 25°C (black)
and 37° (red) (0.05M HEPES; pH 7.4).

Even at these low concentrations, the GdLy complexes present relatively
high relaxivities when compared to clinical contrast agents (see Table 1.2 from
Chapter 1); the r; values are 6.30 mM's!, 6.48 mM's! and 6.46 mMs,
respectively, for x = 1,2,3 at 20MHz, 25°C. 3166 Thege higher r; values are the
consequence of the slower rotation of the complexes, resulting from the presence
of the bulky PiB moiety with respect to the commercial agents.

Upon increasing the concentration to 5 mM, the NMRD profiles change
considerably, and correspond to slowly tumbling systems presenting a typical high
field peak around 30 MHz proton Larmor frequency (Figure 4.2, A and C)). The
maximum solubility of GdL; is very low (0.133 mM, as determined by bulk
magnetic susceptibility shift "H NMR measurements),'”” which does not allow
observing this state. In the case of GdL; and GdL3, the slowly tumbling systems
correspond to micellar aggregates, as it has been previously observed for different
amphiphilic Gd** complexes.'**!7¢!177

We have determined the critical micellar concentrations (cmc) for both
GdL; and GdL; complexes by relaxometric measurements according to previous

177

reports. ' For this, the paramagnetic relaxation rates, R, have been plotted vs. the

Gd*" concentration at 40 MHz , a magnetic field where the effect of slower

rotation is the most pronounced (Figure 4.3)."”
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Figure 4.3. Water 'H longitudinal relaxation rates as a function of GdL, (right)
and GdL; (left) concentration at 40 MHz and 25 °C.

At concentrations below the cmc no aggregates form, and under these
conditions, only the monomeric chelate contributes to the paramagnetic 'H
relaxation rate measured in the solution, which is given by Equation (2). Here Ry’
is the diamagnetic contribution to the longitudinal relaxation rate (the relaxation
rate of pure water), 1™ represents the relaxivity of the free, non aggregated Gd**

chelate (mM'ls'l), and Cgq 1s the analytical Gd*>" concentration.

R%® —R4=1""x Cgq )

At concentrations above the cmc, the measured relaxation rate is the sum
of two contributions, one due to the chelate as monomer (free surfactant) present
at a concentration given by the cmc, and the other due to the aggregated form
(micelles). The water 'H relaxation rate measured for the paramagnetic solution
can be then expressed as in Equation (2), in which 7" is the relaxivity of the

micellar (aggregated) form.
R,% -R,9= (r/™* = r1)xeme + r;* xCgq 3)
The cmc is determined from the plot of the paramagnetic relaxation rates

versus the Gd*™ concentration by a simultaneous least-squares fit of the two

straight lines obtained (Fig. S1). The slopes of these two lines define ™ and %,
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below and above the cmc, respectively. The values obtained were ™ = 6.4 mM"
'sTand r;* = 13.9 mM's! for GdL,, and 1™ = 6.1 mM's” and r;* = 13.8 mM's”!
for GdL; (25°C, 40 MHz). The cmc was found to be: cmcgqr; = 1.49£0.02 mM
and cmcggrz = 1.00£0.02 mM (Table 4.2), which, in a comparison to previously
studied, larger hydrocarbon chained amphiphilic Gd*" complexes, as shown in

Table 4.2, fall into ranges expected for the compounds comprising between

twelve to fourteen-carbon lipophilic tails.

Table 4.2. Parameters obtained from the 'H relaxivity study for [GdL;(H,O)] and

[GdL3(H,0)] at 40 MHz and at 25°C, compared with other micellar systems from
the literature.

Gd-complex AP mM's) A mM's?)  eme (mM)
[GdL,(H,0)] 6.4+0.1 139402  1.49+0.02
[GdL,(H2O)] - - -
[GdL3(H,0)] 6.1+0.2 13.8404  1.00+0.02
[GADOTACo(H,0)] “* 53 10.8 7.20
[GADOTAC ,(H,0)] “” 5.5 17.9 4.45
[GADOTAC,4(H,0)] “* 5.4 22.0 0.87
[GADOTASAC 5(H,0)] “* 10.5 17.0 0.06

¢ parameters obtained at 60MHz and 25°C

® from ref. '’

4.3.3. 0 NMR and NMRD measurements

The magnetic-field dependence of the proton longitudinal relaxation of complexes
GdL ;s were recorded as a series of '"H NMRD profiles at 25°C and 37 °C over the
frequency range 0.01 to 100 MHz and at concentrations below and above the cmc,
except for GdL,, for which low solubility prevented working in the aggregated
state (Figure 4.2, B). The features of the NMRD curve are influenced by the
water exchange rate, electron relaxation parameters and rotational correlation
times. Due to the high number of parameters affecting relaxivity, their
determination exclusively from the NMRD curves can lead to false results.

Therefore, NMRD measurements are usually combined with 'O NMR
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spectroscopy. By performing variable temperature ''O 7, measurements, it is
possible to accurately determine the water exchange rate. The rotational
correlation time can be assessed by performing variable temperature 'O T}
measurements. On the other hand, variable temperature measurements of the
chemical shift difference between bulk and bound water (Aw;), give an indication
of the ¢ value. A reliable determination of the parameters common to 'H NMRD
and "0 NMR is often performed through the simultaneous least-squares fitting of
all the data obtained. Nevertheless, given the different concentrations typically
used in NMRD and '"O NMR measurements, such a simultaneous fit is not
possible when concentration-dependent phenomena, such as micellar aggregation
occur in the system.

Therefore, in order to assess the parameters describing water exchange and
rotational dynamics on GdLs, we have performed a variable temperature ''O
NMR study on its aqueous solution. The low water solubility of the two other
Gd®>" complexes does not allow for 'O NMR measurements which require
typically concentrations above 10 mM in order to obtain reliable data. Figure 4.4
shows the measured temperature dependency of the reduced 'O chemical shifts
(Awy), transverse (1/7%,) and longitudinal (1/7},) relaxation rates. For GdL;, the
transverse 'O relaxation rates, 1/75,, increase with decreasing temperatures above
0°C, indicating here that this complex is in the fast exchange regime. At lower
temperatures, the transverse relaxation rates turn into a slow exchange regime.

The reduced chemical shifts are in accordance with this trend.
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Figure 4.4. Temperature dependence of the logarithms of the reduced longitudinal
(a, m) and transverse (a, A) 'O relaxation rates and reduced chemical shifts (b, m)

of [GdL;] in aqueous solution (B =11.7 T, ¢ = 10.28mM).

In the slow exchange regime, the reduced transverse relaxation rates are directly
determined by the water exchange rate. In the fast exchange regime, on the other
hand, the reduced transverse relaxation rate is defined by the transverse relaxation
rate of the bound water oxygen (Equation (4)), 1/7>m, which is in turn influenced
by the water exchange rate, k.x, the longitudinal electronic relaxation rate, 1/7}e,

and the scalar coupling constant, A/% (see Appendix 1).

11
=+ ,i=1,2 )
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The reduced 'O chemical shifts are determined by A/%. Transverse ''O
relaxation is governed by the scalar relaxation mechanism, thus contains no
information on the rotational motion of the system. In contrast to 1/73, the
longitudinal '"O relaxation rates, 1/7T ir, are determined by dipole-dipole and
quadrupolar relaxation mechanisms, both related to rotation. The dipolar term
depends on the Gd**-water oxygen distance, rgao, while the quadrupolar term is
influenced by the quadrupolar coupling constant, y(1+77/3)"* (Equations (A9-
All), Appendix 1).

Since the 'O NMR and the NMRD data have been obtained at different
concentrations where the aggregation state of the GdL3; complex is different, their
simultaneous analysis is not possible. For the NMRD data, we have analyzed the
curves both below and above the cmc (except for GdL,; Figures 4.5-4.9). The
analysis of the experimental 'O NMR and the NMRD data was performed
separately according to the traditional Solomon-Bloembergen-Morgan

164,165

theory. The theoretical equations used in the data analysis are shown in the

Appendix 1. All parameters obtained from the fits are given in Tables 4.3 and 4.4.

Table 4.3. Best fit parameters obtained for [GdL;(H,O)] from the analysis of 0
NMR
Parameters  [GdL;(H,O0)] [GdADOTA(H,O)] ' [GdDTPA(H,O)] '*°

ke 8 [10° 57 2.8+0.4 4.1 3.3
AH* [kJ/mol] 32.0+1.0 49.8 51.6
ASt [J/molK] 14+4 48.5 53.0
Ex [kJ/mol] 14.240.2 16.1 17.3
®o” [ps] 601£10 77 58
Ey [kJ/mol] 1.0 1.0 1.6
" [ps] 8.4+1 11 25.1
A?[10% 5] 0.28+0.01 0.16 0.46
A/h [MHz] -3.740.2 -3.7 -3.8

“ The underlined values have been fixed in the fitting

In the fitting procedure of the 70 NMR data, rg4o has been fixed to 2.50 A, based
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on available crystal structures and recent electron spin-echo envelope modulation

(ESEEM) results.'”™ The quadrupolar coupling constant, y(1+7%/3)"?

. has been set
to the value for pure water, 7.58 MHz.'** The following parameters have been
adjusted: the water exchange rate, ke’ ", the activation entropy, AS*, the activation
enthalpy for water exchange, AH*, the scalar coupling constant, 4/, the rotational

. . 2
correlation time () %

) and its activation energy, Er, and the parameters
characterizing the electron spin relaxation, such as the correlation time for the
modulation of the zero-field-splitting, 7,>°, and its activation energy, Ey, and the
mean-square zero-field-splitting energy, A>. The empirical constant describing the
outer sphere contribution to the 70 chemical shift, C,s, was also fitted and gave a

reasonable value (0.18).'°

E, was fixed to 1 kJ/mol, otherwise small negative
values were obtained. One inner sphere water molecule has been supposed for
GdLs, based on analogy to structurally similar systems.'® For GdLs, partially in
the fast water exchange regime, the reduced chemical shifts and, consequently the
scalar coupling constant calculated, give a direct indication of the hydration state
of the complexes. The chemical shifts and thus the scalar coupling constant
clearly evidence one inner sphere water molecule.

In the fitting of the NMRD data in the monomer state, we have fixed the
rean distance to 3.10 A and the closest approach of the bulk water protons to the
Gd3+, dgau to 3.65 A.¥ The diffusion constant has been fixed to 26x107'° m?/s and
its activation energy to 16 kJ/mol. The hydration number was 1 and the water

exchange rate and the water exchange enthalpy were also fixed for all three

complexes to the values obtained in the '’O NMR study for GdLs.

The proton relaxation rates measured above the cmc represent the sum of
the relaxivity contribution of the monomer complex, present at a concentration
equal to the cmec, and the relaxivity contribution of the aggregated state.
Therefore, in order to calculate the relaxivity of the aggregated form, the
relaxivity contribution of the monomer has been subtracted from the relaxation
rates measured above cmc. The relaxivities calculated in this way for the micellar
form have been fitted to the Solomon-Bloembergen-Morgan theory by including
the Lipari-Szabo treatment for the description of the rotational motion. In this

approach, two kinds of motion are assumed to modulate the interaction causing
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the relaxation, namely a rapid, local motion which lies in the extreme narrowing
limit and a slower, global motion. We calculate therefore z,, the correlation time
for the global motion (common to the whole micelle), and 7, the correlation time
for the fast local motion, which is specific for the individual relaxation axis, and
thus related to the motion of the individual Gd*" chelate units. The generalized
order parameter, S°, is a model-independent measure of the degree of spatial
restriction of the local motion, with $? = 0 if the internal motion is isotropic, §7 =
1 if the motion is completely restricted. In the fit of the micellar form, we used
only the relaxivities above 4 MHz, where the validity of the SBM theory for
slowly rotating systems is respected. We have fixed the rgay distance to 3.10 A
and the closest approach of the bulk water protons to the Gd*", agau to 3.65 A.
The diffusion constant has been fixed to 26x10™'° m?%/s and its activation energy to
16 kJ/mol. The hydration number was 1 and the water exchange rate and the water
exchange enthalpy were fixed for GdL; to the values obtained in the 'O NMR
study (Figure 4.4 and Table 4.3). The GdL, complex in its micellar form presents
an unusual temperature dependency: the relaxivities at 37 °C are higher than those
at 25°C. This shows that the slow water exchange rate is a limiting factor for this
complex, in contrast to GdL;. Indeed, the temperature dependency of the proton
relaxivities for GdL; could not be fitted with a ke>® value fixed to that of GdLs; a
reasonable fit could only be obtained when smaller values were considered. We
obtained an acceptable fit for kex298 = 1.0x10° s'l, a value about one third of that

determined for GdL; by 'O NMR (Figures 4.8, 4.9 and Table 4.5).
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Figure 4.5. NMRD profiles of GdL, at 25°C (M) and 37°C (A) at 0.2 mM

concentration. The solid line corresponds to the fit as explained in the text.
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Figure 4.6. NMRD profiles of GdL, at 25°C (M) and 37°C (A) at 0.1 mM

concentration. The solid line corresponds to the fit as explained in the text.
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Figure 4.7. NMRD profiles of GdL; at 25°C (M) and 37°C (A) at 0.2 mM

concentration. The solid line corresponds to the fit as explained in the text.

Table 4.4. Best fit parameters obtained for the monomer [GdL;;;3(H,0)]

complexes from the analysis of NMRD data below cmc

Parameters  [GdL;(H,0)] [GdL,(H,0)] [GdL3(H,0)]
ke " [10°57] 2.8 2.8 2.8
AH* [kJ/mol] 32.0 32.0 32.0

Ex [kJ/mol] 18.2+0.2 37.240.2 32.3+0.8

i [ps] 13010 150£10 14111

Ey [kJ/mol] 1.0 1.0 1.0

v>® [ps] 5045 2743 2543
A?[10% 5] 0.11+0.01 0.40£0.01 0.2610.02
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4.3.3.1. Water exchange rate

The water exchange rate has been directly determined from the '’O T, data
for GdL;. The value, keng8 = 2.8><106s'1, is in good agreement with water
exchange rates reported for similar, DO3A-monoamide derivative Gd**
complexes.'® According to the empirical rule that has been observed on a large
number of amide derivative complexes of DOTA or DTPA , the water exchange is
decreased to about one half / one third by the replacement of each carboxylate by
an amide function (Tables 4.3 and 4.4)."®* An amide group is coordinated less
strongly towards the lanthanide ion than a carboxylate, which is exhibited by
smaller stability constants of the amide complexes compared to carboxylates in
solution, and by longer Gd-amide oxygen distances in the solid state, when
compared to Gd-carboxylate oxygen distances. As a consequence, the inner sphere
is less crowded in amide than in carboxylate complexes.' In dissociatively
activated water exchange processes the steric crowding is of primary importance,
i.e, a less tightly coordinating ligand pushes less the water molecule to leave, and
thus disfavours the dissociative activation step leading to a lower water exchange

rate.

4.3.3.2. Rotational dynamics

The rotational dynamics is directly assessed here for both the monomer
species and the aggregated state by the NMRD measurements. The rotational
correlation time calculated from the 'O T, data is an effective value, since it has
contributions from both the monomer and the aggregated state, which cannot be
separated. In addition, one cannot use the Lipari-Szabo treatment to analyse the
O NMR data, since they have been acquired only at one magnetic field which
does not allow for separating local and global motions. Nevertheless, the o™
calculated from 'O T, data clearly show slow rotational motion, 601 ps for GdL;
at 10 mM concentration vs 77 ps for the monomer GdADOTA (Table 4.3). On the
other hand, the NMRD of the aggregated form could be analysed in terms of
global and local rotation and these values characterize directly the micellar state.

The rotational correlation times obtained from the NMRD curves for the GdL; 3

monomers are in accordance with their larger size with respect to GdADOTA for
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instance. The small variations between the three systems are also coherent with
the increasing size of the side chain and its flexibility. Indeed, the smallest zry™"
is determined for GdL; having the shortest linker between the DO3A and the PiB
unit. GdL; has the longest linker; however, it is more flexible with the C5 alkyl
chain than the benzene derivative L, which has therefore the highest wi? value.
As expected, these are also in accordance with the relaxivities measured at high

field.

For the micellar state (Figures 4.8, 4.9 and Table 4.5), the global
rotational correlation times are in the range of a few nanoseconds (7.9 and 5.5 ns
for GdL; and GdL;, respectively), while the local rotational correlation times are
very short (55 and 32 ps for GdL, and GdLs, respectively).'”” The generalized
order parameter, S°, has also very low values implying a large flexibility of the
system.'”” In overall, the slightly higher global and local rotational correlation
times and S* value obtained for GdL, explain its higher relaxivity at intermediate

fields (20-60 MHz) with respect to GdLs;.
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Figure 4.8. NMRD profiles of the micellar form of GdL,; at 25°C (A) and 37°C

(). The solid lines correspond to the fit as explained in the text.
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Figure 4.9. NMRD profiles of the micellar form of GdL; at 25°C (A) and 37°C

(M). The solid lines correspond to the fit as explained in the text.

Table 4.5. Best fit parameters obtained for the micellar
[GdL, 3(H20)] complexes from the analysis of NMRD

data above the cmc, after subtraction of the monomer

relaxivities
Parameters [GdAL,;(H,0O)] [GdL3(H,0)]
ke [10° s 1.0+0.1 2.8
AH* [kJ/mol] 30.0+0.2 32.0
E; [kJ/mol] 1640.2 16+0.2
i [ps] 5543 3243
E, [kJ/mol] 1640.2 16+0.2
i’ [ns] 7.940.8 5.540.5
s 0.17+0.03 0.1140.03
Ey [kJ/mol] 1.0 1.0
2% [ps] 2045 2045
A? 10" 7] 0.13+0.01 0.19+0.01

André F. Martins — PhD Thesis



CHAPTER 4

4.3.4. Relaxometric assessment of the interaction of the complexes

with Human Serum Albumin (HSA) and AB;.4 peptide

Upon binding of the monomeric form of GdLy (x-123)to Af plaques,
higher relaxivity is expected, in particular at intermediate fields, since the
complex becomes immobilized. Indeed, in the presence of the amyloid peptide
APBi140 (cga=Capi-40 = 0.2 mM), the relaxivity of GdL, ; increases considerably at
magnetic fields where the effect of slower rotation is most pronounced (80%
increase at 40 MHz). GdL, and GdL; interact with serum albumin as well, causing
a remarkable increase of relaxivity at intermediate fields (Figure 4.10). Data
suggest that albumin binding leads to a prolonged life-time of the agent in the
blood pool that, given the slower elimination from the body, can be useful for a
MRI probe, even though unfavourable for nuclear imaging probes due to longer
radiation exposure and higher non specific signal. Strong HSA binding can be also

detrimental for the BBB permeability of the agent.143
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Figure 4.10. "H NMRD profiles of (A,C) GdL, and (B,D) GdL; at: 0.2mM (M), 5
mM (V), 0.2mM in the presence of 0.2mM AP;_40 (©) 0.2mM in the presence of
0.2mM HSA (A) (0.05M HEPES; pH 7.4, T =298 K (A,B) and 310 K (C,D)).
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The binding affinities for GdL,; and GdL; to HSA have been assessed by
Proton Relaxation Enhancement (PRE) measurements commonly used to
determine affinity constants of Gd®" complexes to HSA. The PRE method is a
non-separative technique in which the binding parameters can be obtained by
exploiting the differences in the NMR water solvent relaxation rates between the
bound and the unbound substrates. Since the relaxation rate is markedly increased
in the presence of a paramagnetic substrate interacting with the protein, this
method is perfectly tailored to investigate the binding of paramagnetic metal
chelates. It consists of measuring the proton relaxation rates at increasing
concentrations of the protein and of the metal chelate (Figures 4.11). Assuming
that there is one binding site in HSA (n = 1), a binding constant K of 709 + 89 M
" and a relaxivity of the non-covalently bound complex (%) of 55.5+ 8.6 s' mM'
were obtained for GdL; and K of 250 + 18 M’ 1S =77+53 s mM™! for for
GdL;, at 310K, 40MHz using Equation (5) (Table 4.6).*>'**

The PRE technique is not applicable to PiB and we have not found any
literature data concerning the binding of PiB to HSA.
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Figure 4.11. Proton Relaxation Enhancement data to assess HSA binding:
M-titration obtained for GdL; (A) and GdL; (C) at 0.6 mM HSA concentration
(40 MHz, 37°C, pH 7.4); E-titration data obtained for GdL; (B) and GdL; (D) at
0.1 mM GdL concentration (40 MHz, 37°C, pH 7.4).

(rlf € )+ %(rf - rlf )x

Rpobs =103 % 5
(n.cHSA + ¢ +k;1 —\/(n.CHSA +c + kA_1 )2 —4.n.cyg, 'Clj ®)

1

André F. Martins — PhD Thesis BB



CHAPTER 4: Physical-Chemical Characterization of Gd-DO3A-PiB Derivatives

Table 4.6. Results of the fittings of the relaxometric titrations of [GdL;(H,O)] and
[GdL3;(H,O)] with HSA (at 40 MHz) according to Equation (5). Comparison with

data for other complexes at 310 K from the literature is shown.

Complex Ka/10°MT n 1%sTmM! 17sTmM!  Ref.
[GAL,(H,0)] 0.71+0.09 1 55+8.6 53+002  Thiswork
[GdL;(H,0)] 025+0.02 1 77+53 49+0.1  Thiswork

[GABOPTA(H,0)* 1.5 1 42.9 5.2 17

[GAMS-325(H,0)]* 6.1 1 48.9 5.6 179

[GdBz-DTTA(H,0),] 0.71 1 45.5 7.1 »
4.4.Conclusion

In conclusion, we have studied the physico-chemical properties of novel
amyloid targeted Gd’*-complexes. The GdL,, « = 123) complexes have an
amphiphilic behavior as shown by their water/octanol partition coefficients and
form micelles at higher concentrations in solution. The critical micellar
concentrations have been obtained by relaxometric measurements. The parameters
that influence water proton relaxivity, including the water exchange rate and the
rotational correlation times have been determined in an ’O NMR study for GdL;.

All three complexes have been characterized by their NMRD curves.

GdL, = 1,2,3) are capable of binding the amyloid peptide Af;.40 and HSA.
The binding, results in elevated relaxivity of the Gd®" analogue due to reduced
rotational motion which will lead to an increased positive contrast in 7-weighted
images upon binding to senile plaques associated with AD and HSA in the human
blood. The binding affinity for GdL; and GdL; to HSA has been assessed by
Proton Relaxation Enhancement (PRE) and confirms the effective but not strong

interaction, with K, values varying from 250-701 M,
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CHAPTER 5: In Vitro Interactions, f-Amyloid Self-Assembly with Gd-DO3A-PiB Derivatives

5.1.Introduction

The amyloid cascade hypothesis is currently the most accepted cause for
the development of Alzheimer’s disease (AD).*> One of the neuropathological
findings in the brain of AD patients is the formation of extracellular senile plaques

containing AB-amyloid peptides.'*

These are 39-42 residue peptides cleaved by
processing of the amyloid-f precursor protein (APP),” and their self-assembly,
interactions with other molecules, stabilization and toxicity of their aggregates
have been the subject of many studies for imaging and therapeutical
applications.”®' In the monomeric form, these peptides interchange easily their
conformation, leading to B-strand oligomers, toxic aggregates'®* and finally to
highly ordered fibril structures.'® Oligorimerization and/or fibrillization of these
peptides can be modulated by the presence of small organic molecules'™ and

S and

amphiphilic detergent-like molecules, such as Congo red,'” SD
lacmoid.'™® Disruption of the self-assembly of AP peptides by small organic
molecules that can solubilize the toxic oligomeric aggregates is an important
process that has been explored to obtain AD therapeutics,'®*'*” but its mechanism
of action is not yet understood for most of these compounds.

Early in vivo visualization of the amyloid plaques is a critical issue in AD
clinical diagnostics, which is also important for monitoring new therapies.
Significant advances have been made in the field of nuclear imaging, in particular
in Positron Emission Tomography (PET). Small organic compounds such as
derivatives of thioflavin T, benzoxazoles and stilbenes, have high binding
affinities for the AP aggregates and led to the development of amyloid-labelling

128129.19.188 4y particular  ''C -and '®F-labelled

nuclear imaging PET probes
derivatives of stilbene'*® and the Pittsburgh compound-B (PiB)."**'* Small,

neutral, more easily available **"Tc-labelled AP Single Photon Emission
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Computed Tomography (SPECT) probes have also been reported based on
derivatives of biphenyl,”*® benzothiazole aniline,”** Pittsburgh compound-B
(PiB),'® chalcone,' flavone,'”' or pyridyl benzofurane.*” In all these targeted
imaging probes, the radiolabel is either part of the organic molecular targeting

99m

moiety (''C or '®F) or is a metal center (*°™Tc) chelated by a ligand moiety which

is coupled through a spacer to the organic targeting moiety.

Our family of multimodal imaging agents consists of a PiB derivative
conjugated through different spacer groups to the metal chelating unit DO3A-
monoamide, which is capable of efficiently complexing metal ions adapted to
different imaging modalities, including Gd** as Magnetic Resonance Imaging
(MRI) contrast agents (CAs), ''In’" for SPECT or %Ga®* for PET, and of
labelling AP plaques via specific binding (see ref. '°* and Chapter 4). The
structures of the Ln>" complexes of two of these DO3A-PiB derivatives, L, and
L3, are shown in Chapter 2, Figure 2.3. In this chapter we describe studies of the
interaction of the complexes, LnL; and LnLs;, with the AB;4¢ peptide in the
aggregated or monomeric form using a series of biophysical techniques. These
include studying their affinity and mode of binding by Surface Plasmon
Resonance (SPR) and Saturation Transfer Difference (STD) NMR, as well as the
assessment of their effect on the secondary structure and aggregation process by
Circular Dichroism (CD), ThT Fluorescence, Dynamic Light Scattering (DLS)
and Transmission Emission Microscopy (TEM). Finally, their mode of interaction
with the '"N-labeled AB.4 peptide monomer was studied at the atomic level using
'H-""N Heteronuclear Single Quantum Coherence (HSQC) NMR. We show in
this study that the two complexes interact weakly with the AP;4o peptide
monomer, but do not affect its self-association in the same way, by inhibiting or
promoting the formation of amyloid fibrils. These studies also give important
clues to improve the targeted specificity and affinity of this type of multimodal

imaging probes.
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5.2.Experimental

5.2.1. Materials and sample preparation

The ligands L; and L; and their Ln®" complexes were synthesized as
described in Chapters 3 and 4. The '°N-labeled and unlabeled AB.4 peptides for
the NMR, CD and DLS experiments were purchased from AlexoTech (Ume4,
Sweden). Deuterium oxide (99.9%) was obtained from Cambridge Isotope Labs,
UK. As the NMR chemical shift reference, sodium 2,2-dimethyl-2-silapentane-
sulfonate (DSS; obtained from Stohler Isotope Labs, USA) was employed at a

final concentration of 50 uM.

The ABi.40 peptides were stored in solid form at -20 °C and warmed up to room
temperature before use. They were dissolved in 10 mM NaOH to a final
concentration of 1-2 mg/ml followed by 1 min of sonication. H20/2H20 was then
added to give a solution of half the final volume. Finally 20 mM sodium
phosphate buffer was added to obtain the final volume and the pH was adjusted to
7.4 by adding small amounts of NaH,PO4 and Na,HPO,4. Throughout the whole

sample preparation the peptides and solvents were kept on ice.

5.2.2. Surface Plasmon Resonance

Real time binding studies of the Ln*" complexes to immobilized A4 by
SPR spectroscopy were performed using A Biacore 3000 instrument (Biacore Life
Sciences/GE Healthcare, Uppsala, Sweden) equipped with four flow cells on a
sensor chip. Series S Sensor Chips CMS5, N-hydroxysuccinimide (NHS), N-ethyl-
N’-[(dimethylamino)propyl]-carbodiimide (EDC) and ethanolamine HCI, as well
as sampling vials and caps, were obtained from Biacore. AB;4 was dissolved in
deionized water to a concentration of 1 mg/mL and small aliquots were frozen
until use. HEPES buffered saline (HBS-EP) buffer containing 0.01 mol/L HEPES,
pH 7.4, 0.15 mol/L NaCl, 3 mmol/L EDTA, and 0.005% of surfactant P20 was
used as assay running buffer and also for sample preparation. The immobilization
protocol of A4 to the CMS5 chip followed standard amine coupling

193

conditions. ~ The carboxymethyl dextran matrix in the sensor chip was activated
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by injection of a 1:1 mixture of EDC and NHS (70 xL, 200 mM EDC, 50 mM
NHS) to allow the subsequent covalent cross linking of the injected peptide
through primary amine groups forming amide bonds. The A4 solution was then
injected into the activated flow cell (0.5 mg/mL peptide in sodium acetate buffer).
Unreacted NHS esters were capped with ethanolamine (70 4L, 1 M, pH 8.5) to
afford a surface that gave a final change in resonance units (RU) of 4100. '**'**
Since 1000 RU determined by SPR corresponds to 1.0 pg/mm® of bound ligand,
the total immobilized mass of ABj.4 under these conditions was approx. 4.1
pg/mm’.

All binding data were collected with the biosensor instrument thermostated
to 25°C. To maximize the contact time, the flow rate employed for all steps was 5
uL/min. 70 pL of 2 mM solutions of the LalL; and LalL; complexes in running
buffer were injected for association (contact time 400 sec). Dissociation was
followed in the same buffer for 350 sec. After each run, the sensor chip was
regenerated with the regeneration buffer (100 mM glycine-HCI1 in 10 mM Tris
buffer (pH 9), contact time 240 sec) and washed with running buffer for 5-10 min
before the next injection. All buffers were filtered through 0.22 mm nylon filters
(Millipore, USA) prior to use. The injection system was rinsed to change buffers
when necessary.

A Biacore 3000 control software (version 4.1) provided by Biacore Life
Sciences/GE Healthcare was used to record and analyse the time changing of the
RUs (sensograms) and plot the binding curves. The control data were subtracted
from the raw data obtained from the flow cell with immobilized AB;.4. The
response at equilibrium was then plotted versus concentration. The binding plots
were fitted to a simple 1:1 Langmuir binding isotherm to obtain the dissociation

equilibrium constant (Kp) using the Biacore 3000 program.

5.2.3. Nuclear Magnetic Resonance

The NMR spectra for the protein-based high resolution binding studies
were recorded using pulse sequences in Bruker Topspin 2.1 on Bruker AV-600
operating at 600.13 MHz MHz (‘H), equipped with a cryoprobe and z-gradients.
'H-""N HSQC'” spectra were recorded at 5, 15 and 25 °C on the 600 MHz
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spectrometer using 8 scans and 1024 complex points per increment and 256
increments in the '°N dimension. '"H-"C HSQC spectra were also recorded at 5
°C on the Bruker AV-600 spectrometer using 320 to 400 scans and 1024 complex
points per increment and 80 to 96 increments in the '*C dimension.

Typically, 0.10 mg of "’N- labeled AP0 was dissolved in 0.20 mL of
aqueous buffer consisting of 10 mM K,HPO, and KH,PO4 (pH 7.2) and 90 %
milliQ H,O and 10 % 2HZO. La3+-complexes were titrated into this sample
containing 50 pM '"N-AP.4 in 10 mM potassium phosphate buffer, pH 7.2, with
10% 2HZO to give a final molar ratio of La3+-complex to ABi4o of 4:1. Most
measurements were made in a Smm Shigemi tube. Solvent suppression was
performed with a 3-9-19 WATERGATE module for 1D '"H spectra '*° and no
solvent suppression for the 2D HSQC experiments.

Since DSS is known to bind to ABi4' ' and can form ternary complexes

with AP and other ligands'*®

, it was not added to the samples containing Af_4o.
Instead, the 'H chemical shift reference of DSS was measured in the same buffer
in a separate NMR tube, at 5, 15 and 25°C. The BC and "N chemical shift
reference values were set by multiplying the experimental 'H shift reference by
the gyromagnetic ratio of these nuclei relative to that of "H.'®

The data were processed using Bruker Topspin 2.1 and analyzed in Sparky 3.114
(T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San
Francisco, USA. http://www.cgt.ucsf.edu/home/sparky). The weighted average of

'H and '°N chemical shift differences was calculated as follows'®’:

[AK'H)*+HAX*N)/5)"]" (1)

The chemical shift changes and relative intensities were evaluated only for
cross-peaks with a sufficient signal-to-noise ratio. At high temperature the
intensity and chemical shifts for Q15/M35 and V24/I31 were not evaluated due to

cross-peak overlap.
STD NMR spectr21200’201 were measured on a Varian VNMRS 600 (14.09 T,
600.14 MHz) NMR spectrometer using a 3 mm z-pulse field gradient (PFG)

inverse probe. The AB;_49 peptide was incubated for 7 days at room temperature in
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20 mM sodium phosphate buffer adjusted to pH 7.4 to promote aggregation. The
final samples for STD NMR contained 100 pM unlabeled AB;.40 peptide in the
absence and presence of 1 mM La’"-complexes (molar ratio of La’"-complex to
APi.40 of 10:1) in 10 mM sodium phosphate buffer prepared using D,O (99.9%),
pH 7.4, taking into account the deuterium isotopic effect.””? Solvent suppression
was performed using the Double Pulse Field Gradient Spin Echo (DPFGSE)

203
sequence

Since in this NMR system the STD NMR spectra are acquired directly
from phase cycling, the 'H 1D NMR spectra were used as off-resonance
references in order to calculate the STD amplification factor. *°' All STD spectra
were acquired using the same parameters: equal spectrometer gain value, 10k
complex points and 12 ppm spectral width and 512 scans per transient. A selective
Gaussian saturation pulse was applied at the peptide resonances. The saturation

time varied from 0 to 2.5 seconds***

. The on-resonance saturation was applied at
0.50 ppm (methyl region), while the off-resonance frequency was set to 30 ppm.
On- and off- resonance experiments were recorded in an interleaved fashion. A
previously calibrated spin-lock filter (77,) was used to remove the peptide
resonances.

All spectra were analyzed using Mestre Nova Software v5.3.1-4825. In
order to compare the reference spectra with the STD NMR spectra, the different

number of acquisitions was normalized according to equation (2),

STD X 2 X Scansrg/érence (2)
1, xscans gz,

1
Rel. STD % =

where Igtp is the peak intensity of the STD NMR spectra, I is the intensity
of the peaks in the 'H reference spectra. Then, the peak intensities were

normalized to the amplification factor STD (Astp), equation (3),

A,y =Rel.STD% x Lig. Exc. (3)

where the ligand L (= Laly) excess, Lig. Exc = [L]o/[P]o (P = AB1-40).
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The Asrp value is thus dependent on the fraction of bound A4 at the
ligand excess. However, the direct evaluation of Kp values from the variation of
Astp values upon increasing [Laly] in a ligand - protein titration is not correct
because it depends on a series of experimental parameters, such as the saturation

1,204 where the Astp

time (Zx). Thus we used in this work a published protoco
values extrapolated to zero saturation time, (4stp)o, were used instead. The Astp
values for each Laly proton at increasing #;,; were obtained at a given [Lal] and

the corresponding (4stp)o value were calculated by fitting the data to eq. (4)

(Astp) (fsat) = AstD(max) [1 — exp (- ksat tsar)] 4)

where Astpmay 18 the maximum Astp value achievable for that proton at very
long t., and kg is its saturation rate constant. After the final fit, the initial slope
(Astp)o was easily obtained by the product Asrtpumay ksa. The (Astp)o values
calculated at every increasing [LaLly] along the titration were plotted as a function
of [LaLy], and the resulting isotherm of initial slopes was mathematically fitted to
a Langmuir equation for a 1:1 binding model (n =1) to obtain the Kp value for
interaction of LaLl, with the aggregated form of AB.4 in aqueous solution at 25
°C.

For the determination of Kp values using STD NMR, the saturation times used
to obtain the STD buildup curves were 1, 2, 3, 4 and 5 seconds. The number of

scans for each experiment was tipically 1024.

5.2.4. Circular Dichroism

The far-UV CD spectra were acquired on a Jasco J-810 CD spectropolarimeter
equipped with a Jasco PTC-423S temperature control system. Measurements were
performed at 3, 25°C and 37 °C using a cell with a 1 mm optical path length. The
spectral region was recorded from 190 to 260 nm with a step size of 0.5 and a
bandwidth of 1 nm. Data were collected with a time of 0.5 s per point, the spectra
were averaged over 10 scans, and the buffer contribution was corrected. The

samples contained 40 uM A4o peptide in 10 mM sodium phosphate buffer, pH
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7.4 and 0 — 400 uM Gd’*-complexes (corresponding to 0:1 to 10:1 molar ratio of
Gd’"-complexes to APi4). The samples used for the time dependence
experiments at low temperature were stored on ice or at 3 °C during the
investigation. For the time dependence measurements at 25°C and 37 °C, the
samples were kept in a Cole-Parmer Eppendorf heater at these temperatures

throughout the incubation time.

5.2.5. Aggregation assays using ThT Fluorescence

Samples of Thioflavin-T and of Gd3+-complexes GdL; and GdL; in the
absence and presence of 20 uM A4 (in 10 mM sodium phosphate buffer, pH
7.4) were excited at 440 nm and 323 nm, respectively, and the fluorescence
emission spectra were measured at 450nm — 700nm and 330nm — 650nm range,
respectively, with a FluoroMax-2 fluorometer (Jobin Yvon — Spex, Instruments
S.A, Inc.). The fluorescence of samples containing 20 uM ThT and 30 uM AP;.49

peptide were also monitored as a function of time.

5.2.6. Dynamic Light Scattering

DLS was measured using a Malvern Zetasizer Nano Range apparatus. The
samples contained 40 uM A4 in 10 mM sodium phosphate buffer, pH 7.4 in the
absence and in the presence of 40, 80 and 160 uM of Gd**-complexes. The
measurements were carried out at 25 °C and the scattered light was detected at an

angle of 150°.

5.2.7. Transmission Electron Microscopy

Samples of 10 pL volume of aggregated AB1-40 peptide solution (20days time
evolution solutions from CD studies at 37°C and pH 7.4) were deposited on
Formvar/Cu2+ grids and left for 2 min. The grids were washed twice with

distilled filtered water. In order to stain the amyloid fibrils negatively, 10 pL
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aliquots of uranyl acetate 2% (w/v) were deposited on the grid and left for 2 min
before drying in air. Grids were stored at room temperature until examination in a

Philips CM100 TEM microscope, operating at 80 keV.

5.3.Results and Discussion

5.3.1. Binding of LnL; and LnL; to A4

Affinity constants of small molecules interacting with Abeta amyloid
peptides have been determined using different techniques.””> Amongst these, we
have chosen to use for the present work two techniques with different sensitivity
and time resolution: SPR'?*'**2%2%7 and '"H STD NMR measurements. 2%

Binding targets like Af;.4 that are prone to aggregation in solution present
specific data interpretation problems in binding assays if the aggregation state of
the binding target varies during the experiment. Also, it may be difficult to
achieve the reproducibility of the aggregation state between experiments may
become difficult. Both of these problems can be avoided by immobilization of
AP0 either in the disaggregated form or as an aggregate. The immobilization
protocol used in the present work leads to immobilized AB;.4 in the aggregated
form,”” which is the state at which the SPR binding data presented here refer to.

Figure 5.1 shows the SPR sensograms obtained from the binding of LaL,
and LalLs; complexes to immobilized aggregated A4 and the corresponding
binding plots. The fitting of these SPR plots to a simple 1:1 Langmuir binding
isotherm gave Kp values of 169.6 (£ 21.0) uM for Lal, binding and 66.6 (%

8.0) uM for LaL; binding.
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Figure 5.1. Surface Plasmon Resonance sensograms (A, C) and binding plots
fitted as Langmuir isotherm functions (n = 1) (B, D) for (A, B) LaL, and (C, D)
LaL3.

The direct evaluation of Kp values from the variation of Asrp upon increasing
[LalLy] in a simple STD NMR titration is not feasible due to the complex
dependence of STD intensities on a number of experimental parameters, namely
the saturation time (%), the Lal residence time in the complex with AB.4 and
the intensity of the signal, which affect the accumulation of saturation in the free
Laly by processes related to fast APj4 — Laly rebinding and longitudinal
relaxation of the LaLy protons.”** In this work we thus followed the published
protocol to avoid these limitations in the determination of Kp, values, by analysing
the binding curve using Asp values at the limit of zero saturation time, when no
LaL, rebinding or relaxation occurs. *** Following the procedure described in the
Experimental section, Figure 5.2 illustrates the experimental saturation time
dependence of Astp values (methoxy protons, 9-CH;) for increasing Laly
concentrations and the corresponding fitting to Equation (4) to obtain the (4stp)o

values. Figure 5.3 shows the corresponding binding plots of (Astp)o versus [Laly]

André F. Martins — PhD Thesis

137



CHAPTER 5: In Vitro Interactions, f-Amyloid Self-Assembly with Gd-DO3A-PiB Derivatives

and their fits to obtain the Ky values for interaction of Lal with the aggregated

form of AB;_49 in aqueous solution.
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Figure 5.2. Dependence of the experimental Asrp values for methoxy protons (9-
CH3) on the saturation time at increasing Lalx concentrations for (A) Lal; (m —
600uM; @ —500uM; A-400uM; ¥ —300uM; ¢ - 200 uM; o — 100uM) and (B)
LalL; (m —500uM; @ —400uM; A-300uM; ¥ —200uM; ¢ - 100 uM; o — 50uM)
and their fits to obtain (4srp)o values (100 uM AB;_40, 25 °C, pH 7.2).
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Figure 5.3. Binding STD plots, showing (4stp)o versus [Laly] and their fits to
obtain the Kp values for interaction of Laly with AB;40, (A) LalL, and (B) LaL;
(100 M ABi.40, 25 °C, pH 7.2).

The STD binding curves for Lal; and Lal; are hyperbolic and give a Kp =
160.7 (= 29.0) uM and Kp = 78.3 (= 14.1) uM, respectively. These values are in
good agreement with the corresponding values obtained by SPR for Lal; and
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LaL; (Kp=169.6 (£ 21.0) uM; Kp= 66.6 (£ 8.0) uM, respectively). The small
differences of the values obtained might result from the possible differences of the
aggregated forms of the APj;40 peptide obtained in solution and in the
immobilized state (Figure 5.3). The combined data show that, despite different
techniques used, the Kp values for the binding of the two Laly complexes to the
aggregated form(s) of AB;.40 are of the same order of magnitude (~ 67-170 uM).
These Kp values are compared in Table 5.1 with the affinities of various
small molecules and proteins to immobilized AP;.4o obtained by different
techniques. The affinities of these complexes to AB;.40 aggregates are two orders
of magnitude lower than for the positively charged ThT, and five orders of
magnitude lower than for neutral ThT analogues such as PiB."***'° Apolipoprotein
E (ApoE3) and the monoclonal antibody 6E10 also show very high (four to five

orders of magnitude higher) affinities to AB;_4 aggregates.'****

Table 5.1. Binding affinities of various small molecules and proteins to Af3;-

40 obtained by using different techniques.

Molecule AP, aggregation state Kp (uM) Technique Reference
Lal, Aggregated 169.6 = 21.0 SPR This work
Lal, Aggregated 160.7 = 29.0 STD NMR This work
LaL; Aggregated 66.6 = 8.0 SPR This work
LaL; Aggregated 1479 £ 43.8 STD NMR This work
ThT Aggregated 2 Fluorescence 210

[''C]-ThT Aggregated 0.580° "'C radioactivity 148

competition

[''C]-PiB Aggregated 0.0047 ''C radioactivity 148

ApoE3 Aggregated 0.010 + 0.05 SPR 193
6E10 Aggregated 0.0014 SPR 209
6E10 Monomeric 0.0223 SPR 20

¢ Inhibition constant (K;); see Appendix 3
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'H STD NMR was used to perform the proton group epitope mapping
(GEM) of our complexes (Appendix 2), defining the ligand region responsible for
binding to the AP;.49 peptide. Figure 5.4 shows the proton NMR reference spectra
of 0.5 mM LaL; and LaL; in the presence of 80 uM A4 assigned according to
the numbering scheme shown in Scheme 5.1, and the corresponding STD spectra.
The group epitope mapping was obtained by calculating the Asrp values for all
PiB moiety protons and their relative STD (to 9-CHs3) (Figure 5.5 and Table 5.2).
The protons interacting with A4 are in both cases mainly those from the
benzothiazole ring and the attached methoxy group. However, some important
differences in the GEM between the two La’” complexes are observed. The overall
Astp percentages are higher for the Lal; complex than for Lal,;, while the
absolute Asrp value for the methoxy group decreases by 13% in Lals; when
compared to Lal,. Weak non-specific interactions are present in the STD
spectrum of LaL, involving the macrocyclic ring protons, as well as stronger
interactions can be seen for Lal; involving the aliphatic C¢ linker (Figure 5.5).
These interactions, as well as the different linking spacer flexibility and length

could explain the slightly higher affinity observed for complex LaLs;.

/\/—\A(

Q%@wf

Jos

W A
@v@

[‘3]

-
2y

Scheme 5.1. Chemical structures and numbering scheme of the PiB moiety of the

ligands in the LaL, (top) and LaLs (bottom) complexes.
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Figure 5.4. 'H DPFGSE reference NMR spectra of (A, bottom) 0.5 mM LaL; and
(B, bottom) LaL; and corresponding 'H STD NMR spectra for LaL, (A, top) and
LaL; (B, top) in the presence of 80 mM Af;4 (600 MHz, 25 °C, pH 7.2,

saturation time 3 sec).
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Figure 5.5. 'H STD NMR spectra for LaL, (top) and LaL; (bottom) in the
presence of 80 mM A;.49 and respective GEM (600 MHz, 25 °C, pH 7.2).
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Table 5.2. STD amplification factor (4stp) and relative STD
(to the proton with the largest) for 500 uM LaL; and LaL; in
the presence of 80 uM A4

Proton Lal, Lal;
ASTD Relative STD (%) ASTD Relative STD (%)

9 17.3 100 18.5 74
5 10.6 61 16.8 98
4 10.2 59 16.5 89
7 10.0 58 16.5 89

26> 149 86 18.1 100

3.5 9.7 56 13.7 91

Protein based NMR was also used to monitor the binding of the Ln’"
complexes to APi_49 and to identify the peptide regions involved in the interaction.
Previous studies have shown that "N-"H HSQC spectra constitute a sensitive
probe of backbone conformational changes that can result from ligand binding to
AB1—40133 186211212 T test for possible interactions with the Ln*" complexes, we
followed changes in the 'H-""N-HSQC spectra of "N-AB ;4 at 5 °C in 10 mM
K,HPO, buffer, pH 7 upon the addition of aliquots of the diamagnetic La**
complexes prepared in the same buffer. These initial experiments were carried out
at low temperatures (5 °C) to minimize NMR signal loss due to amide hydrogen
exchange with water and the effects resulting from peptide self-association.

An expansion of the BN-TH HSQC spectrum of 5N-labeled APi-49 alone is
shown in Figure 5.6. Peaks due to the side chain H;N moieties of Gln 15 and Asn
27, and the peak arising from Arg 5’s HNg are not shown. All the backbone HN
groups appear in this spectrum, except for those belonging to D1, A2, H6 and
H12, which are predicted to quickly exchange their hydrogen with solvent*". The
absence of these peaks can therefore be attributed to solvent exchange broadening.
This spectrum is very similar to APj4o spectra recorded under similar

186,214,215

conditions, except for our observation of the H13 signal which was not

186,215 216

seen before. The peak assignments correspond to previous reports.
The AP0 peptide has the following sequence:

DAEFR;HDSGY (EVHHQsKLVFF,)AEDVG>5s SNKGA;3IIGLM35VGGV V.
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Analysis of its '"H and N shifts and relaxation rates R; and R, revealed that the
APi_40 monomer in aqueous solution at low temperature is chiefly disordered
(random coil) with two regions with -strand propensity (residues 16-24 and 31-
36), two regions with propensity to adopt a poly-proline type II helix (PII-helix, a
left-handed 3;-helix) (residues 1-4 and 11-15) and two unstructured regions with
higher mobility (residues 5-10 and 25-30) connecting those structural elements.
The monomer slowly trends towards the formation of oligomers and amyloid
fibrils.*"

Upon titration with the Lal; complex, significant chemical shift changes,
defined as A8 > 0.01 ppm for 'H and > 0.1 ppm for '°N ppm, were detected for the
backbone NH crosspeaks of RS, S8, V12, K16 and L17 (Figure 5.6). In addition,
the side chain HNe of RS shifts significantly and the backbone HNs of H13 and
Q15 become invisible. These residues belong to a stretch of residues with
contains most of the positively charged residues in AB;_4. These changes are
visible at ABj_4 and Lal; concentrations as low as 100 uM and 50 pM,
respectively, which suggest that their association constant is 10* M or higher.
Regarding the other backbone NH signals and the peaks arising from the side
chains of Q15 and N27, no significant changes were observed in their chemical
shifts, while the NH signals of residues Y10 and V12 are significantly broadened
(Figures 5.6 and 5.7).
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Figure 5.6. 'H-">’N HSQC spectra of 50 uM "*N-labeled Ap.4 recorded at 5.0 °C
in 10 mM K,HPO, buffer (pH 7.2) alone (blue) or in the presence of a four-fold
molar excess of Lal (red, left panel) or Lal; (green, right panel). These spectra
were recorded on a Bruker AV-600 spectrometer operating at 600 MHz (‘H) and
equipped with a cryoprobe.

To further characterize this interaction, we recorded "H-">C HSQC spectra
(at BC natural abundance) of AP;.4 and Lal, alone and on a sample containing
100 uM APi.40 and 400 uM LaL;. Changes in the resonances in these spectra were
monitored to reveal the participation of HyC groups in binding. The excitation
pulse was centered to optimize detection of the aliphatic region (10 ppm < & °C <
70 ppm) or the aromatic zone (105 ppm < & '>C < 140 ppm). In these spectra, no
significant chemical shift changes were observed in the mixed sample relative to
the separate ones, which suggests a minimum involvement of nonpolar moieties
of APB;.40 and LaL in their interaction (Figure 5.8).

Similar experiments were carried out to characterize the possible
interactions between AP;.49 and Lal;. A series of 1H—ISN—HSQC spectra of 5N-
labeled AB;.40 were recorded at increasing concentrations of Lal;, but even at a
four-fold molar excess of ligand, small and generally insignificant chemical shift
changes were observed (Figure 5.6). Moreover, no significant variations were
observed in the 'H-""C-HSQC spectra of APi4 alone or mixed with a four-fold

molar excess of Lal; (Figure 5.8).
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Figure 5.8. "H-">C HSQC spectra of 100 uM Ap_4 recorded at 5.0 °C in 10 mM
K,;HPO, bufter (pH 7) alone (blue) or in the presence of a four-fold molar excess
of LaL; (purple, top panels) or LalL; (green, lower panels). The spectrum of LaL,
alone is shown in red in the top left panel. These spectra were recorded on a
Bruker AV-600 spectrometer operating at 600 MHz (‘H) and equipped with a
cryoprobe. Aromatic and aliphatic regions are shown in the left and right panels,

respectively.

The temperature dependence of 'H and "°N chemical shifts (A 8 /A T) and

linewidths is quite sensitive to protein conformation®'’

. Therefore, as a further test
for interactions between A4 and Lals, we recorded 1H-ISN-HSQC spectra of
>N-labeled ABi4o alone or in the presence of a four-fold excess of LaLs between
5.0 and 25 °C. Generally, the proton resonances are shifted upfield, compared to

. 218
the random-coil values.

The temperature-induced changes in peptide average
conformation induce small upfield shifts in the AB;.49 NH protons, which have
some sequence specificity. Dependencies of 'H shifts on temperature which are
lower than -0.006 ppm per K (marked by the line in the upper panel of Figure 5.9
top), corresponding to residues E3, Y10, E22, S26 and A30, have been interpreted

as evidence of some folding propensity (PPII helix, B-sheet structures) at low
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temperature.”’> However, our data are consistent other papers which have
generally found that monomeric AP is chiefly random coil, specially at room
temperature.”'**'® The amide '"N resonances also generally shift upfield with
increasing temperature (Figure Figure 5.7 bottom). A8 'H /AT values are
sensitive to changes in structure’'’ and the residues with the smallest shift changes
(E3-E11, O15, A21-E22, S26-A30, L34 and G38) are in general agreement with
those observed for the 'H shifts, indicating that La*-complex binding to the
monomer does not induce significant changes in the backbone structure of the A3
monomer.”'> We found that the temperature dependence of the chemical of AP
are hardly affected by the presence of Lal; (Figure 5.9), which strongly suggests
that Lal; binding does not significantly change the backbone conformational
ensemble of monomeric A3 4.

The 'H and "N linewidths of AB_4 are hardly affected by the presence of
a four-fold molar excess of Lal; (Figure 5.10 top).
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Figure 5.9. Temperature dependence of the 'H (top) and "’N (bottom) chemical
shifts of APBi4o alone (blue) and AP;.49 with a four-fold molar excess of Lals
(red).
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In conclusion, a relatively specific interaction of AfB;_4 with Lal; is
detectable by 'H-"’N-HSQC NMR involving mainly the hydrophilic R5-L17
peptide region with a high concentration of charged residues, which includes the
unstructured R5-Y 10 region, the PII-helix prone E11-Q15 region, as well as K16
and L17 at the beginning of the first B-strand prone region. The interaction of
monomeric AP;-4 with Lals is scarcely detectable by NMR In any case, there is
no evidence of significant formation of small peptide aggregates in the short time
interval of those experiments. These results are in sharp contrast with the
concentration-dependent decreases of cross-peak intensities throughout the whole
APBi-40 1H—ISN—HSQC spectrum observed upon addition of low concentrations of

212 133
and Congo red ™ or

detergent-like molecules such as SDS (or LiDS)
hydrophobic molecules like lacmoid,'®® while their chemical shifts undergo only
minor changes, which have been interpreted as evidence of formation of small
heterogeneous peptide aggregates in intermediate exchange in the NMR time

scale.

5.3.2. Effect of binding of Ln>* complexes on the secondary structure

of AB1-40

The NMR data described above provide no clear evidence of any changes
of secondary structure upon binding of LnLy complexes to AP.4. Therefore we
used far UV CD spectroscopy to assess the secondary structural changes of AB;.40
upon LnLy binding and how this affects the kinetics of AP0 aggregation in
solution, 133:186:212.220

In CD measurements of proteins the bands corresponding to the n—n*
(~220 nm) and t—n* (~190 nm) electronic transitions involving the amide groups
are very sensitive to secondary structural changes, and can be used to study

221,222
them.”™™

The a-helical secondary structure is represented by a curve with an
intense positive maximum residual molar elipticity at 193 nm and two negative
minima at 208 and 222 nm, respectively. The B-sheet structure is recognized as a

curve with a positive maximum at 195 nm and a weak negative minimum at 215

André F. Martins — PhD Thesis



CHAPTER 5

nm. The random coil structure is characterized by a strong negative minimum at
197 nm. Other less common structures are beta turns I and II, with positive
maximum at 195 and 205 nm, respectively, and negative minima at 205 and 223
nm, respectively. Another structure, which is common for small peptides with
random coil propensity, such as APi2.2s, is the left-handed polyproline II (PPII)
helix, also known as 3; helix, characterized by a strong negative minimum at 197
nm and a weak positive band at 220 nm.******

We started by performing CD experiments for free AP 40 as a function of
time at 3 °C, 25°C and 37°C. (Figure 5.11) At 3 °C, the initial CD spectra of free
monomeric ABj.49 showed a predominant random coil contribution (minimum at
197 nm) with a significant contribution from the PPII helix (small maximum at
220 nm), in agreement with the literature,”* which estimated a PPII content of 43
% at O °C.*** The CD spectrum at 5 °C did not change for 5 days, but after 20
days the intensity of the whole spectrum decreased, perhaps due to light scattering
from formation of larger particles. At 25 °C, and especially at 37°C, the initial CD
spectrum corresponds more closely to a random coil conformation, with a marked
decrease of the PPII contribution. This is in agreement with a previous study,
which estimated the PPII content as 43 % at 37 °C.** At these higher
temperatures, the CD spectrum evolves more rapidly with time. At 25 °C, it starts
to evolve after 24 hours, showing increasing contributions first from a-helix and
later from B-sheet structures. At 37 °C, this evolution starts earlier (after 2 hours)
and is more marked, as the a-helix is clearly predominant at 52 hours, and the B-

sheet structure becomes predominant after 20 days.
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Figure 5.11. Time evolution of far-UV CD spectra of 40 uM APj4 in 10 mM
sodium phosphate buffer (pH = 7.3) at 3°C (up-left), 25°C (up-right) and 37°C

(center-bottom).

The time evolution of the CD spectra of AB;_49 was also investigated in the
presence of increasing concentrations of the complexes GdL; and GdLj;. The
following experimental conditions were used: temperature - 3°C, 25°C and 37°C;
GdLy concentration - 0, 40, 80, 160, and 400 uM; and time evolved - 0, 2, 4, 24,
48 hours, 5, 20 days. The solution pH was kept constant at 7.3 using 10 mM
phosphate buffer. The data obtained in the presence of increasing concentrations
of GdL; and GdL; are illustrated at time zero (Figure 5.12) and after 20 days
(Figure 5.13).

The addition of increasing concentrations of the Gd** complexes induced,
at time zero and at 5 °C up to a 1:4 molar excess, no changes in the positive peak
at 220 nm corresponding to the PII helix region, and small amplitude decreases in
the190-205 nm region, indicating that some subtle structural changes might occur.
However, no ordered a-helix and beta sheet structures become present upon
binding of the complexes in these conditions. At higher temperatures the PII helix
is not present at all complex concentrations and for a 1:10 equivalent excess, the

disappearance of the PII helix conformation and a very small increase of ordered
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a-helix and beta sheet structures could be detected (Figure 5.12). The lower
intensity and resolution of the CD spectra observed for the solutions containing
400 uM  Gd-complexes (1:10 molar ratio) could be related to light scattering

effects possibly due to formation of aggregates involving the Af3;_49 peptide and/or
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Figure 5.12. Far-UV CD spectra of 40 uM A 49 in 10 mM sodium phosphate
buffer (pH = 7.3) at time = 0 hours, in the presence of increasing concentrations of
GdL,; (left block: A,B,C) and GdL; (right block: D,E,F) at 3°C (A,D), 25°C (B,E)
and 37°C (C,F).

We only observed clear changes to ordered a-helix and (-sheet structures
for times longer than 2 hours and at the higher temperatures, 25 and 37 °C.

Comparing the data at 20 days in the presence of the complexes, suggests that, at
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37°C, GdL, preferentially induced formation of a-helix structure at lower peptide-
to-complex ratios and of B-sheet structures at higher ratios, while GdL; stabilizes
the o-helix relative to the PB-sheet at all ratios. This is in contrast with the
evolution after 20 days of the peptide in the absence of the complexes, where both

at 25 and 37 °C the B-sheet structure predominates relative to the a-helix (Figure

5.13).
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Figure 5.13. Far-UV CD spectra of 40 uM A 49 in 10 mM sodium phosphate
buffer (pH = 7.3) at time = 20 days, in the presence of increasing concentrations
of GdL, (left block: A,C) and GdL; (right block: B,D) at 25°C (A,B) and 37°C
(C,D).

The effect of these complexes on the secondary structure of AB; 49 is quite
different from what has been observed for other additives at short times, such as
the detergent molecules SDS and LiDS at concentrations below and above their
cme,”'? Congo Red (CR)"** and lacmoid."®® At 20 °C, SDS and LiDS have been
shown to induce a structural change from predominant random coil to B-sheet
structure at concentrations below their cmce, and to a-helix above their cme.?? On
the other hand, CR promotes B-sheet formation by stabilizing the formation of a
B-hairpin in the monomeric peptide through a strong specific electrostatic

interaction of the positively charged side-chains of two lysine residues (K16 and
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133 Wwhile lacmoid

K28) with the two negatively charged sulfonate groups of CR,
binds more weakly and less specifically to exposed hydrophobic residues of the
peptide monomer form, with no major effect on its secondary structure.'® Thus,
our complexes have a short-term effect on the secondary structure of AB; 49 closer
to that of lacmoid, but its long-term observed effects, promoting both B-sheet and

a-helical structures are the first reported studies of this kind.

5.3.3. Studies of the aggregation of AB;4 by Thioflavin T fluorescence,

dynamic light scattering and transmission electron microscopy

The effect of the GdL; and GdL; complexes on the aggregation process of
APBi140 was studied by three different techniques: Thioflavin T (Th T)
fluorescence, DLS and TEM.

The well known fluorescence test for AR amyloid formation using the
reporting dye ThT is based on the rapid association of Th T with aggregated fibrils
of AP peptides, giving rise to a new excitation (ex) (absorption) maximum at 450
nm and enhanced emission (em) at 482 nm, as opposed to the 325 nm (ex) and
445 nm (em) of the fee dye.”'® This change is dependent on the aggregated state,
as monomeric and dimeric peptides, do not bind, but aggregated peptides do, eg.
APi40 binds Th T with a Kp of 2 uM.m Figure 5.14 A shows that this test
worked in our hands and that APB;_4¢ is fully aggregated in the conditions used (30
uM, 25 °C, pH 7.4) at 3 hours after sample preparation, as shown by the kinetic
trace in Figure 5.14 B.

Many studies have been reported on the effect of additives on the kinetics
of APB;_40 aggregation monitored by ThT fluorescence, finding that some promote
the aggregation and others inhibit it.'**!8¢-210-211-226227 However, this technique was
not applied for our studies on the effect of the GdL; and GdL; complexes on the
kinetics of A4 aggregation, because the fluorescence intensity of the free
complexes was very high, with a maximum at ~430 nm, resulting from the PiB

228

moiety”™ which only slightly increased in the presence of aggregated (10days)

ABi.40 (Figure 5.15).

André F. Martins — PhD Thesis

155



CHAPTER 5: In Vitro Interactions, f-Amyloid Self-Assembly with Gd-DO3A-PiB Derivatives

5x10°

4x10°
—Ap,,, * ThT

——ThT
3x10*

2x10*

fluorescence a.u
fluorescence a.u

1x10°

T T T T T
T T T f T
450 500 550 800 650 700 0 20000 40000 60000 80000

wavelength (nm) Time (seconds)

Figure 5.14. (A) Fluorescence spectra of 20 uM ThT alone (red line) and in the
presence of 30 uM AP 49 (in 10 mM sodium phosphate buffer, pH 7.4) at 3 hours
after dissolution (B) Kinetic traces of AP; 49 fibril formation at 25 °C monitored
by ThT fluorescence (20 uM) in a solution containing 30 uM AP; 4. Samples

were excited at 440 nm and the fluorescence emission was measured at 480 nm.

This effect would cause a strong background interference with the monitoring of
the Th T flourescence enhancement. Such an interference between ThT and
another amyloid binding dye has been observed before, for example in the case of
CR."***?® Competition experiments with CR showed that the ThT fluorescence the
presence of AP, 4, fibrils is partially suppressed in the presence of CR, which was
interpreted as either fluorescence quenching or displacement of ThT from the
fibrils.**® For these reasons, we did not pursue in this work the Th T fluorescence

competition experiment with our complexes in the presence of aggregated AP .4o.
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Figure 5.15. Emission spectra of (A) 20 uM GdL; , (B) 20 uM GdL; and (C) 20
uM Th T in the absence and presence of 20 uM AP 40 (t = 0) in 10 mM sodium
phosphate buffer, pH 7.4). Th T and the Gd*"-complexes were excited at 440 nm

and 323 nm, respectively, and the fluorescence emission spectra were measured at

450nm — 700nm and 330nm — 650nm range, respectively.

Therefore, DLS was used to monitor the fibrillar evolution of AB;.490 with
time (up to 10 days) and concentration (40, 80 and 160 uM) of complexes at
25°C. Figure 5.13 shows only a small DLS intensity (counts per second) increase
with time for the AP;.4 control solution. The solutions containing AB;40 and the
Gd** complexes showed different time evolutions: a large increase with time of
the DLS intensity for the AB;40 solutions in the presence of GdL; and a small
decrease in the presence of the GdL; complexes. The hydrodynamic profiles
obtained for the same DLS experiments exhibited small particles (hydrodynamic
radius Ry ~10-20 nm size) for the solutions containing the GdL; complexes, while
the AP;.40 solutions in the absence and presence of GdL; had large particles (Ry
~240-250 nm) (Figure 5.14). DLS autocorrelation functions also showed a shift
toward shorter correlation times as the concentration of GdL; increased (data not
shown). These findings could be related to a promotion of -amyloid aggregation
by GdL,; and an inhibitory effect of GdLs;. Such effects have been observed before

for CR and low concentrations of SDS,'** and lacmoid,'™ respectively.
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Figure 5.16. Light scattering intensity as function of time for samples containing

40 uM APBi.40 (blue), 160 uM GdL, (black) and 160 uM GdL; (red).
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Figure 5.17. Particle size (given by hydrodynamic radius Ry) distributions
determined using the regularization algorithm of the Malvern software: 40 pM
APi.40 alone (black) and in the presence of 160 uM GdL; (red) or 160 uM GdL;
(blue) at 10 days.

TEM images were also obtained to evaluate the influence of the two Gd**
complexes on A4 amyloid fibril formation and morphology. We have recorded
TEM images of APj40 in the absence and in the presence of increasing
concentration equivalents of the complexes (1:0, 1:1 and 1:4) (Figure 5.17). The
images clearly show that after 20 days of incubation A4 presented: organized
amyloid fibrils when alone; disorganized structured aggregates and fibrils, in the
presence of GdL;; and reduced amyloid fibrils, in the presence of GdL; (mainly

seen at 1:1 equivalent concentration of 40uM). TEM images also showed the
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presence of small fibrils of 34-86 nm in both samples containing GdL; and GdL3
(see Figure 5.14, magnetizations at 100 nm). These studies confirm that GdL;
could induce an inhibitory effect on P-amyloid aggregation, similar to that
observed in the presence of lacmoid,'®® while the effect of GdL, is more akin to
that observed in the presence of CR, which on TEM images show an increased

presence of fibrillar peptide aggregates.'*

200 nm 100 nm 200nm 100nm

Figure 5.18. TEM images after 20 days incubation of 40 uM A4 alone (first
row), 40 uM A4/ 160 uM GdL; (second row) and 40 uM AB;—49/ 160 uM
GdL; (third row). Left and right images of each block group represent different

magnifications.

5.4.Conclusions

In the present work we found that the stable neutral complexes of
lanthanide ions with two new synthetic DO3A-PiB derivatives, L, and L3, interact
with both monomeric and aggregated AB;4 in aqueous solution. A slight
modification of the L; ligand by introduction of an aliphatic C¢ chain spacer

between the chelating DO3A macrocycle and the targeting PiB (Pittsburgh
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compound B) moiety turns out to change not just the strength of the interaction (as
measured by the dissociation constants, Kp), but also the stability of the
aggregated structures. The affinity values of Lal; and Lal; to immobilized A;.49
(measured by SPR) and of Lal; to are two orders of magnitude lower than for the
positively charged ThT, and five orders of magnitude lower than for neutral ThT
analogues such as PiB."***!° The group epitope mapping (GEM) for LaL,; and
LaLs, obtained by STD NMR,** shows in both cases that the complexes interact
with immobilized A;.40 mainly through the benzothiazole ring and the attached
methoxy group. However, some important differences are observed which could
explain the slightly higher affinity observed for the Lal; complex. The increased
absolute Asrp values for the PiB moiety suggesting an increased interaction with
the peptide aggregate surface and a contribution from non-specific interactions
involving the flexible aliphatic C¢ linker suggests an optimization on the binding
properties in this complex. Although both La’" complexes interact with the
aggregated APy, the short distance between the two moieties (chelating and
targeting) in GAL, perturbs its effective interaction with the peptide.'

These findings take special relevance when we relate them with the AB;_49
aggregation kinetics data presented in this work. Are our neutral complexes able
to inhibit AB;.49 amyloid fibril formation in water solutions or do they promote it?
Our Circular Dichroism (CD), Dynamic Light Scattering (DLS) and TEM studies
at different temperatures, complex-peptide ratios and times, suggest that the
natural fibril formation is inhibited by GdL; and slightly promoted by GdL,. The
formation of -sheet structure is linked to AP;.49 self-assembly in solution, while
polyproline PII and specially a-helical structures are related to the inhibition of
large amyloidal assemblies.”'*****! Our extensive CD studies showed that, while
at 3 °C the random coil and polyproline PII conformational mixture present in the
free AP0 peptide did not significantly change in the presence of the complexes,
at 25 and 37 °C the PII conformation disappeared immediately and ordered a-
helical and B-sheet structures were formed more rapidly even in the absence of the
complexes. The presence of these complexes promoted the earlier formation of
these ordered structures, depending on their concentration: the a-helical structure
dominated in the presence of GdL; at all concentrations, while GdL; promoted the

formation of B-sheet structures at higher concentrations.
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DLS data supported the inhibition of A4 aggregation by GdLs,
indicating the formation of particles with reduced hydrodynamic radius for the
APi40 solutions in the presence of the GdLj;, with autocorrelation functions
shifted toward shorter correlation times. The TEM images also confirmed that the
addition of GdL; to AP;.4 fibrils induced the dissociation of large AP aggregates.
Thioflavin-T fluorescence kinetics profiles confirmed the slow fibrillation process
of APi.49 but the effect of the complexes in this process was not studied by this
technique, due to the interference of the two dyes used.

The mechanisms by which monomeric soluble AB;.49 converts into large
self-assembled aggregates or fibrils are extremely relevant for the elucidation of
the origins of Alzheimer’s disease.**’ A favored aggregation mechanism for AB,.
40 Involves an initial formation, from the disordered monomer, of an antiparallel
B-hairpin involving association of the two B-strands (K16-V24 and [31-V36) with
an interior hydrophobic core, followed by formation of soluble oligomers by
hydrophobic stacking of B-hairpins and by a concerted conformational transition
to a fibril containing parallel B-sheets. The specific stabilization of this -hairpin
monomeric intermediate by the affibody protein Z,p; dimer was found to inhibit
amyloid formation.!' However, the effect of non-specific small molecule
modulators of AP} peptide self-assembly through structural changes involving less
specific hydrophobic or electrostatic interactions is a more controversial
issue.”**** An hydrophobic aromatic molecule like lacmoid inhibits the
aggregation process AP;.4 by binding to the exposed hydrophobic surfaces of the
peptide, favoring its monomer state.'*® CR stabilizes the B-hairpin intermediate by
specific interaction with two positively charged lysine residues, K16 and K28,
thus promoting fibril formation.'*® The dual effect of surfactants like SDS or LiDS
on the aggregation process, favoring it at low concentrations (below cmc) and
inhibiting above the cmc, depends on how they modulate the hydrophobic
attraction between the peptide monomers as well as their conformational
preferences. Such an example is given by SDS, where at low concentrations, the
individual surfactant molecules promote the B-hairpin structure, >'* while at high
concentration the micelles present incorporate the peptide monomer by promoting
the formation of two a-helical structures separated by a flexible loop, one in the

Q15-G25 region with an amphipatic surface stabilized by the micellar surface and
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the second in the 131-V36 region with an hydrophobic surface buried in the
micelle core.'®

Our two neutral complexes have quite high cmc values and different
hydrophobicities: GdL; (cmc = 1.49 mM, log P = - 0.15) and GdL; (cmc = 1.0
mM, log P = 0.03) (see Chapter 4). The present study was carried out at
concentrations much below those cmc values, thus only monomers are present,
and the most hydrophobic monomer, GdLs, stabilizes the a-helical peptide
structure and has the better protective effect against peptide aggregation.

The explanation for this observation is present in the interaction of the
individual complex molecules with the binding domains of the Ao
monomer.>**** This was investigated by protein-based 'H-""N-HSQC NMR of
the "’N-labeled peptide. In the case of the LaL, complex, 'H-"’N-HSQC spectra
provide evidence suggesting that the complex binds to an hydrophilic segment of
APi.40 with a high concentration of charged residues that spans residues RS - L17.
The lack of alterations in the 'H-">C-HSQC spectra leads us to advance that the
binding AP and LaL; does not involve their nonpolar moieties.

Evidence for binding to AB;.4 monomer is more scarce in the case of
LaLs, contrasting to some reported works with lacmoid and Cu®" binding to Af in
which 'H-"N-HSQC NMR signals specifically broaden greatly and
disappear,'®**'® leading us to conclude that the binding of LaLs to monomeric
APi-40 (the form chiefly detected by liquid state NMR spectroscopy) has a Kp of 3
x10* M or weaker. The main difference between the two ligands is the presence
of a rather long aliphatic linker in Lals;. This leads us to suggest that the
proximity of the hydrophilic lanthanide cage to the PiB moiety of the complex
could be a factor in the stronger binding of the Lal; ligand to monomeric
AB. Moreover, the increased flexibility of the aliphatic Cq chain in Lal; gave rise
to: higher hydrophobic nature, stronger affinity constants to the aggregate, weaker
molecular constraints and increased inter/intra molecular disorder.

Our results strongly suggest that Lal; and probably LalL; will not interact
with monomeric AB at normal, physiologically relevant concentrations of the
peptide. This is important for two reasons. First, AB;49 has been reported to
protect the brain against bacterial infection as at low (uWM) concentrations as it is a

potent bacteriostatic™*, and therefore the weak to insignificant binding of these
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lanthanide complexes will not interfere with the AB;49 ’s normal beneficial
activity. Second, it can be predicted that the relatively weak binding of the
corresponding Gd** complexes to monomeric AB;4, which is normally present,
will reduce background and enhance the signal contrast when these MRI probes
bind to ABi40 amyloid fibrils and plaques.

Taken together, our findings prove a principle to guide the scientific
community on the discovery of optimized small molecules able to: target
specifically aggregated amyloid AP, improve their hydrophobic nature, inhibit A3

toxic self-assemblies and evince a therapeutic effect.
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CHAPTER 6: In Vivo Studies of Gd-DO3A-PiB Derivatives

6.1.Introduction

This Chapter reports the results of the experiments undertaken to answer
the key question that will determine the success of the prepared compounds in
their in vivo applications: have the trivalent metal complexes M3+LX’ x=123 the
capability to cross in vivo the Blood Brain Barrier (BBB) and specifically target
amyloid plaques, despite the adverse in vitro data described in the previous
Chapters 4 and 5 (molecular weight, 10gPocywater, Weaker affinity to Af peptides)?

Several advances in PET (and also SPECT) technology contributed
extensively to in vivo imaging studies of small animals.”” *** So far, the attempts
to use MRI to obtain molecular images able to non-invasively detect amyloid
plaques have met only limited success, as only few studies have been reported to
achieve this goal, as discussed in Chapter 1 (Section 1.5 d)."**'*" Transgenic
mice, possessing specific mutations (APP/PS1-21) which develop AP deposits,
tangles and synaptic dysfunction, thus mimicking the human AD pathology, have

been shown to be useful models for in vivo imaging of AD onset.******

However,
the translation from preclinical to clinical Af imaging remains a challenge with
the current transgenic models of AD. Indeed, some of the imaging probes,
including PiB derivatives, give negative results in preclinical models while they
are useful in humans. This is due to the difference in composition, structure and
compaction of A/ peptides between human and rodent amyloid plaques.** %

The development of diagnostic agents for early in vivo visualization of the
amyloid plaques is an important challenge in molecular imaging today, and it
would also be important for monitoring new therapies of AD. Small organic
compounds, such as derivatives of thioflavin T, benzoxazoles, stilbenes and
oxazines, have high binding affinities for the Af aggregates and some of them
pass the BBB. They inspired the development of amyloid-labelling nuclear

126,128,129,149,188,246 11 18 8
,128,129,149,188, C -and

imaging probes. F-labelled derivatives of stilbene'?

129,149

and Pittsburgh compound-B (PiB) are some of these examples making their

way into the clinics.'?®'*'™ Attempts have been also made to develop neutral
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#mTe-labelled A SPECT probes which, given the easier accessibility of **™Tc as
compared to '°F, could provide a more convenient approach to the detection of
AD (see Chapter 1, section 1.5.4. b). 1347137

In this study, we explored the binding selectivity of amphiphilic M*"-L,
complexes to amyloid plaques via ex vivo assays with AD human and Tg APPswe,
PSEN1dE9 mice brain slices, as well as the in vivo biodistribution of the

111In3+—L1 complex as SPECT tracer in normal Swiss mice which

radioactive
informs about the brain uptake of the injected dose per gram (ID/g) of the

radioactive complex.

6.2.Experimental

6.2.1. Ex vivo human immunostaining studies

6.2.1.1. Cases

AD patients had been enrolled in a brain donation program of the Brain
Bank “GIE NeuroCEB” run by a consortium of Patients Associations (including
France Alzheimer Association) and declared to the Ministry of Research and
Universities, as requested by French Law. An explicit consent had been signed by
the patient himself, or by the next of kin, in the name of the patient, in accordance
with the French Bioethical Laws. The project had been approved by the ad hoc
committee of the Brain Bank. At the time of death, the corpse was transported to
the mortuary of a University Hospital belonging to the NeuroCEB network and
the brain was removed. One hemisphere randomly left or right, was fixed in
buffered 4% formaldehyde for the neuropathological diagnosis of AD. The other
hemisphere was immediately sliced. Samples from the superior temporal gyrus
(Brodmann area 22), around 4 cm’ in volume, were mounted on a cork piece with
Cryomount embedding medium and dipped in isopentane cooled by liquid

nitrogen. The samples were kept in a deep freezer at —80°C.
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6.2.2. Diagnosis

Multiple samples from the formalin-fixed hemisphere, including the
hippocampus and isocortical area Brodmann 22, were embedded in paraffin and
cut at 5 pm of thickness. The sections were stained with hematoxylin-eosin and
immunostained with anti-Ap (6F/3D clone; Dako, Trappes France) and anti-tau
(polyclonal rabbit anti-tau antibody; Dako; Trappes code number A 0024). The
lesions were staged according to Braak and Braak.**’ The density of the SPs was

124

evaluated according to the CERAD protocol.**® The diagnosis criteria of the NIA-

d.** Care was taken to select cases with a high number

Reagan Institute were use
of mature SPs containing an amyloid central core of AP peptide. One sporadic
case at Braak stage VI with “frequent” SPs and NIA-Reagan “high probability”

was finally chosen.
6.2.3. Samples for staining

Ten micrometer thick brain sections from the temporal cortex of the AD
subject (determined as previously described) were obtained from the frozen block
with a Leica CM 3050 S cryostat. They were mounted on “Superfrost Plus” slides
(Thermo Scientific) and stored at —80°C until immunostaining or staining with

PiB and EulL,;.

6.2.4. Senile plaques staining

Post-mortem frozen samples of temporal cortex of three Alzheimer
Disease (AD) subjects (Braak stage VI: numerous focal, diffuse, subpial deposits
as well as amyloid angiopathy) were studied.

The frozen 10 um thick brain sections were thawed for few minutes at
room temperature and fixed for 10 min in 100% acetone (Prolabo), then washed
three times for 5 min with PBS (Sigma). Afterward, the samples were incubated in
a 200 pl solution of PIB or EuL,, at a concentration of ImM in PBS during 90
min. The samples were washed in PBS and mounted using a fluorescent mounting
medium (Dako). All preparations were performed at room temperature. An
epifluorescent microscope (Olympus BX50) was used for the examination of the
tissue. Images were collected in violet filter with a photometrix camera using

Metaview software.
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6.2.5. Immunofluorescent labeling of senile plaques250

A method for reliably staining the senile plaques (SPs) on the brain
tissue was needed to confirm the positive staining of PIB or EuL, derivative
by co-localization. In this case, after acetone fixing and PBS washing the
sections were incubated for 4h in a 200 pl solution of 6F/3D antibody (Dako).
The samples were washed 3 times with PBS and incubated for another 2 h
with the secondary antibody bearing the chromogen red CY3. Following the
immunostaining, the samples were further washed 3 times in PBS before
incubation with PIB or EuL,, the same concentration as previously used, for
90 min. The co-localization was examined by epifluorescent microscopy using
either green or violet filter of the same zone. The analysis of images was
performed with Photoshop 7.0 and the colocalization was confirmed by
superposing the images corresponding to the green filter - representing the
immunostaining of senile plaques and the violet filter —corresponding to the

staining by PIB and EuL,;.

6.2.6. Animal studies

Animal experiment procedures were performed in strict accordance with
the directives of the European Union (86/609/EEC) and validated by the Regional
Ethics Committee (approval number: 0310-02). APP/PS1-21 (line 21) and
corresponding (C57B16) control mice were used and also adult male Swiss mice.
APP/PS1-21 mice coexpress human APP carrying the K670N/M671L “Swedish”
double mutation and hPS1 L166P with a 3-fold overexpression of human APP
over endogenous mouse APP. Mice express the transgene under the control of a
neuron-specific mThy-1 promoter element and generated on a C57BIl6
background (Radde et al., 2006). C57Bl6 mice, that do not display amyloid
plaques, were used as controls. Animals were housed at constant temperature (22
°C) and humidity (50%) with a 12-hour/12-hour light/dark cycle and had access to

water and laboratory chow ad libitum.
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6.2.7. In vitro autoradiography

The in vitro autoradiography was recorded on Tg APPswe, PSEN1dE9
mice brain sections. Frozen brains from Tg and control mice were cut into 20-mm
sections. The sections were incubated with '"InL; in 40% ethanol at a
concentration of 1 uM for 1 h. Non-specific binding was defined by adding 500
uM of “cold” AV-45 (a reference ligand for APB). The sections were then dipped in
saturated Li;CO; in 40% ethanol (2-min wash twice) and washed with 40%
ethanol (2-min wash once), followed by rinsing with water for 30 s. After drying,
the sections were exposed to Kodax Biomax MRI film for 2 days. After the film

was developed, the images were digitized.

6.2.8. Radiolabeling

The DO3A-PiB precursor in isotonic ammonium acetate pH 7.0 buffer was
treated with a solution of '''InCl; (specific activity 15.38 TBq/mg, PerkinElmer,

"’ complexes (with 10% precursor

Boston, USA), in order to obtain 1:1
excess). Complexation was performed by heating the mixture at 100°C for 30
min. The efficiency of radiolabeling with 'In*" was controlled by thin layer
chromatography (ITLC-SG / MeOH:H,O:NH4OH (2:4:0.1) system), indicating
that a >96% radiochemical purity of the complex was achieved (Figure 6.5). The
in vitro stability of the complex was evaluated and the complex remained stable

with a degradation rate of 2% up to 22h after radiolabeling.

6.2.9. In vivo biodistribution in mice

Studies were carried out on adult male Swiss mice that had no amyloid
deposits in their brain (Centre d'¢levage René Janvier, Le Genest-Saint-Isle,
France), weighing 36+1 g, in compliance with the French legislation on animal
experimentation and European directives. Animals were housed in a temperature
(23+0.5°C)- and humidity (43%+8%)-controlled environment under a 12-h light—
dark cycle with food and water available ad libitum. A saline solution of '''InL, (2

— 2.5 MBqg/100 pL) was intravenously injected through the penis vein. The mice
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were euthanized by decapitation at 2 (n=6), or 30 min (n=4) after radioligand
injection, and organ samples, including cortex, cerebellum, heart, liver, lung, and
kidney were quickly removed and weighed. The radioactivity was measured with
an automated y-counter (Cobra Quantum Packard), and the percentage injected
dose per gram of wet tissue (% ID/g) was calculated by comparison to a diluted

standard solution derived from the initial injected solution.

6.3.Results and Discussion

We have tested the capability of the imaging agent to bind amyloid
aggregates on post-mortem human brain tissue of AD patients by using the Eu®"
analogue EuL;. The staining with EuL; revealed the presence of various amyloid
deposits. The distribution pattern and intensity of the senile plaques were similar
for PiB or Thioflavin-S and EulL,; (Figures 6.1 and 6.2). Nevertheless, Eul,
seems to have lower affinity for neurofibrillary tangles, being thus more specific
to AP deposits than its PiB precursor (Figure 6.3). In order to confirm that PiB
and Eul, labelling is specific for the amyloid deposits, we performed a double
fluorescence staining experiment using the routinely employed 6F3D antibody.
Figure 6.4 shows the labelling of a senile plaque with both the 6F3D antibody and
PiB or EuL,;. The staining of PiB and EuL,, is strong in the focal deposits while the
surrounding crown is slightly less positive, probably due to its partially fibrillar
morphology. Some of the less intense AP positive structures were not labelled by

PiB or EuL;.
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Figure 6.1. Micrographs illustrating the staining of amyloid deposits by L; and

EuL,, on post-mortem AD brain tissue.

Figure 6.2: Micrograph illustrating the staining of amyloid deposits by

Thioflavin-S, on post-mortem AD brain tissue.
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Figure 6.3. Positive staining of an Alzheimer tissue with PiB (a, b, ¢) and EuL,

(d, e, f). Senile plaques (left), diffuse deposits (middle), and neurofibrillary
tangles (right) are put into evidence by the PiB and EuL; staining.
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Figure 6.4. Micrographs illustrating the co-localisation of PiB or EuL; and 6F3D-
antibody labelling of amyloid deposits of post-mortem human brain tissue of an
AD patient: the colocalization is confirmed by the magenta color in the “merge”

images; scale bar = 20um.

In order to evaluate the penetration of our complexes across the BBB, we

have performed in vivo biodistribution experiments with the '

In-analogue in
adult male Swiss mice which had no amyloid deposits in their brain. The
radiolabelling of the ligand has been carried out in isotonic ammonium acetate at
pH 7.0, by adding a solution of '"'InCl; (specific activity 15.38 TBq/mg), in order

to obtain 1:1 '"In**

complexes (with 10% ligand excess). Complexation was
achieved by heating the mixture at 100°C for 30 min. The efficiency of
radiolabelling with '"'In*" was controlled by thin layer chromatography, indicating
>96% radiochemical purity of the complex (Figure 6.5, details in Experimental).
The in vitro stability of the complex was evaluated and the complex remained
stable with only 2% degradation at 22h after radiolabelling. The in vivo
biodistribution of "'InL; in Swiss male mice at 2 and 30 mins after tracer
injection is presented in Table 6.1. Kidney displayed the highest uptake of activity
of all organs, suggesting a urinary elimination of the activity. The distribution data
showed that the radioactive signal was also elevated in lungs 2 min after tracer
injection (11.42+0.77 %ID/g tissue), then decreased at the 30 min time point. This
transient high lung uptake reflects the large blood volume of this blood-rich
content organ. In the brain, the % ID/g in the cortex and cerebellum at 2 mins was

0.36 and 0.5, while at 30 mins it was 0.11 and 0.21, respectively. The clearance

measured by the ratio of % ID/g values at 2 min and 30 min is 3.3, a value
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comparable to that determined for piB. 148 99m

Tc-based f-amyloid tracers were
reported to have a similar or higher brain uptake (0.1-1.4 % ID/g at 2 mins and
0.1-1.08 % ID/g at 30 mins, post injection).**?***"*! Given the considerably
(~50 %) higher molecular weight of '''InL;, the brain % ID/g values determined
are quite remarkable. They are also similar to the cerebral biodistribution of some
SPECT radioligands, including PE2I*'** and CLINDE®’**, developed for
molecular imaging of the dopaminergic system and neuroinflammation in the
brain, respectively. Therefore, the BBB crossing of '''InL; might be sufficient for
nuclear imaging of amyloid deposits in relevant rodent transgenic models
overexpressing AP aggregates, even though the in vitro autoradiograms of frozen
mice Tg APPswe, PSENIdE9 brain sections labeled with 111InL1 were
inconclusive, as reported from Klunk et al. for PiB labeled with ''C (Figure
6.6).>** Similar to Klunk et al, we hypothesize that different structural
rearrangements, composition and compaction of AP peptides between human and
rodent amyloid plaques, as well as the weaker affinity constants and different
aqueous solution concentrations of the metal complex used for the fluorescent
immunohistochemistry and radioactive autoradiography, are responsible for those
opposite results.

BBB permeability sufficient for MRI detection with the Gd** analogue
will be certainly difficult to attain. However, such an MRI contrast agent
specifically binding to amyloid deposits can be still useful in small animal studies
where the opening of the BBB with mannitol or ultrasound is feasible. In small
animal studies, the high resolution of MRI with respect to nuclear techniques is
particularly important. These agents can also bring more specificity and
complement the use of non-specific Gd-complexes like GdDTPA applied in
intracerebroventricular injection protocols or can be useful in ex vivo MRI to stain

Alzheimer brain tissues.'"
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Figure 6.5. Thin layer chromatograph obtained for free Indium = """InCl; used for
radiolabeling of L; (left) and after complexation with L; (right), in the system
ITLC-SG / MeOH:H,O:NH4OH (2:4:0.1). Free indium has a Rf = 0, whereas
"InL, migrates with a Rf ~ 0.7 in this system. The radiochemical purity was >

96%. The x axis is in minutes.

Table 6.1. Distribution of 111InL1 in Swiss mice 2 min and 30 min after tracer

injection. The data represent the mean +SD percent injected dose per gram (%

ID/g, n=4).

% 1ID/g 2 min 30min

Kidney 12.53+1.07 4.23+0.42
Cerebellum 0.50+0.07 0.21+0.02
Cortex 0.36+0.03 0.11+0.01
Heart 7.36+0.18 1.51+0.21
Liver 4.90+0.12 7.65%+1.59
Blood 14.59+0.23 4.23+0.45
Lung 11.42+0.77 1.44+0.14
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Figure 6.6. In vitro autoradiograms of frozen mice Tg APPswe, PSEN1dE9 brain
sections labeled with (A) '''InL, and (B)'*F-AV-45. (C and D) represent the same
autoradiograms in the presence of cold AV-45 and (C and D) non specific binding

with wild type mice not presenting A3 deposits.

In conclusion, the amphiphilic, non-charged, trivalent Eu’"-L, complexes
show affinity for amyloid deposits in post-mortem human tissue, revealing its
selectivity for human amyloid plaques like the reported benzothiazol neutral
derivatives, but not for Tg APPswe, PSEN1dE9 brain sections labeled with
111InLl. The biodistribution experiments in normal mice with 111In3+-L1 proved

moderate brain uptake, similar to the values for ™

Tc-based amyloid tracers.
Given their similar charge and the fact that the binding interaction mainly
involves the PiB moiety, similar selectivity and biodistribution profiles can be

expected for the Eu’" and In** analogues as well.
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Conlusions and Perspectives
|

The work presented in this thesis focused on the development of
multimodal probes for the detection of A amyloid plaques in Alzheimer’s disease
(AD) using molecular imaging techniques.

In recent years, multimodality imaging has emerged as a novel concept
that combines simultaneously or successively two or more imaging methodologies
to provide complementary information in biological studies and medical
diagnostics. Magnetic Resonance Imaging (MRI) is endowed with excellent
resolution, while nuclear imaging techniques offer detection of the probes with

remarkable sensitivity.

Our objective was to create a new class of ligands capable of forming
thermodynamically stable and kinetically inert complexes with several trivalent
metal ions in particular with lanthanides. The complexes formed are expected to
1) have amphiphilic behaviour and high relaxivities (for the Gd** analogues) in
aqueous solution, 2) bind to aggregated AP peptides and amyloid deposits, 3) act
as amyloidal aggregation “protectors”, 4) permeate the Blood Brain Barrier.

To achieve this, different tetraaza macrocyclic (DO3A, DOTA) and
MAMA chelating structures were conjugated to a 4'-methylaminophenyl-
benzothiazole targeting moiety via different linkers and the ligands were
characterized. According to their chelating structures, these ligands include DO3A
derivatives (L;, Ly, Lj3), one DOTA derivative (Ls), a MAMA derivative (Ls).
Indeed, DO3A and DOTA derivatives are well known to form very stable
complexes with lanthanide (Ln’") and other trivalent metal ions (M), while
MAMA derivatives are commonly used for complexation of the reduction
products of *™TcO, in Nuclear Medicine for application in SPECT brain
imaging.

The Gd*"-complexes have been evaluated with respect to their potential
use as contrast agents in T;-weighted MRI (Chapter 4). This included the

assessment of their 10gPocywater coefticients (10gPoctwater = -0.15-0.32), their critical
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micellar concentration (cmc) by relaxometry, their relaxometric properties in the
absence and in the presence of AP;49 and Human Serum Albumin (HSA), their
affinity constants characterizing HSA binding assessed by paramagnetic
relaxation enhancement (PRE) measurements (Ka a1 = 709 + 89 M'l; Ka, gas =
250 £ 18 M'l), as well as a complete 70 NMR and '"H NMRD study of the GdL;
complex. These in vitro studies suggest that our Gd*-complexes show promising
characteristics to be used as MRI contrast agents for AB amyloid detection in AD.

We have also investigated the in vitro interaction of our Ln’" complexes
with AB;.4 in solution using different experimental techniques, such as Surface
Plasmon Resonance (SPR), Saturation Transfer Difference NMR (‘H STD NMR),
Circular Dichroism, Thioflavin-T fluorescence, 2D HSQC NMR, Dynamic Light
Scattering and TEM images (Chapter 5). The neutral Ln’" complexes of the two
DO3A-PiB derivatives, L; and L3, interact with moderate affinity to an aggregated
form AP and weakly to the monomeric A4 in aqueous solution. A modification
of the L, ligand by introduction of an aliphatic Cs chain spacer between the
chelating DO3A macrocycle and the targeting PiB moiety changes the strength of
the interaction (as measured by the dissociation constants, Kp), as well as the
stability of the aggregated structures. We also found that the most hydrophobic
monomer, GdL3, stabilizes the a-helical peptide structure and has the better
protective effect against peptide aggregation.

Our results also suggest that Lal; and probably LaL; will not interact with
monomeric AP at normal, physiologically relevant concentrations of the peptide.
This is important for two reasons. First, AB;49 has been reported to protect the
brain against bacterial infection as at low (uM) concentrations as it is a potent
bacteriostatic, and therefore the weak to insignificant binding of these lanthanide
complexes will not interfere with the AB;.49’s normal beneficial activity. Second,
it can be predicted that the relatively weak binding of the corresponding Gd*"
complexes to monomeric APj49 , which is normally present, will reduce
background and enhance the signal contrast when these MRI probes bind to AB;.40
amyloid fibrils and plaques.

Taken together, these findings can contribute to the design of optimized
small molecules able to specifically target aggregated amyloid Af by improving

their hydrophobic nature, to inhibit AP toxic self-assemblies and to evince a
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therapeutic effect.

We have investigated the capability of our neutral complexes to bind
amyloid deposits ex vivo and in vivo. Ex vivo studies with post-mortem AD human
brain slices confirm the selective binding of our EuL; complexes to human AP
amyloid deposits. The in vivo biodistribution studies of the SPECT tracer formed
by labelling ligand L, with the radioactive y-emitter Indium®” (InL;) in normal
Swiss mice show that they are able to permeate the Blood Brain Barrier, giving
permeation values of 0.36/0.11 %ID/g of the InL; complex at 2/30 min post

injection.

Alzheimer’s disease is a major concern of the 21% century and the
economic burden is considerable. The development of novel diagnostic probes for
early in vivo visualisation of the amyloid plaques associated to Alzheimer’s
disease remains an important issue. Early diagnosis would allow treatment that
slows disease progression and also determine the response to therapeutic drugs.

In the future, specific efforts should concentrate on the delivery of the
diagnostic probes via the BBB and on the development of multimodal approaches.
Therapeutics could be directly coupled to these probes in order to explore
theragnostic routes.

The conclusions of this thesis as well as the future results to be obtained
with the ligands L4 and Ls not yet investigated, contribute to understand the role
of hydrophobicity, ligand flexibility, charge and size on the in vitro and in vivo
behaviour of this kind of imaging probes. This will provide important clues to an

optimized design of imaging probes for AD.
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APPENDIX 1: Analysis of NMRD and O NMR data

NMRD and "0 NMR data have been analysed within the framework of

Solomon-Bloembergen-Morgan theory.

70 NMR spectroscopy

From the measured '’O NMR relaxation rates and angular frequencies of
the paramagnetic solutions, 1/7; , 1/T, and », and of the acidified water reference,
1/T14, 1/T>4 and w4, one can calculate the reduced relaxation rates and chemical
shifts, 1/75. and Aw,, which may be written as in Equations (A1)-(A3), where,
/T, 1/T5,, 1s the relaxation rate of the bound water and A®,, is the chemical shift
difference between bound and bulk water, 1, is the mean residence time or the

inverse of the water exchange rate k., and P, is the mole fraction of the bound

water. 255,256

1 1 1 1 1 1
e e = + (A1)
T]r Pm Tl T]A Tlm+rm Tlos

1 11 1] 1 Gt e,
= ol 7 [ 12mz T (A2)
T2r Pm ]-'2 T2A 7’-m (Tr_n +T’2-m) +A a)m ]—'20.8‘

1 Aw
Ao =—(w—w,)= L& +Aw .
TR e a0, A

The outer sphere contributions to the 70 relaxation rates 1/T 1os and 1/T» s
can are neglected according to previous studies.”’ Therefore, Equations (A1-A2)

can be further simplified into Equations (A4) and (A5):

— = (A4)
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T, T Tew 49

The exchange rate is supposed to obey the Eyring equation. In equation
(A6) AS* and AH* are the entropy and enthalpy of activation for the water

exchange process, and ke, ® is the exchange rate at 298.15 K.

1 k. T AST AHT | KP*T AH? 1 1
—=k,=—2—ex - =2 __ex ——
t,  h p{ R RT} 29815 P R (298.15 TJ (A6)

In the transverse relaxation, the scalar contribution, 1/75s, is the most
important [Equation (A7)]. 1/t is the sum of the exchange rate constant and the

electron spin relaxation rate [Equation (A8)].

1 1 S(S+)(4Y
e e | e (A7
]—’2m ]—'250 3 h l+a)STS2
z-sl Tm Tie ( )

The "0 longitudinal relaxation rates in Gd** solutions are the sum of the
contributions of the dipole-dipole (dd) and quadrupolar (¢) mechanisms as
expressed by Equations (A11-A13) for non-extreme narrowing conditions, where
vs is the electron and y; is the nuclear gyromagnetic ratio (ys= 1.76x10" rad s T~
1, Vi =-3.626x10" rad s T'l), rcqo 18 the effective distance between the electron
charge and the '’O nucleus, I is the nuclear spin (5/2 for '’0), y is the quadrupolar

coupling constant and 1 is an asymmetry parameter :

André F. Martins — PhD Thesis

181



APPENDIXES

1 1 1
=——+ (A9)
Tt Tiaa Ty
with:
1 o) 2 h2 2 2
- —(ﬂj 22T g5+ 1)x [3J(w,:1, )+ T (053 7,,)] (A10)
T 15\4rx TGao

1 3n® 21+3
T, 10 1?(21-1)

12 (1+m% /3)x[0.2J (0, )+ 0.8/, (o, )] (A1)

In Equation (A3) the chemical shift of the bound water molecule, A®,,,

depends on the hyperfine interaction between the Gd** electron spin and the 'O

L . . A
nucleus and is directly proportional to the scalar coupling constant, e as

expressed in Equation (A12).*®

_ g 1pS(SHB 4

dw,,
3k,T h

(A12)

The isotopic Landé g factor is equal to 2.0 for the Gd*", B represents the

magnetic field, and kp is the Boltzmann constant.

The outer-sphere contribution to the chemical shift is assumed to be

linearly related to Ao, by a constant C,, [Equation (A13)]. *°

Aa)()S:COSAwm (A13)
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NMRD

X obs oo
The measured longitudinal proton relaxation rate, Ri = 1/T)°", is the
sum of a paramagnetic and a diamagnetic contribution as expressed in Equation

(A14), where r; is the proton relaxivity:
R =R/ +R!' =R/ +1,/Gd" ] (A14)

The relaxivity can be divided into an inner and an outer sphere term as

follows:
}’i = rlis +rlos (AIS)

The inner sphere term is given in Equation (A16), where ¢ is the number

. 260
of inner sphere water molecules.

1 q 1
r]is: X x H
1000 55.55 " T/'+1,

(A16)

The longitudinal relaxation rate of inner sphere protons, 1/7," is
expressed by Equation (All), where rgqsy 1s the effective distance between the
electron charge and the 'H nucleus, oy is the proton resonance frequency and ws is

the Larmor frequency of the Gd** electron spin.

2.2 22
1 2(uy) hiypy , ,
ﬁ_ﬁ[ﬁj —rgde S S(SH)x [3(w, 7, 1T (wgr7,, )] (A17)
1 1 1 1
=ttt for = 1.2 (A18)

where Try 1S the rotational correlation time of the Gd-Hy.er Vector.
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For small molecular weight chelates (fast rotation), the spectral density

function is expressed as in Equation (A19).
T
Jo;t )=| ———
o) 5 A1)

For slowly rotating species, the spectral density functions are described the
Lipari-Szabo approach.*®’ In this model we distinguish two statistically
independent motions; a rapid local motion with a correlation time t; and a slower
global motion with a correlation time t,. Supposing the global molecular
reorientation is isotropic, the relevant spectral density functions are expressed as
in Equations (A20-A24), where the general order parameter S° describes the
degree of spatial restriction of the local motion. If the local motion is isotropic, S

= 0; if the rotational dynamics is only governed by the global motion, §° = 1.

Ssz1 1-8% )t
J(O)I"le)=[ e { atl

1+ (D%thilg 1+ ('O%thil (Azo)
Szfdz (1- S? )t
. _ g d2
Jos:7q2)= ) + 1+ 022 (A21)
+ws":d2g +0)S‘cd2
L:i+i+i i=1,2 (A22)
Tdtg Tm Tg ];e
I 1 1
;_r_+r_l (A23)
4
S’t (1-8°)c
Ji(w,)= £+ i=1,2 A24
() (1+i2a}ft§ I+ Pt (a24)

The rotational correlation time, tTry is assumed to have simple exponential

temperature dependence with an Ey activation energy as given in Equation (A25).
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208 Ep(1 1
fro = Tro XPI T\ T 7508 15 (A25)

The outer-sphere contribution can be described by Equations (A26 and

A27) where N, is the Avogadro constant, and J,; is its associated spectral density

function as given by Equation (A15). 262,263

2 32 22
r]os—”NA“(%j TIT (84130, (0, T) + 70, (00T,
405 \47) agyDeun (A26)

1/2
. T
l+14[1m T + ;"H ]

je

T, (0T, )=Re

je

i 2
l+[ico Toar + TTCJ«*H] +49[ierdH - TTGJ*H J+19[im Toar + TTG;!H ]3 (A27)
j=12

The longitudinal and transverse electronic relaxation rates, 1/7, and 1/75,
are expressed by Equation (A28 and A29), where T, is the electronic correlation
time for the modulation of the zero-field-splitting interaction, £, the

corresponding activation energy and A’ is the mean square zero-field-splitting

energy. We assumed a simple exponential dependence of 1, versus 1/7 as written

in Equation (A30).
IR I 1
— | =4t 4S(5+1)-3 ot (A28)
T, 25 I+wgt,  1+4wit;
" 5.26 7.18
— | =d’t, —— (A29)
T, 1+0.3720t]  1+1.240,7,
o 5[1_ ! ]
noh 9P {R T 29815 (430)
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The diffusion coefficient for the diffusion of a water proton away from a

4 ) ) )
Gd* complex, Dgap, 1s assumed to obey an exponential law versus the inverse of

298
the temperature, with activation energy Epgar, as given in Equation (A31). Daan

is the diffusion coefficient at 298.15K.

E 1 1
D =ps Gati _4
GdH GdHexp{ R (298.15 Tj} (A31)
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APPENDIX 2: Saturation Transfer Difference (STD) NMR

STD NMR is commonly used to characterise the binding in ligand—
receptor complexes.’?">!

In this method, selective irradiation of the protein NMR spectrum results
in saturation of the protein signals and of any ligand protons interacting with the
protein. Subtraction of this spectrum from the one collected in non-saturated
protein and ligand conditions gives the saturation transfer difference spectrum, in
which only protein-interacting protons are visible and the epitope is mapped by

analysing the signal intensities of these protons in the STD spectrum.”*

IigaHnd nonligand

koﬂ — ko"
H‘H ‘ _’4— ‘ KD_ k
~ ~— k - on
| R on |
(o ™™ J
selective
saturation
H
Bags ““H a
HOj.
& ¢
L e ‘ H — = ‘
O Y T Y O VO T Y T . |
AR BB B & _AR Bl BB B 1 A n__
off-resonance on-resonance difference spectra

Figure S1. Scheme of the STD-NMR experiment. The exchange between
free and bound ligand allows intermolecular transfer of magnetization from the

receptor to the bound small molecule.”*®

Looking at Figure S1, the difference spectra is obtained from the
difference between the off-resonance (v.f. pulse set far away from the system
resonances) reference spectrum and the on-resonance spectrum under the same
conditions. The off-resonance experiment yields a spectrum identical to the on-
resonance except that the resonance intensities (/y, both ligand and receptor) are
not affected by saturation. Therefore the difference spectrum, or the STD
spectrum (Isyp = Iy - Is4r) yields only those resonances that experienced saturation
in the on-resonance experiment, the receptor resonances and the ones from the
binding ligands. Generally the intensity of the detected STD-NMR signal depends

on the efficiency of the receptor-to-ligand saturation transfer’®* and also on the
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number of ligand molecules in solution that received saturation from the receptor
(excess 10 to 100 fold). Normally, for a determinate system the ligand-to-protein
ratio and the saturation time have to be selected according to the expected Kp.

The STD-NMR experiment has some limitations, for high-affinity ligands
(ko rates in the range of 0.1-0.01 s), the saturation cannot be transferred
effectively to solution resulting in no observable STD effect. On the other hand,
when binding is very weak, the probability of the ligand being in the receptor site
becomes very low resulting in weak STD signals. The saturation transfer takes
place only to molecules bound to the protein with a rate that depends on the
protein mobility, ligand/protein complex lifetime, and geometry. Some knowledge
and understanding of the relative timescales of several important events is crucial
for setting-up a successful STD NMR experiment and to understand its
limitations. The binding of the ligand to the receptor can be characterized by an
off (ko) and an on rate (k,,), and the corresponding thermodynamic equilibrium

dissociation constant, Kp, given by equation (A31):
Kp = ko / kon (A31)

Normally it is considered that k,, is diffusion controlled, this means that
when the receptor and ligand find each other in solution they will form a complex,
being the lifetime of the complex (1/k,;) controlled by the k,; rate. For a
successful STD NMR experiment it is desirable that the exchange between free
and bound ligand is fast enough to allow the build-up of a population of saturated
ligand in solution. For that reason k. should be large enough to allow this
amplification to occur, but not so high that does not allow the ligand to remain in
the binding site time enough to receive the saturation from the receptor. If one
assumes a diffusion limited £,, rate, then it has been shown that the upper limit for
Kp in a STD experiment will be controlled by the minimum residence time needed
for saturation transfer, leading to a maximum K of 107 M.2

Before indicating the lower limit of K for the STD experiment, we have
to consider the kinetics of another important NMR process; the rate at which the
magnetization relaxes back to equilibrium. This rate is small for a small molecule

266

and large for a large molecule.”™ When the small ligand is bound to the large

receptor it behaves as part of the receptor and therefore its relaxation rate is much
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faster than in the free-state. As a consequence, the ligand has to dissociate faster
than the magnetization relaxation rate, otherwise relaxation occurs and the
magnetization is lost. This represents a problem for tight binding ligands and sets
a maximum residence time for the ligand in the binding site of the receptor,
determined by the relaxation rate of the large receptor. As before, assuming a
diffusion limited k,, rate the lower limit for the Kp, for normal STD experiments,
was determined to be 10 M. The K, range of the STD NMR experiment is then
between 10 < Kp< 107 M.
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APPENDIX 3 : Competitive Binding Data

Competitive binding experiments measure the binding of a single
concentration of labeled ligand in the presence of various concentrations of

unlabeled ligand (Figure S2).%%

Total radioligand binding

log [unlabled ligand]

Figure S2. Competitive binding curve

The top of the curve is a plateau at a value equal to radioligand binding in
the absence of the competing unlabeled drug. The bottom of the curve is a plateau
equal to nonspecific binding. The concentration of unlabeled drug that produces
radioligand binding half way between the upper and lower plateaus is called the
ICsp (inhibitory concentration 50%) or ECs (effective concentration 50%).

If the radioligand and competitor both bind reversibly to a single binding

site, binding at equilibrium follows this equation.

(YTop - YBotmm )

ottom X-logIC.
1+107 8%

F(x)=Y, (A32)

André F. Martins — PhD Thesis



APPENDIXES

The K is an equilibrium dissociation constant of the enzyme-inhibitor
complex, or the reciprocal of the binding affinity of the inhibitor to the
enzyme. It is determined indirectly by measuring the competition of the
unlabeled ligand with a known radioligand. The K; can be calculated once the
ICsp and the thermodynamic dissociation constant, Kp, for a known subtract,

S, are determined by Cheng and Prusoff’s equations'** involving one

competitor.
IC
K, = #0] (A33)
I+~
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