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R E S U M É

introduction

La maladie d’Alzheimer (AD) est une maladie neuro-dégénérative
affectant presque 2% de la population des pays industrialisés. L’AD est
la forme la plus commune de démence caractérisée par la destruction
des cellules du cerveau, une perte de mémoire et une détérioration
cognitive et des processus comportementaux suffisamment sérieuse
pour affecter l’activité professionnelle, la vie sociale et les loisirs des
personnes atteintes. Cette maladie mortelle s’aggrave au fil du temps.
L’un des marqueurs histopathologiques caractéristiques de l’AD est
la présence de dépôts protéiques et de plaques amyloïdes dans le
cerveau. Ces plaques se composent de peptides bêta-amyloïdes (Ab)
de 40 et 42 résidus de longueur, et sont les produits du clivage par
des protéases de la protéine précurseur de l’amyloïde (APP).

L’APP est une protéine membranaire intégrale avec un seul domaine
transmembranaire (TM) exprimée dans de nombreux tissus et concen-
trée dans les synapses des neurones. L’APP est plus connue et plus
communément étudiée en tant que molécule précurseur dont la pro-
téolyse génère des peptides Ab, des peptides de 38 à 42 acides aminés
de longueur, et dont la forme fibrillaire est le principal composant des
plaques amyloïdes retrouvées dans le cerveau des patients atteints de
l’AD.

On a récemment découvert qu’un mécanisme de clivage protéoly-
tique séquentiel de libération d’Ab était à l’origine des multiples
clivages par γ-sécrétase, générant des peptides Aβ de différentes
longueurs. Il a été prouvé que la protéolyse intramembranaire par
γ-sécrétase nécessitait un effilochage local de la structure hélicoïdale
secondaire du domaine TM. En effet, certaines fonctions inhabituelles
de la séquence APP_TM pourraient déstabiliser sa structure hélicoïdale
dans la membrane. Premièrement, on constate une densité d’acides
aminés bêta-branchés (Valine, Thréonine, Isoleucine) élevée autour des
sites de clivage Ab40- et Ab42- susceptible de déstabiliser la structure
secondaire des hélices TM.

Deuxièmement, plusieurs des glycines du domaine de l’APP_TM se
produisent dans des motifs GxxxG, Gly625, Gly629, and Gly633, et on a
constaté qu’elles jouaient un rôle de médiateur dans l’homodimérisation
de l’hélice. On constate que l’hélice TM se déstabilise au point de
transition proche du site de clivage-ε et les données de RMN solide
indiquent que ces conformations hélicoïdales coexistent avec des con-
formations non hélicoïdales dans le domaine de l’APP_TM. Suggérant
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que la variabilité conformationnelle du segment TM pourrait jouer un
rôle dans le traitement de l’APP et donc dans la production d’Aβ.

La caractéristique pathologique de l’AD est attribuée à l’accumulation
constante de fibrilles d’Aβ dans des plaques et à la formation de sites
contenant une hyperphosphorylation de la protéine Tau, entraînant
une perte neuronale. L’hypothèse de la cascade amyloïde (Hardy et
Higgins, 1992) explique les effets toxiques des plaques amyloïdes sur
les connexions synaptiques et les neurones. Cependant, les expéri-
ences menées pour établir une relation de cause à effet directe entre
les dépôts d’Aβ et la neurodégénérescence à l’origine de l’AD n’ont
pas été concluantes. Selon les récentes théories, de petits assemblages
oligomériques solubles ou protofibrillaires d’Aβ sembleraient toxiques
pour les neurones et leurs interconnexions vitales, ce qui expliquerait
cette relation de cause à effet. Bien que les peptides Aβ puissent avoir
différentes longueurs d’acides aminés comprises entre 38 et 43, les
alloformes que l’on retrouve le plus dans le cerveau sont l’Aβ (1-40)
et l’Aβ (1-42). On a retrouvé ces deux peptides dans des plaques
amyloïdes et on a constaté qu’ils formaient des oligomères et des
protofibrilles. Des analyses post-mortem prati-quées sur des sujets
humains ont démontré que l’Aβ (1-40) plutôt que l’Aβ (1-42), que
ce soit sous forme soluble ou insoluble, tendait à s’accumuler davan-
tage chez les patients atteints de l’AD. En plus des cas sporadiques
d’AD, on a découvert et étudié plusieurs mutations de la maladie
d’Alzheimer familiale (FAD). La mutation Arctique dans la séquence
Aβ (Aβ(1-40)E22G) crée des protofibrilles bien plus rapidement et en
plus grande quantité que le type sauvage Aβ et induit une neurotoxic-
ité rapidement. Les caractéristiques cliniques et anatomopathologiques
de la FAD sont similaires aux cas sporadiques, sauf que la maladie se
déclare bien plus tôt.

La recherche n’a, pour l’instant, pas permis d’établir le mécanisme
primaire unique à l’origine de l’agrégation d’Aβ responsable de la
dégénérescence neuronale et du décès des patients atteints de l’AD. Il
semblerait, au contraire, que l’agrégation d’Aβ et le développement
de la maladie découlent de nombreux processus. Tandis que la source
d’ions Ca2+ est soit extracellulaire soit intracellulaire, l’activation
neuronale est plus généralement associée à une augmentation de la
concentration de Ca2+ intracellulaire ([Ca2+]i). Parmi les nombreuses
hypothèses mises en avant pour expliquer l’étiologie de l’AD, on
s’accorde à dire que le dérèglement de l’homéostase du Ca2+ joue un
rôle très important dans le développement de la maladie. L’idée qu’une
homéostase du Ca2+ altérée puisse servir de facteur déclenchant du
développement de l’AD a été formulée pour la première fois en 1982

pour être plus tard revue par Khachaturian. Les nombreuses études
sur l’AD ont déterminé une déficience du Ca2+ prouvant la relation
entre le signal du Ca2+ et la voie amyloïdogénique.
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Dans nos travaux, nous émettons l’hypothèse que lorsqu’un dérègle-
ment du Ca2+ survient lors d’un vieillissement normal, il peut faciliter
la formation d’oligomères Aβ pathogènes, qui à leur tour peuvent
intensifier la dyshoméostasie du Ca2+. Les espèces oligomériques
pourraient dont être tenues pour responsable de la médiation de la
blessure neuronale et de l’inhibition de LTP de l’AD chez les sujets
d’âge avancé, similaire à la situation chez les patients FAD porteurs
de la mutation Arctique.

Malgré les progrès incroyables faits dans la compréhension de l’AD,
nous ne sommes toujours pas parvenus à développer de nouveaux
médicaments suffisamment efficaces pour guérir, ou mieux encore,
prévenir la maladie. Les études épidémiologiques ont démontré une
association étroite entre la diminution du risque d’AD et l’usage
prolongé de médicaments anti-inflammatoires non stéroïdiens (AINS).
On a découvert que certains d’entre eux modulaient le clivage de la
γ-sécrétase. Dont la molécule carprofène–un inhibiteur du COX-2–on
l’a isolée des autres agents pharmacologiques disponibles dans le
commerce et constaté que sa N-substitution créait des modulateurs
puissants de γ-sécrétase. Le carprofène sulfonyle et le carprofène
benzyle ont eut un effet minime voire nul sur le clivage de la γ-
sécrétase du site-ε (Narlawar et al., 2006 ; Narlawar et al., 2007) mais
ont une spécificité élevée dans la modulation de l’activité de la γ-
sécrétase (Schmidt et al., 2006 ; Narlawar et al., 2006).

objectifs

L’objectif principal de cette thèse était de comprendre certains des
processus clés à l’origine, du développement et du traitement de l’AD
en suivant une approche multidisciplinaire.

Pour comprendre le mode d’action des protéines membranaires au
niveau moléculaire, il est essentiel d’avoir des connaissances précises
sur les propriétés structurelles de celles-ci, ainsi que sur la structure de
base et les angles d’inclinaison des segments transmembranaires. Dans
nos efforts de compréhension du rôle des variations structurelles de la
séquence TM dans le traitement de l’APP, nous tentons de déterminer
les détails structurels, les angles d’inclinaison d’hélice du peptide
APP_TM dans son environnement naturel, la double couche lipidique
de la membrane. La RMN solide s’est avérée être un outil biophysique
très utile au sondage de la structure et des dynamiques parmi de
nombreuses biomolécules inaccessibles par cristallographie ou par
la RMN en phase liquide comme les protéines membranaires et les
agrégats protéiniques liés à la maladie.

Dans le but de découvrir les mécanismes moléculaires responsables
des risques de l’AD liés à l’âge, nous avons comparé l’agrégat d’Aβ
(1-40) et d’Aβ (1-40)E22G dans le but d’étudier les similarités struc-
turelles et morphologiques des espèces–oligomériques ou fibrillaires–
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formées par les peptides avec ou sans Ca2+ ajouté. L’électrophorèse
sur gel et le transfert de protéines, la fluorescence de la thioflavine T
(ThT), la spectroscopie infrarouge à transformée de Fourier (FTIR) et
la microscopie atomique (AFM) ont été utilisés.

Nous avons utilisé la RMN solide pour découvrir le mode d’action
des deux puissants modulateurs de γ-sécrétase, le carprofène benzyle
et le carprofène sulfonyle, dans les doubles couches lipidiques. La
détermination de leur position et orientation dans les membranes
lipidiques nous donnera un bon aperçu du mécanisme moléculaire du
clivage protéolytique de la γ-sécrétase et donc de la production d’Aβ.

résultats et conclusions

Le dérèglement de l’homéostase du Ca2+ dans le cerveau de sujets
d’âge avancé et dans les maladies neurodégénératives joue un rôle
essentiel dans de nombreux processus et contribue à la déficience des
cellules et au décès. Nous avons émis l’hypothèse que le Ca2+ pourrait
déclencher ou accélérer l’agrégation d’Aβ. Par conséquent, nous avons
comparé les modèles d’agrégation de l’Aβ(1-40) et de l’Aβ(1-40)E22G
avec ou sans Ca2+.

Des échantillons d’Aβ(1-40) et d’Aβ(1-40)E22G ont été préparés et
ont incubé pendant 96 heures avec ou sans 2 mM de Ca2+. Après 0, 2,
4, 6, 24, 72, et 96 h, les échantillons ont été analysés par électrophorèse
sur gel de polyacrylamide sans SDS (0,1% de SDS était présent dans le
tampon de migration) et imagés par transfert de protéines. Le modèle
d’agrégation de l’Aβ (1-40) a présenté des différences frappantes avec
ou sans Ca2+ ajouté. À 72 h et à 96 h, l’Aβ (1-40) est constituée
des monomères et des oligomères contenant du Ca2+ dont les masses
moléculaires sont comprises entre celles des dimères (environ 8 kDa) et
des hexamères et de celles des oligomères ayant une masse moléculaire
plus élevée. Sans Ca2+, principalement les oligomères, protofibrilles
et fibrilles ayant une masse moléculaire élevée ont pu être détectés
en raison de l’étendue de l’agrégation de l’Aβ(1-40). Contrairement
à ceux d’Aβ(1-40), les échantillons d’Aβ(1-40)E22G n’ont présenté
aucune différence dans leurs profils d’agrégation avec ou sans Ca2+

ajouté. Comparé aux résultats obtenus pour les deux peptides, nous
avons clairement constaté qu’en présence de Ca2+, l’Aβ(1-40), tout
comme l’Aβ(1-40)E22G, s’agrégeait pour produire des oligomères et
des protofibrilles, alors que sans Ca2+, seul l’Aβ(1-40) formait des
fibrilles.

La fluorescence de la ThT a été utilisée pour distinguer les oligomères
et les fibrilles des peptides Aβ. Une étude a été menée, qui consistait en
une incubation de 96 heures, avec ou sans Ca2+ ajouté pour les deux
peptides. Après une incubation de 72 et de 96 heures de l’Aβ(1-40)
sans Ca2+, l’intensité de la fluorescence de la ThT a grandement aug-
menté, ce qui indique la formation de fibrilles. Après une incubation
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de 96 heures de l’Aβ(1-40) avec du Ca2+, l’intensité de la fluores-
cence de la ThT est relativement basse, ce qui indique la présence
d’oligomères et l’absence de fibrilles. Avec de l’Aβ(1-40)E22G, avec
ou sans Ca2+, on a constaté une intensité de la fluorescence de la
ThT stable voire même relativement basse pendant les 96 heures, ce
qui signifie que le processus d’agrégation de l’Aβ(1-40) est bien plus
lent que celui de l’Aβ(1-40)E22G, ou que ce dernier a une tendance
relativement élevée à former des oligomères plutôt que des fibrilles.

Les structures secondaires des agrégats d’Aβ sont réputées comme
possédant une haute teneur en feuillet bêta. Nous avons récemment
découvert, au moyen de l’ATR-FTIR, qu’une signature caractéristique
d’oligomères solubles d’Aβ indiquait une conformation de feuillet
bêta antiparallèle, tandis qu’une présence de fibrilles d’Aβ indiquait
une conformation de feuillet bêta parallèle. Dans le but d’évaluer
la présence d’oligomères ou de fibrilles, nous avons étudié les mod-
èles d’agrégation de l’Aβ(1-40) et de l’Aβ(1-40)E22G sur un temps
d’incubation donné et avons suivi l’évolution des pics à 1630 cm−1 et
1695 cm−1.

Au cours des premières 48 heures, nous avons observé deux car-
actéristiques particulières, et ce, pour toutes les conditions évaluées:
deux pics, un à ~1695 cm−1 et un autre à ~1630 cm−1. Les pics à ~1695

cm−1 et à ~1630 cm−1 dans le spectre infrarouge sont caractéristiques
de la conformation du feuillet bêta antiparallèle, indiquant des espèces
structurellement différentes des fibrilles. On a observé une réduction
importante à ~1695 cm−1 puis un passage à des nombres d’ondes
inférieurs et pour finir à une seconde diminution à ~1630 cm−1 au
bout de 48 heures d’incubation d’Aβ(1-40) sans Ca2+ ajouté. Ceci
illustre le processus de fibrillation dynamique du peptide Aβ(1-40)
in vitro, ayant commencé avec des monomères et des dimères qui se
sont transformés en fibrilles au fil du temps. On a remarqué, pour
l’Aβ(1-40) avec du Ca2+, les deux pics caractéristiques à ~1695 cm−1

et à ~1630 cm−1 à tous les points d’observation. Malgré la légère
diminution d’intensité observée à ~1695 cm−1, aucune réduction im-
portante n’a été observée à ~1630 cm−1. Il est également intéressant
de noter que ce comportement spectral de l’Aβ(1-40) en présence de
Ca2+ a les mêmes particularités que celui de l’Aβ(1-40)E22G avec ou
sans Ca2+. Dans les deux conditions et pendant 96 heures, les pics de
l’Aβ(1-40)E22G à ~1695 cm−1 et à ~1630 cm−1 sont caractéristiques
d’une conformation du feuillet bêta antiparallèle. Cette découverte
confirme les résultats découlant de l’analyse PAGE et des expériences
ThT, indiquant toutes–comme prévu, et conformément aux données
publiées–la formation de nombreux oligomères et éventuellement de
protofibrilles par l’Aβ(1-40)E22G.

L’imagerie AFM a révélé des similarités morphologiques entre les
oligomères de l’Aβ(1-40) avec Ca2+ et de l’Aβ(1-40)E22G, qui étaient
tous sphériques ou curvilignes. Nous ne savons toujours pas si la simi-
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larité morphologique des oligomères de l’Aβ(1-40) formés en présence
de Ca2+ aux oligomères de l’Aβ(1-40)E22G formés en l’absence de
Ca2+ ajouté indique des effets toxiques similaires.

La similarité entre les modèles d’agrégation de l’Aβ(1-40) avec du
Ca2+ et de l’Aβ(1-40)E22G avec ou sans Ca2+, observée ici au moyen
de trois techniques différentes, soulève une question fondamentale
sur un changement éventuel dans le mécanisme de l’agrégation de
l’Aβ(1-40) en présence de Ca2+. Les ions Ca2+ semblent stimuler la
formation préférentielle d’oligomères et de protofibrilles par l’Aβ,
s’écartant ainsi de la voie de la fibrillogénèse préférable.

Les propriétés conformationnelles du segment TM de l’APP pourrait
affecter son traitement protéolytique par la γ-sécrétase. Ces propriétés
n’ont pas été définitivement établies. Afin de mieux comprendre le
clivage protéolytique de l’APP à l’origine de la création de peptides
Aβ, nous avons étudié les particularités structurelles de la séquence
de l’APP TM qui pourrait s’avérer essentielles à son traitement par
la γ-sécrétase. Nous avons réussi à synthétiser et à reconstituer chim-
iquement le domaine transmembranaire de l’APP en doubles couches
POPC sous forme de dimère présentant en grande partie une confor-
mation alpha hélicoïdale. Une étude détaillée de la RMN solide des
peptides APP_TM4K marqués avec les isotopes 15N et 2H à divers
points de la séquence TM, indique une importante hétérogénéité con-
formationnelle et orientationnelle aux positions Ala-630, Ala-642 et
Val-646.

La valeur chimique 15N du Gly-637 était de 191 ppm indiquant
une orientation transmembranaire pour un peptide hélicoïdal. Il a
été déjà publiéque le Gly-637 participait à la formation d’un dimère
stable. Le Gly-637, faisant partie du dernier motif GxxxG, est le dernier
acide aminé ancrant l’orientation transmembranaire et stabilisant le
dimère. Cette stabilité pourrait s’avérer nécessaire à l’effilochage de la
structure hélicoïdale aux points de clivage. La théorie du contrôle du
traitement de l’APP par la force de la dimérisation a été avancée.

Le même peptide était également marqué avec du 2H à la posi-
tion Ala-642, et n’a pas présenté de division du quadrupole claire,
mais plutôt de nombreuses divisions d’une largeur de ~ 27 kHz.
L’explication la plus plausible quant à la forme du spectre de décalage
chimique 15N de l’Ala-642 est que ce site possède de nombreuses ori-
entations différentes, mais pas toutes celles d’un échantillon de poudre.
Une réorientation lente (plus lente que la gamme en kHz) de ce site est
probablement responsable de l’apparition relativement importante du
"pic principal " dans le spectre. Cela signifie que la structure pourrait
ne pas être hélicoïdale à cet emplacement. Afin de bien comprendre
les diverses orientations observées, on a simulé le spectre du décalage
chimique 15N. Le résultat indique que pour le spectre expérimental
du 15N Ala-642 une gamme restreinte d’orientations " autorisées "
(ex. restreintes par les angles de liaison Cα–Cβ) existe, dans laquelle
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la plupart des liaisons NH sont orientées perpendiculairement à la
membrane normale et une plus petite quantité de liaisons NH sont
parallèles à la membrane normale. La liaison NH de l’Ala-642 adopte
clairement de nombreuses orientations différentes. Cette découverte
conforte l’idée qui veut que l’Ala-642 du site de clivage-γ se trouve
dans une conformation non hélicoïdale.

Le troisième site marqué 15N Val-646 était localisé à 209 ± 28

ppm présentant un large spectre de 26 kHz, indiquant une hélice
transmembranaire possédant un nombre d’orientations correspondant
au sens du champ magnétique. Nous avons découvert que pour une
gamme complète d’angles d’attaque rotationnels (0° - 360°) éventuels,
les angles d’inclinaison sont compris entre 0° à 50°.

Le Val-646 et l’Ala-642 se situent dans les sites de clivage ζ- et γ-, re-
spectivement. Le première présente une orientation transmembranaire,
tandis que le second présente une hétérogénéité conformationnelle
ample et semble n’avoir aucune orientation définie. L’existence d’une
conformation non hélicoïdale sur le site Ala-642 est proposée par Lu
et al., 2011. Cependant, c’est la première fois qu’on observe une dis-
tribution orientationnelle avec une approche structurelle. Une preuve
de la variabilité conformationnelle autour des sites de clivage γ- et ζ-
peut avoir des implications importantes pour le mécanisme de clivage
et donc pour la production d’Aβ.

Le peptide portant le marqueur 15N Val-646 a également été marqué
sur le site 2H Ala-630. La largeur du spectre quadrupole 2H sur le
site Ala-630 était de 26 kHz indiquant une distribution hétérogène
des alignements, qui ne sont pas un modèle de poudre (dans lequel
toutes les orientations sont possibles). L’Ala-630 se trouve près de la
limite de la membrane N-terminale et pourrait subir moins de con-
traintes près des interactions de van der Waals avec des molécules
lipidiques et donc il est raisonnable de penser que cet acide aminé
soit plus mobile. Cependant, des publications récentes prouvent qu’il
implique l’existence de mouvements sur le site Ala-630 qui pourraient
être associés à l’échange entre les conformations hélicoïdales et non
hélicoïdales. Il est intéressant de noter que les spectres au deutérium
des deux alanines, Ala-630 et Ala-642, ont une forme relativement sem-
blable. Les deux sont relativement les larges ~26 kHz et ~27 kHz et ces
deux valeurs maximales de clivage ont des orientations de la liaison
Cα–Cβ de 42

◦ et 71
◦, pour les valeurs positives et négatives, respec-

tivement. En gardant à l’esprit qu’il n’y a aucune structure du peptide
APP_TM à aligner, le large spectre du décalage chimique du 15N
pour l’interaction quadrupole du Val-646 et du 2H pour l’Ala-630 n’a
pas été en mesure de donner des contraintes orientationnelles claires
pour cette paire de marqueurs. Les spectres sont, par conséquent,
en grande partie déterminés par la distribution orientationnelle des
molécules par rapport à la direction du champ magnétique. Cette
grande hétérogénéité conformationnelle démontrée est plus probable-
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ment causée par la coexistence des conformations hélicoïdales et non
hélicoïdales du peptide sur ces sites. En fonction des résultats de ces
travaux, nous avons proposé un modèle des orientations et confor-
mations possibles du peptide APP_TM4K dans les doubles couches
POPC (voir le texte complet).

On a découvert que le carprofène benzyle et le carprofène sulfonyle
étaient des modulateurs efficaces de la γ-sécrétase. Ils affectent le
clivage sur les sites γ38, γ40, et γ42 et bloquent, en particulier, la
formation d’Aβ42 pour améliorer la formation d’Aβ38, présentant
ainsi un profil similaire aux AINS efficaces. On en a trouvé sur la
plupart des inhibiteurs puissants de l’Aβ42 (Narlawar et al., 2006). Les
connaissances sur l’interaction de ces molécules avec la double couche
lipidique sont essentielles à la compréhension de leur mode d’action.
Nous avons déterminé, dans ces travaux, l’orientation des dérivés du
carprofène dans les doubles couches lipidiques au moyen de la RMN
en phase solide.

Des fragments spécifiques de molécules de carprofène sulfonyle
et de carprofène benzyle ont été marqués avec l’isotope 2H. Les
molécules ont été incorporées dans des doubles couches lipidiques
composées d’un mélange lipidique tertiaire (POPC, cholestérol et
sphyngomyéline) et on a préparé des échantillons pour les mesures
à la RMN solide. L’analyse des données de la RMN solide a entraîné
des contraintes orientationnelles pour les molécules de carprofène
sulfonyle et de carprofène benzyle. Nous avons observé une liai-
son C–S du carprofène sulfonyle orientée à ± 27,4° par rapport à la
direction du champ magnétique, ce qui correspondait aux deux orien-
tations possibles (voir le texte complet). Quant au benzyle carprofène,
l’orientation correspondant aux résultats expérimentaux est celle où
l’angle d’attaque rotationnel (rotation autour de l’axe z) est de ~31

◦

et où l’angle d’inclinaison rotationnel (rotation autour de l’axe y) est
de ~137

◦. Les expériences de diffraction des neutrons (effectuées par
nos collaborateurs) ont montrées que les molécules allaient se placer à
l’interface de la membrane lipidique.

Le site d’interaction particulier de ces composants doit encore être
identifié. Nous supposons qu’il pourrait interagir avec le PS1, l’unité
catalytique de la γ-sécrétase ou directement avec l’APP. Les résultats
de ces travaux soutiennent l’hypothèse d’une interaction directe avec
l’APP. Sachant que le site catalytique du PS1 se situe dans la double
couche lipidique et que les dérivés du carprofène se situent près des
groupements chargés des lipides, il est difficile d’imaginer comment ils
atteindraient le site actif. De plus, une interaction directe des dérivés
du carprofène avec le PS1 semble arrêter, plutôt que modifier, l’activité
de sa γ-sécrétase. Il semble plus probable que les dérivés du carprofène
interfèrent avec la formation des dimères de l’APP, nécessaires au
clivage séquentiel par la γ-sécrétase. Lorsque la stabilité d’un dimère
TM est gravement affectée, le modèle de Munter et al., 2007 dit que
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le clivage séquentiel se décale du clivage pour passer aux positions
Aβ38/Aβ37 et Aβ35/Aβ34, diminuant ou réduisant fortement la
production d’Aβ42.

Plus de 100 ans après sa découverte, l’AD est toujours un mys-
tère. Malgré les nombreux efforts faits pour comprendre le processus
d’agrégation de l’Aβ dans les plaques fibrillaires, qui était encore
récemment considéré comme la cause de la maladie. Cependant, de
nouvelles idées ont vu le jour, et les plaques amyloïdes ne sont peut
être pas aussi néfastes qu’on le pensait. Il semblerait, au contraire, que
les oligomères soient les espèces toxiques responsables de la plupart
des dommages neuronaux. Toutefois, les questions sur le mécanisme
de production de l’Aβ, la formation des oligomères Aβ et les traite-
ments éventuels restent sans réponse. Nous pensons que les résultats
de ces travaux permettront de mieux comprendre les processus de
l’AD et nous éclaireront sur le mode d’action des médicaments poten-
tiels.

. . .
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A B S T R A C T

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder
and the most common form of dementia. There is no cure and the
disease is fatal. One of the characteristic histopathological markers
of AD is the presence of proteinaceous deposits, amyloid plaques,
in the brain. These plaques are formed by the amyloid b-peptides
(Ab) 40- and 42-residue-long, which are protease cleavage products of
the amyloid precursor protein (APP). Elucidation of some of the key
processes in the cause and the development of AD is crucial for the
development of new and efficient treatments.

Conformational properties of the transmembrane (TM) segment of
APP may affect its proteolytic processing by g-secretase. These prop-
erties have not been definitely established. In addressing the role of
structural variations of the TM sequence in APP processing, structural
details of the chemically synthesized APP_TM4K peptides within the
membrane bilayers were studied using Attenuated total reflection
Fourier transform spectroscopy (ATR-FTIR) and solid-state nuclear
magnetic resonance (ssNMR) techniques. While the overall secondary
structure of the APP_TM4K peptide is an a-helix, conformational and
orientational heterogeneity was observed for the g-cleavage site and,
to a smaller extent, for the z-cleavage site. Evidence for the conforma-
tional variability around g- and z-cleavage sites may have important
implications for the cleavage mechanism and hence for the Ab pro-
duction. It was also found that the last glycine within the sequence
of GxxxG motifs is in the transmembrane orientation, implying that
dimerization via these motifs may act as an anchor, confining the TM
dimer to the stable transmembrane orientation.

Amyloid b-peptide is directly linked to AD. Starting from its monomeric
form, Ab aggregates into fibrils and / or oligomers, the latter being the
most neurotoxic. Dysregulation of Ca2+ homeostasis in aging brains
and in neurodegenerative disorders plays a crucial role in numer-
ous processes and contributes to cell dysfunction and death. Here
we postulated that calcium may enable or accelerate the aggregation
of Ab. The aggregation pattern of Ab(1-40) and of Ab(1-40)E22G, an
amyloid peptide carrying the Arctic mutation that causes early on-
set of the disease, were compared. We found that in the presence
of Ca2+, Ab(1-40) preferentially formed oligomers similar to those
formed by Ab(1-40)E22G with or without added Ca2+, whereas in
the absence of added Ca2+ the Ab(1-40) aggregated to form fibrils.
Morphological similarities of the oligomers were confirmed by con-
tact mode atomic force microscopy (AFM) imaging. The distribution
of oligomeric and fibrillar species in different samples was detected
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by gel electrophoresis and Western blot analysis, the results which
were further supported by thioflavin T fluorescence experiments. In
the samples without Ca2+, Fourier transform infrared spectroscopy
revealed conversion of oligomers from an anti-parallel b-sheet to the
parallel b-sheet conformation characteristic of fibrils. Overall, these
results led us to conclude that calcium ions stimulate the formation of
oligomers of Ab(1-40), that have been implicated in the pathogenesis
of AD.

Despite the tremendous progress in understanding AD, there re-
mains the challenge of the development of new and efficient drugs.
In order to shed light onto the mechanism of action of two new po-
tent g-secretase modulators – benzyl-carprofen and sulfonyl-carprofen
within lipid bilayers, ssNMR technique was employed. Using neutron
scattering experiments it was previously found that sulfonyl-carprofen
and benzyl-carprofen partition into the headgroup region of the lipid
bilayer. The orientational constraints derived from the ssNMR experi-
ments refined their position into precise orientation. Combined, these
results indicate that carprofen-derivatives can directly interact with
the region of APP that mediates dimerization. Such interaction, would
interfere with proper APP-dimer formation, which is necessary for the
sequential cleavage by γ-secretase, diminishing or greatly reducing
Ab42 production.

Results obtained during this work shed new light onto some of
the key processes in AD: Ab production from APP, formation of
Ab oligomers and insights into the mechanism of action of poten-
tial therapeutics. We believe that these results will promote a better
understanding of the disease and will help in future drug design.

. . .
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A casual stroll through the lunatic asylum shows that faith does not
prove anything.

Friedrich Nietzsche
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All things are subject to interpretation. Whichever interpretation
prevails at a given time is a function of power and not truth. —

Friedrich Nietzsche
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4

Figure 2 Partial sequence of the APP where the TM do-
main is enclosed by dashed lines. The red rectan-
gle marks the region synthesized for this study.
Underlined are isotopically-labeled amino acids
that were incorporated for solid-state nuclear
magnetic resonance (ssNMR) studies. The β-
branched amino acids are marked in blue. The
positions of the glycines in the 3 consecutive
GxxxG are presented in bold and labeled. The
cleavage sites of α-, β-, γ-secretase are indicated
with scissors. 5

Figure 3 Amino acid sequence of Ab(1-40) and of AbE22G(1-
40) peptides. The Glutamic acid at position 22 of
the Ab(1-40) sequence is marked in bold, while
the mutation to Glycine in AbE22G(1-40) se-
quence is marked in red. 7

Figure 4 Graphical representation of deuterated sulfonyl-
carprofen (left) and deuterated benzyl-carprofen
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Figure 5 Schematic representation of the model mem-
brane components used in this thesis. Images
were taken from Avanti website. Transition tem-
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Part I

I N T R O D U C T I O N A N D M E T H O D S





1
I N T R O D U C T I O N

1.1 amyloid precursor protein

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder
that affects nearly 2% of the population in industrialized countries.
AD is the most common form of dementia and is characterized by
brain cell destruction, memory loss, and deterioration of cognitive and
behavioral processes severe enough to affect work, lifelong hobbies,
and social life. Symptoms worsen over time and the disease is fatal.
One of the characteristic histopathological markers of AD is the pres-
ence of proteinaceous deposits, amyloid plaques, in the brain. These
plaques are formed by amyloid b-peptides (Ab) 40- and 42-residue-
long, which are protease cleavage products of the amyloid precursor
protein (APP).

APP is an integral membrane protein with a single transmembrane
(TM) domain expressed in many tissues and concentrated in the
synapses of neurons [Lambert et al., 1998]. Its primary function is
not known, though it seems not to be required for the expression
of a critical cell function but, may be involved in the modulation of
neuronal functions at the cellular level. It has been shown that in
brain a distinct percentage of APP is present on the cell surface as a
membrane protein of type I (i.e. it has a single-pass transmembrane
domain, with the portion of the polypeptide on the NH2-terminal
side of the TM domain exposed on the exterior side of the membrane
and the COOH-terminal portion exposed on the cytoplasmic side).
Involvement of APP in neuronal development, synaptogenesis, and
synaptic plasticity indicated that some aspects of these processes are
mediated by cell-associated APP [Nishimoto, 1998, Perez et al., 1997,
Weidemann et al., 1989]. APP is best known and most commonly
studied as the precursor molecule whose proteolysis generates Ab

peptides, a 38- to 42-amino acid-long peptides whose amyloid fibrillar
form is the primary component of amyloid plaques found in the brains
of AD patients (described in more details in the next section).

APP undergoes sequential cleavage (Figure 1 on page 4). First, the
bulk ectodomain is removed by membrane-bound a- or b-secretases,
leading to secreted forms of APP, sAPPa or sAPPb respectively, and
a membrane-bound a-C-terminal fragment (a-CTF) or b-C-terminal
fragment (b-CTF), respectively [Annaert and De Strooper, 2002, Vassar
et al., 1999]. Regulated transmembrane proteolysis of the b-CTF by
g-secretase occurs after ectodomain shedding and results in Ab pro-
duction [De Strooper and Annaert, 2000]. g-Secretase cleavage also

3
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Figure 1: Schematic diagram illustrating proteolytic cleavage of the APP. α-
secretase cleaves APP within the Aβ sequence (non-amyloidogenic
pathway) to liberate two peptides, including the neuroprotective
sAPPα. β- and γ-secretases act sequentially to cleave APP within the
N- and C-terminal parts of the Aβ sequence, respectively producing
Aβ peptide (amyloidogenic pathway) and AICD.

releases the APP intracellular domain (AICD), which could have a
role in transcriptional regulation (Figure 1 on page 4). g-Secretase is a
multiprotein complex composed of presenilin 1 (PS1) or presenilin 2

(PS2); nicastrin (Nct), a type I transmembrane glycoprotein; anterior
pharynx-defective 1 (Aph-1) and presenilin enhancer gene-2 (Pen-2),
two multipass transmembrane proteins [Bergmans and De Strooper,
2010]. This complex is essential for the sequential intramembraneous
proteolysis of a variety of transmembrane proteins. The functions of
the various g-secretase proteins and their interactions in the complex
are not yet fully defined, but it has been suggested that the ectodomain
of nicastrin recognizes and binds to the amino-terminal stubs of previ-
ously cleaved transmembrane proteins. Aph-1 aids the formation of a
precomplex, which interacts with PS1 or PS2 while Pen-2 enters the
complex [Edbauer et al., 2003, Go et al., 2004] to initiate the cleavage of
PS1 or PS2 to form an N-terminal 28-kDa fragment and a C-terminal
18-kDa fragment, both of which are critical to the g-secretase complex
[Takasugi et al., 2003].

Recently, an explanation for the multiple cleavages by g-secretase
was provided, indicating a sequential proteolytic cleavage mechanism
to release Ab [Qi-Takahara et al., 2005, Zhao et al., 2004]. Accordingly,
the first cut occurs at the cytoplasmic edge of the TM at the e-site, that
is, residue 49 or 48 of b-CTF (Figure 2 on page 5) [Sastre et al., 2001,
Weidemann et al., 2002]. The products Ab49/Ab48 remain membrane
bound and are further processed in a sequential mode into Ab46/Ab45,



1.1 amyloid precursor protein 5

Figure 2: Partial sequence of the APP where the TM domain is enclosed by
dashed lines. The red rectangle marks the region synthesized for
this study. Underlined are isotopically-labeled amino acids that
were incorporated for solid-state nuclear magnetic resonance (ss-
NMR) studies. The β-branched amino acids are marked in blue.
The positions of the glycines in the 3 consecutive GxxxG are pre-
sented in bold and labeled. The cleavage sites of α-, β-, γ-secretase
are indicated with scissors.

that is, the z-site [Zhao et al., 2004]. Ab46 is further processed into
Ab43 and finally Ab40, whereas Ab45 is the direct precursor of Ab42

[Zhao et al., 2004, Qi-Takahara et al., 2005]. There is evidence that
cellular APP exists as a homodimer, which promotes or attenuates the
Ab production in the b-secretory pathway [Scheuermann et al., 2001].
Therefore, further cleavage that generates Ab38 and Ab37 will occur
only if not inhibited by strong dimerization between two TM helices
of APP [Munter et al., 2007, Miyashita et al., 2009, Munter et al., 2010].

There are evidence that suggest that intramembraneous proteoly-
sis by g-secretase requires local unraveling of the helical secondary
structure of the TM domain to expose backbone carbonyl carbons
for nucleophilic attack by polarized water in the enzyme active site
[Sato et al., 2009]. Indeed, there are some unusual features of the
APP_TM sequence that might destabilize its helical structure in the
membrane. First, there is a high density of b-branched amino acids (Va-
line, Threonine, Isoleucine) surrounding the Ab40- and Ab42-cleavage
sites (Figure 2 on page 5). Sequential b-branched residues can have a
destabilizing effect on the secondary structure of TM helices [Li and
Deber, 1992].

Second, several of the glycines in the APP_TM domain occur in
GxxxG motifs, which in TM sequences were shown to mediate he-
lix dimerization [Russ and Engelman, 2000]. Mutational studies also
show the importance of glycines in GxxxG motifs for APP process-
ing [Munter et al., 2007, Kienlen-Campard et al., 2008]. Molecular
dynamics and solid-state NMR (ssNMR) experiments point out that
Gly625, Gly629, and Gly633 (Figure 2 on page 5) within GxxxG motifs
mediate TM helix homodimerization, and that the TM helix breaks at
the transition point near the e-cut site [Sato et al., 2009, Miyashita et al.,
2009]. There is ssNMR data that indicates that helical conformations
coexist with non-helical conformations within the APP_TM domain
[Lu et al., 2011]. These suggest that the conformational variability of
the TM segment might play a role in APP processing and therefore in
Ab production [Antzutkin et al., 2003, Munter et al., 2007], for example
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by facilitating the exposure of peptide bonds for hydrolysis at the
g-cleavage site [Lu et al., 2011] (isotopically-labeled amino acids are
underlined in Figure 2 on page 5 and their ssNMR investigation is
discussed in chapter 4).

1.2 amyloid b-peptides

The pathological hallmark of AD is attributed to the continuous accu-
mulation of Aβ fibrils into plaques and formation of neurofibrillary
tangles containing hyperphosphorylated Tau protein, causing neu-
ronal loss. The toxic effects of amyloid plaques on synaptic connec-
tions and neurons were explained by the amyloid cascade hypothesis
[Hardy and Higgins, 1992]. However, experiments aimed at estab-
lishing a direct causal relationship between Ab deposition and the
neurodegeneration that underlies AD dementia failed [Cummings
and Cotman, 1995, Näslund et al., 2000]. This apparent discrepancy
between plaque burden and neuronal dysfunction has been described
in transgenic mouse models of AD [Irizarry et al., 1997, Chui et al.,
1999]. Recent theories that apparently resolve this inconsistency refer
to small soluble oligomeric or protofibrillar assemblies of Ab [Klein
et al., 2001, Hardy and Selkoe, 2002], shown to be toxic to neurons and
their vital interconnections [Lue et al., 1999, Rowan et al., 2007, Mclean
et al., 1999]. Results of studies that focused on the electrophysiolog-
ical impact of Ab oligomers suggested that the underlying memory
loss is caused by rapid inhibition of long-term potentiation (LTP)—a
classical model for synaptic plasticity and memory mechanisms [Bliss
and Lomo, 1973]—by Ab oligomers [Lambert et al., 1998, Walsh et al.,
2002, Wang et al., 2002], which might explain, at least in part, the mild
cognitive impairment observed in the early stages of AD [Rowan et al.,
2007]. Although Ab peptides may vary in length from 38 to 43 amino
acids, as a result of multiple cleavages of the g-secretase complex (see
above section for details), the two main alloforms in the brain are
Aβ(1-40) and Aβ(1-42). Both peptides have been found in amyloid
plaques [Selkoe, 1991, 2001, Bossy-Wetzel et al., 2004] and shown to
form oligomers and protofibrils [Stine et al., 2003]. Post-mortem anal-
ysis in human subjects disclosed that Aβ(1-40) rather than Aβ(1-42),
whether in soluble or in insoluble form, discriminated more readily
between AD patients and high pathology controls [Lue et al., 1999].
In addition to sporadic cases of AD, several familial Alzheimer’s
disease (FAD) mutations have been discovered and studied over the
years. Most of these mutations cause an increase in Ab by interfer-
ing with APP processing. A new mutation within the Ab sequence,
Aβ(E22G), found to cause AD in Swedish families, was reported in
2001 by Nilsberth et al., who named it the Arctic mutation (Figure
3 on page 7). Those authors observed that carriers of this mutation
showed decreased amounts of Aβ(1-42) and Aβ(1-40) in the plasma,
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Figure 3: Amino acid sequence of Aβ(1-40) and of AβE22G(1-40) peptides.
The Glutamic acid at position 22 of the Aβ(1-40) sequence is marked
in bold, while the mutation to Glycine in AβE22G(1-40) sequence is
marked in red.

and demonstrated that Aβ(1-40)E22G forms protofibrils much faster
and more abundantly than the wild-type Aβ, whereas the rate of
fibrillization remained the same [Nilsberth et al., 2001]. Later studies
suggested that the clinical and pathological features of patients with
the Arctic mutation are attributable to increased generation of Aβ
intermediates formed early in fibrillogenesis, as well as their greater
stability [Päiviö et al., 2004]. Moreover, Aβ(1-40)E22G was shown to
rapidly induce neurotoxicity, and that this correlated with the forma-
tion of small pre-fibrillar assemblies, including protofibrils [Whalen
et al., 2005]. Clinical and pathological features of FAD are indistin-
guishable from those of sporadic cases, but disease onset occurs at
a much younger age in patients with the Arctic mutation [Nilsberth
et al., 2001, Kamino et al., 1992].

Research has so far failed to establish any unique primary mech-
anism underlying the Aβ aggregation followed by neuronal degen-
eration and death in patients with AD. Rather, it seems likely that
numerous processes participate both in Aβ aggregation and in the
development of the disease. One of the many hypotheses put forward
to account for the etiology of AD argues that a central role in AD
pathology is played by dysregulation of calcium homeostasis [Matt-
son, 2004, Smith et al., 2005, Stutzmann, 2005]. The idea that altered
calcium homeostasis might serve as a trigger in the development of
AD was first formulated in 1982 and later revised by Khachaturian
[Khachaturian, 1994]. The principal risk factor for AD is advanced age.
In sporadic cases, the first manifestations of the disease symptoms
occur towards the seventh decade of life.

Neuronal activation is usually associated with an increase in intracel-
lular Ca2+ concentration ([Ca2+]i), while the source of the Ca2+ ions can
be either extracellular or intracellular. Age-related alterations in Ca2+-
specific regulatory systems in neurons include increased amounts of
intracellular Ca2+, enhanced Ca2+ influx through voltage-dependent
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Ca2+ channels, impaired mitochondrial ability to buffer or cycle Ca2+

[Xiong et al., 2002], and perturbed Ca2+ regulation in ryanodine (Ry)-
sensitive and Ins(1,4,5)P3-sensitive (IP3) Ca2+ stores [Bezprozvanny
and Mattson, 2008]. Numerous studies have implicated Ca2+ dys-
function in AD, demonstrating the bidirectional relationship between
Ca2+ signaling and the amyloidogenic pathway [Bojarski et al., 2008,
Green and LaFerla, 2008]. On the one hand, certain alterations in
Ca2+ signaling are common to both sporadic and familial cases of AD
[Etcheberrigaray et al., 1998, Ito et al., 1994]. Direct measurements of
[Ca2+]i show that cells exposed to Aβ exhibit disruption in calcium
homeostasis [Mattson et al., 1992, Kawahara et al., 2000], which may
in turn cause a variety of secondary effects such as activation of cellu-
lar enzymes, induction of apoptosis, and cytoskeletal modifications
[Mattson et al., 1991, Mattson, 1994]. Aβ can reportedly trigger Ca2+

release from endoplasmic reticulum (ER) stores via interaction with
IP3 and Ry receptors [Ferreiro et al., 2004, Paula-Lima et al., 2011],
as well as an increase in calcium influx via the N-methyl-D-aspartate
(NMDA) receptors [Stutzmann, 2007, De Felice et al., 2007]. Forma-
tion of cation-selective channels by Aβ in bilayer membranes and in
living cells [Arispe et al., 1993a, Kagan et al., 2004] further enhances
the ability of this peptide to alter cytosolic Ca2+ homeostasis. On the
other hand, changes in the amounts and dynamics of Ca2+ alter the
metabolism and production of Aβ [Green and LaFerla, 2008]. Influx of
Ca2+ through calcium channels of the plasma membrane or through
calcium release from ER stores increases Aβ generation [Querfurth
and Selkoe, 1994]. An increase in cytosolic Ca2+ concentration, more-
over, was shown to induce transient phosphorylation of APP and tau,
leading to an increased production of intracellular Aβ [Pierrot et al.,
2006]. Based on the above findings, we postulated that when calcium
dysregulation takes place under conditions of normal aging, it may
facilitate the formation of pathogenic Aβ oligomers, which in turn
may intensify the Ca2+ dyshomeostasis. The oligomeric species may
then be held accountable for mediating the neuronal injury and LTP
inhibition characteristic of AD in elderly individuals, similar to the
situation in FAD patients carrying the Arctic mutation.

1.3 carprofen derivatives

Despite the tremendous progress in understanding AD, there remains
the challenge of the development of new and efficient drugs to cure
or better yet to prevent the disease. Approved drugs such as acetyl-
cholinesterase inhibitors and memantine hydrochloride offer symp-
tomatic treatment, but they address neither the mechanism(s), nor the
pathology of the disease. The metabolism of APP, which is cleaved
by b-secretase followed by g-secretase, results in generation of two
main alloforms 40 and 42 amino acid-long peptides Ab40 and Ab42,
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the main components of oligomers and amyloid fibrils. It has been
shown that g-secretase activity can be controlled by inhibition of the
active site of PS1, a catalytic subunit of the g-secretase complex, or
by interference with complex assembly or substrate recognition, the
latter resulting in allosteric modulation or inhibition. The allosteric
mechanisms are particularly attractive targets for drug development
as they may control the ratio of the Ab fragments: Ab38, Ab40, and
Ab42, while retaining the cleavage of other substrates [Weggen et al.,
2001, Lleó et al., 2004].

Epidemiological studies have indicated a close association between
prolonged use of non-steroidal anti-inflammatory drugs (NSAIDs),
and reduced risk for AD. Some of them were found to modulate the
g-secretase cleavage, either to produce longer or shorter forms of Ab,
when added to a cell culture system or in mice models. For example,
naproxen and aspirin were found to raise Ab42 and to lower Ab38

levels [Kukar et al., 2005], whereas ibuprofen had the inverse effect
[Weggen et al., 2001] and Ab40 remained unaffected. They seem to
interfere with substrate recognition/cleavage and shift the precision
of g-secretase cleavage from the g42 to the g38 site (Figure 2 on page
5) to generate more Ab38 and less Ab42 [Lleó et al., 2004, Weggen
et al., 2001], but the underlying mechanism is uncertain. Therefore, cy-
clooxygenase (COX) inhibitors such as flurbiprofen, sulindac sulfoxide
and meclofenamic acid were converted into amides and esters and an-
ticipated that the modification of acid functionality would reduce the
COX inhibitory activity while increasing the g-secretase modulatory
activity. However, the conversion of the acid moiety of COX inhibitors
into their amides or esters resulted either in inverse modulation or
inhibition. Further efforts were then focused on carprofen, a COX-2
inhibitor which is approved for the use in dogs, cows and horses
for the treatment of arthritis. Carprofen molecule was isolated from
commercially available tablets and further N-substitution of carprofen
resulted in potent modulators of g-secretase, and the compounds dis-
played little or no effect on g-secretase cleavage at the e-site [Narlawar
et al., 2006, 2007]. The compounds are therefore expected to have little
or no impact on g-secretase-mediated signaling via the AICD or via
intracellular domains of other g-secretase substrates [Narlawar et al.,
2006]. Several carprofen derivatives were shown to have high speci-
ficity in modulating the g-secretase activity: sulfonyl-carprofen and
benzyl-carprofen (Figure 4 on page 10) [Schmidt et al., 2006, Narlawar
et al., 2006].

1.4 goals

The main goal of this thesis was to elucidate some of the key processes
in the cause, development and treatment of AD, using multidisci-
plinary approach.
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Figure 4: Graphical representation of deuterated sulfonyl-carprofen (left) and
deuterated benzyl-carprofen (right).

To understand the mode of action of membrane proteins on a molec-
ular level it is essential to have a detailed knowledge of the structural
properties of these proteins, including precise backbone structure and
tilt angles of the transmembrane segments. In addressing the role of
structural variations of the TM sequence in APP processing it was the
goal of this work to determine structural details, the tilt and the pitch
angles of the APP_TM peptide within its natural environment, the
membrane bilayer. Solid-state nuclear magnetic resonance (ssNMR)
has proved to be a valuable biophysical tool for probing structure and
dynamics in a wide range of bio-molecules that are inaccessible to
crystallography or solution nuclear magnetic resonance (NMR), such
as membrane proteins and disease-related protein aggregates.

With the goal of addressing the molecular mechanisms responsi-
ble for the age-related risks of AD, we compared the aggregation
of Aβ(1-40) and Aβ(1-40)E22G to study the structural and morpho-
logical similarities of the species—oligomeric or fibrillar—formed by
both peptides in the presence and in the absence of added Ca2+. Gel
electrophoresis and Western blot analysis, thioflavine T (ThT) fluo-
rescence, Fourier transform infrared spectroscopy (FTIR), and atomic
force microscopy imaging (AFM) were used.

In order to shed light onto the mechanism of action of two potent
g-secretase modulators – benzyl-carprofen and sulfonyl-carprofen
(Figure 4 on page 10) within lipid bilayers [Narlawar et al., 2007],
solid-state deuterium magnetic resonance technique was employed.
Revealing their position and orientation in the lipid membranes will
also provide a valuable insight into the molecular mechanism of the
proteolytic cleavage of g-secretase and therefore Ab production.

In order to achieve these goals, the following techniques were used.
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1.5 techniques

1.5.1 Model lipid membranes

Everybody knows - biological membranes consist of phospholipids.
However, they also include proteins (e.g. receptors, transporters, ion
pumps, enzymes, etc.), cholesterol and sugars (i.e. glycolipids and
glycoproteins). It makes it a complicated system to work with. In order
to study membrane proteins or membrane-associated peptides and to
focus on their structure and / or lipid-polypeptide interactions it is a
common practice to use a simple model system. Such a system may
be micelles, liposomes or oriented bi- or multi-layers consistent of one
or a combination of phospholipids, which are varied depending on
the desired parameters of the model.

Phospholipids are amphipathic, meaning that they consist of a polar
head group (commonly phosphorylated alcohol) attached via a linker
(commonly a glycerol) to a hydrophobic tail consistent of fatty acyl
chains. Phospholipids are derived from either glycerol or sphingosine
(a complex alcohol). The hydrocarbon chains vary in length and in
degree of saturation (i.e. refers to the number of double bonds). The
length and the degree of unsaturation of fatty acid chains have a
profound effect on membrane fluidity as unsaturated lipids create a
kink, preventing the fatty acids from packing together as tightly, thus
decreasing the melting temperature (increasing the fluidity) of the
membrane.

The following were used in this thesis to model lipid membranes
(Figure 5 on page 12):

1) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (16:0-
18:1) - this lipid consists of a phosphocholine headgroup connected
via glycerol to two acyl chains—16 and 18 carbons-long—while the 18

carbons-long chain has one double bond at position 9.
2) N-octadecanoyl-D-erythro-sphingosylphosphorylcholine (Sphin-

gomyelin) - is a major constituent of cell membranes and is found at
particularly high concentrations in the membranes of nerve cells. It
was previously thought to have a purely structural role however, it is
now appreciated that sphingomyelin has a high affinity for cholesterol
and that these two lipids pack tightly into liquid-ordered domains
among a liquid-disordered phase to form lipid rafts [Milhas et al.,
2010]. These membrane microdomains are thought to function as
signaling platforms that regulate the localization and interactions of
proteins.

3) Cholesterol - is also amphipathic. It comprises a single polar
hydroxyl group (R-OH), which interacts with water and the heads
of other membrane lipids. The hydrophobic tail of cholesterol is em-
bedded in the hydrophobic interior of the membrane. Cholesterol
fits between the phospholipid molecules and interacts via van der
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Figure 5: Schematic representation of the model membrane components
used in this thesis. Images were taken from Avanti website. Transi-
tion temperature range of Sphingomyelin (Brain, Porcine) is taken
from Shipley et al. [1974].

Waals forces with the lipid tails. Due to this characteristic behavior,
at low temperatures cholesterol increases fluidity by preventing the
phospholipids from packing too close together and therefore prevents
“freezing”. At high temperatures, the addition of van der Waals forces
due to cholesterol binding decreases fluidity of the membrane. Thus
the amount of cholesterol in the model membrane plays an important
role in membrane characteristic behavior.

1.5.2 Theory of NMR spectroscopy

nmr theory Nuclei which contain an odd number of protons or
neutrons exhibit in their ground state a magnetic moment, i.e. nuclear
spin. Magnetic resonance occurs as a result of the quantum mechanical
property of this spin. In general, the spin is connected with its angular
momentum. This gives a nucleus a specific magnetic moment which
will orient itself at discrete energy levels in an applied magnetic field.

A nucleus of spin I will have 2I + 1 possible orientations (e.g. a
nucleus with spin 1/2 will have 2 possible orientations). In the absence
of an external magnetic field, these orientations are of equal energy. If
a magnetic field is applied, then the energy levels split.

The initial populations of the energy levels are determined by ther-
modynamics, as described by the Boltzmann distribution:

exp(−∆E\kT) = exp(γ hmB0\kT), (1.1)

where ∆E is the energy difference between two energy states, T is
the temperature, and k is Boltzmann’s constant. It means that the
lower energy level will contain slightly more nuclei than the higher
level. It is possible to excite these nuclei into the higher level with
electromagnetic radiation. The frequency of radiation is determined



1.5 techniques 13

by the difference in energy between the energy levels, which in turn
depend on the strength of the external magnetic field B0 and on the
gyromagnetic ratio g, which is an intrinsic property of the nucleus.
This frequency is called the Larmor frequency ν = γB.

A sample containing a large number of elementary spin-moments
exhibits a net macroscopic magnetization when placed in a magnetic
field. Applying a RF pulse tilts the magnetization away from its equi-
librium position into the xy-plane by a specific angle which depends
on the applied magnetic field and on the length of the pulse. The
out-of-equilibrium magnetization vector precesses about the external
magnetic field vector at the Larmor frequency of the spins. This os-
cillating magnetization vector induces a current in a nearby pickup
coil, creating an electrical signal of the Larmor frequency. This signal
is known as the free induction decay (FID), and it contains the vector
sum of the NMR responses from all the excited spins. In order to ob-
tain the frequency-domain NMR spectrum (NMR absorption intensity
vs. NMR frequency) this time-domain signal (intensity vs. time) is
Fourier transformed.

A more detailed explanation can be found in numerous textbooks,
e.g. [Levitt, 2001] and [Keeler, 2002].

solid-state nmr In solution state the spin interactions are under-
going fast motional averaging and thus their resonances are charac-
terized by sharp isotropic frequencies. The nuclear spin interactions
which affect ssNMR spectra, chemical shielding, dipole-dipole cou-
pling and quadrupolar coupling, are all dependent on the molecular
orientations and therefore anisotropic. As a result of this, the NMR
spectrum of a static powder sample contains broad lines, or powder
patterns, as all the different molecular orientations that are present in
the sample give rise to different spectral frequencies. However, these
line-broadening effects encode valuable structural information, such
as orientation relative to the magnetic field and are sensitive to internal
molecular dynamics. In high-resolution ssNMR, RF irradiation, me-
chanical alignment and mechanical sample spinning replace molecular
motions as line narrowing mechanisms.

The ssNMR approaches that are most successful for studying molec-
ular dynamics rely on the concept of dilute spins to provide a natural
isolation of the nuclear spin of interest. Nuclei with spin S = 1/2, such
as 15N, 31P, and 13C interact strongly with the abundant 1H spins,
but not among themselves. Their dominant spin interactions are het-
eronuclear dipolar coupling and chemical shift anisotropy. Deuterium
with spin S = 1 has its NMR properties dominated by the effect of the
nuclear quadrupole interaction [Opella, 1986].
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1.5.2.1 Chemical shielding (shift)

The electrons in the molecular orbitals that surround a nucleus pro-
duce electrical current that induces local magnetic field at the nucleus.
This field contributes to the total field felt at the nucleus and has
a potential to change the resonance frequency of the nucleus. The
interaction of the field produced by the electrons with the nucleus is
called the shielding interaction. The frequency shift that this interac-
tion causes in an NMR spectrum is called the chemical shift, and can
be written as:

ω = γB = γB0 (1− σ) ,

where B0 is the static magnetic field and σ is the shielding parameter.
The term σ is a second-rank Cartesian tensor, called the chemical
shielding tensor.

1.5.2.2 Chemical shift anisotropy (CSA)

The chemical shielding introduced in the previous section is not the
same in all directions, but rather orientation dependent. This means
that a nucleus would resonate at different frequencies if the molecule
changes its orientation with respect to the magnetic field, this is called
a chemical shift anisotropy. If the molecule changes its orientation on a
timescale faster than the inverse of the chemical shift anisotropy the
chemical shift will be seen as a single narrow averaged resonance line,
an isotropic resonance line, in the NMR spectrum. This behavior is
observed in liquid-state NMR. In solid-state NMR in liquid crystals or
in static powders (i.e. in the absence of fast isotropic averaging) broad
line-shapes are observed due to insufficient averaging that arise from
greatly reduced molecular reorientation.

A second-rank Cartesian tensor describes the orientation depen-
dence of nuclear spin interactions, i.e. chemical shift (σ), dipolar (D)
and quadrupolar (Q) interactions. For chemical shielding tensor σ as
an example, it is represented by 3×3 matrix:

σ =

 σxx σxy σxz

σyx σyy σyz

σzx σzy σzz

 , (1.2)

where x, y, z is some axis frame. It is possible to choose the axis
frame such that the interaction tensor σ defined with respect to it will
be diagonal. This axis frame is the principal axis frame (PAF) and
the values on the diagonal of σPAF are the principal values of the
shielding tensor (eq. (1.3).

σPAF =

 σPAFxx 0 0

0 σPAFyy 0

0 0 σPAFzz

 , (1.3)
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Figure 6: Graphical representation of the chemical shift anisotropy (CSA)
tensor (cf. text). The length of the principal axes of the tensor is
represented by 1/σvii, with σvii being the main tensor elements σv11,
σv22, σv33 [Bechinger and Sizun, 2003].

The orientation of the principal axis frame is determined by the
local environment of the nucleus to which the interaction relates. The
interaction tensor can be represented as an ellipsoid fixed within the
molecule and centered on the nucleus it applies to (Figure 6 on page
15). The principal axes of the ellipsoid coincide with the principal
axis frame of the shielding tensor, and the length of each principal
axis of the ellipsoid is proportional to the magnitude of the principal
value of the interaction tensor associated with that principal axis. If
the molecular orientation in the laboratory frame changes, then so
does the orientation of the interaction tensor. The interaction tensor
also reflects the symmetry of the nucleus, if there is such. For example,
for a nucleus at a site of axial symmetry, the zPAF coincides with the
symmetry axis and the principal values become σPAFxx = σPAFyy 6= σPAFzz .

The three principal values can be also expressed in terms of isotropic
value sviso, the anisotropy ∆σ, and the asymmetry ησ of the interaction.
They are defined as follows:

σiso =
1

3

(
σPAFxx + σPAFyy + σPAFzz

)
(1.4)

∆σ = σPAFzz − σiso (1.5)

ησ =
σPAFxx − σPAFyy

∆σ
(1.6)

The anisotropy is related to the length of the ellipsoid of the tensor;
the asymmetry is a measure of how far a cross-section through the
ellipsoid (parallel to the xPAF − yPAF plane) deviates from circular;
and the svisovalue arises in the case of fast isotropic motion when the
tensor is averaged to one single isotropic value.

The angular dependence of the observed signal can be described by:

σzz = σ11 sin2Θ cos2Φ+ σ22 sin2Θ sin2Φ+ cos2Θ, (1.7)
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where σzz is the chemical shift, σ11, σ22, and σ33 are the main tensor
elements, and the Euler angles Θ and Φ position the chemical shift
tensor relative to the magnetic field direction of the NMR spectrometer
(B0) [Bechinger and Sizun, 2003]. Thus, the observed signal can be
seen as the length from the center of the ellipsoid to the surface, in the
direction of the external magnetic field B0 (Figure 6 on page 15).

1.5.2.3 Dipolar coupling

The dipolar interaction is a direct through space interaction between
two nuclear dipoles. If the interacting spins (I = 1

2 ) are from different
species, then one is marked I for the abundant spin while the other
marked S for the rare spin and the interaction is heteronuclear. If two
spins are from the same species, then the interaction is homonuclear
i.e. I− I or S− S. The second rank tensor of a dipolar interaction is
usually symmetric around the internuclear vector. The interaction
Hamiltonian is:

Dzz =
(µ0
4Π

) γ1γ2 h
r3

(
3 cos2Θ− 1

)
, (1.8)

where
(
3 cos2Θ− 1

)
describes the angular dependence of the dipolar

interaction and the magnitude of the interaction depends on the gyro-
magnetic ratios γ1and γ2 of the spins and relates to the internuclear
distance as 1

r3
. Within an amide bond the dipolar coupling between

15N and 1H spins can span several tens of kHz resulting in broad lines.
In the solid state, the limited motions are not sufficient to average the
dipolar coupling. This is usually solved by adding a decoupling pulse
to the pulse sequence.

1.5.2.4 Quadrupole coupling

A nucleus that has a spin number I > 1
2 has a non-spherical charge

distribution, creating electrical quadrupolar moment (generally given
as eQ). An asymmetric charge distribution around the nucleus causes
an asymmetric electric field at the nucleus, characterized by a tensor
quantity called the Electric Field Gradient (EFG) and written as ∇E.
The strength of the interaction depends upon the magnitude of the
nuclear quadrupole moment and the strength of the electric field gradi-
ent. The electric quadrupole interaction between those two quantities
gives rise to a splitting in the nuclear energy levels (Figure 7 on page
17). The size of the quadrupolar interaction does not depend on the
external magnetic field therefore, the quadrupolar splitting is given in
(k)Hz units.

The Hamiltonian for a quadrupolar nuclei can be written as [Abragam,
1961]:

H =− γ hB0Iz +
[
e2qQ/4I (2I− I)

] [
3I2z − I (I+ 1) + 1/2η

(
I2+ + I2−

)]
,

(1.9)
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Figure 7: The spin 1 deuterium nucleus is characterized by three energy
levels and thereby exhibits two Zeeman transitions with ∆m =
1. The transitions are modulated by the quadrupolar interaction,
therefore the two transitions exhibit different resonance frequencies
that are separated by the deuterium quadrupole splitting (4νQ).

where B0 is the applied magnetic field in the z-axis and Iz is the
z-component of the spin angular momentum of the nucleus. Expressed
in a principal axis frame VPAFxx , VPAFyy and VPAFzz (where the EFG tensor
is diagonal) the following parameters are defined:

ηQ =

(
VPAFxx − VPAFyy

VPAFzz

)
(1.10)

eq = VPAFzz , (1.11)

where ηQ is the quadrupolar asymmetry parameter and e is the
magnitude of the electron charge. With the additional stipulation that
the z direction is always associated with the largest field gradient
and y with the smallest Vzz > Vxx > Vyy it follows that 0 6 η 6 1.
The trace of the electric field gradient tensor V is zero, so it has no
isotropic component. Thus eq = VPAFzz is the anisotropy of the electric
field gradient tensor and it is the largest value of the electric field
gradient. The orientation of the PAF is determined by the chemical
structure around the nucleus and so is fixed relative to the molecule.

Taking the z-axis along the applied field B0, the energy level is [Saitô
et al., 2006]:

E
(1)
m = −γ hB0m+

[
3e2qQ/8I (2I− 1)

][
3 cos2 θ− 1+ η sin2 θ cos 2φ

]
×
[
m2 − I (I+ 1) /3

]
,(1.12)

where θ and φ are the polar and azimuthal angles in the principal
axes of the electric field gradient tensor (the C–2H bond vector), and m
is the quantum number for the z-component of the angular momentum
I. The expected resonance frequency ν (m− 1→ m) is written as:
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ν (m− 1→ m) =
(
E
(1)
m−1 − E

(1)
m

)
/h

= γB0/2π−
[
3e2qQ/4I (2I− 1)

][(
3 cos2 θ− 1+ η sin2 θ cos 2φ

)
(m− 1/2)

]
(1.13)

For nucleus of spin number I=1, two transitions ν (1→ 0) and
ν (−1→ 0) of equal intensity are expected. Therefore, the difference
between the two transitions is:

∆νQ =
[
3e2qQ/4I (2I− 1)h

] (
3 cos2 θ− 1+ η sin2 θ cos 2φ

)
(1.14)

For EFG tensor with axial symmetry, the asymmetry parameter
cancels out and Eq. (1.14) reduces to:

∆νQ =
[
3e2qQ/4I (2I− 1)h

] (
3 cos2 θ− 1

)
(1.15)

1.5.2.5 Relaxation

After a perturbation of a nuclear spin system in an NMR experiment
with a RF pulse, the magnetization will return ti its initial state, or equi-
librium, via relaxation. The relevant relaxation times are dependent on
the time scale of existing molecular motions. If the interactions cause
fluctuations at the Larmor frequency, the relaxation to the ground
state will be most efficient. As a consequence, relaxation processes
are dynamics dependent and manifest themselves in the linewidth of
spectral discontinuities in the NMR spectrum. The relaxation process
along z-axis is referred to as spin-lattice relaxation (T1) while the relax-
ation in the xy-plane is a spin-spin relaxation (T2). The time scales of
these relaxation processes are often different since the relaxation in the
z-direction and in the xy-plane are sensitive to fluctuations occurring
on different time scales.

1.5.3 Attenuated total reflection Fourier transform infrared spectroscopy

Attenuated total reflection Fourier transform spectroscopy (ATR-FTIR)
is one of the most powerful methods to study biological samples, in
particular biological membranes. It allows to evaluate various parts
on the molecules in an oriented sample, while yielding strong signal
in a short time. Of great advantage is the possibility to study simulta-
neously lipids and proteins, which is what was done in this thesis. It
is a powerful tool for protein secondary structure evaluation. With an
attenuated total reflection (ATR), rather than measuring the absorp-
tion of the incident light (as in transmission mode), one measures the
absorption of the evanescent wave that penetrates the sample when
the incident light is reflected at the crystal/sample interface.
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Figure 8: Schematic representation of the internal reflection element (IRE)
and of the light pathway. The Cartesian components of the electric
field are shown along the x, y and z axes. Two possible planes of
polarization of the incident light are indicated by E‖ (polarization
parallel to the incidence plane) and E⊥ (polarization perpendicular
to the incidence plane). The incident beam makes an angle θ with
respect to the normal to the IRE surface. The edges of the IRE
are beveled so that the incident beam penetrates the IRE through
the surface that is perpendicular to its propagation. Adapted from
[Goormaghtigh et al., 1999].

Two ATR setups were used in this work: the most usual design
– the trapezoidal plate of germanium crystal (Figure 8 on page 19)
which allows molecular orientation of membranes and peptides to
be determined via linear dichroism. In another setup the internal
reflection element (IRE) was a diamond crystal of 2× 2 mm with an
aperture angle of 45◦ that yields a single internal reflection. Such a
setup allowed to use only nanograms of peptide.

The principle of ATR-FTIR is that the infrared (IR) beam is directed
into the IRE of high refractive index (transparent for the IR radiation).
Refractive indices of the IRE and of the medium define a critical angle
θc

θc = sin−1 n21 (1.16)

where n21 = n2/n1 (n2 being refractive index of the medium, and n1

being refractive index of the IRE). If the angle of incidence is above
the critical angle, the light is completely reflected by the IRE. However,
due to the interference of the incident and of the reflected beams,
standing waves are formed. A standing wave creates an electromag-
netic disturbance in the medium called evanescent wave. Evanescent
wave decreases exponentially with the distance from the interface
(Figure 9 on page 20). The penetration depth of the evanescent wave
is given by
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Figure 9: Side view of the IRE with details of the electric field of the elec-
tromagnetic radiation at one point of reflection. A standing wave
exists within the IRE while the evanescent field decays exponen-
tially outside the IRE. Z in µm. Adapted from [Goormaghtigh et al.,
1999]
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dp =
λ1

2Π
(
sin2 θ−n221

) 1
2

, (1.17)

where λ1 = λ/n1. The larger λ or the smaller θ, the larger the penetra-
tion depth. Essentially, this is what allows the interaction between the
IR radiation and the sample. Due to the nature of the evanescent field,
the sample of lipids and proteins needs to be in close contact with the
IRE and therefore it is spread in a form of a thin film.

A typical FTIR spectrum of a peptide in lipid bilayers covers a
spectral range from 900 cm-1to 4000 cm-1, but often the region between
1000 cm-1 and 1800 cm-1 is sufficient (Figure 10 on page 22) for the
analysis. In this work, we concentrated on the region between 1400

cm-1and 1800 cm-1 as it contains absorption bands from the peptide
amide regions, which are of special interest for determination of the
secondary structure. The carboxyl stretching of the peptide backbone
shows absorption band usually at 1650 cm-1 for α-helical peptides or
at 1630 cm-1and 1695 cm-1 for a β-sheet structure. These bands are
located in the amide I region (1600 cm-1– 1700 cm-1). N–H bending of
the peptide backbone amide shows absorption band usually at 1540

cm-1 and is located in amide II region (1500 cm-1- 1600 cm-1). Samples
containing lipids have absorption bands from CH2 asymmetric and
symmetric stretching at 2920 cm-1 and 2850 cm-1, respectively; from
CH3 asymmetric and symmetric stretching at 2956 cm-1 and 2872 cm-1,
respectively; from C–O stretching at 1100 cm-1 and 1400 cm-1; from
P=O stretching of the lipid headgroups at 1235 cm-1; C=O stretching
(in the lipid headgroup) exhibits two absorption bands near 1740 cm-1

and allows to assess the averaged orientation of the lipid bilayers.
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Figure 10: An example of FTIR spectrum of a membrane protein in lipids.
The following peaks are observed: amide A at 3291 cm-1; asym-
metric stretch of CH3 at 2956 cm-1; asymmetric stretch of CH2

at 2929 cm-1; symmetric stretch of CH3 at 2872 cm-1; symmetric
stretch of CH2 at 2851 cm-1; C=O stretch at 1738 cm-1; amide I
region - α-helix at 1653 cm-1; amide II region - α-helix at 1549 cm-1;
γw(CH2) progression from 1200 cm-1 - 1350 cm-1; CH bend and
COO- symmetric stretch 1350 cm-1 - 1500 cm-1; C-C, C-O stretch,
PO2 symmetric stretch 1130 cm-1- 1180 cm-1.
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M E T H O D S

2.1 solid-state nmr experiments

Solid-state nuclear magnetic resonance spectroscopy is a powerful
and proven method for biophysical characterization of peptides in-
cluding their structure, dynamics and interactions in the presence
of membranes. In static samples of oriented model membranes with
incorporated polypeptides, the orientation dependence of chemical
shift, dipolar or quadrupolar interactions provide angular constraints
necessary for the calculation of the structure and orientaion of the
polypeptide. Furthermore, ssNMR spectroscopy of aligned samples
offers distinct advantages in allowing access to dynamic processes
such as topological equilibrium or rotational diffusion in membrane
environment [Bechinger et al., 2008].

2.1.1 Solid-state NMR spectroscopy techniques: 2H, 15N, 31P.

2.1.1.1 2H solid-state NMR spectroscopy

Deuterium with spin S = 1 has a relatively large quadrupole coupling
constant and a relatively small gyromagnetic ratio. Therefore, line
shapes and relaxation properties of 2H resonances are determined
almost exclusively by the nuclear quadrupole interaction [Opella,
1986, Muhandiram et al., 1995]. Because of the large quadrupole
coupling constant, the frequency breadth of experimental spectra is
large, consequently the acquired signal in the time domain is short
therefore, the quadrupole echo pulse sequence is used in 2H NMR
experiments [Davis et al., 1976].

The quadrupole spin interaction arises from the electrostatic in-
teraction of the nuclear quadrupole moment with the electric field
gradient of the C–2H bond. The electric field gradient is characterized
by a symmetric second rank tensor, as a consequence, the resonance
frequencies depend on the orientation of the C–2H bond with respect
to the applied magnetic field. Therefore, 2H NMR is a useful way to
study alignment and dynamics of various molecules as the 2H NMR
spectra reflect directly the residual quadrupole spin interaction.

Because of its large quadrupolar energy, in the high magnetic field
the quadrupole interaction can be treated as a small perturbation of
the magnetic energy. Under these conditions equation (1.15) reduces
to:

4νQ =
3

2

(
e2qQ

h

)(
3 cos2 θ− 1

2

)
. (2.1)

23
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Figure 11: 2H powder pattern spectrum arising from two transitions, eq. 2.4.

This orientation-dependent splitting of peaks yields a clue on how a
C–2H vector of a molecule under consideration is oriented relative to
the applied magnetic field in single crystalline, or oriented samples.

In powder samples (where the molecules are randomly distributed),
the observed 2H NMR frequency for −1 ↔ 0 and 0 ↔ 1 transitions
can be written as:

νzz =
1

2
δ
(
cos2 θ− 1

)
for − 1↔ 0 transition (2.2)

νzz = −
1

2
δ
(
cos2 θ− 1

)
for 0↔ 1 transition, (2.3)

where δ = (3/4)
(
e2qQ/h

)
. The “powder pattern” of two homoge-

neously broadened peaks forms a so-called “Pake doublet” (Figure
11 on page 24). The separation of the “horns” in the powder pattern
spectrum is:

∆νpowder = (3/4) e2qQ/h, (2.4)

where the deuterium quadrupole coupling constant, e2qQ/h for
C–2H fragments ranges from 160 to 210 kHz, depending upon the
type of hybridization.

Detailed treatment of 2H NMR of bio-molecules can be found in
[Seelig, 1977].

The local and global dynamics of the peptide influences the total
intensity of the 2H NMR signal. In order to follow local dynamics of
the peptide in this work, methyl groups of the alanine residues were
labeled with 2H. This has a special advantage, as at room temperature
the methyl group of alanine exhibits fast rotational motions around the
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Cα - Cβ bond. As a result, the three methyl deuterons are equivalent
and exhibit overlapping resonances. This results in axially symmetric
2H tensor with respect to the Cα - Cβ bond vector. The measured
splitting ∆ν is then directly related to the angle θ between Cα - Cβ
bond and B0 (2.1). As Cα is an integral part of the polypeptide back-
bone, the orientation of the Cα - Cβ bond also reflects the alignment
of the polypeptide.

2.1.1.2 15N solid-state NMR spectroscopy

15N ssNMR spectroscopy is a very attractive tool because there are
nitrogen atoms located in amide bonds of the polypeptide backbone,
which makes them a great probe for dynamical and structural studies.
Most nitrogen sites exhibit chemical shift anisotropy and heteronuclear
(15N–1H) dipole interactions.

Using model compounds and a wide variety of peptides the prin-
cipal elements of the 15N chemical shift tensor of an amide bond in
Glycine, Alanine and Valine residues was determined [Lee et al., 1998,
Hiyama et al., 1988, Naito et al., 1998, Oas et al., 1987, Roberts et al.,
1987, Harbison et al., 1984, Shoji et al., 1998, Chekmenev et al., 2004,
Lee et al., 1999, Glaser et al., 2005, Hartzell et al., 1987, Shoji et al., 1990,
Lee et al., 2001], as reviewed and standardized in [Salnikov et al., 2009].
The accuracy of the analysis and the calculation of the orientational
restrains of the data from oriented samples depends on the knowledge
of the size of the principal values of the 15N chemical shift tensor and
their alignment within the molecular frame. A detailed analysis of
the published data on 15N chemical shift tensor shows that σ33 , σ22,
and σ11 are on average 226 ± 7, 81 ± 7 and 58 ± 7 ppm, respectively
[Salnikov et al., 2009]. In a-helical peptides the NH vector and the σ33
component cover an angle of about 15

◦–25
◦ and both are oriented

within a few degrees of the helix long axis.
In a system with defined reference orientation (e.g. the lipid bilayer),

the orientation of the protein can be determined with respect to this
reference frame. Conveniently, due to the unique size of σ33 and
its orientation almost parallel to the helix axis, we can correlate the
alignment of the helix within oriented phospholipid bilayers with
the 15N chemical shift interaction [Bechinger and Sizun, 2003]. For
samples with the membrane normal oriented parallel to the magnetic
field, transmembrane a-helical peptides exhibit 15N resonances > 200

ppm, whereas they resonate at < 100 ppm when aligned parallel to
the membrane surface (Figure 12 on page 26).

2.1.1.3 31P solid-state NMR spectroscopy - orientation of the lipid bilayers

ssNMR studies of 31P are almost exclusively concerned with the large
chemical shift anisotropy. There are few phosphorous atoms in pro-
teins, but since biological membranes are predominantly composed of
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Figure 12: 15N NMR of oriented α-helical peptides, showing the alignment
of the 15N–2H vector. The figure is a courtesy of E. Salnikov.

phospholipids 31P NMR is often used to study motions and average
orientation of the lipid headgroups [Seelig, 1977]. The 31P has a natural
abundance of 100 % therefore, there is no need in isotopic labeling.
The high gyromagnetic ratio makes the nucleus a very sensitive probe
and a spectrum can be measured within minutes. In hydrated samples
at room temperature, entire lipid molecule undergoes a fast rotational
diffusion and the CSA is averaged to a residual axially symmetrical
tensor.

31P NMR was used to asses the lipid membranes alignment as a
function of mechanical orientation between glass plates. The fast axial
rotation of the phospholipids around their long axis averages the
31P chemical shift to a symmetrical tensor where the tensor singular
axis (σ‖) coincides with the rotational axis. The 31P NMR spectra of
liquid crystalline phosphatidylcholine bilayers therefore, provide a
classic example for averaging around the membrane normal [Seelig,
1978]. The signal at 30 ppm is thus indicative of phosphatidylcholine
molecules with their long axis oriented parallel to the magnetic field
direction, whereas a −15 ppm 31P chemical shift is obtained for per-
pendicular alignments (Figure 13 on page 27). In perfectly aligned
samples the phospholipid bilayer spectra consist of a single line. Inten-
sities to the right of the main peak can arise if there are phospholipid
molecules deviating from parallel orientation respective to the mag-
netic field direction. In addition, signals in this region (< 30 ppm)
can be due to local conformational changes of the phospholipid head
group for example, due to electrostatic interactions of the (-HPO4

-

-CH2-CH2-N+(CH3)3) dipoles of the phosphocholine head group, hy-
drogen bonding, and/or electric dipole–dipole interactions [Seelig
et al., 1987, Bechinger and Seelig, 1991b,a].
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Figure 13: 31P chemical shift spectrum of pure POPC lipids in oriented sam-
ple at RT. The chemical shift around 30 ppm corresponds to lipids
oriented parallel to the external magnetic field, while a very small
spectral discontinuity around -18 ppm corresponds to lipids ori-
ented perpendicular to the external magnetic field.

2.1.2 Hahn (spin) echo

In magnetic resonance, a spin echo is the refocusing of spin mag-
netization by a pulse of resonant electromagnetic radiation [Hahn,
1950].

Broad lines arising from chemical shift anisotropy, dipolar coupling,
etc., have rapidly decaying FIDs. Due to coil imperfection “ringing”
of the receiver / transmitter coil after a pulse prevents measurement
of the signal until immediately after a pulse (i.e. the dead time). This
delay prevents a significant part of the rapidly decaying FID to be
recorded, which leads to a loss of intensity and a spectral distortion.

Following an initial excitation pulse, the FID decays with time due
to both spin relaxation and any inhomogeneous effects which cause
different spins in the sample to precess at different rates. Relaxation
leads to an irreversible loss of magnetization. The spin echo pulse
sequence for lines broadened by chemical shift anisotropy or heteronu-
clear dipole-dipole coupling : A 90

◦ pulse application onto a sample in
the static magnetic field results in a flip of the net magnetization into
the horizontal xy-plane. Due to local magnetic field inhomogeneities
(variations in the magnetic field at different parts of the sample that
are constant in time), as the net moment precesses, the signal decays.
Then, a 180

◦ pulse is applied (for spin 1/2) so that complete refocusing
has occurred and at this time, an accurate T2 echo can be measured
with all the dephasing effects removed (Figure 14 on page 28).
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Figure 14: The spin-echo pulse sequence. The behaviour of the transverse
magnetization component is shown. Magnetization components
dephase under the effects of chemical shift anisotropy or heteronu-
clear dipolar coupling during the first τ period. The subsequent
180
◦ pulse rotates the magnetization components 180

◦ about the
pulse axis ( y in this case) so that the components refocus after a
further τ period. The τ delay is chosen to be long enough to in-
clude the dead time of the probe. Then the FID can be completely
recorded from the true echo maximum.
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Figure 15: The quadrupole echo pulse sequence.

2.1.3 Quadrupole (solid) echo

The powder patterns for 2H nuclei are very broad (100 -200 kHz),
implying that much of the information is contained in the very early
part of the FID. Since the dead-time of most spectrometers operating
in this frequency range can be several tens of microseconds, much
of the information about these broad components is lost and can
not be reproduced correctly. In order to overcome this problem, a
pulse sequence was proposed by [Davis et al., 1976]. A first 90

0 pulse
is applied then, after time t, a second 90

0 pulse is applied phase
shifted by p/2 relative to the first pulse (Figure 15 on page 29). A
quadrupole echo is formed at t = 2t due to refocusing of the nuclear
magnetization. Starting the Fourier transform at the echo maximum
gives an undistorted spectrum.

2.1.4 Cross-polarization

Cross Polarization (CP) is one of the most widely used techniques
in ssNMR, the other being magic-angle spinning. CP is used to en-
hance NMR signals of isotopically dilute nuclear spins S (e.g. 13C and
15N) in solids by repeatedly transferring polarization from a species
I of high abundance (usually protons) to which they are coupled
[Abragam, 1961]. The transfer of polarization is mediated by dipolar
heteronuclear coupling and the effect is a sensitivity gain that goes as
γI/γS. In addition, the relaxation times of the low abundance nuclei
tend to be very long and with this technique the experiment time can
be shortened due to the fast relaxation of protons (i.e. using short
recycling delays).

The principle can be explained by two Zeeman energy reservoirs:
one for the S-spins and another for the I-spins. The I-spins are brought
into contact with S-spins and the energy flows via spin-flips. When
the Hartman-Hahn (HH) [?] condition is satisfied

γIH1I = γSH1S, (2.5)



30 methods

Figure 16: The cross polarization pulse sequence. The sequence is designed
to transfer magnetization from the abundant 1H spins in the
sample to the I spins via dipolar coupling between 1H and I spins.
Reproduced from [Duer, 2004].

dipolar contact is established and the flips become energy-conserving,
driving the system to equilibrium. Then the S-spins gain magne-
tization in the direction of the external magnetic field and can be
directly detected. Decoupling of heteronuclear dipolar interactions
can inclrease the resolution [Abragam, 1961].

In practice, typically an initial 90◦x pulse is applied to the 1H spins
creating magnetization along −y in the 1H rotating frame. An on-
resonance, −y 1H contact pulse is then applied and this constitutes a
spin-lock field (B1(1H)). Another contact pulse applied simultaneously
to the S-spin type (spin-lock field B1(S) in a rotating frame. Then the
amplitude of the two contact pulses must be carefully set in order to
achieve the HH matching condition as in equation 2.5 (this procedure
sets the energy gaps between the respective rotating frame spins
to be equal). Then the B1(S) field is removed and the decay of the
magnetization of S-spins can be observed. The S-spins return to their
unpolarized state (Figure 16 on page 30). The contact is established
again for n number of steps and the resulting signals are added and
subjected to Fourier transformation to obtain the S-spin spectrum
[Abragam, 1961].

2.2 solid-phase peptide synthesis using fmoc chemistry

Invented by R.B. Merrifield [Merrifield, 1963] solid-phase peptide syn-
thesis (SPPS) is a widely accepted method for peptide production in a
laboratory. It utilizes a resin consistent of small insoluble, but porous
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Figure 17: Chemical structure of TentaGel resin. The figure adopted from
“Rapp Polymere” website.

beads with attached functional group (linker) on which a peptide can
be built from C-terminus to the N-terminus by coupling one amino
acid to another creating a peptide bond. Covalent bonding between the
linker and a peptide keeps a peptide immobilized until cleaved from it
under acidic conditions. Immobilizing the growing polypeptide chain
allows to perform washes after each step in order to eliminate the
excess reagents and facilitates cleavage. The general principle of SPPS
is one of repeated cycles of coupling-wash-deprotection-wash.

There are two main types of SPPS Fmoc and Boc – different
protecting groups used for N-α- protection. In this work Fluorenyl-
methyloxycarbonyl (Fmoc) protecting group was used. The cleavage
of the protecting group is achieved with piperidine (20-50%) in N,N-
dimethylformamide (DMF), which exposes the a-amino site for reac-
tion with an incoming activated amino acid [Steven A. Kates, 2000].
DMF is the primary solvent used for resin deprotection, coupling and
washing. All the solvents were of highest purity (Sigma, HPLC grade).

We used Polyethylene Glycol Polystyrene-graft Copolymer support
(Graft copolymers are a special type of branched copolymer in which
the side chains are structurally distinct from the main chain), which
consist of a low cross-linked polystyrene matrix on which polyethylene
glycol is grafted (Figure 17 on page 31). Polystyrene particles provide a
compact support, which contains the open channels for rapid diffusion
of reactants throughout the gel matrix. The TentaGel R RAM resign
was purchased from Rapp Polymere GmbH (Tübingen, Germany),
substitution 0.190 meq/g.

The resin is first swollen to its maximum size with dichloromethane
(DCM) followed by a solvent exchange to DMF.

The synthesis protocol is comprised of the following steps (Figure
18 on page 33):

1. Deprotection of the N-terminus by cleavage of the Fmoc group.
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2. Activation of the incoming amino acid: the carboxyl group of the
following amino acid is deprotonated and reacts with O-Benzotriazole-
N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU), which
creates an activated form of amino acid.

3. The activated amino acid is coupled to the N-terminus of the
amino acid already attached to the resin. This cycle is repeated as
many times as necessary to obtain a full length peptide.

4. The side-chains of amino acids are protected by different protect-
ing groups (e.g. Thr(tBu), Lys(Boc)). All these groups can be cleaved
under acidic condition (usually TFA) and at the same time as the
polypeptide is cleaved from the resin.

2.2.0.1 Synthesis of the APP_TM4K peptides

The 30 amino acids-long polypeptide (amino acids 628 – 655), which
corresponds to the transmembrane part of the full length APP (KGAI-
IGLMGGVVIATVIVITLVMLKKK) was synthesized using standard
solid-phase Fmoc chemistry on the MilliGen 9050 PetSynthesizer (Mil-
lipore). The syntehsis was carried out at ~ 40

◦C (the column was
wrapped with the rubber tube of a water bath heated to 40

◦C). Two
additional steps were introduced to the synthesis protocol in order to
improve the coupling of specific amino acid and to reduce the amount
of non-full-length peptides. In the first synthesis large amount of trun-
cated sequence was obtained. The problem arisen between amino acids
Val644 and Ile645. In order to solve it, double coupling was performed.
Amino acid Ile was added again without deprotecting the N-α-site
of the previous amino acid, to insure that only the sites that did not
react in the first time will react in the second. In order to increase the
yield of the full-length peptide and to avoid the formation of deletion
sequences uncoupled amino acids were capped, in this case, before
the activation step. In general capping is performed after the coupling
however, because of the double coupling at one single site, capping
would have prevented it. Therefore capping was done before depro-
tecting, to act on the amino acid prior to the last one coupled. The idea
was that the capping would yield a truncated sequence(s) (shortened
peptide) but the truncated sequences usually differ considerably from
the final peptide and could be readily separated. Capping was realized
through a short treatment of the peptide resin with a large excess of
a highly reactive acetic anhydride and pyridine. At the end of the
capping step the reagents were removed and the resin was carefully
washed before proceeding to the next deprotection step.

2.2.0.2 Simultaneous Cleavage from the Resin / Side-Chain Deprotection

Concentrated TFA (94% aqueous TFA) is the reagent to perform the
final cleavage of the peptide from the resin together with the removal
of the side chain protecting groups.
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Figure 18: General scheme of SPPS. Reproduced from Novabiochem catalog
(Merck Millipore).
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During the reaction highly reactive carbocations are generated and
it is necessary to trap them to avoid undesired reactions with sensitive
amino acids such as Cys, Met, Set, Thr, Trp, Tyr (in our case Met, Thr).
This effect is obtained by the addition of scavengers to the cleavage
solution. The scavengers cocktail used included 2.5% of water, which
is a moderately efficient scavenger (can be used as single scavenger
for the cleavage of peptides devoid of Cys, Met and Trp) with 2.5%
Ethanedithiol EDT, which is one of the most common and efficient
scavengers for peptides containing sensitive amino acids. Also 1% of
the silane derivative Triisopropylsilan (TIS) was added to the cocktail,
as it shows good efficacy in quenching carbocations in sequences
containing Arg and Trp residues. The cleavage reaction proceeded at
room temperature for 4 hours.

2.2.0.3 Peptide purification

The cleaved peptide was separated from the resin with vacuum.
The solvents were evaporated using rotary evaporator (B\”{U}CHI
Labortechnik AG). The peptide was precipitated from the remain-
ing solvent with cold diethyl ether. Centrifugation (Eppendorf 5804R,
fixed-angle rotor F-34-6-38) for 20 min at 4

◦ at rcf 15,550×g resulted
in a white strong pellet, which was further washed under similar con-
ditions until a relatively soft pellet formed (2-3 times). The pellet was
dried in the air and then resuspended in a small volume of 4% acetic
acid. The suspension was frozen in a liquid nitrogen and lyophilized
(Finn Aqua, model LyoVac GT 2 E). The yield of the crude peptide
varied between 60 % - 90 %.

Appropriate conditions for purification by high-performance liquid
chromatography (HPLC) were found. Briefly, Isopropanol and 0.1
% Trifluoroacetic acid (TFA) were used as a mobile phase (buffer B)
mixed with water and 0.1 % TFA (buffer A) using gradient of buffer
B from 10 % to 60 % for 23 min at a flow-rate of 10 ml/min. All
the solvents were of highest purity (HPLC grade, Sigma). Quality
was assessed by matrix-assisted laser desorption/ionization (MALDI)
with time-of-flight (TOF) mass spectrometer (Autoflex from Brücker
Daltonics). The yield of the pure peptide varied between 10 % - 30 %.

2.3 linear dichroism using atr-ftir spectroscopy

Linear Dichroism (LD) is a spectroscopic technique that can be used
with systems that are either intrinsically oriented, or can be oriented
during an experiment by external forces. It gives information about
conformation and orientation of structures within molecules. Record-
ing LD spectra permits detection of several components underlying a
broad amide band, in agreement with the results obtained by Fourier
self-deconvolution. To measure LD the sample is oriented, then the
difference in absorption of light linearly polarized parallel and per-
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pendicular to the orientation axis is measured: LD = A‖ −A⊥ and it
is that difference that indicates the degree of orientation.

Secondary structure determination and its orientation were evalu-
ated as described in results and discussion chapter under experimental
section of ssNMR study of amyloid precursor protein.
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R E S U LT S : C A L C I U M I O N S P R O M O T E F O R M AT I O N
O F AB(1-40) OLIGOMERS

Dysregulation of Ca2+ homeostasis in aging brains and in neurode-
generative disorders plays a crucial role in numerous processes and
contributes to cell dysfunction and death. We postulated that calcium
may enable or accelerate the aggregation of Ab. Therefore, the aggre-
gation pattern of Ab(1-40) and of Ab(1-40)E22G, an amyloid peptide
carrying the Arctic mutation that causes early onset of the disease,
were compared in the presence or the absence of Ca2+.

3.1 preferential formation of oligomers of ab(1-40) in the

presence of ca
2+.

3.1.1 Experimental

3.1.1.1 Peptide preparation

The amyloid b-peptides Ab(1-40) and Ab(1-40)E22G were purchased
from American Peptide Company in the form of lyophilized powder.
Prior to use, 1 mg aliquots were dissolved in double-distilled water,
sonicated in a water bath for 1 min, and then held on ice for 1 min.
This cycle was repeated five times. The peptide solution was then di-
vided into 50-mg aliquots and dried under vacuum in a ThermoSavant
SpeedVac (UVS400A Universal Vacuum System). Ab films were stored
at –20

◦C until use.

3.1.1.2 Sample preparation

The 50-mg aliquots of lyophilized Ab peptide were hydrated at room
temperature in either 50 mM phosphate buffer pH 7.4 and 100 mM
NaCl (“–Ca2+ condition”) or 75 mM MOPS buffer (3-(N-morpholino)
propanesulfonic acid) pH 7.4 and 2 mM CaCl2 (“+Ca2+ condition”).
MOPS is an excellent buffer for many biological systems at near-
neutral pH and was used here, because upon addition of CaCl2

to phosphate buffer, an insoluble precipitant calcium phosphate is
formed. There was no difference between the buffers on the properties
and the aggregation profiles of Ab peptides. The “–Ca2+ condition”
refers to the condition where no calcium was added to the buffer.
However, residual calcium concentration (from doubly distilled MilliQ
water) was 21 ± 1.3 mM, as was determined with inductively coupled
plasma optical emission spectroscopy (ICP-OES). The final concentra-
tion of the peptide for all samples was 100 mM unless otherwise stated.

39
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Samples were sonicated for 2 min in a water bath and incubated at
37
◦C without agitation.

3.1.1.3 Western Blot analysis

Polyacrylamide gel electrophoresis (PAGE) was used to separate differ-
ent oligomeric species by size. Polyacrylamide gel consists of uniform
pores, the size of which is controlled by varying the concentrations of
acrylamide and bis-acrylamide used for gel preparation. First poly-
acrylamide gels were introduced in 1959 by Ornstein and Davis.

Aβ peptides samples were diluted in a PAGE sample buffer and
separated on a 12% bis-Tris gel at 4

◦C for 2 h at 100 V. There was
no SDS in the acrylamide gel, but the sample buffer contained 4%
SDS. Unboiled samples were loaded on the gel. The separated bands
of protein were transferred onto a nitrocellulose membrane, which
was then blocked for 1 h in 5% nonfat dry milk in Tris-buffered
saline (TBS)/Tween-20 buffer. The membrane was incubated with a
mixture of two mouse monoclonal Ab antibodies, 6E10 (1:3000) and
4G8 (1:2000) (Sigma-Aldrich). Detection was carried out by enhanced
chemiluminescence using horseradish peroxidase-conjugated goat
anti-mouse antibody (1:2000) (Boehringer Mannheim). Images were
recorded and analyzed using the ImageQuant 400 gel imager and
ImageQuant TL software (GE Healthcare).

3.1.2 Results and discussion

Samples of Ab(1-40) and Ab(1-40)E22G were prepared and incubated
for 96 h in either the presence or the absence of 2 mM Ca2+. At time
points corresponding to t = 0, 2, 4, 6, 24, 72, and 96 h, samples were
analyzed by electrophoresis in SDS-free polyacrylamide gel (0.1% SDS
was present in the migration buffer) and imaged by Western blotting
(Figure 19 on page 42). Over time, the aggregation pattern of Ab(1-40)
showed striking differences in the presence and in the absence of
added Ca2+ (Figure 19 on page 42, panels A, C). Whereas after 24

h the range of oligomeric species in the samples with and without
added Ca2+ was almost indistinguishable, at 72 h we observed a wide
range of species in the presence of Ca2+, but not in its absence. At
72 h and 96 h, Ab(1-40) in the presence of Ca2+ contained monomers
and oligomers whose molecular weights ranged from those consistent
with dimers (around 8 kDa) to hexamers (Figure 19 on page 42, panel
C, two last lanes). Additional streaks in the same lanes suggested
the presence of oligomers of even higher molecular weight, though
they were not clearly identified. In the same samples, protofibrils and
apparently some fibrils were also detectable at the top portion of the
gel. It was difficult to differentiate between these aggregates because of
the low resolution in this part of the gel and their low electrophoretic
mobility. Fibrils, because of their extremely high molecular weight,



3.2 ca
2+

inhibits formation of tht-positive aβ(1-40) species, but does not affect aβ(1-40)e22g. 41

do not penetrate into the separating part of the polyacrylamide gel;
thus, when present, they appear as smears in the stacking portion
of the gel. Though it is possible that fibrils are also present in this
sample, the results of the following experiments (i.e. ThT fluorescence,
AFM) do not support this possibility (see the relevant sections). In the
absence of added Ca2+, Ab(1-40) molecules had aggregated to such an
extent that we were able to detect only bands with low electrophoretic
mobility corresponding mainly to high-molecular-weight oligomers,
protofibrils and fibrils, located in or near the stacking part of the
polyacrylamide gel (Figure 19 on page 42, panel A, two last lanes).

In contrast to Ab(1-40), samples of Ab(1-40)E22G showed no differ-
ences in their aggregation profiles in the presence or absence of added
Ca2+ (Figure 19 on page 42, panels B, D), although incubated under
the same conditions. Moreover, already at t = 0 h oligomers ranging
from monomers to tetramers that were not present in Ab(1-40) sam-
ples at the same time point were detected. From t = 24 h, an increase
in the population of oligomers of low molecular weight as well as
the appearance of high-molecular-weight oligomers in Ab(1-40)E22G
samples, in both conditions were observed. By t = 72 h and t = 96

h a wide range of oligomers, including protofibrils, could be seen.
These findings clearly indicated that Ca2+ had no influence on the
ability of Ab(1-40)E22G to aggregate as expected, with the generation
mainly of oligomers and protofibrils. A comparison of the results
obtained for the two peptides thus clearly showed that in the presence
of Ca2+ Ab(1-40), like Ab(1-40)E22G, aggregated to produce oligomers
and protofibrils, whereas in the “–Ca2+” condition fibrils were readily
formed. The profile of oligomeric and protofibrillar species formed by
Ab(1-40) in the presence of Ca2+, as detected by Western blot analysis,
was essentially the same as that of Ab(1-40)E22G in either condition.

3.2 ca
2+

inhibits formation of tht-positive ab(1-40) species,
but does not affect ab(1-40)e22g.

3.2.1 Experimental

3.2.1.1 Thioflavin T fluorescence measurements

The thioflavin T (ThT) (Sigma-Aldrich) fluorescence assay [Naiki et al.,
1989] was used to follow the aggregation profile of Ab peptides for
96 h using LS55 fluorimeter (Perkin Elmer Instruments). ThT is a
benzothiazole dye that exhibits enhanced fluorescence upon binding
to amyloid fibrils and is commonly used to diagnose amyloid fibrils,
both ex vivo and in vitro. Upon binding of fibrils, ThT displays a
dramatic shift of the excitation maximum (from 385 nm to 450 nm) and
the emission maximum (from 445 nm to 482 nm) [Naiki et al., 1989].
Despite its widespread use in clinical and basic science applications,
the molecular mechanism for the ability of ThT to recognize diverse
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Figure 19: Aggregation profiles of Aβ(1-40) and Aβ(1-40)E22G during 96

h of incubation in the presence or absence of added Ca2+ were
followed using Western blot analysis. Samples were separated
using gel electrophoresis on a 12% bis-Tris gel. For each condition,
samples were taken at t = 0, 2, 4, 6, 24, 72, and 96 h. Following the
loading of 1 µg of protein sample into each lane, the membrane
was probed with a mixture of monoclonal antibodies 6E10 and
4G8 that recognize residues 1-17 and 17-24, respectively. Panels
A and B are representative Western blots of Aβ(1-40) and Aβ(1-
40)E22G in phosphate buffer (“–Ca2+ condition”), respectively.
Panels C and D are representative Western blots of Aβ(1-40) and
Aβ(1-40)E22G in 2 mM Ca2+ (“+Ca2+ condition”), respectively. At
least four separate experiments were carried out to confirm these
results. All images were taken from a single 96-h experimental
procedure.



3.2 ca
2+

inhibits formation of tht-positive aβ(1-40) species, but does not affect aβ(1-40)e22g. 43

types of amyloid fibrils and for the dye’s characteristic fluorescence
has only begun to be elucidated. The studies by Naiki et al. and LeVine
[LeVine, 1993] showed that dye binding is linked to the presence of
the cross-b structure of fibrils. Recent confocal microscopy studies of
ThT aligned in stretched poly-vinyl alcohol films showed that the dye
dipole excitation axis lies parallel to the long molecular axis. Therefore,
ThT binds to amyloid fibrils such, that their long axes are parallel. It
has been proposed that the binding occurs in ‘channels’ that run along
the length of the b-sheet. Steric interactions between dye molecules
and side chains indicate why ThT fluoresces more intensely when
bound to amyloid fibrils and can explain why this interaction with
amyloid fibrils is specific, but with varying efficiency [Krebs et al.,
2005].

The experimental procedure was as follows: aliquots of 10 ml (~4 mg)
of the incubated peptide solution were added to 1 ml of 50 mM glycine-
NaOH buffer pH 8.5 and 5 mM ThT. The sample was maintained at
25
◦C in a circulating water bath. Excitation and emission wavelengths

were 450 nm and 482 nm, respectively. The emission spectra were
collected for 500 s. The intensity of each spectrum was then averaged
over approximately 400 s, following subtraction of the averaged (100

s) background fluorescence.

3.2.2 Results and discussion

The increase in ThT fluorescence over time was used to follow fibrillo-
genesis of amyloid peptides Ab(1-40) and Ab(1-40)E22G in solution in
the presence and absence of added Ca2+. We found that Ca2+ inhibited
the formation of ThT-positive species of Ab(1-40), but had no effect on
Ab(1-40)E22G (Figure 20 on page 44).

A time-course study was performed during 96 h of incubation with
or without Ca2+ for both peptides. In the case of Ab(1-40), ThT fluo-
rescence intensity did not change in either the presence or the absence
of added Ca2+ and remained low for the first 6 h, demonstrating that
after 6 h of incubation the predominant species are oligomers. This
result is in agreement with the reported finding that ThT fluorescence
clearly discriminates between oligomers and fibrils of Ab [Benseny-
Cases et al., 2007]. After 24 h of incubation, ThT fluorescence intensity
was found to be increased significantly (about three fold) in the ab-
sence of added Ca2+ but only slightly in its presence. After 72 and 96

h of incubation the ThT fluorescence intensity in the absence of added
Ca2+ increased dramatically, reaching values close to 500 arbitrary
units. Control samples with known fibrillar content yielded similar
fluorescence values (data not shown), leading to conclusion that fibrils
were the main species in the sample. This conclusion is supported by
a number of studies in which the characteristic fluorescence exhib-
ited by ThT was attributed to the binding of ThT molecules within
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Figure 20: Oligomers and fibrils formation differentiated by ThT fluorescence.
ThT fluorescence intensity was monitored to follow fibrillogenesis
of Aβ(1-40) and Aβ(1-40)E22G in the presence and in the absence
of 2 mM Ca2+. Black bars, Aβ(1-40) in phosphate buffer (“–Ca2+

condition”); light grey bars, Aβ(1-40) in 2 mM CaCl2; dark grey
bars, Aβ(1-40)E22G in phosphate buffer; light blue bars, Aβ(1-
40)E22G in CaCl2. Shown are averages of values obtained in four
independent experiments; error bars indicating the standard error
of the average.

a cavity that was present in some proteins and amyloid fibrils, but
not in others [Groenning et al., 2007, Krebs et al., 2005]. After 96 h of
incubation of Ab(1-40) in the presence of Ca2+, fluorescence intensity
values remained low and were attributed to the existence of only a
small population of ThT-positive species.

By contrast Ab(1-40)E22G, both with and without Ca2+, exhibited
stable and relatively low ThT fluorescence intensity over the course
of 96 h (Figure 20 on page 44), implying either that the aggregation
process is significantly slower than for Ab(1-40) or that Ab(1-40)E22G
has a relatively high propensity to form oligomers rather than fibrils.
A high tendency of Ab(1-40)E22G to form oligomers and protofibrils
has already been demonstrated in several studies [Lashuel et al., 2003,
Nilsberth et al., 2001, Päiviö et al., 2004]. Moreover, it was suggested
that this characteristic behavior may be responsible for the marked
toxicity of Ab(1-40)E22G [Whalen et al., 2005]. Individuals carrying
the Arctic mutation are known to be prone to development of AD
early in life [Nilsberth et al., 2001], possibly because of the formation
of oligomers and protofibrils, considered to be more toxic aggregates
of Ab peptide than fibrils.
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3.3 similar secondary structures for ab(1-40) and ab(1-40)e22g

oligomers in the presence of ca
2+.

3.3.1 Experimental

3.3.1.1 Fourier transform infrared (FTIR) spectroscopy measurements

Infrared spectra were recorded on an Equinox 55 infrared spectropho-
tometer (Bruker Optics). The internal reflection element was a dia-
mond crystal (2 × 2 mm) with an aperture angle of 45

◦, yielding a
single internal reflection. The spectrometer was purged continuously
with dried air. Spectra were obtained from 4000 cm−1 to 800 cm−1 at
a resolution of 2 cm−1. In order to achieve a good signal-to-noise ratio,
128 scans were acquired. All measurements were conducted at 24

◦C.
Samples were prepared by spreading 2 ml of peptide solution on a
diamond crystal surface and removing the excess fluid under nitrogen
flow. The film was washed three times with milliQ water, which was
then removed under nitrogen flow.

3.3.1.2 Spectral analysis

Data were processed using “Kinetics”, a program developed in the
laboratory of Prof. E. Goormaghtigh and running under MatLab.
Briefly, spectra were subjected to water-vapor subtraction using a
reference water vapor spectrum, and to a smoothing procedure to 4

cm−1. Spectra were deconvoluted using the Lorentzian deconvolution
function and the Gaussian apodization function. A linear baseline was
subtracted from all spectra at 1708, 1602, and 1482 cm−1.

3.3.2 Results and discussion

Secondary structures of Ab aggregates are known to possess high
b-sheet content. Using ATR-FTIR spectroscopy, our group recently
showed that a characteristic signature of soluble oligomers of Ab is
an anti-parallel b-sheet conformation, whereas parallel b-sheet con-
formation is indicative of the presence of Ab fibrils [Cerf et al., 2009,
Chirgadze and Nevskaya, 1976]. Working with Ab(1-42) and Ab(1- 40),
they demonstrated that in anti-parallel b-sheet structures the amide
I region displays two typical components: the major component has
an average spectral wavenumber at ~1630 cm−1 while the minor com-
ponent, about five fold weaker than the major one, is characterized
by an average wavenumber at ~1695 cm−1. For parallel b-sheet struc-
tures the amide I region displays only the major component of ~1630

cm−1. The intensity ratio of 1695/1630 was suggested to be propor-
tional to the percentage of anti-parallel b-strands arranged in a b-sheet
[Goormaghtigh et al., 1994].
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Figure 21: ATR-FTIR spectra of Aβ(1-40) and Aβ(1-40)E22G. FTIR spectra
of Aβ(1-40) and Aβ(1-40)E22G were taken in the presence and in
the absence of added Ca2+, showing the amide I region of the
spectra (1600–1700 cm-1). Aliquots of 2 µl were taken from each
sample at t = 0, 2, 6, 24, 48, 72, and 96 h (shown in blue, green,
red, cyan, purple, mustard, and dark blue, respectively). The data
shown here were collected in one continuous experiment and are
representative of three independent trials.

Using ATR-FTIR, the aggregation patterns of Ab(1-40) and Ab(1-
40)E22G were studied and the evolution of 1630-cm−1 and 1695-cm−1

peaks was followed to assess the presence of oligomers or fibrils as
a function of incubation time, based on discrimination of a b-sheet
conformation. Figure 21 on page 46 summarizes the results observed
for each of these amyloid peptides in the presence and in the absence
of added Ca2+.

For all conditions evaluated, during the first 48 h two characteris-
tic features were observed: one peak at ~1695 cm−1 and another at
~1630 cm−1 (Figure 21 on page 46, panels A–D). The presence of a
peak at ~1695 cm−1 in the infrared spectrum, in addition to a peak at
~1630 cm−1, is characteristic of an anti-parallel b-sheet conformation,
indicative of species structurally different from fibrils [Cerf et al., 2009,
Chirgadze and Nevskaya, 1976]. However, for Ab(1-40) in the absence
of added Ca2+ a significant decrease in the ~1695 cm−1 peak at t = 48

h (Figure 21 on page 46, panel A) and a shift towards lower wavenum-
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bers and narrowing of the ~1630 cm−1 peak were observed. This shift
(from 1633 cm−1 to 1629 cm−1) and narrowing were also detectable to
some extent at earlier time points. This specific feature indicated for-
mation of stable and/or long b-strands and strong hydrogen bonds, as
would be expected for a stable fibrillar structure [Dahlgren et al., 2002].
Given that the ratio of 1695/1630 is proportional to the percentage of
anti-parallel arrangement of b-strands [Goormaghtigh et al., 1994], it
was used to estimate the degree of structural change in the samples.
For Ab(1-40) in the “–Ca2+ condition” the 1695/1630 ratio decreased
dramatically from 0.32 at t = 0 h to 0.08 at t = 96 h, meaning that there
was four times less anti-parallel b-sheet structure after 96 h of incu-
bation in the absence of added Ca2+. This pattern of decrease in the
amount of anti-parallel b-strands in a b-sheet points to the formation of
fibrillar assemblies from oligomers initially present in the sample. This
result complements the outcome of the PAGE analysis and the ThT
fluorescence experiments, where after the first 24 h mainly oligomers
whose binding affinity for ThT was low were detected, whereas at t
= 96 h the species observed by PAGE were mainly of high molecular
weight (including fibrils), which were highly ThT positive. This result
for Ab(1-40) in phosphate buffer portrayed a dynamic process of fibril-
lization of the Ab(1-40) peptide in vitro, starting with monomers and
dimers, which over time were converted into fibrils. It was interesting
to note that at t = 72 h and t = 96 h, no monomers, dimers, or other
low-molecular-weight oligomers were visible on Western blots (Figure
19 on page 42), indicating complete conversion to fibrils. The behavior
of Ab(1-40) samples in the presence of Ca2+ differed from their be-
havior in the absence of added Ca2+. Throughout the duration of the
experiment with Ab(1-40) in the presence of Ca2+ we always observed
the two characteristic peaks at ~1695 cm−1 and ~1630 cm−1 (Figure 21

on page 46, panel C). Despite the slight decrease observed over time in
the intensity of the ~1695 cm−1 peak, no significant narrowing of the
peak width at ~1630 cm−1 was detected. An interesting observation
was that this spectral behavior of Ab(1-40) in the presence of Ca2+

had the same features as that of Ab(1-40)E22G in either the presence
or the absence of Ca2+. Under both conditions, the peaks exhibited
by Ab(1-40)E22G at ~1695 cm−1 and at ~1630 cm−1 throughout the
96-h time period were characteristic of an anti-parallel b-sheet confor-
mation (Figure 21 on page 46, panels C, B, D), and the ratio between
the peaks changed only slightly, mainly after the first 2 h. In addition,
no narrowing of the peak at ~1630 cm−1 was detected. This finding,
obtained by ATR-FTIR, showed good correlation with the results ob-
tained by PAGE analysis and by ThT fluorescence experiments, all
of which pointed—as expected, and in line with the published data
[Päiviö et al., 2004, Whalen et al., 2005]—to the formation of a wide
range of oligomers and possibly also protofibrils by Ab(1-40)E22G. The
similarity in aggregation patterns of Ab(1-40) in the “+Ca2+ condition”
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and of Ab(1-40)E22G under both conditions, as observed here by three
independent techniques, raises a fundamental question concerning a
possible change in the mechanism of Ab(1-40) aggregation when Ca2+

is present. It seems that calcium ions promote the preferential for-
mation of oligomers and protofibrils, diverting the otherwise favored
fibrillogenesis pathway.

3.4 morphological similarity between ab(1-40) and ab(1-40)e22g

species formed in the presence of ca
2+.

3.4.1 Experimental

3.4.1.1 Atomic force microscopy (AFM)

AFM experiments were conducted by Dr. Vincent Dupres as a part
of collaboration with the laboratory of Prof. Yves F. Dufrêne (Univer-
sité catholique de Leuvain, Unité de Chimie des Interfaces, Belgium).
AFM contact mode images were obtained at room temperature with
a Nanoscope IV Multimode AFM (Veeco). Fresh mica surfaces (36

mm2) were glued onto steel sample discs (Veeco) with Epotek 377

(Gentec Benelux). Atomically smooth surfaces were generated by cleav-
ing layers with adhesive tape. Peptide solution (100 ml; 0.1 mg/ml)
was adsorbed onto bare mica surfaces for 1 h. The mounted samples
were immediately transferred into the AFM liquid cell, while avoiding
dewetting. They were then imaged with oxide-sharpened microfab-
ricated Si3N4 cantilevers (Microlevers, Veeco) with minimal applied
force (<500 pN). The spring constants of the cantilevers measured by
the thermal noise method (Picoforce, Veeco) were 0.011 N/m. Images
(5 µm × 5 µm) were obtained from several areas on each sample.

3.4.2 Results and discussion

Here we examined whether the oligomers formed by Ab(1-40) in the
presence of Ca2+ and the oligomers formed by Ab(1-40)E22G in the
presence and in the absence of added Ca2+ share morphological simi-
larities. Using contact mode AFM, oligomerization and fibrillogenesis
of Ab(1-40) and of Ab(1-40)E22G were followed, in all cases in the
presence and absence of added Ca2+, at three time points: t = 0, 6, and
72 h (Figure 22 on page 49).

These times were chosen because most of the differences detected by
Western blot analysis, ThT fluorescence, and ATR-FTIR spectroscopy
were observed after 0, 6, and 72 h of incubation. At t = 0 h, samples
of Ab(1-40) and of Ab(1-40)E22G, both in the presence and in the
absence of added Ca2+, contained homogeneously distributed globular
particles (Figure 22 on page 49, panels A, D, G, J), in agreement with
previously reported data [Haass and Selkoe, 2007]. The height of the



3.4 morphological similarity between aβ(1-40) and aβ(1-40)e22g species formed in the presence of ca
2+. 49

Figure 22: Morphological comparison of Aβ(1-40) and Aβ(1-40)E22G. Contact
mode AFM images (5 µm × 5 µm, Z scale 15 nm) of Aβ(1-40) and
Aβ(1-40)E22G peptides on mica, recorded either in phosphate
buffer or in MOPS buffer with Ca2+. Samples of Aβ(1-40) and
Aβ(1-40)E22G in the presence and absence of added Ca2+ (marked
as “+Ca2+” or “ Ca2+”, respectively) at t = 0, 6, or 72 h. Closer
views (1 µm × 1 µm, Z scale 15 nm) of oligomers, protofibrils
and fibrils are shown as insets in the panel of t = 72 h (C, F, I, L).
Images A, D, G, J were taken at t = 0; images B, E, H, K were taken
at t = 6 h. Peptide concentration was the same in all samples.
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spherical aggregates was 2.8 ± 0.3 nm (n = 51). Although some linear
aggregates were detected in Ab(1-40) samples in the absence of added
Ca2+ (Figure 22 on page 49, panel A), most of the population consisted
of globular particles. Since no contribution was seen from the linear
aggregates when these samples were tested with other techniques, it
seems reasonable to assume that only an insignificant percentage of the
peptide was present in the linear aggregate form (perhaps structurally
different from fibrils) at the initial stages of incubation. Notably, this
population was observed only in the Ab(1-40) samples lacking Ca2+,
even though all the samples received identical treatment. A second
batch of samples was imaged at t = 6 h. As expected, no differences in
aggregate morphology were noticed between the Ab(1-40) samples in
the presence of Ca2+ and the Ab(1-40)E22G samples in the presence or
absence of added Ca2+ (Figure 22 on page 49, panels E, H, K). All of
the particles appeared to be globular, though somewhat larger than
at t = 0 h (height 3.3 ± 0.5 nm, n = 20). Evolution of the species was
observed only with Ab(1-40) in the absence of added Ca2+. In this case
there was clear evidence of fibrillization, resulting in a large amount
of string-like aggregates and a long, fibril-like species (Figure 22 on
page 49, panel B). Although comparable in length (950 ± 460 nm, n =
20) to previously reported fibril lengths [Haass and Selkoe, 2007], they
were too thin to be categorized as fibrils. The string-like structures
had become more abundant, and the fraction of spherical particles
that remained was small (Figure 22 on page 49, panel B). The most
striking differences were those observed between samples imaged at t
= 72 h. The Ab(1-40) samples without Ca2+ exhibited well-organized
fibrils (Figure 22 on page 49, panel C) whose dimensions (height 8.4
± 0.5 nm, n = 13; width 124 ± 15 nm, n = 12; length 1 ± 0.6 µm, n
= 67) mostly correlated with those previously published for Ab(1-40)
[Dahlgren et al., 2002]. When Ab(1-40) was incubated in the presence
of Ca2+ the resulting aggregates were not fibrillar, but rather spherical
(height, 2.6 ± 0.4 nm; n = 24) and (mostly) curvilinear (Figure 22

on page 49, panel F) (height 3.0 ± 0.5 nm; n = 28; length 250 ± 73

nm; n = 40), which previous authors have referred to as oligomers
and protofibrils, respectively [Lashuel et al., 2003]. Like the results
described above and therefore in line with our expectations, Ab(1-40)
in the presence of Ca2+ and Ab(1-40)E22G both in the presence and
in the absence of added Ca2+ all formed the same oligomeric species:
initially spherical particles, evolving to curvilinear structures after 72

h. These values are consistent with the data from [Mastrangelo et al.,
2006], where the authors reported z-heights of 2-3 nm on average, for
early (<1 h) oligomers and ~2 nm for monomers of Ab(1-42) obtained
by high resolution AFM under hydrated conditions. Detailed analysis
of their results revealed that for low molecular weight oligomers as
well as protofibrils the z-height ranged between 2 to 4 nm. Only
for some of the high molecular weight oligomers Mastrangelo et
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al. reported values of z-height 4 – 6 nm. It is likely that Ab(1-40)
and Ab(1-42) do not form the same type of high molecular weight
oligomers and the growth of Ab(1-40) oligomers might be restricted to
the lateral dimension, without causing height changes from monomers
to oligomers. In the presence of Ca2+, the aggregation pathway of
Ab(1-40) was clearly shifted towards formation of oligomers, and
not of fibrils as occurred in the absence of added Ca2+. Evidently,
therefore, the presence of calcium ions has a significant impact on the
aggregation process of Ab(1-40).

Using four different techniques, it was shown that Ab(1-40) forms
oligomers and protofibrils in the presence of 2 mM Ca2+ similar to
those produced by Ab(1-40)E22G both in the presence and in the ab-
sence of added Ca2+ (21 mM of calcium ions were present in “ Ca2+

condition” buffer due to their traces in MilliQ water and in HPLC-
grade buffer). In the “ Ca2+ condition” Ab(1-40) readily formed fibrils,
which were detectable by PAGE and by ThT fluorescence analysis
as well as by FTIR, and differences in secondary structures were ob-
served between oligomers and fibrils. Moreover, AFM imaging clearly
revealed morphological similarities between oligomers of Ab(1-40)
and of Ab(1-40)E22G, all of which were spherical or curvilinear in
shape. Ab(1-40)E22G has been shown to form oligomers and protofib-
rils in vivo and to cause early and severe signs of AD in mice [Isaacs
et al., 2006]. It remains an open question whether the morphological
similarity of oligomers of Ab(1-40) formed in the presence of Ca2+ to
oligomers of Ab(1-40)E22G formed also in the absence of added Ca2+

implies that they have similar toxic effects. Previous studies of the role
of Ca2+ in Ab aggregation have revealed acceleration of Ab(1-42) fibril
formation in the presence of Ca2+ [Ahmad et al., 2009, Kuroda and
Kawahara, 1994], but without acceleration in the kinetics of Ab(1-40)
fibrillization [Kuroda and Kawahara, 1994]. The focus of the present
study however, was the role of Ca2+ in the formation of oligomers,
rather than in fibril formation. It was shown that calcium can facilitate
the formation of oligomers that might in turn be held responsible for
neuronal toxicity.

There are numerous literature reports on the influence of a variety of
divalent ions on Ab aggregation. Aluminum and iron were reported to
promote the aggregation of Aβ at physiological concentrations [Dyrks
et al., 1992]. Kuroda et al. found that aluminum enhances the aggre-
gation of Ab(1-40) peptides, although no mechanism was proposed
[Kuroda and Kawahara, 1994]. There exist conflicting statements about
the role of Zn2+ and Cu2+ ions in Aβ aggregation. It was reported
that Zn2+ induced the aggregation of Aβ [Bush et al., 1994, Brown
et al., 1997, Esler et al., 1996], while Cu2+ dramatically induced Aβ
aggregation under acidic conditions [Atwood et al., 1998]. In contrast,
Yoshiike et al. showed that both Zn2+ and Cu2+ reduced cytotoxic-
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ity by inhibiting Aβ aggregation. The authors found that Cu2+ both
facilitates oxidative stress, through its interaction with soluble Aβ,
and results in the formation of a precipitated complex that is less
toxic than Aβ fibrils, while Zn2+ inhibits Aβ aggregation by inducing
the formation of non-fibrillar, non-toxic aggregates [Yoshiike et al.,
2001]. In contrast, in the presence of sodium dodecyl sulfate (SDS)
Cu2+ promotes and stabilizes the formation of the non amyloidogenic
soluble oligomeric β-sheet structures [Tew et al., 2008].

X-ray absorption spectroscopy studies suggest significant differences
in the geometrical structure around the metals in Cu2+-Aβ and Zn2+-
Aβ complexes. The observed differences suggest a different role played
by the two ions. Stellato and coworkers [Stellato et al., 2006] have found
that the coordination mode of the metal in the Cu2+–Aβ40 complex,
with three histidine residues and a tyrosine residue, is compatible
with an intra-peptide coordination mode in agreement with the model
suggested in [Suzuki et al., 2001]. In contrast, the coordination mode
of the Zn2+ ion is such, that it prefers inter-peptide aggregation,
although under specific conditions an open mode binding–where one
zinc ion is bound to one histidine residue–is also possible [Stellato
et al., 2006].

There is evidence that Cu2+ induces structural changes in Aβ(1-40)
peptide with increases in β-sheet content. Presence of metal ions such
as Cu2+ and Zn2+ appear to also modify the effect of Aβ on model
lipid membranes [Lau et al., 2006].

Recent work by Danielsson et al. on the structural aspect of metal
binding site or sites in Aβ shows that the high-affinity zinc-binding
site is formed by three histidines and the N-terminus, whereas a
second, low-affinity binding site, comprises residues 23–28 [Danielsson
et al., 2007]. Their results show that Zn2+ and Cu2+ compete for the
same high-affinity binding site and have a putative second weaker
binding site. NMR and fluorescence experiments showed a selective
zinc-binding site with His6, His13 and His14 and the N-terminal Asp1

as ligands, while Tyr10 is not directly involved in the binding, but is
located close to the bound metal [Danielsson et al., 2007]. The authors
propose a second binding site for Zn2+, which involves residues 23, 24,
26 and 28. While for Cu2+ no precise binding site could be outlined
apart from residue 21, which showed a loss of intensity in the NMR
spectrum indicating that a central region might to be involved.

Neuronal calcium-binding proteins such as parvalbumin from cod
muscles, alpha-lactalbumin from cow milk, calmodulin from bovine
brain and neuronal calretinin were shown to bind Zn2+ and Cu2+

ions, which compete for the binding site distinct from that of Ca2+

and Mg2+ [Permiakov et al., 1988, Nair et al., 2010]. This indicates that
for many proteins Ca2+ -binding site is distinct from that of Zn2+ and
Cu2+. Therefore, it is reasonable to assume that also for the Aβ(1-40)
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peptide, Ca2+-binding site differs from the binding site of Zn2+ and
Cu2+, which was shown to involve the three histidine residues.

Nair et al. found that glutamic acid and aspartic acid are relatively
inefficient in metal ion binding when investigating Cu2+, Zn2+ and
Fe2+ binding efficiencies [Nair et al., 2010]. Yet, Ca2+-binding sites
in proteins are largely formed by ligand oxygen atoms from the side
chains of charged carboxyl residues (i.e., Asp and Glu), main chain
carbonyl, and solvent water molecules. For Ca2+-binding proteins
(CaBPs) there are significant variations in Ca2+ coordination prop-
erties, which correlate with the diversified biological functions of
CaBPs with different binding affinities and Ca2+-induced conforma-
tional change. It has been shown that glutamic acid residues are the
main mediators of Ca2+ binding in human serum amyloid P ( SAP)
[Thompson et al., 2002]. Interestingly, SAP is a normal plasma pro-
tein, which exhibits universal association with amyloid fibrils in all
types of amyloidosis [Pepys et al., 1997]. Isolated human SAP, in the
presence of Ca2+, auto-aggregated and precipitated in an interaction
for which glutamic acid residue is critical and was inhibited by all of
the known Ca2+-dependent ligands recognized by SAP [Pepys et al.,
1997, Thompson et al., 2002]. This clearly suggests that Ca2+-binding
site is involved in amyloid recognition and that Ca2+-binding site in
Aβ probably involves Glu and/or Asp residues. The results of our
study showed that Glu22 plays a role in Ca2+ binding (mutation of
Glu to Gly changes the aggregation profile of the peptide) and might
comprise a Ca2+-binding site. Further studies are needed in order
to elucidate the Ca2+-binding site of Aβ(1-40) peptide. Liquid NMR
can be used to differentiate the residues involved in calcium binding.
Molecular dynamics can also be helpful in establishing a proof of
concept for Ca2+ involvement in oligomers formation.
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A M Y L O I D P R E C U R S O R P R O T E I N

Three APP_TM4K (628-655) peptides were chemically synthesized
using SPPS. Global secondary structure of the APP_TM4K peptide
reconstituted into POPC lipid bilayers and the peptide orientation (i.e.
transmembrane or in-plane) were studied by FTIR spectroscopy.

Different schemes of isotopic labels were introduced into the APP_TM4K
peptides for ssNMR investigation: 15N-Gly-637 / 2H-Ala-642, 15N-Ala-
642 / 2H-Ala-630, and 15N-Val-646 / 2H-Ala-630. Conformational
details of the TM segment were studied by 15N and 2H ssNMR tech-
niques. Proton-decoupled 15N chemical shift is a good indicator of
the helical tilt angle as it exhibits a direct functional relationship with
the alignment of the main axis of α-helical polypeptides [Bechinger
and Sizun, 2003]. Nevertheless, 15N measurements remain rather in-
sensitive to rotation of the peptide around the helix axis (rotational
pitch angle) therefore, a complementary 2H ssNMR spectroscopy was
used. Alanine residues (630 and 642) were labeled with 2H as its
methyl group offers some distinct advantages over other amino acids
(please refer to the Chapter 2, 2.1.1.1). 15N measurements allow us
to determine the orientation of a-helical peptides, while through 2H
measurements we can refine this information and follow the dynamics
of the peptide. Orientational constrains from these experiments consti-
tute the tilt and the pitch angles of the peptide helix with respect to
the membrane normal.

4.1 atr-ftir measurements of app_tm4k

4.1.1 Experimental

4.1.1.1 Sample preparation

APP_TM4K peptide was dissolved in HFIP (Sigma) to a final concen-
tration of 2 mg/ml. This solution was mixed with POPC lipids (Avanti
Polar Lipids, Alabaster, AL) dissolved in chloroform (Sigma) to obtain
the peptide to lipid ratio of 1:50. The solvents were evaporated and
the sample was spread on the surface of germanium plate. At this
point oriented thin multilayer films were formed.

4.1.1.2 Recording of the spectra

Attenuated total reflection infrared (ATR-FTIR) spectra were recorded
on a Bruker IFS 55 infrared spectrophotometer equipped with a liquid-

55
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nitrogen-cooled MCT detector. The internal reflection element was a
germanium ATR plate (50 × 20 × 2 mm) with an aperture angle of 45°,
yielding 25 internal reflections. A total of 128 scans were accumulated
for each spectrum to improve the signal/noise ratio. Spectra were
recorded at a nominal resolution of 2 cm-1. The spectrophotometer
was continuously purged with dried air. All the measurements were
done at 24

0C.

4.1.1.3 Secondary Structure Determination

Fourier self-deconvolution was applied to increase the resolution
of the spectra in the amide I region, which is the most sensitive
to the secondary structure of proteins. The self-deconvolution was
carried out using a Lorenzian line shape for the deconvolution and
a Gaussian line shape for the apodization. To quantify the area of
different components of amide I revealed by the self-deconvolution, a
least square iterative curve fitting was performed to fit Lorenzian line
shapes to the spectrum between 1700 and 1600 cm-1. Prior to curve
fitting, a straight base line passing through the ordinates at 1700 and
1600 cm-1 was subtracted. To avoid introducing artifacts, the fitting
was done on the non-deconvoluted spectrum. The proportion of a
particular structural element is computed to be the sum of the area of
all the fitted Lorenzian bands with their maximum in the frequency
region concomitant with that particular structure divided by the area
of all the Lorenzian bands having their maximum between 1689 and
1615 cm-1 [Goormaghtigh and Ruysschaert, 1990].

4.1.1.4 Orientation of the secondary structure

For the amount of material used in this experiment, the thickness of
the deposited film was considered to be small compared to the IR
wavelength. Therefore, the “thin film” approximation was used in
establishing the equations describing the dichroic ratio as a function
of the orientational order parameter [Goormaghtigh and Ruysschaert,
1990]. The potential energy distribution of amide I consists of about
80% n(C=O), 10% n(C–N), and 10% d(N–H). In an a-helix, the main
transition dipole moment lies approximately parallel to the helical axis,
while in an anti-parallel b-sheet, the polarization is predominantly
perpendicular to the long axis. It is therefore possible to determine the
mean orientation of the a-helix and b-sheet structures from the orienta-
tion of the peptide bond C=O group [Goormaghtigh and Ruysschaert,
1990].

Spectra were recorded with incident light polarized parallel (0◦) or
perpendicular (90

◦) relative to the plane of the IRE (the Ge plate). The
dichroic spectrum is the difference between the spectra recorded with
parallel and perpendicular polarizations. A larger absorbance for the
parallel polarization (upward deviation on the dichroism spectrum)
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indicates a dipole oriented preferentially near the normal of the ATR
plate. Conversely, a larger absorbance for the perpendicular polar-
ization (downward deviation on the dichroism spectrum) indicates a
dipole oriented approximately parallel to the ATR plate.

Polarization was expressed as the dichroic ratio Ratr = A90
◦
/A0

◦

and the mean angle between the helix axes and a normal to the ATR
plate surface was then calculated. In these calculations, an angle of
27
◦ between the long axis of the a-helix and the C=O dipole moment

was considered [Goormaghtigh and Ruysschaert, 1990, Goormaghtigh
et al., 1994, Fringeli and Gühnthard, 1981].

The lipid (POPC) ester stretch n(C=O) vibrations at 1738 cm-1 was
used to characterize the lipids acyl chains orientation.

4.1.2 Results

To investigate the global secondary structure of the APP_TM4K pep-
tide reconstituted into membrane bilayers, the alignment of the lipids
and the peptide in the sample and to asses the overall peptide orien-
tation in the lipid membrane (i.e. transmembrane or in-plane), FTIR
spectroscopy experiments were performed. The amide I region of the
spectrum (1700 - 1600 cm-1) reveals a symmetric peak with a maximum
at 1653 cm-1 characteristic of a helical structure (Figure 23 on page
58). Fourier self-deconvolution revealed several components within
the amide I region, which were quantified by an iterative least square
(i.e. non-linear) curve fitting procedure following [Goormaghtigh and
Ruysschaert, 1990]. The calculated content of helical secondary struc-
ture is about 74 % and 18 % of random coil and turns, respectively.

The amide I region of the spectra was used to determine the orien-
tation of the a-helix of APP_TM4K relative to the POPC hydrocarbon
chains of the bilayer. A dichroic spectrum of the amide I band is
strongly 90

◦ polarized, as seen from the positive deviation located
in the helix region of the amide I band (Figure 23 on page 58, black
trace), indicating an orientation of the a-helix perpendicular to the
germanium plate and therefore parallel to the acyl chains of the lipids.
A quantitative estimation of the helix orientation was obtained com-
puting the isotropic dichroic ratio (using the lipids ν(C=O) band at
1738 cm-1 as a reference band [Bechinger et al., 1999b]) was found
to be 1.16 and for the amide I component 1.74, thus the estimated
tilt angle relative to the normal of the germanium plate is 25

◦. When
only the helical component was analyzed the tilt angle was found to
be 20

◦. The orientation of lipids acyl chains was also assessed. The
lipid dichroic ratio for the band at 2872 cm-1 ( νs(CH3)) was found
to be 3.71 (data not shown), and accordingly the tilt angle between
acyl chains and the normal of the germanium crystal is 20-25

◦. This
indicates that the APP_TM4K peptide can be reconstituted into POPC
bilayers in a non-aggregated mostly helical TM orientation.
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Figure 23: IR spectra of APP_TM4K in POPC bilayers. The spectrum in red
was obtained with 90

◦ polarized light. The spectrum in green
was obtained with 0

◦ polarized light. Spectrum in black is the
difference between the red and the green spectra.

4.2 polyacrylamide gel electrophoresis (page) analysis

4.2.1 Experimental

Native bis-Tris gel was prepared using 1.25 M bis-Tris pH 6.5 (Bis-Tris
ultra grade cat#391335, Calbiochem), acrylamide-bis-acrylamide 37.5:1
(A3699, Sigma), 10 % Ammonium persulfate (APS) (Roth, Germany)
and Tetramethylethylenediamine (TEMED, Sigma). The gel had three
layers: 4 % stacking gel, 10 % separating gel and 16 % running gel.
Migration buffer consisted of 50 mM MOPS (M3183, Sigma), 50 mM
Tris (Tris-base Sigma 7-9, #T1378, Sigma), 1 mM Ethylenediaminete-
traacetic acid (EDTA) (purified grade 99 %, Sigma), 0.1.% sodium
dodecyl sulfate (SDS) (ultra pure 4×, > 99 %, Euromedex), 0.001 M
Na2S2O5 (cat#31448, Sigma) added right before use. The buffer was
cooled at 4ºC O/N. Loading buffer consisted of 0.03 M Tris pH 6.5, 5

% glycerol (rotipuran > 99.5 % p.a., Roth, Germany), 1 % SDS, 0.005 %
bromophenol blue (Roth, Germany), 2.5 % b-mercaptoethanol (Sigma)
added right before use.

Gel migration was carried out at 4ºC. For the migration duration,
the voltage was kept constant. The first hour the migration was carried
out at 30 V while the following 3.5 hours it was carried out at 85 V
[Schägger and von Jagow, 1987].

Purified APP_TM was washed with 10 mM HCl 3 times in order
to remove the ions of trifluoroacetic acid (TFA). Aβ peptides (1 mg)
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Figure 24: Bis-Tris acrylamide gel electrophoresis. APP_TM in the presence
of POPC lipids migrated with an apparent molecular weight of a
dimer (~5.6 kDa) and APP_TM without lipids migrated with an
apparent molecular weight of a monomer (~2.8 kDa).

were dissolved in 1 ml of HFIP, while 20 mg of POPC were dissolved
in chloroform. In order to obtain peptide to lipid ratio of 1:50, 15 ml
of APP_TM stock and 10 ml of POPC stock were mixed. The solvents
were evaporated with a stream of nitrogen gas and the film was
lyophilized over night (O/N) to remove the traces of solvents. The film
was rehydrated with 10 mM phosphate buffer pH 7.4 and vortexed
to form multilamellar vesicles. Thereafter 5 mg of the sample were
deposited on the gel.

The sample of APP_TM without lipids was prepared by dissolving
a small amount of dry APP_TM in HFIP. The solvent was evaporated
with the stream of nitrogen gas and the formed film was lyophilized
O/N. The film was rehidrated with 10 mM phosphate buffer pH 7.4
and vortexed to maintain the same preparation conditions. Thereafter,
5 ml of the sample were deposited on the gel (the exact amount of the
peptide is unknown).

4.2.2 Results

In order to verify that APP_TM peptides dimerize when reconstituted
into POPC lipids, we used PAGE electrophoresis analysis to compare
APP_TM oligomerization state in the presence and in the absence of
POPC lipids. Native low-pH gel was used in order to detect the small
difference between a dimer and a monomer of APP_TM (2.8 kDa for a
monomer). Low-pH (pH 6.5) gel allows for increased resolution of the
bands. A 10 % separating gel, usually used to separate small molecular
weight proteins from SDS micelles, was used in order to achieve better
size separation between monomers and dimers. It was crucial to omit
SDS from the gel preparation as it was reported that APP forms dimers
in the presence of SDS [Gorman et al., 2008]. As long as SDS was below
its critical micelles concentration (cmc) APP_TM did not form dimers,
unless lipids were present. In Figure 24 on page 59 the difference in
the migration pattern between APP_TM in the presence of POPC and
in its absence is clearly observed.
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4.3.1 Experimental

4.3.1.1 Preparation of oriented samples for ssNMR

The inherently low sensitivity of the NMR signal means that rela-
tively large amounts of sample are required; therefore, an oriented
bilayer sample for ssNMR purposes is actually composed of numerous
stacked bilayers per pair of flat substrates that is, in reality, an oriented
multilayer system. In keeping with the literature, however, an oriented
multilayer sample will be referred to as an oriented bilayer sample.

For the purification of the APP_TM4K peptides the following equip-
ment was used. Semipreparative HPLC with DAD 3L module for
UV detection from Bischoff; McDAcq32 software; preparative column
Grace Vydac (125 x 20 mm; P/N 1220 K040PS050) and the precolumn
(30 x 20 mm P/N 0320 K040PS050) packed with Prontosyl 300-5-C4

(particles size of 5 mm with 300Å pores). Alternatively, preparative
HPLC with the pump modules 331 and 332; the Liquid Handler mod-
ule for automatic injection and fraction collection and the UV/Visi-
ble detector-156 from Gilson Software Trilution; preparative column
Jupiter (150 x 30mm; 00F-4167-U0) and the precolumn (15 x 30 mm;
AJ0-8314) with particles size of 5 mm with 300 Å pores, were used.

After the purification, TFA counter ions are associated with the
peptide molecules. In order to remove these ions, dry peptide was
solubilized in 2 mM HCl (Sigma) [Andrushchenko et al., 2007], frozen
in liquid nitrogen and lyophilized (Finn Aqua Lyophilizer, model
LyoVac GT 2 E). This procedure was repeated three times. APP_TM4K
was reconstituted into POPC lipids with peptide to lipid ratio of 1:50.

3.5 mg of dry peptide were dissolved in a small volume of HFIP
(Sigma) in a glass tube and 46.4 mg of POPC were dissolved in
Chloroform in a separate glass tube. The solvent was evaporated
with a gentle stream of nitrogen gas until the samples reached desired
viscosity. The content of the tube was spread on ~ 20 ultra thin (100

mm) cover glasses (6 mm × 11 mm; Paul Marienfeld GmbH & Co.
KG, Lauda-Königshofen, Germany). The films were dried first in air
and thereafter under high vacuum over night to remove all traces of
the organic solvent. The samples were hydrated for 24 hours at 93%
relative humidity, achieved by a saturated salt solution of KNO3 (see
Note) at room temperature (~25

◦C) and left to equilibrate typically
for about 3 days. Once the lipid films became translucent and softNote: For 2H

experiments, the
saturated solution

was prepared
with2H2O-depleted

water.

the cover glasses were stacked on top of each other, with one empty
cover glass used to cover the top surface. The stack was stabilized
by wrapping with Teflon tape and then sealed in a plastic wrapping
using an impulse sealer [Aisenbrey et al., 2010]. The solid-state NMR
experiments were carried at 296 K (23

◦C).
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4.3.1.2 ssNMR experiments: 31P, 15N, 2H

The proton-decoupled 31P solid-state NMR spectra were recorded
at 202.41 MHz on a Bruker Avance wide-bore NMR spectrometer
operating at 11.7 Tesla. A Hahn echo pulse sequence [Rance and
Byrd, 1983] was used with the typical parameters: 1H B1 field 33 kHz,
90° pulse length 10 µs, echo delay 100 µs, spectral width 100 kHz,
2048 data points, typically 512 scans, and repetition time 3 s. The
spectra were referenced relative to 85% phosphoric acid (0 ppm). An
exponential apodization function corresponding to a line broadening
of 100 Hz was applied before Fourier transformation.

The proton-decoupled 15N cross polarization (CP) spectra of static
aligned samples were acquired at 50.67 MHz on a Bruker Avance
wide-bore NMR spectrometer operating at 11.7 Tesla. A commercial
E-free triple-resonance solid-state NMR probe equipped with a flat coil
was used. The adiabatic passage through Hartman-Hahn condition
Hediger et al. [1995] CP (APHH-CP) pulse sequence was used with
the typical parameters: spectral width 35.7 kHz, acquisition time 14.4
ms, CP contact time 600 µs. The 1H B1 field was swept from 40 -60 %
following Tangent Amplitude-modulated slope and the average value
corresponded to 47.6 kHz. About 30000 scans were accumulated with
1024 points. At the end of the acquisition the FIDs of two consecutive
experiments were added to improve the S/N ratio. An exponential
apodization function corresponding to a line broadening of 300 Hz
was applied before Fourier transformation. Spectra were externally
referenced to 15NH4Cl at 41 ppm.

Deuterium solid-state NMR spectra were recorded using a quadrupo-
lar echo pulse sequence [Davis et al., 1976] with the typical parameters:
2H B1 field 40.3 kHz, echo delay 40 µs, spectral width 500 kHz, 16000

data points, about 62000 scans, and repetition time 1.5 s. The spectra
were referenced relative to 2H2O (0 ppm). The FID was left-shifted
by the correct number of points so that for each spectrum the part of
the FID that was transformed began at the exact top of the echo. At
the end of the acquisition the FIDs of two consecutive experiments
were added to improve the S/N ratio. An exponential apodization
function corresponding to a line broadening of 100 Hz was applied
before Fourier transformation.

4.3.1.3 Calculation of Orientational Constraints

To evaluate the peptide orientations that agree with the experimental
results, the static 15N chemical shift tensor was oriented with respect
to the molecular coordinate system of the polypeptide structure using
an Euler algorithm. The chemical shift tensor describes the orienta-
tional dependence of interactions of the 15N nuclei with the magnetic
field of the NMR spectrometer. Static 15N chemical shift tensors were
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previously characterized [Oas et al., 1987, Hartzell et al., 1987, Teng
and Cross, 1989]. Averaged values for glycine (40.4 ± 4.6, 66.8 ± 10.8,
217.4 ± 2.1), alanine and valine (55.8 ± 4.2, 81.4 ± 4.7, 223.2 ± 5.4)
amino acids were taken from [Salnikov et al., 2009]. In the next step,
a Cartesian coordinate system was defined in the laboratory frame
in which the z-axis coincided with the magnetic field direction and
the perpendicular axes were chosen arbitrary. The 15N chemical shift
tensor was rotated around the z- and y-axes in the molecular frame
to obtain all possible orientations of the polypeptide with respect to
the magnetic field direction. For every molecular orientation the re-
sulting 15N chemical shift values were calculated, assuming magnetic
field direction being parallel to the original z-axes and visualized as a
contour plot.

To evaluate the peptide orientations that agree with the experimen-
tal results of the 2H quadrupole interactions of the alanine residue, the
EFG tensor was oriented via Cα–Cβ bond with respect to the molec-
ular coordinate system. Quadrupole coupling constant of 186 kHz
was used (i.e. for methyl group) [Lickfield et al., 1984]. A Cartesian
coordinate system was defined in the laboratory frame in which the
z-axis coincided with the magnetic field direction and the perpendicu-
lar axes were chosen arbitrary. The 2H quadrupole tensor was rotated
around the z- and y-axes in the molecular frame to obtain all possible
orientations of the polypeptide with respect to the magnetic field di-
rection. For every molecular orientation, the resulting 2H quadrupole
splittings were calculated assuming a magnetic field direction parallel
to the original z-axes and visualized as a contour plot.

The simulation of the 15N chemical shift of Ala-642 was based on
the constraints from the 2H-Ala-642 quadrupole spectrum. Within
the range of constraints obtained from 2H-Ala-642 spectrum, an arc
covering the range of tilt angles from 25

◦ to 120
◦ was defined (covering

about 3/4 of a circle) (Figure 28 on page 67). For every pair of x- and
y-values a corresponding 15N chemical shift value was calculated. All
the calculated functions were summarized and displayed as a plot.
These assumptions are merely a model to account for the N–H bond
orientations, that would agree with the experimental results.

4.3.2 Results and discussion

In order to investigate conformational details of the APP_TM4K TM
helix, ssNMR spectroscopy was used. The 15N spectra of static oriented
samples of membrane-reconstituted APP_TM4K (628-655) containing
15N-Gly-637, 15N-Ala-642, and 15N-Val-646 are shown in figure Figure
25 on page 63. All three peptides were also labeled with 2H on one
of the two alanine residues (Figure 2 on page 5). The spectra of 2H-
Ala-642 and 2H-Ala-630 are shown in Figure 26 on page 64. Panel A
in Figure 25 on page 63 shows the spectrum of APP_TM4K labeled



4.3 15
n and

2
h ssnmr investigation of app_tm4k 63

Figure 25: Proton-decoupled 15N and 31P spectra of APP_TM4K labeled with
15N at positions Gly637 (A, B), Ala642 (C, D), Val646 (E, F) and
reconstituted into oriented POPC lipid membranes. Samples were
measured with the membrane normal parallel to the magnetic
field direction.



64 results: ssnmr and atr-ftir study of amyloid precursor protein

Figure 26: 2H NMR spectra of APP_TM4K peptides reconstituted into ori-
ented POPC lipid membranes and labeled at positions 2H-Ala-630

(A) and 2H-Ala-642 (B). Samples were measured with the mem-
brane normal parallel to the magnetic field direction. Spectrum in
panel A is a representative spectrum of two peptides, APP_TM4K
15N-Ala-642 / 2H-Ala-630 and APP_TM4K 15N-Val-646 / 2H-Ala-
630.

at position 15N-Gly-637 (Figure 2 on page 5) where its 15N chemical
shift value is at 191 ppm and indicates transmembrane orientation
for a helical peptide [Bechinger and Sizun, 2003]. The line-width at
half-height is <600 Hz, indicating that the peptide is well-oriented
with respect to the magnetic field direction. Corresponding proton-
decoupled 31P spectrum of the sample was recorded to evaluate the
quality of the alignment of the lipid bilayers (Figure 25 on page 63,
panel B). The lipids predominantly resonate at 30 ppm 31P chemical
shift, typical of phosphatidylcholine molecules in liquid crystalline
lipid bilayers that are oriented with their normal parallel (∼ 50%) to
the magnetic field direction. Small contributions between 30 and -15

ppm are also observed and can be attributed to differently aligned
lipids and/or conformational changes of the phospholipid headgroups
due to the presence of the peptide (∼ 40%). Small contribution around
-15 ppm corresponds to lipids oriented perpendicular to the external
magnetic field (∼ 10%).

In addition to the 15N-Gly-637 label, 2H-Ala-642 label (Figure 2 on
page 5) was introduced into the same peptide. 15N chemical shift
and 2H quadrupole interaction experiments were performed on the
same sample. The deuterium spectrum of Ala-642 does not exhibit
one clear quadrupole splitting, but rather many splittings that create
the observed shape (Figure 26 on page 64, panel B). The breadth of the
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Figure 27: Contour plot that results from experimental measurements of
the 15N chemical shift (191 ± 7) ppm of Gly-637 in APP_TM4K
peptide. x-Axis shows the rotational pitch angle around molecular
z-axis (along the helix long axis), while y-axis shows the rotational
tilt angle, relative to the membrane normal.

spectrum is around 27 kHz indicating structural and/or orientational
heterogeneity of Ala-642 site in the peptide. This implies that in
this site, the structure may not be helical. Therefore, we can not use
the model of a perfect a-helix to orient the structure. Consequently,
constructing a contour plot for 15N-Gly-637/2H-Ala-642 will not result
in well defined angular pairs that agree with the experimental results.
Nevertheless, plotting the contour plot for the 15N chemical shift of
Gly-637 alone reveals restrictions of the tilt angle of the peptide helix,
but not of the rotational pitch angle (Figure 27 on page 65). While the
complete range (0◦ - 360

◦) of rotational pitch angle values is allowed,
the tilt angle is in the range of 7

◦ - 42
◦ .

Another sample with APP_TM4K labeled with 15N at position Ala-
642 (Figure 2 on page 5) was measured. This spectrum exhibits a more
complicated spectral shape (Figure 25 on page 63, panel C): its 15N
chemical shift values are spread over 160 ppm and it appears as a
powder pattern-like spectrum. One might conclude that the sample
was destroyed during the experiment (perhaps due to dehydration or
due to misalignment of the glass plates), creating unoriented sample.
However, additional label of 2H-Ala-630 within the same peptide
measured on the same sample does not resemble a powder pattern
(Figure 26 on page 64, panel A) as would have been expected for
unoriented sample. In addition, corresponding proton-decoupled 31P
spectrum was measured and is shown in Figure 25 on page 63, panel
D. The lipids predominantly resonate at 30 ppm31P chemical shift,
typical of phosphatidylcholine molecules in liquid crystalline lipid
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bilayers that are oriented with their normal parallel to the magnetic
field direction. Some contributions between 30 and -15 ppm are also
observed and were attributed to a population of differently aligned
lipids and/or conformational changes of the phospholipid headgroup
due to the presence of the peptide, similar to the spectra obtained from
the other samples. However, here additional contribution at 15 ppm is
apparent and the origin of this contribution is not very clear, though
there is evidence that it may indicate degradation of a small population
of the lipid molecules (not published data). Nevertheless, from the 31P
spectrum it is clear that most of the lipids in the sample are aligned
parallel to the magnetic field direction. Based on this reasoning the
most likely explanation to the shape of the 15N chemical shift spectrum
of Ala-642 is that this site has a range of different orientations, but not
all the orientations as in a powder sample. Slow motional reorientation
(slower than kHz range) of this site is probably responsible for the
wide appearance of the “main peak” in the spectrum.

The 2H ssNMR spectrum for Ala-642 site (Figure 26 on page 64,
panel B)–discussed previously–provides additional evidence that this
site exhibits a range of orientations, but again, it is not a powder.
The 2H NMR spectrum has a breadth of ∼27 kHz. Even though the
spectrum does not show a well defined quadrupole splitting and is
rather wide, there is limited range of possible orientations (e.g. Cα–Cβ
bond tilt angles are between 42

◦ and 71
◦ with respect to B0 for the

max. splitting of 27 kHz – were calculated using eq.2.1) as can be seen
in the contour plot (Figure 28 on page 67). Since the 15N chemical shift
spectrum of Ala-642 can not provide any constrains, it was simulated
(for details refer to the experimental section) considering the constrains
imposed by the Cα–Cβ bond orientations revealed by the contour plot
for 2H quadrupole interaction (Figure 28 on page 67).

It can be seen in Figure 29 on page 67 that the general shape of
the simulated and the experimental spectra are in good agreement.
Of course, the simulation took into account only the values of a few
splittings from the 2H spectrum (Figure 28 on page 67, dotted arc),
not including many others that are concealed within the wide spectral
shape. But clearly, even a few restrictions are sufficient to show that
many orientations of the N–H bond are possible under the constraint
of the Cα–Cβ bond orientations. However, the majority of orientations
correspond to the N–H bonds oriented perpendicularly to the mem-
brane normal (~80 ppm). Notably, the simulated spectrum spans 50

- 200 ppm while the experimental spectrum extends until 230 ppm.
These chemical shift values are missing from the simulated spectrum
because angular constraints from 0

◦ to 25
◦ were not considered in the

calculation. When a complete circle (rather than an arc) of restrictions
were taken into account, the calculated spectrum resulted in addi-
tional large contribution between 200 - 230 ppm, corresponding to the
transmembrane orientation of the segment. However, this does not
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Figure 28: Contour plot that results from experimental measurements of the
2H quadrupole interaction of 2H-Ala-642 in APP_TM4K peptide.
x-Axis shows the rotational pitch angle around molecular z-axis
(along the helix long axis), while y-axis shows the rotational tilt
angle, relative to the membrane normal. Dotted arc marks the
angular pairs taken for the simulation of 15N chemical shift values
for Ala-642, cf. text for details.

Figure 29: Comparison between the experimental (A) and the simulated (B)
spectra of 15N-Ala-642.
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correlate with the experimental result. Probably, the 15N chemical shift
spectrum of Ala-642 could be better simulated taking into account
the missing restrictions, but giving them a much lower weight than
for the other orientations. These results indicate that for the experi-
mental spectrum of 15N chemical shift of Ala-642 a restricted range
of “allowed” (i.e. restricted by the Cα–Cβ bond angles) orientations
exists, where majority of the N–H bonds are oriented perpendicular
to the membrane normal and a smaller population of N–H bonds are
oriented parallel to the membrane normal. Clearly, the N–H bond of
Ala-642 adopts many different orientations. This finding correlates
well with the idea that Ala-642 of the g-cleavage site is in a non-helical
conformation.

The third labeled site of APP_TM4K 15N-Val-646 resonates at 209

± 28 ppm (Figure 25 on page 63, panel E). The corresponding 31P
alignment (Figure 25 on page 63, panel F) shows a typical line shape
with frequencies around 30 ppm and -15 ppm. Relative percentage
of the lipids oriented parallel to the external magnetic field is 47 %
(30 ppm), 19 % in perpendicular orientation (-15 ppm) and 34 % in
all other orientations (from 30 ppm to -15 ppm). While the signal
in panel E is wide with high noise level, the chemical shift values
undoubtedly indicate transmembrane helix orientation. The breadth
of the spectrum likely indicates a number of orientations that Val-
646 adopts with respect to the magnetic field direction. From the
restriction plot (Figure 30 on page 69) it is clear that for the complete
range of rotational pitch angles (0◦ - 360

◦) possible tilt angles would
range from 0

◦ to 50
◦.

Peptide carrying the 15N-Val-646 label, was also labeled at 2H-Ala-
630 site (Figure 26 on page 64, panel A). The breadth of the spectrum
is 26 kHz and a small splitting of 1.5 kHz in the center is due to
residual deuterium in the water molecules (0.015 % natural abundance)
oriented on the membrane surface [Moraes and Bechinger, 2004]. The
large breadth of the spectrum and its shape indicate that Ala-630 has
a heterogeneous distribution of alignments, but it is not a powder
(where all the orientations are possible). Ala-630 is located near the
N-terminal membrane boundary (Figure 2 on page 5) and might
experience less constrains from the van der Waals interactions with
lipid molecules and therefore it is reasonable that this amino acid
will be more mobile. Lu et. al. observed non-helical conformation
for Ala-630 and through measurements of 1Hα-13Cα dipole-dipole
couplings concluded the existence of rapid molecular motions that
the authors associated with the exchange between helical and non-
helical conformations [Lu et al., 2011]. Of course, the time scale for
deuterium is very different and what is considered fast for 1Hα-13Cα
dipole-dipole couplings may be in the slow or intermediate range on
the 2H time scale. If the motion was indeed rapid (> 200 kHz), we
would expect to see averaged conformation and single orientation
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Figure 30: Contour plot that results from experimental measurements of
the 15N chemical shift (209 ± 28) ppm of Val-646 in APP_TM4K
peptide. x-Axis shows the rotational pitch angle around molecular
z-axis (along the helix long axis), while y-axis shows the rotational
tilt angle, relative to the membrane normal. The grey area repre-
sents the space of possible pitch and tilt angles, while white areas
are excluded from that space.
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in the 2H NMR spectra, which is not the case. Therefore, molecular
motions of the Ala-630 are slow or intermediate on the time scale of
2H NMR spectra. It is interesting to note that the deuterium spectra
of both alanines – Ala-630 and Ala-642 (Figure 26 on page 64) – are
somewhat similar in their shape. For both, the breadth is quite large
∼26 kHz (A) and ∼27 kHz (B) and for this maximal value of the
splitting, Cα–Cβ bond orientations are 42

◦ and 71
◦ for positive and

negative values of the 2H quadrupole splitting, respectively. Bearing
in mind that there is no available structure of the APP_TM peptide
to align, the wide spectra of 15N chemical shift for Val-646 and of 2H
quadrupole interaction of Ala-630 can not provide clear orientational
constrains for this pair of labels. The line shapes of these spectra are,
therefore, determined to a large extent by the orientational distribution
of molecules with respect to the magnetic field direction.

The ssNMR data described above indicate that APP_TM4K recon-
stituted into POPC bilayers experiences conformational and orienta-
tional heterogeneity. Ala-630 is located at the membrane boundary of
APP_TM4K and previous studies have shown coexistence between
helical and non-helical conformations for amino acids located at both
termini of the APP_TM peptide [Lu et al., 2011]. Thus, slow mobility
at the N'-terminal boundary that was evident from the 2H ssNMR
measurement can indicate also a conformational variability of Ala-630.
However, in the full-length APP this behavior of Ala-630 may not
be observed as the continuum of the amino acids sequence is not
interrupted.

Gly-637 is located within the GxxxG sequence that was shown
to mediate dimerization of the APP_TM helix [Munter et al., 2007,
Miyashita et al., 2009, Sato et al., 2009] forming a stable structure in
this region. Well defined transmembrane orientation of Gly-637 seen
from 15N chemical shift measurement correlates well with the notion
of stable structure and therefore provides additional, though indirect,
support for the dimer formation.

Ala-642 is the most ambiguous of all - it is located in the g-secretase
cleavage site and has drawn a lot of attention. Conflicting evidence
exist for a-helical [Sato et al., 2009] and possible non-helical [Lu et al.,
2011] conformations of this site. Analysis of the 15N chemical shift
and the 2H quadrupole ssNMR spectra of Ala-642 showed a wide
range of possible orientations and did not exhibit one well-defined
alignment in the POPC bilayers. Either local unraveling of the helical
structure or extensive conformational changes in this region could be
responsible for the large spread of orientations observed here. These
results strengthen the hypothesis that local structural fluctuations
might be necessary for the g-secretase cleavage.

Further in the sequence–within the z-cleavage site–Val-646 exhibits
transmembrane orientation, but the width of the observed signal
indicates existence of plural orientations for this site as well. Valine is
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Figure 31: A possible model of the APP_TM4K peptide orientation and
conformation in POPC bilayer, based on the results obtained in
this work.

a b-branched amino acid that is known to contribute to destabilization
of a-helical structures. The site of z-cleavage is rich in b-branched
amino acids (Ile, Val and Thr), which probably contribute to the local
unraveling of the structure. In the literature, there is evidence that
Val-646 is located at a flexible site as paramagnetic relaxation was
observed upon exposure of the APP TMD to Cu2+ [Lu et al., 2011].
Val-646 is located only two amino acids away from the e-cleavage
site, for which a transformation from helix-to-coil was shown in APP
and in Notch1 peptides (the latter another g-secretase substrate) [Sato
et al., 2009]. It is, therefore, natural to conclude that this region is
highly flexible. This would also favor the progressive cleavage theory
from the e- to the g-cleavage sites, which proposes that g-secretase
sequentially cuts off one turn of the helix at a time [Beel et al., 2008,
Munter et al., 2007, 2010].

Figure 31 on page 71 shows a model of possible orientations and
conformations of the APP_TM4K peptide in POPC bilayers, proposed
based on the results from this work. Ala-630 is shown to have a het-
erogeneous distribution of alignments. It is, however, likely that the
heterogeneity of this site arises due to its location at the membrane
boundary. In order to verify its orientation, additional experiments
with longer variants of APP_TM peptide, that would include the
juxtamembrane (JM) domain, should be considered. Gly-637 shows
definitive transmembrane orientation. It is the last glycine in the se-
quence of GxxxG motifs and as such, could act as a transmembrane
anchor of the TM domain. The question remains whether it is impor-
tant for the dimerization of the peptide. Studies of mutated variants
of APP_TM peptides could provide an answer to this question. The
γ-cleavage site (Ala-642) is structurally heterogeneous. Also, in the ζ-
cleavage site Val-646 is in a transmembrane orientation and is flexible.
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This structural and/or orientational flexibility at both sites may be a
part of the cleavage mechanism of γ-secretase, as was proposed by
[Beel et al., 2008, Munter et al., 2007, 2010].

This structural peculiarity is not unique. For example, human
voltage-gated potassium channel KCNE1 is a single transmembrane
protein and largely α-helical. Recent careful NMR study from Sanders
group showed for intact KCNE1 in lyso-myristoylphosphatidylglycerol
(LMPG) micelles that its TM helix is interrupted by a nonhelical mo-
bile segment located roughly between sites 59 and 61 [Tian et al.,
2007]. The authors suggest that local loss of helicity for KCNE1 in
its native complex with KCNQ1 would also be energetically feasible
under native conditions if loss of classical helical backbone hydrogen
bonds were offset by a rearrangement of hydrogen bonding partners
within KCNE1 or through formation of favorable KCNQ1-KCNE1 in-
teractions that satisfied KCNE1’s hydrogen bonding potential around
sites 59-61 [Tian et al., 2007]. From the structural point of view, the
authors propose that the presence of a number of β-branched amino
acids combined with two glycine residues in or near this segment
may be a contributing factor. Because the nonhelical residues 59-61 of
KCNE1 overlap with sites 57-59, which are involved in modulation
of KCNQ1 channel function, the authors propose that the distinctive
conformational and dynamic properties of this segment may be of the
highest functional relevance [Tian et al., 2007]. Another example is
nicotinic acetylcholine receptor ( nAChR), a ligand-gated ion channel
that is involved in neurotransmission [Karlin, 2002]. Its membrane-
embedded αM1 segment forms an unstable a-helix near residue Leu18

in fully hydrated phospholipid bilayers (40–50% of the peptides) [?].
The authors propose that the presence of conserved proline residue
at position 16 in the primary sequence imparts a conformational flex-
ibility on the M1 segments that could enable membrane-mediated
modulation of nAChR activity [?].

In this respect, TMD of APP might share similar reasoning for
the presence of non-helical residues in the sequence. From the struc-
tural point of view, the presence of a number of β-branched amino
acids combined with glycine residues were already mentioned as a
contributing factor. From the functional point of view, non-helicity
might serve as a recognition pattern necessary for the interaction with
component or components of γ-secretase complex or alternatively,
might be involved in signaling via protein-lipid interface to recruit
γ-secretase complex. The latter will require extensive study of APP
TMD interactions with adjacent lipid molecules. Are there structural
or functional modulations of APP TMD by different lipids or a varying
percentage of cholesterol? Answering this question might bring out a
novel mechanism for g-secretase cleavage site recognition.

Another extensive study from Sanders group focused on the C-
terminal 99-residue domain of APP, C99, a single-span membrane



4.3 15
n and

2
h ssnmr investigation of app_tm4k 73

protein formed after β-secretase cleavage of APP. Subsequent cleavage
of C99 at membrane-disposed sites by γ-secretase leads to release of
both the amyloid-β (Aβ) peptides and the water-soluble APP intracel-
lular domain (AICD). The authors offer some insights into motional
and conformational dynamics of C99 as were derived from NMR
studies of the peptide in LMPG micelles [Beel et al., 2008]. Under
their experimental settings, C99 appears to be conformationally well
ordered single unbroken α-helix. Most importantly, they argue that
the residues comprising the γ-secretase cleavage sites are not involved
in the dimer interface and are not recognized by g-secretase on the
basis of any unusual backbone conformational or dynamic features,
because they reside in the most hydrophobic region of LMPG micelles
[Beel et al., 2008]. However, the authors’ choice to use LMPG micelles
as membrane mimetics might lead to inaccurate extrapolation of their
findings, because even though LMPG micelles have a diameter that
approaches the hydrophobic span of a typical lipid bilayer, membrane
fluidity/stiffness and its curvature affect orientation and structure of
TDs. For example, the structure of membrane-bound α-synuclein was
shown to be modulated in presence of curved vesicles and micelles
or flat bicelles, confirming the importance of the environment upon
protein folding into its final structure [Georgieva et al., 2008]. In ad-
dition, classical NMR is not sensitive to internal molecular dynamics
and therefore it precludes detection of local structural fluctuations
such as those observed in ssNMR experiments in this work.

To further investigate structural flexibility of the secondary structure
of APP_TM4K peptide, FTIR can be used. Upon isotopic labeling with
15N, there is a shift in the main spectral features of the amide I and
amide II regions. Thus 15N-labeled sites Gly-637, Ala-642 and Val-646

can be used for this purpose. This work is currently in progress.
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Benzyl-carprofen and sulfonyl-carprofen were found to be effective
modulators of γ-secretase. They affected the cleavage at the γ38, γ40,
and γ42 sites to a different extent and particularly suppressed the
formation of Aβ42 while enhancing the formation of Aβ38 and thus
showed the typical profile of effective NSAIDs. They were found to be
the most potent inhibitors of Aβ42 [Narlawar et al., 2006]. Deuterium
ssNMR technique was used in order to elucidate the orientation of
carprofen derivatives in lipid bilayers constituent of a ternary mixture
of POPC/SM/Cholesterol. This ternary mixture of lipids was chosen
because POPC, SM, and cholesterol are the main components of neu-
rons. In addition, this combination of lipids is used to mimic lipid
rafts in experimental settings. It has been shown that amyloidogenic
processing of APP depends on cholesterol-rich lipid rafts [Ehehalt
et al., 2003], while nonamyloidogenic processing prevails at the cell
surface, in the cholesterol-poor bulk plusma membrane [Parvathy
et al., 1999]. Therefore, knowledge about the interaction of carprofen
derivatives with the lipid bilayer is essential for understanding the
underlying mechanism of their action in modulating the γ-secretase
activity.

5.1 experimental

5.1.1 Sample preparation

Deuterated carprofen derivatives were synthesized by Binia Thomaszewski
(laboratory of Prof. Boris Schmidt, Darmstadt Technical University,
Institute for Organic Chemistry and Biochemistry, Darmstadt, Ger-
many) and provided by Dr. Thomas Hauß(Helmholtz-Zentrum Berlin,
Institute Soft Matter and Functional Materials, Germany) as well as
the lipids and cholesterol.

All the experimental conditions were set to compare with neu-
tron diffraction experiments, performed by Dr. Thomas Hauß. The
solid-state NMR samples were prepared by dissolving cholesterol,
sphingomyelin, and POPC separately in 1 ml of chloroform. These
solutions were mixed such that the mass ratio of 5 : 5 : 1.75 (vol :
vol) respectively, was satisfied. Carprofen derivatives were dissolved
in 1 ml of 9:1 mixture of chloroform : methanol and a volume corre-
sponding to 0.3 mg of carprofen was added to the freshly prepared
lipid solution. The solvents were then evaporated with a stream of

75
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nitrogen gas until the samples became viscous. The mixtures were
spread on 15 ultra thin cover glasses (6 mm × 11 mm; Paul Marienfeld
GmbH & Co. KG, Lauda-Königshofen, Germany) and dried first in
air and thereafter under high vacuum over night to remove all traces
of the organic solvent. The samples were hydrated for 24 hours at
93% relative humidity, achieved by a saturated salt solution of KNO3
in 2H-depleted water at room temperature (~25

◦C). After stacking
the glass plates on top of each other the samples were physically
stabilized by wrapping with a Teflon tape and sealed in a plastic bag
of the suitable size. The solid-state NMR experiments were carried out
at 288 K (15

◦C).
According to the literature, the ternary lipid mixture of POPC/SM/-

Chol falls into the lo/ld coexistence region in the phase diagram at 310

K [de Almeida et al., 2003]. At temperatures 6308 K, this mixture ex-
hibit the typical domain structure, whilst with increased temperature
lipids redistribute into the coexistence region [Bunge et al., 2008].The
situation of the ternary mixture of POPC/PSM/Chol can be described
as a heterogeneous liquid disordered phase at temperatures above
the main phase transition of the two phospholipids (at 311 K for SM).
Upon temperature decrease, there is a tendency for a redistribution
of the cholesterol such that the ld POPC phase is increasingly de-
pleted of cholesterol and the lo phase of PSM becomes enriched in
the sterol [Bunge et al., 2008]. Therefore, we assumed that at 288 K,
the ternary mixture is segregated into domains (cholesterol-rich and
cholesterol-poor patches).

5.1.2 ssNMR measurements

ssNMR spectra were recorded on a Bruker Avance wide-bore NMR
spectrometer operating at 11.7 Tesla. A commercial triple-resonance
solid-state NMR probe equipped with a flat coil was used (BioPE).
The spectra of samples oriented parallel and perpendicular (turned by
90°) relative to the magnetic field direction were acquired.

Proton-decoupled 31P solid-state NMR spectra were recorded using
a Hahn echo pulse sequence [Rance and Byrd, 1983] with the following
parameters: 1H B1 field 33 kHz, 90° pulse length 7.5 µs, pre-scan
delay 20 µs, spectral width 100 kHz, 1024 data points, typically 256

scans, and repetition time 2 s. The spectra were referenced relative to
85% phosphoric acid (0 ppm). An exponential apodization function
corresponding to a line broadening of 100 Hz was applied before
Fourier transformation.

Deuterium solid-state NMR spectra were recorded using a quadrupo-
lar echo pulse sequence [Davis et al., 1976] with the typical parameters:
2H B1 field 47 kHz, inter-pulse delay 50 µs, spectral width 1 MHz,
4096 data points, 204800 scans, and repetition time 2 s. The spectra
were referenced relative to 2H2O (0 ppm). The FID was left-shifted
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by the correct number of points so that for each spectrum the part of
the FID that was transformed began at the exact top of the echo. An
exponential apodization function corresponding to a line broadening
of 300 Hz was applied before Fourier transformation.

5.1.3 Calculation of Orientational Constraints from Experimental Spectra

5.1.3.1 Sulfonyl-carprofen

To evaluate the molecular orientations that agree with the experimen-
tal spectra, a Cartesian coordinate system was defined as follows. The
motion of the methyl group is axially symmetric around the C–S bond
(Figure 4 on page 10), similar to the rotation of the methyl group in a
hydrocarbon chain [Seelig and Niederberger, 1974] making the analy-
sis of the CD3 group attached to the sulfonyl straightforward. Since the
CD3 group possess a threefold symmetry axis, the averaged 2H tensor
is axially symmetric with respect to the rotation axis (i.e. along the C-S
bond vector). In the case of averaged quadrupolar splitting, ∆νQ is
given by ¯∆νQ = ∆νQS with S =

(
3 cos2Θ− 1

)
/2 and Θ is the angle

made by the C–D bond and the 3-fold axis. For tetrahedral geometry,
Θ= 70.5º and S = −1/3. In the absence of additional motions, the
quadrupolar splitting ∆νQ directly relates the orientation of the C–S
bond with respect to the magnetic field direction via angle Θ, which
was calculated from eq. 2.1. Static quadrupolar coupling constant for
methyl group is e2qQ/h = 187 kHz [Lickfield et al., 1984]. The cal-
culations were made by using a librationally averaged quadrupolar
coupling constant e2qQ/h = 164 kHz (Slib = 0.88) [Bechinger and
Salnikov, 2012].

5.1.3.2 Benzyl-carprofen

The evaluation of this molecule is more complex and was done in
several steps. Lets look at the benzyl ring, which has a C2 symmetry
and an internal motion about Cβ– Cγ bond axis (Figure 32 on page
78). Two parts of the benzyl were considered: the phenyl ring and the
methylene group. While for the phenyl ring 180º flips about Cβ– Cγ
bond axis occurring on the time scale faster compared with 0.2 MHz
[Gall et al., 1981] were assumed (as was already shown for aromatic
side chains [Kinsey et al., 1981]), the two Cβ–D bonds of the methylene
group were considered stationary on the NMR time scale (details are
in the results section).

For well defined motional models, within the fast limit, we need
to know the angles involved. For the flip averaged phenyl we will be
concerned with the orientations of the CεD and CδD sites. When a
molecule jumps between equally populated sites an averaged principal
axes can be defined as illustrated in Figure 33 on page 78, where angle
β = 120◦ is the angle between two interchangeable sites, then the
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Figure 32: Schematic drawing of the [d7] - benzyl.

Figure 33: Illustration of the averaged 2H quadrupolar tensor due to 180º
flips about the Cβ– Cγ bond. Orientation of the averaged principal
axes VFxx, VFyy, VFzz and the angles between them and either of
the C–D bonds are shown. Reproduced with modifications from
[Schmidt-Rohr and Spiess, 1994].

angles between the averaged principal axes VFzz, VFxx, VFyy and either
of the C–D bonds are: θxx = 1

2β, θyy = 90◦, θzz = 90◦ − 1
2β.

The principal values for averaging by two-fold jumps are determined
using

$n = ω (θn) =
1

2

(
3 cos2 θn − 1

)
, (5.1)

where n = xx, yy , zz and θn are defined in Figure 33 on page 78. We
obtained $xx = −12 , $yy = −18 , $zz = 5

8 then the asymmetry param-
eter η̄ = 0.6. Detailed discussion and development of the equations
can be found in “Multidimensional Solid-State NMR and Polymers”
by [Schmidt-Rohr and Spiess, 1994]. Static quadrupolar coupling con-
stant for aromatic C–D bond is 180 kHz as was determined by [Gall
et al., 1981] for phenyl ring. However, at higher temperatures (300

K) due to small amplitude oscillations about the Cβ–Cγ bond axis
superimposed on the other ring motions, which affect the outer static
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Figure 34: Benzyl-carprofen molecules showing quadrupole tensor elements
attached to each of the methylene deuterons: (A) for D1 atom
the tensor elements are labeled as x ′, y ′, and z ′ (B) for D2 atom
the tensor elements are labeled as x ′′, y ′′, and z ′′ . The molecular
coordinate system is shown where z-axis is along the Cγ-Cβ bond,
x axis is out of the page plane and y axis is orthogonal to them.

powder pattern reducing e2qQ/h to 168 kHz [Gall et al., 1981]. In
general, the angles Θ and φ (as were defined in the introduction)
could be calculated using equation 1.14.

The Cζ–D bond of the phenyl ring is not affected by motions about
the Cβ– Cγ bond axis. Therefore, the largest field gradient parameter
remains aligned with the C–D bond direction and is parallel to the
axis of motion. Thus the tensor’s principal values are Vzz = 1; Vxx =

−12 and Vyy = −12 , giving asymmetry parameter η = 0 . Now the
angles can be calculated using equation 2.1 with the same quadrupolar
coupling constant of 168 kHz.

The segment left to analyze is the methylene group (Figure 32 on
page 78). Its two C–D bonds were considered as static on the 2H NMR
time scale (this point is discussed in the next subsection). The tensors
values were calculated and their position with respect to the molec-
ular coordinate system was evaluated. The z-axis of the molecular
coordinate system was chosen to be along the Cγ–Cβ bond, it was a
convenient choice as it is the axis of motion for benzyl ring (Figure
34 on page 79). The direction of the tensor elements for each of the
deuterium atoms was defined by angles between each of the tensor el-
ements and the molecular coordinate system. The main tensor element
(Vzz) lies along the C–D bond, while the other two tensor elements
(Vyy, Vxx) are equal and orthogonal to each other and to the main
element. The quadrupolar coupling constant of 180 kHz [Lickfield
et al., 1984] for methylene group was used and the rotation matrices
were applied: first rotation around the z-axis and then rotation around
the y-axis. The result was plotted as a contour plot, accounting for the
experimental signal distribution.
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To account for the constraints from different molecular segments
and to deduce all possible molecular orientations a MATHEMATICA
3.0 software-based (Wolfram Research, Champaign, IL) script was
used. Essentially, in a chosen origin the relevant tensor values in
atomic coordinate system are multiplied by a quadrupolar coupling
constant followed by application of rotation matrices to calculate
the tensor values relative to the molecular coordinate system. The
results are presented as a contour plot with the x-axis being a rotation
around molecular z-axis (i.e. rotational pitch angle) and the y-axis
being a rotation around molecular y-axis (i.e. rotational tilt angle).
Each molecular segment with tensor’s principal values calculated,
was subjected to this analysis. Calculated orientational constraints are
presented on the same contour plot and provide visual representation
of all possible orientations that agree with the experimental results.

5.2 results and discussion

5.2.1 Sulfonyl-carprofen

Sulfonyl-carprofen was reconstituted into oriented lipid membranes as
described above, and investigated by 2H ssNMR spectroscopy. Proton-
decoupled 31P spectrum of the sample was recorded to evaluate the
alignment of the lipids (Figure 35 on page 81, panel C). The 31P
chemical shift value is dependent on the alignment of the lipid head
group relative to the magnetic field direction (B0), the latter being
collinear with the glass plate normal (n). For pure POPC membranes
in their fluid state at the sample orientation B0 || n, values around 30

ppm are characteristic of lipids that align with their long axis parallel
to B0 and resonances at –15 ppm are indicative of perpendicular
alignment. The latter probably corresponds to the maximum intensity
typically observed for a powder pattern line shape (i.e. a random
alignment of non-oriented sample) [Bechinger et al., 1999a]. Even
though in this sample the membrane comprises of a mixture of POPC
: sphingomyelin : cholesterol, the 31P spectrum does not deviate from
the expected values for pure POPC. Therefore, the 31P NMR resonance
around 30 ppm shows that the lipid membranes are well aligned with
only a small contribution reaching into the –15 ppm region (Figure 35

on page 81, panel C).
2H NMR spectra of sulfonyl-carprofen exhibit a single well-resolved

quadrupolar splitting of 56 kHz when aligned parallel to the magnetic
field direction (Figure 35 on page 81, panel A) and indicates fast
rotational averaging of the CD3 group around C-S bond, which ensures
fast exchange of the positions of the methyl deuterons and results in a
single quadrupolar splitting for all three labeled sites. In the center of
the spectrum a small signal is apparent, which probably arises from
the residual water deuterons (natural abundance 0.015 %). However,
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Figure 35: Deuterium solid-state NMR spectra of sulfonyl-carprofen recon-
stituted into model lipid membranes measured at 288 K (A and
B). Spectrum in panel A is of the sample oriented parallel to the
magnetic field direction; spectrum in panel B is of the sample ori-
ented perpendicular to the magnetic field direction. Panel C shows
the proton-decoupled 31P chemical shift spectrum, indicating the
orientation of the lipids membranes in the sample.

the signal to noise level does not permit to conclude whether there is
a small splitting of this peak that would have indicated a small degree
of ordering of the water molecules as a result of their interaction with
the membrane (depending on hydration of the sample, the splittings
should be about 1-2 kHz, but it is also a matter of resolution). The
large breadth of the quadrupolar splitting (i.e. 56 kHz) is indicative of
high order, which is not trivial for a small molecule. However, these
molecules are quite rigid owing to the aromatic rings, which probably
are the reason to the large ordering of the C–D bonds.

When the sample is measured in perpendicular alignment to the
magnetic field direction (90°) the observed splitting is reduced to 28

kHz (Figure 35 on page 81, panel B). Within the experimental error,
this is half of the value observed when oriented with the membrane
normal parallel to the magnetic field direction. This indicates that at
288 K sulfonyl-carprofen exhibits fast rotational diffusion around the
membrane normal concomitant with the 2H NMR time scales.
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Figure 36: Alignments of sulfonyl-carprofen in oriented lipid membrane that
agree with the experimental data. Only the orientations corre-
sponding to θ = ± 27.4◦ are shown. Orientations corresponding
to θ = ± 152.6◦ are not represented as these angles are comple-
mentary to 180

◦and are essentially the same. The structure of
sulfonyl-carprofen was produced using ChemDraw3D software
(CambridgeSoft, PerkinElmer Informatics) implementing MM2

energy minimization. It was then superimposed on the fluid phase
POPC-only lipid bilayer generated by molecular dynamics sim-
ulation [Heller et al., 1993]. Panels A and B show the molecule
oriented with different pitch angles.

Well-resolved peaks of the 2H NMR spectra of sulfonyl-carprofen
suggest that it exhibits a homogeneous orientation with respect to the
magnetic field direction. The calculated angles are θ = ± 27.4◦or θ =

± 152.6◦ (complementary to 180
◦) indicate the orientation (i.e the tilt

angle) of the C-S bond relative to the magnetic field direction. The
uncertainty in the sign of the angles arises from the uncertainty in
the sign of the quadrupole splitting. Angle ± 155.2◦ is complementary
to 180

◦, because of the uncertainty in localization of the molecule on
either side of a bilayer (top or bottom). In addition, neutron diffraction
data showed that the CD3 group of sulfonyl is located at ± 13 Å on the
membrane profile, i.e. at the interface of the lipid head group (glycerol
backbone) and the acyl chain (unpublished data from Dr. Hauß). This
membrane region has an intermediate hydration level and spans ~ 3

Å. Taking all this into account, a model of sulfonyl-carprofen in lipid
membrane was constructed (Figure 36 on page 82).

5.2.2 Benzyl-carprofen

Benzyl-carprofen was reconstituted into lipid membranes as described
in methods, and investigated by 2H ssNMR spectroscopy. Proton-
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Figure 37: Deuterium solid-state NMR spectra of benzyl-carprofen reconsti-
tuted into model lipid membranes recorded at 288 K (panels A
and B). Spectrum in panel A is of the sample oriented parallel to
the magnetic field direction; spectrum in panel B is of the sample
oriented perpendicular to the magnetic field direction. Panel C
shows a proton-decoupled 31P ssNMR spectrum, indicating the
alignment of the lipid membranes in the sample.

decoupled 31P spectrum of the sample was recorded to evaluate the
quality of the orientation of the lipid bilayers (Figure 37 on page 83,
panel C). Here as well, for the lipid normal oriented parallel to the
magnetic field direction, the spectrum shows 31P NMR resonance
around 30 ppm and corresponds to well-oriented lipids, whereas a
small contribution reaching into the –15 ppm region corresponds to
unoriented part of the lipids in the measured sample. The unoriented
contribution is somewhat higher than in the sample with sulfonyl-
carprofen, but it is not significant in order to contribute to detectable
misalignment of the benzyl-carprofen molecules. This conclusion is
based on the previous evaluation of correlation between the amount of
unoriented or poorly oriented lipids within bilayers with orientation
of peptides embedded in those bilayers (Dr. Salnikov, not published
data).

In Figure 37 on page 83 panel A, 2H NMR spectrum of benzyl-
carprofen exhibits two well resolved quadrupolar splittings, of 66
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± 3 kHz and 46 ± 5 kHz and one that is not well resolved at 20 ± 10
kHz. The ± 3,±5,±10 kHz represent the distribution width due to
anisotropy of segmental orientations. As in this spectrum spectral lines
are broad, it seemed appropriate to include the distribution values.
Also here the large breadth of the quadrupolar splitting (i.e. 66 kHz)
indicates a high order of the C–D bonds. Since benzyl-carprofen pos-
sesses several aromatic rings, the rigidity they impose onto molecular
structure is a probable reason for high ordering of the bonds. They
also might strongly interact and create a stable alignment with the
membrane. Even though the splitting of 20 kHz is not very clear,
longer experiment will not provide us with more information because
of the low signal-to-noise ratio of the methylene deuterium signal.

Initial assignment of the quadrupolar splittings was done based
on the integration of the area under the spectral lines, giving a ratio
of 1:3.1:1.2 (beginning from the most outward). The expected ratio
of 1:4:2, corresponding to the number of deuterons giving rise to
the signal, is reduced owing to averaging motions occurring on the
time scale of the quadrupolar interactions. The exchange of the 4

deuterons of the phenyl ring, imposed by 180
◦ flips, caused an extra

broadening of the lines at 46 ± 5 kHz. The analysis taking into account
the dynamics of the labeled moieties provided a stronger basis for the
assignment. The three quadrupolar splittings thus correspond to three
deuterium populations: 66 ± 3 kHz to one deuteron bound to Cζ, 46

± 5 kHz to four deuterons of the phenyl ring (bound to Cε and Cδ)
and 20 ± 10 kHz to two deuterons of the CβD2 .

Owing to the 180° flipping motion of the phenyl ring, the new aver-
aged tensor of four deuterons (Cε and Cδ) was calculated as explained
in the experimental part above and the asymmetry parameter was
found to be η = 0.6. In general, there are two possible aromatic ring re-
orientations: 1) 180° flips between two indistinguishable sites, where
the atoms reside longer on the sites than time spend in transition;
2) continuous rotation, where the ring undergoes unhindered diffu-
sion around Cβ–Cγ bond. A number of deuterium solid-state NMR
studies of powder pattern line shapes have concluded that phenyl
side chains of the aromatic amino acids phenylalanine and tyrosine
undergo 2-fold jumps about the Cβ–Cγ bond axis in a variety of solid
samples including the free amino acids, small natural and synthetic
peptides, and proteins [Gall et al., 1981, Kinsey et al., 1981, Rice et al.,
1981, Frey et al., 1985]. When trying to analyze the data considering
continuous rotation, calculations did not agree with the experimental
result. Therefore, also in benzyl-carprofen the likely motion of the
phenyl ring is 180° flips between two indistinguishable sites.

The quadrupole splitting of 66 ± 3 kHz was assigned to the CζD of
the phenyl ring. The CζD of the phenyl ring has an asymmetry pa-
rameter η = 0 and the associated angles were calculated as explained
in methods.
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The observed splitting of 20 ± 5 kHz was assigned to the methylene
group CD2. Let’s consider the following arguments for this assignment.
Because of the wide spectral line and low signal to noise ratio, it is
difficult to conclude whether we observe one or perhaps two wide
overlapping quadrupole splittings (Figure 37 on page 83, panel A).
If the movements of the two C–D bonds are not identical and their
tensors are not averaged, then two different quadrupole splittings have
to be expected. If axially symmetric motion is considered, then one
quadrupole splitting would be expected. For methylene groups of the
fatty acyl chains gauche-trans isomerization is usually the prevailing
motion. Considering the molecular structure of benzyl-carprofen, it is
difficult to imagine any type of fast motion around the C–N bond. If
this would happened, one could expect the entire benzyl group to flip
120
◦ overcoming the steric hindrance of the carbazine with ease and

this seems unlikely, if not impossible.
Orientational constraints from the phenyl deuterons were calculated

and plotted in a contour plot to account for all spatial orientations
(Figure 38 on page 86, red and dark blue lines for four and one
deuterons, respectively). Orientational constraints from the methylene
were calculated and plotted in the same contour plot and are shown
in light blue and light green lines (Figure 38 on page 86). The internal
lines in red and dark blue contours correspond to negative values,
while external lines correspond to positive values. The internal lines in
light blue and light green contours correspond to positive values, while
external lines correspond to negative values. Positive and negative
values arise due to uncertainty in the sign of the ∆νQ (because we
don’t know which transitions produce the signal). The number of lines
for either positive or negative values (3 lines for each) arise from the
error bars of the observed spectral frequency–66 ± 3 kHz–resulted in
the following frequencies: 63, 66, 69 kHz. Thus, for each quadrupole
tensor there are 6 lines that delimit its orientational space.

Supplementary information can be obtained from the measurement
of the sample with the membrane normal oriented perpendicularly to
the external magnetic field direction. Such measurement usually can
provide information on rotational diffusion of the molecules around
the membrane normal [Aisenbrey and Bechinger, 2004]. Motional
averaging is caused by rapid axial reorientation around the membrane
normal, as common for small molecules in liquid crystalline bilayers.
When the axis of motional averaging (i.e., the membrane normal)
is aligned with the magnetic field, the observed splittings are not
affected by this motion (Figure 37 on page 83, panel A). However,
when the angle between the membrane normal and magnetic field
is 90° (tilted orientation) this fast motion reduces the splittings of
all affected signals by 50%, relative to their quadrupolar splitting in
parallel orientation (Figure 37 on page 83, panel B). In the case of
benzyl-carprofen sample tilted by 90

◦, the spectrum showed only
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Figure 38: Contour plot depicting all spatial orientations of benzyl-carprofen,
represented by the tilt and the pitch angles. The red lines trace
angular pairs that agree with the experimental 2H quadrupolar
splitting of 46 ± 5 kHz, the dark blue lines are in agreement with
the 2H quadrupolar splitting of 66 ± 3 kHz, the green and the light
blue lines are in agreement with the 2H quadrupolar splitting of 20

± 10 kHz. The circled cross section shows combinations of values
that agree with the experimental results (where the constraints
from all the segments meet in one point).
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one splitting of 24 kHz (Figure 37 on page 83, panel B) and that
was a very puzzling result as irrespective of the orientation of the
sample, the number of splittings should not change if a fast motion
occurs. However, motions on intermediate time scale could cause
severe line broadening and have effects on relaxation, precluding
the observation of all the signals. The single observed quadrupole
splitting was assigned to the deuterons of the phenyl ring, which in
parallel orientation gave rise to the quadrupolar splitting of 46 ± 5
kHz (Figure 37 on page 83, panel A). It is interesting to note that the
broad spectral lines observed in the parallel orientation, appear narrow
(scaled by -1/2) when the sample is in the tilted orientation. Clearly,
rotational diffusion of the molecules around the membrane normal
is fast enough to cause motional averaging of the anisotropy of the
deuterium quadrupole interactions of the phenyl ring. Interestingly,
quadrupole splitting from the methylene group was not observed in
this orientation indicating that rotational diffusion of the molecule
around the membrane normal is insufficient to average the anisotropy
of quadrupole interactions of the methylene deuterons. Consequently,
rotational correlation times should be faster than 10

−5sec (2H NMR
time scale). However, from the size of the molecule one could expect
fast motional reorientation. For example, it was calculated that a single
TM peptide should rotate fast enough around the membrane normal
to average the interactions [Aisenbrey and Bechinger, 2004]. So why
not this molecule? It is possible that benzyl-carprofen molecules stack
together via the carbazine part to form oligomers, leaving the phenyl
free to move. Lipid bilayers in these experiments were comprised of
POPC, sphingomyelin and cholesterol leading to another possibility
that benzyl-carprofen might interact with cholesterol molecules. This,
in turn, would hinder the movement around the C–N bond resulting
in nearly static methylene group. This could be studied using solid-
state NMR techniques such as 13C MAS NMR to follow the effects on
chemical shifts of 13C in carprofen, Rotational Echo DOuble Resonance
(REDOR) or spin-diffusion or center-band-only detection of exchange
(CODEX). Based on the above mentioned reasoning, the analysis of
the methylene group was done referring to the methylene C–D bonds
as static on the 2H NMR time scale.

Most conventional approach to study molecular dynamics of solid
state samples is static 2H NMR. The width and appearance of the
quadrupolar powder-pattern line shape can be significantly altered
owing to partial averaging of the 2H quadrupolar interaction and/or
underlying linewidth changes that can result from molecular or atomic
motion. Static line shape analysis can therefore give insight into the
mechanism and timescale of the motional process. Unfortunately,
it was not possible to perform static 2H NMR experiments on the
carprofen samples due to very small quantities of the material.
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Figure 39: Simulated static 2H NMR spectra of benzyl-carprofen deuterons
in the tilted (90

◦) sample. The red line shape corresponds to
reduced tensor of four benzyl ring deuterons; the grey line shape
corresponds to single deuteron in position ζ of the benzyl ring; the
blue line shape corresponds to methylene deuterons. Simulation
was done by Dr. Salnikov E.

In order to explain the “disappearance” of the spectral frequency
of the methylene deuterons from the spectrum of the tilted sample,
we simulated static spectra (in the tilted orientation) for each group
of deuterons in the benzyl-carprofen molecule. Figure 39 on page
88 shows calculated 2H NMR spectra of three distinct groups of
deuterons. The spectrum in red arises from four benzyl ring deuterons
and exhibits full anisotropy of 45 kHz, which averages under fast rota-
tional diffusion (~150 kHz), giving rise to one quadrupolar splitting
of 24 kHz in the tilted orientation of the sample. The spectrum in
grey arises from a single deuteron in position ζ of benzyl ring and
exhibits full anisotropy of 90 kHz. Rotational diffusion needs to be at
least three times faster than the quadrupolar interaction in order to
average the latter. Here, rotational diffusion is not sufficiently fast to
cause averaging and results in line broadening. The spectrum in blue
arises from the methylene deuterons and exhibits full anisotropy of
120 kHz. Also here, the rotational diffusion is not sufficient to average
the quadrupolar interaction and results in severe line broadening.
Therefore, we believe that molecular motion is on the intermediate
2H NMR time scale (610

−3 sec and >10
−7sec) with respect to the

quadrupolar interaction, which causes severe line broadening and
results in “disappearance” of the spectral frequencies in the tilted
sample.
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Figure 40: Alignment of benzyl-carprofen in oriented lipid membrane, corre-
sponding to the spatial orientation shown in the contour plot. The
structure of benzyl-carprofen was produced using ChemDraw3D
software (CambridgeSoft, PerkinElmer Informatics) implementing
MM2 energy minimization. It was then superimposed on the fluid
phase POPC-only lipid bilayer generated by molecular dynamics
simulation [Heller et al., 1993].

Neutron diffraction data showed that the deuterated benzyl (as
the size of the benzyl segment comparable with the resolution of
the neutron diffraction experiment, it is not possible to distinguish
between phenyl and methylene) is located at ± 25 Å on the membrane
profile, i.e. at the interface of the lipid headgroup and the water
(unpublished data from Dr. Hauß). This region is fully hydrated and
spans ∼7-10 Å. Combining the knowledge from neutron scattering
experiments and the analysis of the ssNMR data, a model of benzyl-
carprofen in lipid membrane was constructed (Figure 40 on page
89).

It is interesting to note that carprofen derivatives being largely hy-
drophobic position themselves near the headgroups or at the interface
of the lipids. It could have been expected that it would prefer a more
hydrophobic part of the membrane (i.e. the middle of the membrane).
This behavior might be due to entropic reasons. In the middle of the
membrane in its fluid phase, the acyl chains are in high disorder. The
presence of rigid molecules such as carprofen derivatives would force
the acyl chains to arrange themselves around these molecules, which
reduces the mobility of the chain ends. This in turn would decrease
entropy. Hence, it is more favorable to accommodate carprofen deriva-
tives molecules in the region closer to the headgroups, where the chain
order is higher. It was shown for benzene for example, that it relocates
from the bilayer core to the upper acyl chain region with increasing
temperature [Bassolino-Klimas et al., 1993, 1995].



90 results: ssnmr of
2

h-labeled carprofen derivatives in lipid bilayers

Remaining with benzene example, it has also been established that
it has a large permanent quadrupole moment, leading to a negative
partial charge within the ring and a positive partial charge on hy-
drogen atoms contributing to cation-π interactions. This concept was
implemented for aromatic side chains of phenylalanine, tyrosine and
tryptophane to explain their binding of cationic ligands or substrates
[Dougherty, 1996]. In carprofen derivatives aromatic carbazine and
benzene may thus favor interactions with partial positive charges
such as those of choline headgroups of POPC and sphingomyelin (i.e.
N+H3). The preference of carprofen derivatives for position of high
molecular order near the lipid headgroups may thus be the result of a
combination of all these effects.

In this work a mixture of POPC, SM and cholesterol was used
to model lipid membranes. The behavior of such ternary mixture
of SM, POPC, and cholesterol is complex. There is evidence that at
low temperature (10

◦C) lateral domains are formed via segregation
into phases: liquid-ordered phase comprised of SM and cholesterol
and into liquid disordered phase comprised of predominantly POPC
[Bunge et al., 2008]. The ssNMR experiments and neutron diffraction
experiments of benzyl-carprofen were done at 15

◦C (neutron diffrac-
tion experiments at 37

◦C for benzyl-carprofen and experiments at
15
◦C for sulfonyl-carprofen are yet to be done; ssNMR measurements

at 37
◦C were not performed), but from these experiments it is not

evident whether carprofen derivatives localize in the domains formed
by SM:cholesterol (rafts), or the liquid phase of POPC.

The lipid to cholesterol ratio used in these experiments is similar to
the ratios that occur in neuronal membranes. The ratio of carprofen to
lipids used here is the same as was found by [Narlawar et al., 2006]
to be active under those conditions. From the numerous substitutions
and activity experiments performed by [Narlawar et al., 2006], it
seems that the activity of these carprofen derivatives consequent from
their chemical structure and may be related to the interaction with
cholesterol.

Benzyl-carprofen and sulfonyl-carprofen were found to be effective
modulators of γ-secretase. They affected the cleavage at the γ38, γ40,
and γ42 sites to a different extent and particularly suppressed the
formation of Aβ42 while enhancing the formation of Aβ38 and thus
showed the typical profile of effective NSAIDs. They were found to
be the most potent inhibitors of Aβ42 [Narlawar et al., 2006]. The
specific interaction site of these compounds has yet been identified.
The speculation is that it might interact with PS1, the catalytic unit of
γ-secretase, or that it can interact directly with APP. Considering the
findings of this work, the possibility of direct interaction with APP
seems more likely. The catalytic site of PS1 is located within the lipid
bilayer and knowing that carprofen derivatives locate near the head-
groups of the lipids, it is difficult to imagine how they would reach the
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active site. In addition, direct interaction of carprofen-derivatives with
PS1 is likely to abolish, rather than modify, its g-secretase activity.

To further investigate the position and orientation of carprofen
derivative molecules in lipid bilayer, molecular dynamics ( MD) sim-
ulation study was launched. We believe that MD simulations will
provide crucial complementary information at the atomistic level, in-
cluding orientation, inter H-bonding and intermolecular electrostatic
interactions.
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C O N C L U S I O N S

Alzheimer’s disease is a progressive neurological disease of the brain
leading to the irreversible loss of neurons and the loss of intellectual
abilities. To date there is no cure for AD and the disease is fatal. Its
pathogenesis is complex, and involves marked molecular, cellular, and
physiological changes.

The role of early preclinical processes that predate the pathology
of AD and may enable or accelerate the aggregation of Ab, thereby
contributing to development of the disease, is still unknown. The
Ca2+ hypothesis (refer to the Introduction for details), which intro-
duced the concept of regulation by Ca2+ of neuronal death both in
age-related and in pathogenic processes, attempts to explain how dis-
ruptions in Ca2+ homeostasis that continue over a prolonged period
are a proximate cause of neurodegeneration in Alzheimer’s disease.
Numerous studies have linked Ab to Ca2+ through demonstrating Ca2+

up-regulation by amyloid aggregates and relating Ca2+ dysregulation
to AD-causing mutations. Accumulation of Ab aggregates has been
shown to initiate a complex pathological cascade, leading ultimately
to memory alterations, cognitive impairments, and neuronal death
[Lord et al., 2006]. Questions remain, however, concerning the possible
contributory effect of normal physiological changes that take place in
old age.

It was demonstrated in this work that 2 mM Ca2+ catalyze the
formation of oligomers of Ab(1-40), whereas in the absence of added
Ca2+ mostly fibrils were formed. To the best of our knowledge, this
is the first time that Ca2+ has been shown to induce Ab(1-40) to form
oligomers. The experiments were conducted with 2 mM added CaCl2
and 100 µM Ab. Ca2+ concentrations in the neuronal cytosol vary from
hundreds of nanomolars to micromolars, which is consistent with the
concentration of calcium traces in the “ Ca2+ buffer”. Higher cytosolic
calcium concentration may occur for prolonged periods during slow
after-polarization current of ER after Ca2+ release from intracellular
stores during LTP induction [Budd and Nicholls, 1999]. The cytosolic
Ca2+ load is an important factor in regulating the size of mitochondrial
Ca2+ stores [Budd and Nicholls, 1999], and during neuronal activity,
which includes increases in cytosolic Ca2+, mitochondria can take up
significant loads of Ca2+ [LaFerla, 2002]. In addition, 2 mM Ca2+ is
close to the concentration in the extracellular space, where formation
of oligomers may be initiated and from where they might subsequently
exert their toxic effect on the plasma membrane [Arispe et al., 1993b,
Bucciantini et al., 2004]. Comparison of experiments carried out at 20
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mm and 2 mM calcium suggests that extracellular calcium promotes
oligomerization of Ab(1-40). From additional information obtained
by measuring residual calcium in the “ Ca2+” buffer it is tempting
to conclude that the intracellular concentration of calcium does not
promote oligomerization. It remains however, that the intracellular
Ab peptides and calcium concentrations are difficult to evaluate and
the existence of an intracellular effect can not be rejected at this stage.
Studying these molecular processes in cell lines will be valuable in
order to differentiate between the extracellular and intracellular Ca2+

effects. Based on the previously published data (as outlined in the
Introduction) and the present findings, the potential effects of both
extra- and intracellular calcium ions on Ab and cells is schematically
summarized in Figure 41 on page 97.

While the mechanism of Ca2+-induced Ab(1-40) aggregation is not
known, the above finding might constitute the missing link that con-
nects early dysregulation in Ca2+ signaling to subsequent onset of
pathological and/or cognitive symptoms characteristic of AD. In their
review focusing on intracellular Ab production and its assembly states,
LaFerla et al. [LaFerla et al., 2007] suggested that the buildup of intra-
cellular Ab might be an early event in the pathogenesis of AD as well
as of Down syndrome. Taking that notion further, we contemplate that
the early event in AD pathology might be the aggregation of intracellu-
lar Ab in response to an increase in [Ca2+]i as a result of natural aging
processes. These early aggregates could in turn exert their toxic effect
to alter Ca2+ signaling, which may account for the progressive decline
in memory and the increase in neuronal cell apoptosis that occurs dur-
ing AD. This may constitute a possible reason why in old age, when
calcium imbalance is pronounced, the probability of developing AD
is increased. It may also offer an alternative approach to prevention
and treatment strategies for this disease, targeting mechanistic causes
rather than late-stage symptoms.

In order to improve our understanding of the oligomerization mech-
anism, structural studies of the Ca+2-binding site within Aβ(1-40)
peptide should be considered. For example, formation of a salt bridge
will induce chemical shift that will be observed in the HSQC spectrum.

An important followup of biological relevancy, could be cell tox-
icity experiments with Aβ(1-40) and Aβ(1-40)E22G oligomers and
cell-cultural studies on the effect of increased intracellular Ca+2 on
formation of Aβ(1-40) oligomers.

In a continuous effort to understand the proteolytic cleavage of
APP, which leads to Ab peptides production, this work focused on
studying structural features within the APP TM sequence that may be
essential for its processing by g-secretase. The transmembrane domain
of APP was chemically synthesized and successfully reconstituted into
POPC bilayers exhibiting mostly a-helical conformation. Detailed ss-
NMR study of the APP_TM4K peptides isotopically labeled at several
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Figure 41: Potential interplay between Aβ oligomers, Ca2+, and a target cell
in the initial stages of Alzheimer’s disease. (1) Age-related in-
crease in [Ca2+]i promotes oligomerization of intracellular Aβ. (2)
Disruption of Ca2+ homeostasis by oligomers, by either binding
to or modulating the activity of a number of receptors such as
ryanodine (Ry) and inositol triphosphate (IP3R) [Stutzmann, 2005].
(3) Increase in [Ca2+]i. These three steps might form an inimi-
cal cycle leading to increases in both cytosolic calcium and Aβ
oligomer concentrations. (4) Aβ oligomers disrupt intracellular
membranes, leading to apoptosis [Kawahara et al., 2000, Arispe
et al., 1993a,b]. (5) Extracellular calcium concentration ([Ca2+]e)
promotes oligomerization of extracellular Aβ. (6) Oligomers form
nonspecific pores in the plasma membrane, disturbing cellular
integrity and leading to apoptosis [Bucciantini et al., 2004]. (7) Aβ
oligomers can interact and impair calcium channels at the mem-
brane surface, opening calcium importers and blocking calcium
exporters such as the voltage-dependent calcium channel [Rovira
et al., 2002]. Aβ oligomers can affect surface expression of N-
methyl-D-aspartate receptors (NMDARs) [Dewachter et al., 2009],
may increase [Molnár et al., 2004] or decrease the conductance
[Shankar et al., 2007], and facilitate long-term synaptic depression
by disrupting neuronal glutamate uptake [Li et al., 2009].
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distinct sites dispersed throughout the TM sequence depicted large
conformational and orientational heterogeneity at positions Ala-630,
Ala-642 and Val-646. Clear transmembrane orientation was observed
for Gly-637, which was previously shown to participate in the forma-
tion of stable dimer complexes [Munter et al., 2007, Miyashita et al.,
2009, Sato et al., 2009]. Being a part of the last GxxxG motif, Gly-637

is the last amino acid that anchors the transmembrane orientation
and stabilizes the dimer. This stability may be necessary in order to
allow local unraveling of the helical structure at the cleavage sites.
The strength of dimerization was proposed to control APP processing
[Kienlen-Campard et al., 2008]. Residues near N'- and C'-terminal
parts of the TM sequence, exhibit large conformational variability.
Ala-630 and Val-646 show orientational distribution and likely experi-
ence conformational heterogeneity due to coexistence of helical and
non-helical conformations [Lu et al., 2011]. Val-646 and Ala-642 are
located within the z- and g-cleavage sites, respectively, the former
exhibits transmembrane orientation, while the latter shows extensive
conformational heterogeneity and appears as having no defined orien-
tation. The existence of non-helical conformation within the Ala-642

site was proposed by [Lu et al., 2011]. However, this is the first time
that the orientational distribution was clearly observed by a structural
approach. Evidence for conformational variability around g- and z-
cleavage sites may have important implications for the mechanism
of cleavage and hence for Ab production. Further detailed conforma-
tional studies of the adjacent residues within g- and z-cleavage sites,
as well as within the dimerization sequences, will provide a deeper
understanding of the critical sites within the APP_TM domain. Precise
structural characterization of these sites is necessary for further drug
developments.

It will be beneficial to study longer sequences of APP such as
TM+JM domains. Ala-630 for example, might behave differently as JM
domain comes before Ala-630 in the sequence of APP.

APP_TM should be studied in different membrane compositions
such as sphingomyelin, POPC and cholesterol, which will be more
biologicaly relevant. Temperature variations should also be considered.

Benzyl-carprofen and sulfonyl-carprofen were found to be effective
modulators of γ-secretase. They affected the cleavage at the γ38, γ40,
and γ42 sites to a different extent and particularly suppressed the
formation of Aβ42 while enhancing the formation of Aβ38 and thus
showed the typical profile of effective NSAIDs. They were found to be
the most potent inhibitors of Aβ42 [Narlawar et al., 2006]. Knowledge
about the interaction of these molecules with lipid bilayer is essential
for understanding of the underlying mechanism of their action. In this
work we elucidated the orientation of carprofen derivatives in lipid
bilayers using deuterium ssNMR.
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Analysis of deuterium ssNMR data resulted in orientational con-
straints for sulfonyl-carprofen and for benzyl-carprofen molecules. The
C–S bond of sulfonyl-carprofen was found to be oriented at ± 27.4◦
relative to the magnetic field direction, which corresponds to two
possible orientations as shown in Figure 36 on page 82. For benzyl-
carprofen the orientation that agrees with the experimental results is
shown in Figure 40 on page 89, where rotational pitch angle (rotation
about z-axis) is ∼ 31◦ and rotational tilt angle (rotation about y-axis)
is ∼ 137◦. From neutron diffraction experiments (performed by our
collaborators), it appears that both molecules prefer to position them-
selves near the headgroups or at the interface of the lipid membrane.
This counter intuitive behavior might be due to entropic reasons – pref-
erence of the higher order of the lipid headgroups to avoid decrease in
entropy within the acyl chain region, which are highly disordered in
the fluid phase. Typically, interfacial partitioning should increase en-
tropy due to increased chain disorder however, in this case a decrease
in van der Waals interactions would counter-balance this effect [Jäh-
nig, 1983]. Another possible contributing factor may be the cation-π
interactions of the many aromatic rings in carprofen derivatives with
partial positive charges, such as those of the choline headgroups of
POPC and sphingomyelin (i.e. N+H3).

The specific interaction site of these compounds has yet been identi-
fied. The speculation is that it might interact with PS1, the catalytic
unit of γ-secretase, or that it can interact directly with APP. Consider-
ing the findings of this work, the possibility of direct interaction with
APP seems more likely. The catalytic site of PS1 is located within the
lipid bilayer and knowing that carprofen derivatives locate near the
headgroups of the lipids it is difficult to imagine how they would reach
the active site. In addition, direct interaction of carprofen-derivatives
with PS1 is likely to abolish, rather than modify, its g-secretase activity.
It seems more probable that carprofen-derivatives would interfere
with proper APP-dimer formation, which is necessary for sequential
cleavage by γ-secretase. In cases when the stability of a TM dimer is
severely affected, a model from [Munter et al., 2007] proposes that the
sequential cleavage is shifted from the ε-cut to positions Aβ38/Aβ37

and further to Aβ35/Aβ34 (Figure 2 on page 5), diminishing or greatly
reducing Ab42 production.

In order to refine the orientation of carprofen-derivatives in lipid
bilayers, it would be interesting to obtain information on the carbazine
part of these molecules, as neither of the derivatives studied here
possessed deuterium labels on that part. This could provide addi-
tional constraints and would help to verify the constructed models.
Segregated deuterium labeling of the benzyl part of benzyl-carprofen
(i.e. phenyl ring and methylene group) could be beneficial to verify
the chosen analysis approach in terms of assumed dynamics of the
segments.
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Partitioning of the carprofen-derivatives in complex lipid bilayers
can be studied via 2H-labeling of the lipids. Utilizing specific isotope
labeling of lipids and / or of APP_TM peptide and of carprofen deriva-
tives, the distances between labeled sites could be measured using
REDOR or CODEX pulse sequences. These types of ssNMR experi-
ments could provide insights into specific interactions of carprofen
derivatives with lipids and / or with APP_TM peptide, which in turn
could answer the following questions: are lipid rafts the target zone of
carprofen-type molecules? How could this preference be correlated
with the mechanism of action of carprofen derivatives? It would be of
great interest to localize the specific peptide-drug interactions and to
evaluate the location of carprofen derivatives within the ternary lipid
mixture. The latter can be achieved by using deuterated lipids to detect
phase separation [Mason et al., 2006] or by performing molecular dy-
namics simulations of this system, which can also provide an insight
into the assumed orientations of these molecules, complementing the
experimental results obtained and described in this work.

Studies with a single-type lipid membrane model will simplify the
system and will allow to better asses the molecular orientation of
the molecules in the membrane. Solid-state NMR spectra should be
measured at different temperatures (e.g. 37

◦ C), which will provide
insight into dynamics of the carprofen molecules.

More than 100 years after its discovery AD is still, to a large extent,
an unsolved mystery. Impressive progresses have been made in the
field. However, most of the effort was concentrated on understanding
the aggregation process of Ab into fibrillar plaques, which until re-
cently were considered the cause of the disease. But new ideas have
emerged, and amyloid plaques may not be the evildoers everyone
thought they were. More and more data suggest that oligomers are
the toxic species that cause most of the neuronal damage. However,
questions remain regarding the mechanism of Ab production, Ab

oligomers formation and potential therapies. The results described
here provide some answers to these questions. These inputs into the
field of AD might be important and provide a better understanding of
the disease processes and help in future potential drug design.
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Part IV

A P P E N D I X





A
S U P P L E M E N TA RY E X P E R I M E N T S O N A M Y L O I D
β - P E P T I D E S

Our goal was to establish a reproducible protocol for preparation
of Aβ oligomers to be used in ssNMR experiments. We intended
to gain insights into molecular architecture of Aβ oligomers and
ultimately solve their structure. Additional experiments were planned
to investigate specific features that distinguish between oligomers and
fibrils. We believe that formation of a salt bridge between amino acids
Glu22 and Lys28 in Aβ(1-40) prevents fibrillization, as was discussed
in Chapter 3. For this purpose, two specifically-labeled amino acids
were designed: glutamic acid labeled at position 13Cδ with average
chemical shift of 182.59 ppm and lysine labeled at 15Nζwith average
chemical shift of 33.96 ppm and labeled backbone 15N with average
chemical shift of 121.06 ppm (Figure 42 on page 125). Signal from
MOPS buffer would be around 46 and 66 ppm from the morpholino
ring and ~36 ppm from the sulfonate carbon. Signals from the labeled
amino acids were expected to be much stronger and well separated
from the signal generated by MOPS molecules.

a.0.3 Synthesis and purification

Aβ(1-40) and Aβ(1-40)E22G peptides were chemically synthesized
using solid-phase peptide synthesis utilizing Fmoc chemistry as de-
scribed in the methods (Chapter 2). Quality of the synthesis was
assessed by MALDI-TOF mass spectrometer (Autoflex from Brücker
Daltonics) as seen in Figure 43 on page 127 and Figure 44 on page

Figure 42: Specific isotopic labels on glutamic acid and lysine amino acids
destined for peptide synthesis.
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128. Unlabeled peptides were used to establish appropriate purifica-
tion protocol and to find experimental conditions suitable for ssNMR
experiments. Labeled Aβ(1-40) was prepared for REDOR experiments.

The best condition for purification by HPLC was found to be 100%
Acetonitril (ACN) + 0.1 % TFA (buffer B) using a 17 % - 35 % gradient
(Semi-preparative HPLC with the module DAD 3L for UV detection
from Bischoff; McDAcq32 software; Preparative column Grace Vydac
(125 x 20mm; P/N 1220 K040PS050) and a pre-column (30 x 20mm
P/N 0320 K040PS050) packed with the phase Prontosyl 300-5-C4 (5µm
with 300Å pores branched with C4 carbon chain)). It must be noted
that each newly synthesized peptide batch required adjustments of
the purification protocol. Extreme care was taken to prevent peptide
aggregation during purification procedures. Peptides were solubilized
in small quantities (typically up to 6 mg), sonicated to eliminate
any pre-existing aggregates and kept on ice at all times before being
injected into HPLC column.

Results can be seen in Figure 45 on page 128 and in Figure 46 on
page 129. It is clear that labeled peptides had a different elution profile
from that of unlabeled peptide. Due to splitted elution peaks of the
labeled Aβ(1-40), it was difficult to establish which of them contains
the peptide of interest and in which oligomeric state. Therefore, all 6

“sub-peaks” were collected and subjected to aggregation tests followed
by PAGE and Western blot analyses (refer to the next subsection).

a.0.4 Aggregation studies: PAGE and fluorescence analyses

In order to characterize newly synthesized peptides and to evaluate
their aggregation propensities, aggregation trials were conducted.
Aggregation profiles of Aβ(1-40) and Aβ(1-40)E22G in PB and MOPS
buffers were analyzed with PAGE and ThT fluorescence techniques
(Chapter 2).

hplc elution peaks - checking the oligomers distribution

For Aβ(1-40) and Aβ(1-40)E22G peptides two elution peaks–as seen
in Figure 45 on page 128–were checked and compared to an old Aβ
sample (Figure 47 on page 129).

The results show that peak I of Aβ(1-40) has some pre-existing
high molecular weight oligomers, while peak II of Aβ(1-40) shows
an expected profile comprised of monomers, dimers and trimers at
t = 0 h. Both peaks of Aβ(1-40) readily aggregated. Unfortunately,
there was no difference between PB and MOPS conditions, which
is inconsistent with the results described in chapter 3 (Chapter 3).
Contrary, Aβ(1-40)E22G showed no high-molecular weight aggregates
after 24h, consistent with the expectations.
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(a)

(b)

Figure 43: Mass spectrometric analysis of the crude synthetic unlabeled Aβ
peptides. (a) Aβ(1-40) peptide with expected mass of 4329.8, (b)
Aβ(1-40)E22G peptide with expected mass of 4257.8.
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Figure 44: Mass spectrometric analysis of the crude labeled Aβ(1-40) peptides
with expected mass of 4329.8. Here the apparent mass is 4399.3.

(a) (b)

Figure 45: HPLC purification of Aβ peptides - elution profiles: (a) Aβ(1-40)
peptides eluted in two major peaks, (b) Aβ(1-40)E22G peptides
eluted in one major peak and another smaller peak. For each
peptide, two peaks were collected and analyzed.



bibliography 129

Figure 46: HPLC purification of labeled Aβ(1-40) peptides - elution profile.
Two main peaks, each split into three smaller peaks.

(a) (b)

Figure 47: Aggregation trial for Aβ(1-40) and Aβ(1-40)E22G in PB and MOPS
buffers: 0h, 2h and 24h samples: (a) Aβ(1-40) after 0h and 2h of
incubation, (b) Aβ(1-40) and Aβ(1-40)E22G after 24h of incubation.
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temperature effect on aβ peptides aggregation It has
been previously shown that aggregation of Aβ peptides slows down
significantly at 4

◦C. In Figure 48 on page 131 the aggregation profiles
of both Aβ(1-40) and Aβ(1-40)E22G peptides were compared in order
to examine the possibility to grow oligomers in a more amenable
manner. The results, however, showed that at 4

◦C aggregation is
extremely slow, which makes it impossible to use these conditions for
oligomers growth.

comparing different buffer compositions Several buffer
compositions were examined in order to find suitable buffer for fol-
lowing ssNMR measurements as MOPS exhibited strong NMR signal.
Since we know that in the presence of calcium ions oligomers are sta-
bilized, it was our interest to keep calcium in the buffer solution. It is
well known that addition of CaCl2 to PB results in rapid precipitation
of insoluble solid calcium phosphate. Although several publications
[Nag et al., 2010] reported that they prepared solutions composed of
both calcium and phosphate without forming the precipitant. Buffer
components included: 146 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8
mM MgSO4, 0.4 mM KH2PO4, 5 mM d-glucose, 20 mM Na2HPO4.
Upon mixing all the ingredients, calcium phosphate formed and pre-
cipitated (no replies to successive inquiries were received). Another
common buffer used in experiments with mammalian cell lines is
aCSF (148 mM NaCl, 2.7 mM KCl, 2.0 mM CaCl2, 0.85 mM MgCl2,
1.25 mM d-glucose). The salt concentrations were modified to a to-
tal of 15.55 mM and d-glucose was omitted to adapt the buffer for
ssNMR measurements (10 mM NaCl, 2.7 mM KCl, 2.0 mM CaCl2,
0.85 mM MgCl2). Interestingly, Aβ(1-40)E22G peptides precipitated in
NaKCaMg salt solution (it is not a true buffer), but not Aβ(1-40).

Sample preparation: 4 mg of Aβ(1-40) solubilized in 10 ml of
NaKCaMg solution (pH 5.5) or alternatively, the peptides were re-
suspended in 10 mM MOPS, 5 mM NaCl, 2 mM CaCl2 (pH 7.4). Both
samples were sonicated for 2 min in a water bath, centrifuged in Ami-
con filter 50 kDa cutoff (Millipore) at 5,000 ×g at 4

◦C for 20 min. The
flow through was collected and incubated for 5 days at 37

◦C. Samples
were inverted from time to time to insure there was a homogeneous
environment. During incubation small samples were taken for ThT
measurements .

Figure 49 on page 132 clearly shows that in 10 mM MOPS, 5 mM
Nacl and 2mM CaCl2 Aβ(1-40) forms oligomers that exhibit only
low ThT affinity and fluorescence. In contrast, in the salt solution
we see an increase in fluorescence, possibly indicating formation of
protofibrils as the solution is clear and no fibrils could be observed
by eye. In addition, fluorescence of the salt solution oligomers is
decreasing during the time of the measurement, indicating that these
are fragile under mechanical stirring (a property observed before for
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(a) (b)

(c)

Figure 48: Aggregation trial for Aβ(1-40) crude preparation (peptide before
purification), peak I and peak II at different temperatures in PB
and MOPS buffers: representative 0h and 168h samples. (a) Aβ(1-
40) at time 0h, crude peptide, peak I, peak II, (b) Aβ(1-40) crude
peptide, peak I, peak II after incubation at 4

◦C for 168h, (c) Aβ(1-
40) crude peptide, peak I, peak II after incubation at 37

◦C for
168h.
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Figure 49: New buffer conditions for oligomers of Aβ(1-40) growth. The
color coding is as follows: light blue is the MOPS buffer condition;
dark blue is the salt condition - NaKCaMg.

oligomers, but not for fibrils). After 144 hours of incubation, samples
were flash-frozen and lyophilized for ssNMR measurements.

In another experiment we used 50 mM MOPS + 100 mM NaCl
+ 2 mM CaCl2 to grow Aβ(1-40) and Aβ(1-40)E22G oligomers for
96 h. Thereafter, they were filtered using Millipore centrifugal filter
“Microcon 50 KDa” at 14,000 ×g for 5 min at RT. The flow-through
was incubated again at 37

◦C for 96 h. After 96 h, a second round of
filtration was performed under the same conditions. All samples were
analyzed using PAGE and Western blot analyses. For each peptide two
HPLC elution peaks, as seen in Figure 45 on page 128, were analyzed.
It must be mentioned that filtration before incubation resulted in
abolishing of the oligomeric growth (probably due to removal of the
seeds from which oligomers develop).

Figure 50 on page 133 shows Western blot images of the samples
that were subjected to PAGE analysis. Two images are of the same blot,
only the exposure time differs. Longer exposure time allows imaging
of the less populated oligomeric states, such as in lanes 2 and 3, pII
and pI after the 2

nd filtration, respectively (Figure 50b on page 133).
Here, after longer exposure, trimers, tetramers and even pentamers
can be seen. While in Figure 50a on page 133, same lanes show only
monomers, dimers and very faint band for trimers. It also exposes the
disadvantage of this technique for oligomers detection. Nevertheless,
after two growth-filtration cycles, a nice distribution of low-molecular
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(a) Aβ(1-40) - correct exposure during blot
imaging (no saturation of the bands)

(b) Aβ(1-40) - longer exposure during blot
imaging (some bands are saturated)

(c) Aβ(1-40)E22G - correct exposure during blot
imaging (no saturation of the bands).

Figure 50: Spin-filter separation trials of Aβ(1-40) and Aβ(1-40)E22G
oligomers grown in high-salt conditions.
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weight oligomers of Aβ(1-40) was obtained. Potentially, they could
be used for ssNMR experiments, if larger quantities of oligomers
could be obtained. At this stage, however, the amount remaining
after double filtration is insufficient for ssNMR study. Figure 50c on
page 133 shows the same experiment with Aβ(1-40)E22G oligomers.
Here, the untreated samples in high salt, produced high-molecular
weight oligomers - not something we have observed before. However,
already after the first filtration no oligomers grew even after 96 h.
Over-saturated image did not show additional bands and therefore
is not presented here. These conditions are definitely not suitable for
Aβ(1-40)E22G oligomers preparation.

the effect of salts on aggregation of labeled and non-
labeled aβ(1-40) and aβ(1-40)e22g As in ssNMR experiments
salt concentration presents an obstacle, it is advisable to use as little
amount of salts as possible. For Aβ aggregation experiments 75 mM
MOPS + 2 mM Ca2+ were used, as described in Chapter 3. Two prob-
lems have arisen from this condition (and conditions with higher salt
concentration): 1) the amount of salts was high for ssNMR 2) MOPS
buffer produced a very strong signal in the carbonyl region of ssNMR
spectrum, which interfered with the expected signal from Aβ. We
were looking into a possibility, where we could use the MOPS buffer,
but to minimize its concentration. We also looked into the possibility
of using deuterated MOPS for some of the experiments.

The following buffer compositions were compared:
1) 5 mM MOPS + 2 mM Ca2+

2) 5 mM MOPS + 2 mM Ca2+ + 145 mM NaCl
3) 5 mM MOPSdeuterated + 2 mM Ca2+

4) 5 mM MOPS + 2 mM Ca2+ + 145 mM NaCl with isotopically
labeled Aβ(1-40) peptide

PAGE and Western blot analyses were done at two time points: 0

h and 72 h for both Aβ(1-40) and Aβ(1-40)E22G peptides. Six eluted
fractions of labeled Aβ(1-40) peptide were collected (the elution peaks
appeared different than those of unlabeled peptides - a problem of
inconsistent elution profiles). In fact, those were two major peaks, each
exhibiting three “shoulders” that were collected separately in order
to investigate the oligomerization state of the eluted species in each
peak. The results are shown in Figure 51 on page 135.

The results show that there was no difference between the aggrega-
tion profiles of Aβ(1-40)E22G in all the conditions evaluated. Aβ(1-40)
aggregation profiles are very similar in all conditions. Most surpris-
ingly, there was no difference between low and high-salt conditions.
Oligomers growth of Aβ(1-40) was not hindered by the presence of
deuterated MOPS buffer, and therefore, it could be used in the future
experiments (although it will be better to repeat this test for every new
batch of synthetic Aβ(1-40)).
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(a) (b)

(c) Aggregation of labeled Aβ(1-40) in high-
salt condition - 0 h

(d) Aggregation of labeled Aβ(1-40) in high-
salt condition - 72 h

Figure 51: Effect of salts on aggregation of labeled and non-labeled Aβ(1-40)
and Aβ(1-40)E22G peptides - in preparation for ssNMR experi-
ments: (a) aggregation profiles of Aβ(1-40) and of Aβ(1-40)E22G at
t = 0 h, (b) aggregation profiles of Aβ(1-40) and of Aβ(1-40)E22G
at t = 72 h, (c) aggregation profiles of isotopically labeled Aβ(1-40)
at t = 0 h, (d) aggregation profiles of isotopically labeled Aβ(1-40)
at t = 72 h.
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Labeled Aβ(1-40) in high-salt condition readily produced low-
molecular weight oligomers (Figure 51c on page 135 and Figure 51d
on page 135). Interestingly, the aggregation of the labeled peptide was
slower than that of the non-labeled. Notably, after 72 h only oligomers
from monomers to pentamers were observed. There was no significant
difference between the three elution peaks tested. The small difference
between them is probably related to the differing amount of oligomers
of every size category initially present.

a.0.5 Oligomers separation trials using FPLC

Equipment: FPLC (Bio-Rad) composed of several units: Biologic (BioFrac),
fraction collector, Biologic Quad-Teck, UV-Vis detector, Biologic DuoFlow,
Biologic maximizer. A gel filtration column Sephacryl S-100 HiPrep
16/60 HR was used.

Standardizing sample: total volume of 1.2 ml, protein concentration
3 mg/ml: 2 mg of Bovine serum albumin ( BSA), 1mg Aprotenin and 1

mg Lyzozyme were solubilized in 50 mM PB pH 7.4 and 50 mM NaCl.
The sample of standardizing protein mixture (Figure 52 on page 137)

was eluted at the rate of 1.5 ml/min. Several additional elution trials
were performed at different flow rates (1 ml/min and 0.5 ml/min).
All showed very similar elution profiles (data not shown).

The idea of “on-column” oligomerization of Aβ(1-40) peptides was
explored: 3 mg of Aβ(1-40) peptides were dissolved in guanidine
hydrochloride ( GdmCl) and injected into the gel filtration column.
The elution buffer was 50 mM PB pH 7.4 and 50 mM NaCl at the
rate of 1 ml/min. Results are shown in Figure 52a on page 137. After
the elution, small amount of the sample was taken for PAGE analysis.
Western blot image is shown in Figure 52b on page 137. It is difficult
to see, but the oligomers profile observed in this image ranges from
monomers to pentamers. This means that under those experimental
conditions, it is possible to obtain a mixture of low-molecular weight
oligomers formed from denatured Aβ(1-40) peptides. However, it was
not possible to obtain fine separation of the low-molecular weight
species.

a.0.6 Oligomers separation using spin filters

In the literature, there is a number of publications in which authors
used spin filters or centrifugal concentrators to obtain a fraction of
oligomers of a certain size distribution. Here we checked four com-
mercially available spin filters to assess the possibility of using them
for the preparation of Aβ(1-40) oligomers.

The following units were used:
1) Amicon ultra 30 KDa, Millipore
2) Amicon ultra (Centricon) 10 KDa, Millipore
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(a) Elution profiles of standard proteins and of Aβ(1-40): black trace - standardizing FPLC column
with known size proteins: BSA (66.8 kDa), Lyzozyme (14.0 kDa), Aprotenin (6.5 kDa); blue trace
- on-column oligomerization of GdmCl-denatured Aβ(1-40).

(b) PAGE analysis of Aβ(1-40)
eluted from FPLC column.

Figure 52: On-column oligomerization of Aβ(1-40). FPLC elution profile and
its consequent PAGE analysis.
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Figure 53: Oligomers separation using centrifugal concentration units, com-
parison of different brands. The order of the samples is as fol-
lows from right to left: Aβ(1-40) after elution from FPLC, con-
centrate and a flow-though from “Centricon”, concentrate and
flow-through from “Amicon ultra” 30 K, concentrate and flow-
though from “Vivaspin”, and concentrate and flow-through from
“Macrosep”.

3) Viva Spin 10 KDa, GE Healthcare
4) Macrosep Advance 10 KDa, Pall Corporation
All the centrifugal filter units were washed with MilliQ water at

5,000 ×g for 30 min at RT. Aβ(1-40) samples (old FPLC elution batch
from Sephacryl S-100 HiPrep 16/60 HR) in 50 mM PB and 150 mM
NaCl were added to each of the centrifugal units and spun at 5,000

×g for 10 min at RT (Centricon and Macrosep units were spun for 20

min). Concentrates and flow-through were analyzed with PAGE and
Western blot.

From the results shown in Figure 53 on page 138 it is clear that con-
centrating the sample, helps to visualize oligomers of higher molecular
weight. Alternatively, centrifugal force may be a contributing factor in
driving the aggregation of peptides in close physical proximity (due to
the concentration process). The effect is stronger with “Amicon ultra”
unit than with other units tested. Flow-through from all the samples
seem to include mainly monomers, but in case of “Amicon ultra” unit,
also some dimers and maybe trimers. This is also consistent with the
fact that “Amicon ultra” has a cut off of 30 KDa, while all the other
units have a cut off of 10 KDa.
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a.0.7 NMR experiments

HRMAS (high resolution magic angle spinning) NMR experiments
were performed to follow the behavior of the peptide in buffer solu-
tions that were used to study Aβ(1-40) aggregation (i.e. Phosphate
buffer and MOPS buffer). Each sample contained 2 mg of peptide in
an NMR tube. Experiments were carried out at 310

◦K (37
◦C) on a

spectrometer operating at 11.7 Tesla. Samples were measured every 30

min, 32 experiments were conducted.
Already after the first experiment, 20 % of the intensity was lost

and changes in peaks shape were observed (Figure 54 on page 140

and Figure 55 on page 141). We concluded that those changes are due
to oligomerization process as they are short lived and no turbidity of
the sample was noticed. Rapid formation of oligomers as a result of
spinning precluded us from using HRMAS NMR for Aβ oligomers
investigations.

We also attempted to perform DOSY (diffusion ordered spectroscopy)
experiment, which provides a way to separate the different compounds
in a mixture based on the differing translation diffusion coefficients
(and therefore differences in size and shape of the molecule) of each
chemical species in solution. In this case, the intention was to try to
separate different oligomeric species in the sample. Sample consisted
of 0.3 mg of Aβ(1-40) in 0.5 ml PB (90 % H2O + 10 % D2O). Unfortu-
nately, this experiment did not work as there was radiation damping
problem (Dr. Allouche from liquid NMR services of the UDS). Another
trial to perform DOSY using micro-sample holder had also failed.

a.0.7.1 13C and 15N CP experiments of Aβ oligomers and pure Aβ(1-40)
powder in preparation for REDOR experiment (with Dr. Philippe
Bertani).

REDOR NMR - This technique for solids utilizes magic-angle spinning
and measures directly the heteronuclear dipolar coupling between
isolated pairs of labeled nuclei, which allows interatomic distances to
be measured without the need to invoke simplifying assumptions. In
a solid with 13C-15N dipolar coupling, the 13C rotational spin echoes
that form each rotor period following a 1H-13C cross-polarization
transfer can be prevented from reaching full intensity by inserting two
15N π-pulses per rotor period. One of the π-pulses is synchronized
with the completion of the rotor period and the other with a time less
than or equal to half the rotor period. The difference between a 13C
NMR spectrum obtained under these conditions and one obtained
with no 15N π-pulses measures the 13C-15N coupling [Marshall et al.,
1990].

Sample 1: 2 mg of unlabeled Aβ(1-40) peptides were incubated in
4.6 ml of 5 mM MOPS buffer pH 7.4 + 2 mM CaCl2. After 72 h and 96

h, the samples were filtered with a 50 kDa cut off filter, flash frozen
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(a)

(b)

Figure 54: NMR spectrum of Aβ(1-40) in phosphate buffer. (a) full spectrum,
(b) closeup into the aromatic and amine regions.
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(a)

(b)

Figure 55: NMR spectrum of Aβ(1-40) in phosphate buffer. (c) closeup into
the backbone amide region, (d) closeup into the aliphatic region.
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and lyophilized. Approximately 0.4 mg (!) of the peptide was left after
filtration. Do not filtrate after growth!

NMR experimental details: cross-polarization, magic-angle spin-
ning 13C NMR spectra were obtained at room temperature on a
Bruker Avance NMR spectrometer operating at 7.0 Tesla. A commer-
cial double-resonance 3.2 mm MAS NMR probe was used with the
spinning rate of 10 kHz (file name: ai_oligomermop). Radiofrequency
(rf) field strength for carbon was 50 kHz with contact time of 1.6 msec
for a basic CP experiment. A total of 102400 scans were collected to
acquire the black-trace spectrum (Figure 56a on page 143). Radiofre-
quency (rf) field strength for carbons and protons was 83 kHz during
acquisition on X with high-power proton decoupling. Red-trace spec-
trum with a total of 30720 scans collected (Figure 56a on page 143).
No NMR signal from the peptides amide region was detected (Figure
56b on page 143).

MOPS exhibited very strong NMR signal (Figure 56a on page 143)
that interfered with the protein signal, which was very weak in the
first place (Figure 56b on page 143). Lowering MOPS concentration did
not work - peptides precipitated, probably due to low electrostatics in
the sample.

Sample 2: 8.8 mg of Aβ(1-40) peptides isotopically labeled at Glu22

and Lys28 were incubated in 20 ml buffer consistent of 10 mM MOPS
+ 5 mM NaCl + 2 mM CaCl2 for 52 h. The sample was centrifuged at
13,200 ×g for 15 min. Only the top 70 % of the solution were collected,
frozen and lyophilized.

NMR experimental details: cross-polarization, magic-angle spin-
ning 13C and 15N NMR spectra were obtained at room temperature
on a Bruker Avance NMR spectrometer operating at 11.7 Tesla. A
commercial double-resonance 3.2 mm MAS NMR probe was used
with the spinning rate of 17 kHz. Radiofrequency (rf) field strength
for carbon was 50 kHz, 8.3 kHz for nitrogen and for protons 83 kHz
during cross-polarization. A total of 32768 scans were collected. CP
was set up for O/N, because there was no signal after small number
of scans (file name: ai_oligo_11_10). Even after O/N experiment, there
was mainly signal from the MOPS molecules (Figure 57a on page 144)
and a very small 13C signal from the peptide. Also for15N CP no
signal was detected above the noise level after 5 h (Figure 57b on page
144).

Sample 3: It was decided to look at the 13C and 15N chemical shifts
of purified labeled Aβ(1-40) peptide powder (not oligomers), in order
to verify that the isotopic labels are present.

NMR experimental details: cross-polarization, magic-angle spin-
ning 13C and 15N NMR spectra were obtained at room temperature
on a Bruker Avance NMR spectrometer operating at 11.7 Tesla. A
commercial double-resonance 3.2 mm MAS NMR probe was used
with spinning rate of 17 kHz. Radiofrequency (rf) field strength for
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(a) 13C natural abundance - full spectrum. Black trace with contact time 1.6 msec; red trace with
proton decoupling.

(b) 13C natural abundance - closeup into the carbonyl region

Figure 56: Aβ(1-40) 13C natural abundance, MAS NMR at RT.
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(a) 13C-Glu22 chemical shifts of Aβ(1-40) oligomers grown in MOPS buffer

(b) 15N-Lys28 chemical shifts of Aβ(1-40) oligomers grown in MOPS buffer

Figure 57: 13C and 15N chemical sifts from CP experiments of Aβ(1-40)
oligomers grown in MOPS buffer.
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carbon was 70 kHz, 43.7 kHz for nitrogen and for protons 83 kHz
during cross-polarization. A total of 128 and 256 scans were collected
for 13C and 15N, respectively (file name: ai_synthAb40_11_10).

CP on 13C gave several strong signals: two corresponded to the
MOPS molecules (large spectral discontinuity from ~ 11 ppm to 60

ppm) and one corresponded to 173.2 ppm that arose from 13C-Glu22

(Figure 58a on page 146). This result means that the peptide is iso-
topically labeled with 13C on the correct amino acid. In addition,
CP on 15N produced two peaks at 36 ppm and 124.7 ppm, roughly
corresponding to the expected averaged values for backbone nitrogen
(121.06 ppm) and to Nζ(33.96 ppm) (Figure 58b on page 146). There-
fore, the reason for the absence of the signal from oligomers samples
is probably due to the low amount of the final material and further
optimization of the protocol is required.

We explored the possibility of avoiding using MOPS as buffer and
using PB. The following sample was prepared.

Sample 4: starting with 10 mg of Aβ(1-40) peptide labeled at Glu22

and Lys28, as previously described. Peptides were resuspended in 23

ml of 10 mM PB pH 7.4 + 5 mM NaCl, filtrated using centrifugal filter
Amicon 50K at 12,000 ×g (centrifugation at 13,200 ×g caused one filter
to collapse) at 4

◦C for 15 min. Thereafter, samples were incubated at
37
◦C for 96 h, flash frozen and lyophilized.
NMR experimental details: cross-polarization, magic-angle spin-

ning 13C and NMR spectra were obtained at 244 K on a Bruker
Avance NMR spectrometer operating at 11.7 Tesla. A commercial
double-resonance 3.2 mm MAS NMR probe was used with spinning
rate of 17 kHz. Radiofrequency (rf) field strength for carbon was 70

kHz and for protons 83 kHz during cross-polarization. A total of 9216

scans were collected (file name: ai_synthAb40_11_10 exp. # 10 and #
11 and ai_oligoPB_11_10 exp. # 10).

In Figure 59 on page 147, the black trace shows the signal that arose
from 13C of Aβ(1-40) oligomers, while the red trace shows the signal
that arose from purified dry Aβ(1-40) peptides. No signal was obtained
from 15N CP experiment. Aβ(1-40) oligomers were grown in PB buffer
and no MOPS molecules were present therefore, the observed signal
comes from oligomers only. Clearly, the chemical shifts of oligomers
are distinct from those of the dry peptide. It looks like it might be a
characteristic signature of Aβ oligomers, but additional experiments
are needed to verify it.

a.0.8 SANS measurements (in collaboration with Dr. Preu Julia and Forschungszen-
trum Jülich)

Large preliminary work was done in order to establish whether it will
be possible to perform SANS experiment with Aβ peptides grown in
the presence of 60 % D2O. According to our collaborator Dr. Julia Preu,
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(a) 13C chemical shifts from Glu22 of Aβ(1-40), natural abundance and MOPS molecules. Collected
at 294 K.

(b) 15N chemical shifts from Lys28 of Aβ(1-40). Collected at 245 K.

Figure 58: 13C and 15N chemical shift CP spectra of pure synthetic Aβ(1-40)
peptide labeled at Glu22 and Lys28.
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Figure 59: 13C CP of Aβ(1-40) oligomers from PB (black trace) and purified
dry powder of Aβ(1-40) (red trace), measured at 244

◦K.

having 60 % D2O in the buffer should have given a good contrast in
the SANS experiment.

Sample growth trials: 2 mg of Aβ peptides–Aβ(1-40) and Aβ(1-
40)E22G–were dissolved in either 75 mM MOPS pH 7.4 alone or in
75 mM MOPS pH 7.4 + 2 mM Ca2+ in 60 % D2O and were grown
for 72 h. Throughout the growth, small volumes were taken from
all the samples–Aβ(1-40) and Aβ(1-40)E22G in both conditions–and
subjected to PAGE and Western blot analyses (Figure 60 on page 148).

The results in Figure 60 on page 148 show that under these experi-
mental conditions both Aβ(1-40) and Aβ(1-40)E22G aggregate faster
than in previously measured conditions. It seems that the oligomers
can be harvested already after 24 h of growth. However, it does not
seem that after 72 h there are many more high molecular weight aggre-
gates or fibrils. Therefore, it was decided to harvest oligomers after 72

h as they were suppose to be filtered for the final sample preparation.
Preparation of oligomers for SANS experiments: 2 mg of Aβ peptides–

Aβ(1-40) and Aβ(1-40)E22G–were dissolved in either 50 mM PB pH
7.4 or in 75 mM MOPS pH 7.4 + 2 mM Ca2+ and were grown for 72

h. Thereafter, 500 µl of each sample were filtered using centrifugal
filter Amicon Ultra - 0.5 (Millipore) at 14,000 ×g for 10 min at 4

◦C.
Flow-through was collected, flash-frozen with liquid nitrogen and
lyophilized.

Sample names and their content were as follows:
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(a) (b)

(c) (d)

(e)

Figure 60: Effect of 60 % D2O on aggregation profiles of 1mM Aβ40 and
Aβ40E22G in MOPS or MOPS + 2mM Ca2+(a) sample at 0 h, (b)
sample at 4 h, (c) sample at 24 h, (d) sample at 48 h, (e) sample at
72 h.
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1. AB-Oligos - stands for Aβ(1-40) pre-formed dry oligomers, were
rehydrated with buffer on-site.

2. ARC-Oligos - stands for Aβ(1-40)E22G pre-formed dry oligomers,
rehydrated on-site

3. AB-MOPS-0h - Aβ(1-40)crude sample in MOPS buffer. The start
point for oligomer growth was on-site. These were "kinetics samples" -
NO D2O.

4. ARC-MOPS-0h - Aβ(1-40)E22G crude sample in MOPS buffer. The
start point for oligomer growth was on-site. Also "kinetics samples" -
NO D2O.

5. AB-PB-0h and ARC-PB-0h - same as samples #3 and #4 only in
phosphate (PB) buffer. "Kinetics samples" - NO D2O.

6. AB-MOPS-5-D2O and ARC-MOPS-5-D2O - Aβ(1-40) or Aβ(1-
40)E22G, crude sample in MOPS buffer pH 5 and 55% D2O. Were
already in solution when arrived to the site.

7. ARC-MOPS-D2O in MOPS buffer in 55% D2O (the sample with
Aβ(1-40) was lost during preparation). Was already in solution when
arrived on site.

8. AB-PB-D2O and ARC-PB-D2O - both peptides in phosphate buffer
(PB) in 55% D2O. Were already in solution when arrived on site.

* The percentage of D2O needed to be reduced on-site in order to
achieve better contrast (according to the SANS scientist on the site).

* Samples that "arrived in solution" were aggregated to some extent
and gave large scattering.

* Samples in D2O had a very bad contrast (not much scattering was
observed).

The data is shown in Figure 61 on page 150, Figure 62 on page 151,
Figure 63 on page 152, Figure 64 on page 153.

At first, a pair distance distribution function was calculated, to get an
idea about the particle dimensions. Unfortunately, it was quite difficult
to obtain reasonable model from the collected data. Nevertheless, the
results point towards a rod-like shape, rather than an elliptical shape.

a.0.9 2H NMR of lipids and Aβ peptides

The following experiments were performed as a preparation for the
future study of specifically labeled Aβ(1-40) peptides with lipids. The
objective was to find lipid combinations most suitable to investigate
lipid-peptide interactions and structural studies of Aβ oligomers.

The simplest lipid combination consisted of POPC and POPE lipids.
Then POPS, Cholesterol and sphingomyelin were added one at a time
and in combination. Fot these initial studies, non-labeled peptides
were used.
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(a) page 1

(b) page 2

Figure 61: Results from SANS experiment arranged in a table.
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(a) page 3

(b) page 4

Figure 62: Results from SANS experiment arranged in a table. Continue.
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(a) page 5

(b) page 6

Figure 63: Results from SANS experiment arranged in a table. Continue.
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(a) page 7

(b) page 8

Figure 64: Results from SANS experiment arranged in a table. Continue.
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a.0.9.1 ssNMR experiments:

Samples: 6.3×10
−6 mole (total weight 5 mg) of lipids (one type of lipid

or a combination) in 50 µl of 75 mM MOPS buffer pH 7 in deuterium-
depleted H2O. The lipid ratios used for vesicle preparations are: for
two components system, the molar ratio was 70 (POPC) : 30 (POPE or
POPS), for three components system, the molar ratio was 40 (POPC)
: 30 (POPE or POPS) : 30 (cholesterol), for four components system,
the molar ratio was 30 (POPC) : 30 (POPE or POPS) : 30 (cholesterol) :
10 (SM). For some samples 1 %, 3 % or 5 % of Aβ(1-40) were added.
Purified non-labeled Aβ(1-40) peptides were solubilized in buffer and
sonicated to eliminate any preformed aggregates. It is known from
PAGE analysis that after this treatment the sample contains monomers
and dimers, but no higher molecular weight oligomers.

PE lipids have a smaller headgroup than PC, which gives the lipid a
cone shape and it can hydrogen bond to proteins through its ionizable
amine group. On its own, PE does not for bilayers, but inverted
hexagonal phases. With other lipids in a bilayer, it is believed to exert
a lateral pressure that stabilizes membrane proteins in their optimum
conformation. PE lipids are found in nervous tissue (white matter,
nerves, neural tissue, spinal cord), it has a polar headgroup and creates
a more viscous lipid membrane compared to PC lipids. In contrast
to PC, PE is concentrated with PS in the inner leaflet of the plasma
membrane.

Experimental settings: Deuterium solid-state NMR spectra were
recorded on Bruker Avance Spectrometer operating at 7.0 Tesla using
a quadrupolar echo sequence [Davis et al., 1976] with the typical
parameters: 2H B1 field 46.3 kHz, echo delay 40 µs, spectral width
100 kHz, 8000 data points, 130000 scans, and repetition time 0.5 sec.
Commercially available triple resonance probe was used.

Graph A in Figure 65 on page 155 clearly shows that addition of 3

% Aβ(1-40) exerts only mild effect on the POPE lipids. Even though
the experiment was performed with lipid vesicles, the only deuterated
lipids in the mixture were POPE lipids (deuterated on one of the acyl
chains) and therefore the observed effect is the effect on POPE. The
width of the spectrum in the presence of the peptide is slightly reduced
indicating that peptide molecules insert into the vesicles where POPE
lipids are present and disrupt, to a certain extent, their order.

In graph B of Figure 65 on page 155 the effect of cholesterol is
depicted. Upon incorporation of cholesterol into the lipid vesicles,
increase in the order was observed, as expected. When looking into
the sample of the same composition via deuterated POPC acyl chains,
larger quadrupolar splitting was observed Figure 65 on page 155,
graph (c). These results indicate that Aβ peptides interact with both,
POPE and POPC lipids, while the effect on the latter is more pro-
nounced.
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(a)

(b)

(c)

Figure 65: Effect of 3 % Aβ(1-40) or cholesterol addition to lipid vesicles
mixture, which include 2H-labeled POPE: (a) effect of Aβ(1-40)
on POPE lipids as observed through quadrupolar splittings of 2H
POPE incorporated in lipid vesicles consistent of POPC, POPE,
cholesterol; (b) effect of cholesterol on POPE lipids as observed
through quadrupolar splittings of 2H POPE incorporated in lipid
vesicles consistent of POPC, POPE with 3 % Aβ(1-40); (c) effect of
the Aβ(1-40) on lipids measured via d31POPC or via d31POPE.
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Figure 66: Temperature effect on the order parameter. POPC, deuterium
labeled d31POPE and cholesterol vesicles with 1% or 3 % of Aβ(1-
40) peptide or without were measured either at 298

◦K or at 310

◦K. The legend inside the figure specifies the color coding.

As expected, temperature has the largest effect on the order param-
eter Figure 66 on page 156. Interestingly, addition of 1 % of Aβ(1-40)
(light green rectangles) reduces the order parameter, i.e. increasing
the mobility of the POPE acyl chains. With 3 % of Aβ(1-40) (dark blue
rectangles) there is a slight increase in the order parameter, while with
5 % there is a significant increase (light blue rectangles). These results
indicate that Aβ(1-40) peptides interact with lipids acyl chains, i.e.
incorporate into the lipid vesicles.

From comparison of the first four samples, it is clear that in the
presence of POPE lipids, when monitored via POPC, the order param-
eter is higher even when compared to the same sample monitored via
POPE (red circles) (Figure 67 on page 157). Comparison of the last
four samples with cholesterol shows similar pattern as was observed
for the first samples. As expected for cholesterol, the order parameter
is significantly higher, but the tendency to observe the highest order
parameter is by monitoring POPC in the presence of POPE and 3 %
Aβ(1-40) remains.

Graph (a) in Figure 68 on page 158 clearly shows that there is no
change in the order parameter of d31POPC in the presence of POPS
upon addition of 3 % of Aβ (1-40) peptides. This result indicates that
there is no indirect effect of Aβ (1-40) on POPS lipids.

Graph (b) in Figure 68 on page 158 shows changes in the order
parameter of POPE in the vesicles comprising of POPC, d31POPE,
cholesterol and SM as a function of temperature and percentage of
added Aβ peptides. As expected, at lower temperatures, the order
parameter is higher (black squares, red stars and green, magenta, light
blue triangles). While at 310

◦K, the order parameter is lower (magenta,
red, dark and light blue circles). At 310

◦K the order parameter does not
change much upon addition of 1, 3 and 5 % of Aβ(1-40). The change
is more pronounced at 298

◦K, where addition of larger amount of
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Figure 67: Comparison of the order parameter between different lipid vesi-
cles compositions, monitoring quadrupolar splittings of either
d31POPC or d31POPE. The color coding is as follows: black rect-
angles - d31POPC only; red stars - d31POPC with 3 % Aβ; black
triangles - d31POPC, POPE; red snowflakes - d31POPC, POPE, 3

% Aβ(1-40); black circles - POPC, d31POPE; red circles - d31POPE,
POPC, 3 % Aβ(1-40); black and white circles - POPC, d31POPE,
cholesterol; blue 4-x symbols - POPC, d31POPE, cholesterol, 3 %
Aβ(1-40); black plus-in-a-circle symbols - d31POPC, POPE, choles-
terol; empty grey squares - d31POPC, POPE, cholesterol, 3 %
Aβ(1-40).
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(a)

(b)

Figure 68: Effect of POPS and of Aβ (1-40) peptides in the presence of sph-
ingomyelin and varying temperatures on the order parameter of
POPE. (a) the order parameter of POPC lipids in the presence
of POPS and Aβ(1-40); (b) the effect of the temperature and the
amount of Aβ (1-40) peptides on the order parameter in the pres-
ence of SM (all vesicles have the same composition). The legend
inside the figure specifies the color coding.
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Aβ(1-40) increases the order parameter. At 273
◦K addition of 5 %

Aβ(1-40) does not cause a significant increase in the order parameter.
Comparing the order parameter with (blue circles in Figure 68 on
page 158) and without SM (blue 4-x Figure 67 on page 157) shows that
in the presence of SM, the order parameter is higher (0.17 vs. 0.15).
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Abstract

Amyloid b-peptide (Ab) is directly linked to Alzheimer’s disease (AD). In its monomeric form, Ab aggregates to produce
fibrils and a range of oligomers, the latter being the most neurotoxic. Dysregulation of Ca2+ homeostasis in aging brains and
in neurodegenerative disorders plays a crucial role in numerous processes and contributes to cell dysfunction and death.
Here we postulated that calcium may enable or accelerate the aggregation of Ab. We compared the aggregation pattern of
Ab(1–40) and that of Ab(1–40)E22G, an amyloid peptide carrying the Arctic mutation that causes early onset of the disease.
We found that in the presence of Ca2+, Ab(1–40) preferentially formed oligomers similar to those formed by Ab(1–40)E22G
with or without added Ca2+, whereas in the absence of added Ca2+ the Ab(1–40) aggregated to form fibrils. Morphological
similarities of the oligomers were confirmed by contact mode atomic force microscopy imaging. The distribution of
oligomeric and fibrillar species in different samples was detected by gel electrophoresis and Western blot analysis, the
results of which were further supported by thioflavin T fluorescence experiments. In the samples without Ca2+, Fourier
transform infrared spectroscopy revealed conversion of oligomers from an anti-parallel b-sheet to the parallel b-sheet
conformation characteristic of fibrils. Overall, these results led us to conclude that calcium ions stimulate the formation of
oligomers of Ab(1–40), that have been implicated in the pathogenesis of AD.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative

disorder that affects nearly 2% of the population in industrialized

countries. AD is the most common form of dementia and is

characterized by brain cell destruction, memory loss, and

deterioration of cognitive and behavioral processes severe enough

to affect work, lifelong hobbies, and social life. Symptoms worsen

over time and the disease is fatal.

For many years, the pathologic hallmark of AD was attributed

to the continuous accumulation of amyloid b-peptide (Ab) fibrils

into plaques. Their toxic effects on synaptic connections and

neurons were explained by the amyloid cascade hypothesis [1].

However, experiments aimed at establishing a direct causal

relationship between Ab deposition and the neurodegeneration

that underlies AD dementia failed [2,3]. This apparent discrep-

ancy between plaque burden and neuronal dysfunction has been

described in transgenic mouse models of AD [4,5]. Recent theories

that apparently resolve this inconsistency refer to small soluble

oligomeric or protofibrillar assemblies of Ab [6,7], shown to be

toxic to neurons and their vital interconnections [8–10]. Results of

studies that focused on the electrophysiological impact of Ab
oligomers suggested that the underlying memory loss is caused by

rapid inhibition of long-term potentiation (LTP)—a classical

model for synaptic plasticity and memory mechanisms [11]—by

oligomers [12–14], which might explain, at least in part, the mild

cognitive impairment observed in the early stages of AD [9].

Ab peptide is a product of the proteolytic cleavage of the

amyloid precursor protein (APP). Although Ab peptides may vary

in length from 38 to 43 amino acids, the two main alloforms in the

brain are Ab(1–40) and Ab(1–42). Both peptides have been found

in amyloid plaques [15–17] and shown to form oligomers and

protofibrils [18]. Post-mortem analysis in human subjects disclosed

that Ab(1–40) rather than Ab(1–42), whether in soluble or in

insoluble form, discriminated more readily between AD patients

and high pathology controls [8]. In addition to sporadic cases of

AD, several familial Alzheimer’s disease (FAD) mutations have

been discovered and studied over the years. Most of these
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mutations cause an increase in Ab by interfering with APP

processing. A new mutation within the APP sequence Ab(E22G),

found to cause AD in Swedish families, was reported in 2001 by

Nilsberth et al., who named it the Arctic mutation. Those authors

observed that carriers of this mutation showed decreased amounts

of Ab(1–42) and Ab(1–40) in the plasma, and demonstrated that

Ab(1–40)E22G forms protofibrils much faster and more abun-

dantly than the wild-type Ab, whereas the rate of fibrillization

remained the same [19]. Later studies suggested that the clinical

and pathological features of patients with the Arctic mutation are

attributable to increased generation of Ab intermediates formed

early in fibrillogenesis, as well as their greater stability [20].

Moreover, Ab(1–40)E22G was shown to rapidly induce neuro-

toxicity, and that this correlated with the formation of small pre-

fibrillar assemblies, including protofibrils [21]. Clinical and

pathological features of FAD are indistinguishable from those of

sporadic cases, but disease onset occurs at a much younger age in

patients with the Arctic mutation [19,22].

Research has so far failed to establish any unique primary

mechanism underlying the Ab aggregation followed by neuronal

degeneration and death in patients with AD. Rather, it seems

likely that numerous processes participate both in Ab aggregation

and in the ultimate development of the disease. One of the many

hypotheses put forward to account for the etiology of AD argues

that a central role in AD pathology is played by dysregulation of

calcium homeostasis [23–25]. The idea that altered calcium

homeostasis might serve as a trigger in the development of AD was

first formulated in 1982 and later revised by Khachaturian [26].

The principal risk factor for AD is advanced age. In sporadic

cases, the first manifestations of the disease symptoms occur

towards the seventh decade of life. Neuronal activation is usually

associated with an increase in intracellular Ca2+ concentration

([Ca2+]i), while the source of the Ca2+ ions can be either

extracellular or intracellular. Age-related alterations in Ca2+-

specific regulatory systems in neurons include increased amounts

of intracellular Ca2+, enhanced Ca2+ influx through voltage-

dependent Ca2+ channels, impaired mitochondrial ability to buffer

or cycle Ca2+ [27], and perturbed Ca2+ regulation in ryanodine

(Ry)-sensitive and Ins(1,4,5)P3-sensitive Ca2+ stores [28].

Numerous studies have implicated Ca2+ dysfunction in AD,

demonstrating the bidirectional relationship between Ca2+ signal-

ing and the amyloidogenic pathway [29,30]. On the one hand,

certain alterations in Ca2+ signaling are common to both sporadic

and familial cases of AD [31,32]. Direct measurements of [Ca2+]i

show that cells exposed to Ab exhibit disruption in calcium

homeostasis [33,34], which may in turn cause a variety of

secondary effects such as activation of cellular enzymes, induction

of apoptosis, and cytoskeletal modifications [35,36]. Ab can

reportedly trigger Ca2+ release from endoplasmic reticulum (ER)

stores via interaction with IP3 and Ry receptors [37,38], as well as

an increase in calcium influx via the NMDA receptors [39,40].

Formation of cation-selective channels by Ab in bilayer mem-

branes and in living cells [41,42] further enhances the ability of

this peptide to alter cytosolic Ca2+ homeostasis. On the other

hand, changes in the amounts and dynamics of Ca2+ alter the

metabolism and production of Ab [30]. Influx of Ca2+ through

calcium channels of the plasma membrane or through calcium

release from ER stores increases Ab generation [43]. An increase

in cytosolic Ca2+ concentration, moreover, was shown to induce

transient phosphorylation of APP and tau, leading to an increased

production of intracellular Ab [44].

In this study we used gel electrophoresis and Western blot

analysis, thioflavine T (ThT) fluorescence, Fourier transform

infrared spectroscopy (FTIR), and atomic force microscopy

imaging (AFM) to compare the aggregation of Ab(1–40) and

Ab(1–40)E22G, in order to study the structural and morphological

similarities of the species—oligomeric or fibrillar—formed by both

peptides in the presence and in the absence of added Ca2+. We

postulated that when calcium dysregulation takes place under

conditions of normal aging, it may facilitate the formation of

pathogenic Ab oligomers, which in turn may intensify the Ca2+

dyshomeostasis. The oligomeric species may then be held

accountable for mediating the neuronal injury and LTP inhibition

characteristic of AD in elderly individuals, similar to the situation

in FAD patients carrying the Arctic mutation. Detailed knowledge

of the action of Ca2+ upstream of Ab is a prerequisite for complete

understanding of the molecular mechanism(s) responsible for the

age-related risks of Alzheimer’s disease. Because Ab plays a

fundamental part in the development and devastating progression

of AD, we believe that understanding of the formation and

properties of its toxic forms will provide a key to the

comprehension of the disease mechanism, thereby enabling us to

develop novel preventive and therapeutic approaches.

Methods

Chemicals
All chemicals were purchased from Sigma-Aldrich or Bio-Rad,

unless stated otherwise.

Peptide preparation
The amyloid b-peptides Ab(1–40) and Ab(1–40)E22G were

purchased from American Peptide Company in the form of

lyophilized powder. Prior to use, 1 mg aliquots were dissolved in

double-distilled water, sonicated in a water bath for 1 min, and then

held in ice for 1 min. This cycle was repeated five times. The

peptide solution was then divided into 50-mg aliquots and dried

under vacuum in a ThermoSavant SpeedVac (UVS400A Universal

Vacuum System). Ab films were stored at 220uC until use.

Sample preparation
The 50- mg aliquots of lyophilized Ab peptide were hydrated at

room temperature in either 50 mM phosphate buffer pH 7.4 and

100 mM NaCl (‘‘–Ca2+ condition’’) or 75 mM MOPS pH 7.4 and

2 mM CaCl2 (‘‘+Ca2+ condition’’). The ‘‘2Ca2+ condition’’ refers

to the condition where no calcium was added to the buffer.

However, contaminating calcium concentration was 2161.3 mM,

as was determined with inductively coupled plasma optical

emission spectroscopy (ICP-OES). The final concentration of the

peptide for all samples was 100 mM unless otherwise stated.

Samples were sonicated for 2 min in a water bath and incubated

at 37uC without agitation.

Thioflavin T (ThT) fluorescence measurements
The thioflavin T (Sigma-Aldrich) fluorescence assay [45] was

used to follow the aggregation profile of Ab peptides for 96 h in an

LS55 fluorimeter (Perkin Elmer Instruments). Aliquots of 10 ml

(,4 mg) of the incubated peptide solution were added to 1 ml of

50 mM glycine-NaOH buffer pH 8.5 and 5 mM ThT. The sample

was maintained at 25uC in a circulating water bath. Excitation and

emission wavelengths were 450 nm and 482 nm, respectively. The

emission spectra were collected for 500 s. The intensity of each

spectrum was then averaged over approximately 400 s, following

subtraction of the averaged (100 s) background fluorescence.

Western blot analysis
Peptide samples were diluted in a PAGE sample buffer and

separated on a 12% bis-Tris gel at 4uC for 2 h at 100 V. There
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was no SDS in the acrylamide gel, but the sample buffer contained

4% SDS. Unboiled samples were loaded on the gel. The separated

bands of protein were transferred onto a nitrocellulose membrane,

which was then blocked for 1 h in 5% nonfat dry milk in Tris-

buffered saline (TBS)/Tween-20 buffer. The membrane was

incubated with a mixture of two mouse monoclonal Ab antibodies,

6E10 (1:3000) and 4G8 (1:2000) (Sigma-Aldrich). Detection was

carried out by enhanced chemiluminescence using horseradish

peroxidase-conjugated goat anti-mouse antibody (1:2000) (Boeh-

ringer Mannheim). Images were recorded and analyzed using the

ImageQuant 400 gel imager and ImageQuant TL software (GE

Healthcare).

Fourier transform infrared (FTIR) spectroscopy
Infrared spectra were recorded on an Equinox 55 infrared

spectrophotometer (Bruker Optics). The internal reflection

element was a diamond crystal (262 mm) with an aperture angle

of 45u, yielding a single internal reflection. The spectrometer was

purged continuously with dried air. Spectra were obtained from

4000 cm21 to 800 cm21 at a resolution of 2 cm21. In order to

achieve a good signal-to-noise ratio, 128 scans were acquired. All

measurements were conducted at 24uC. Samples were prepared

by spreading 2 ml of peptide solution on a diamond crystal surface

and removing the excess fluid under nitrogen flow. The film was

washed three times with milliQ water, which was then removed

under nitrogen flow.

Spectral analysis
Data were processed using ‘‘Kinetics’’, a program developed in

our laboratory and running under MatLab. Briefly, spectra were

subjected to water-vapor subtraction using a reference water vapor

spectrum, and to a smoothing procedure to 4 cm21. Spectra were

deconvoluted using the Lorentzian deconvolution function and the

Gaussian apodization function. A linear baseline was subtracted

from all spectra at 1708, 1602, and 1482 cm21.

Atomic force microscopy (AFM)
AFM contact mode images were obtained at room temperature

with a Nanoscope IV Multimode AFM (Veeco). Fresh mica

surfaces (36 mm2) were glued onto steel sample discs (Veeco) with

Epotek 377 (Gentec Benelux). Atomically smooth surfaces were

generated by cleaving layers with adhesive tape. Peptide solution

(100 ml; 0.1 mg/ml) was adsorbed onto bare mica surfaces for 1 h.

The mounted samples were immediately transferred into the AFM

liquid cell, while avoiding dewetting. They were then imaged with

oxide-sharpened microfabricated Si3N4 cantilevers (Microlevers,

Veeco) with minimal applied force (,500 pN). The spring

constants of the cantilevers measured by the thermal noise method

(Picoforce, Veeco) were 0.011 N/m. Images (5 mm 6 5 mm) were

obtained from several areas on each sample.

Results

Preferential formation of oligomeric, not fibrillar, species
by Ab(1–40) in the presence of Ca2+

Samples of Ab(1–40) and Ab(1–40)E22G were prepared and

incubated for 96 h in either the presence or the absence of 2 mM

Ca2+. At time points corresponding to t = 0, 2, 4, 6, 24, 72, and 96 h,

samples were analyzed by electrophoresis in SDS-free polyacryl-

amide gel (0.1% SDS was present in the migration buffer) and

imaged by Western blotting (Fig. 1). Over time, the aggregation

pattern of Ab(1–40) showed striking differences in the presence and

in the absence of added Ca2+ (Fig. 1A, C). Whereas after 24 h the

range of oligomeric species in the samples with and without added

Ca2+ was almost indistinguishable, at 72 h we observed a wide

range of species in the presence of Ca2+, but not in its absence. At

72 h and 96 h, Ab(1–40) in the presence of Ca2+ contained

monomers and oligomers whose molecular weights ranged from

those consistent with dimers (around 8 kDa) to hexamers (Fig. 1C,

two last lanes). Additional streaks in the same lanes suggested the

presence of oligomers of even higher molecular weight, though they

were not clearly identified. In the same samples, protofibrils and

apparently some fibrils were also detectable at the top portion of the

gel. It was difficult to differentiate between these aggregates because

of the low resolution in this part of the gel and their low

electrophoretic mobility. Fibrils, because of their extremely high

molecular weight, do not penetrate into the separating part of the

polyacrylamide gel; thus, when present, they appear as smears in the

stacking portion of the gel. In the absence of added Ca2+, Ab(1–40)

molecules had aggregated to such an extent that we were able to

detect only bands with low electrophoretic mobility corresponding

mainly to high-molecular-weight oligomers, protofibrils and fibrils,

located in or near the stacking part of the polyacrylamide gel

(Fig.1A, two last lanes).

In contrast to Ab(1–40), samples of Ab(1–40)E22G that were

incubated under the same conditions as the Ab(1–40) samples

showed no differences in their aggregation profiles in the presence

and absence of added Ca2+ (Fig. 1B, D). Moreover, already at

t = 0 h we observed oligomers ranging from monomers to

tetramers that were not present in Ab(1–40) samples at the same

time point. From t = 24 h, we observed an increase in the

population of oligomers of low molecular weight as well as the

appearance of high-molecular-weight oligomers in Ab(1–40)E22G

samples, in both conditions. By t = 72 h and t = 96 h a wide range

of oligomers, including protofibrils, could be seen. These findings

clearly indicated that Ca2+ had no influence on the ability of Ab(1–

40)E22G to aggregate as expected, with the generation mainly of

oligomers and protofibrils.

A comparison of the results obtained for the two peptides thus

clearly showed that in the presence of Ca2+ Ab(1–40), like Ab(1–

40)E22G, aggregated to produce oligomers and protofibrils,

whereas in the ‘‘–Ca2+’’ condition fibrils were readily formed.

The profile of oligomeric and protofibrillar species formed by

Ab(1–40) in the presence of Ca2+, as detected by Western analysis,

was essentially the same as that of Ab(1–40)E22G in either

condition.

Ca2+ inhibits formation of thioflavin T-positive Ab(1–40)
species but does not affect Ab(1–40)E22G

The increase in ThT fluorescence over time was used to follow

fibrillogenesis of amyloid peptides Ab(1–40) and Ab(1–40)E22G in

solution in the presence and absence of added Ca2+. We found

that Ca2+ inhibited the formation of ThT-positive species of Ab(1–

40), but had no effect on Ab(1–40)E22G (Fig. 2).

We performed a time-course study during 96 h of incubation

with or without Ca2+ for both peptides. In the case of Ab(1–40),

ThT fluorescence intensity did not change in either the presence or

the absence of added Ca2+ and remained low for the first 6 h,

demonstrating that after 6 h of incubation the predominant species

are oligomers. This result is in agreement with the reported finding

that ThT fluorescence clearly discriminates between oligomers and

fibrils of Ab [46]. After 24 h of incubation, ThT fluorescence

intensity was found to be increased significantly (about three fold) in

the absence of added Ca2+ but only slightly in its presence. After 72

and 96 h of incubation the ThT fluorescence intensity in the

absence of added Ca2+ increased dramatically, reaching values close

to 500 arbitrary units. Control samples with known fibrillar content

yielded similar fluorescence values (data not shown), leading us to
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conclude that fibrils were the main species in our sample. This

conclusion is supported by a number of studies in which the

characteristic fluorescence exhibited by ThT was attributed to the

binding of ThT molecules within a cavity that was present in some

proteins and amyloid fibrils, but not in others [47,48]. After 96 h of

incubation of Ab(1–40) in the presence of Ca2+, fluorescence

intensity values remained low and were attributed to the existence of

only a small population of ThT-positive species.

By contrast Ab(1–40)E22G, both with and without Ca2+,

exhibited stable and relatively low ThT fluorescence intensity over

the course of 96 h (Fig. 2), implying either that the aggregation

process is significantly slower than for Ab(1–40) or that Ab(1–

40)E22G has a relatively high propensity to form oligomers rather

than fibrils. A high tendency of Ab(1–40)E22G to form oligomers

and protofibrils has already been demonstrated in several studies

[49,19,20]. Moreover, it was suggested that this characteristic

behavior may be responsible for the marked toxicity of Ab(1–

40)E22G [21]. Individuals carrying the Arctic mutation are known

to be prone to development of AD early in life [19], possibly

because of the formation of oligomers and protofibrils, considered

to be more toxic aggregates of Ab peptide than fibrils.

Oligomers formed by Ab(1–40) in the presence of Ca 2+

and oligomers formed by Ab(1–40)E22G demonstrate
similar secondary structures

Secondary structures of Ab aggregates are known to possess

high b-sheet content. Using ATR2FTIR spectroscopy, our group

Figure 1. Aggregation profiles of Ab(1–40) and Ab(1–40)E22G by Western blot analysis. Aggregation profiles of Ab(1–40) and Ab(1–
40)E22G during 96 h of incubation in the presence or absence of added Ca2+ were followed using Western blot analysis. Samples were separated
using gel electrophoresis on a 12% bis-Tris gel. For each condition, samples were taken at t = 0, 2, 4, 6, 24, 72, and 96 h. Following the loading of 1 mg
of protein sample into each lane, the membrane was probed with a mixture of monoclonal antibodies 6E10 and 4G8 that recognize residues 1–17
and 17–24, respectively. Panels A and B are representative Western blots of Ab(1–40) and Ab(1–40)E22G in phosphate buffer (‘‘–Ca2+ condition’’),
respectively. Panels C and D are representative Western blots of Ab(1–40) and Ab(1–40)E22G in 2 mM Ca2+ (‘‘+Ca2+ condition’’), respectively. At least
four separate experiments were carried out to confirm these results. All images were taken from a single 96-h experimental procedure.
doi:10.1371/journal.pone.0018250.g001
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recently showed that a characteristic signature of soluble oligomers

of Ab is an anti-parallel b-sheet conformation, whereas parallel b-

sheet conformation is indicative of the presence of Ab fibrils

[50,51]. Working with Ab(1–42) and Ab(1– 40), they demonstrat-

ed that in anti-parallel b-sheet structures the amide I region

displays two typical components: the major component has an

average spectral wavenumber at ,1630 cm21 while the minor

component, about five fold weaker than the major one, is

characterized by an average wavenumber at ,1695 cm21. For

parallel b-sheet structures the amide I region displays only the

major component of ,1630 cm21. The intensity ratio of 1695/

1630 was suggested to be proportional to the percentage of anti-

parallel b-strands arranged in a b-sheet [52].

Using ATR2FTIR, we studied the aggregation patterns of

Ab(1–40) and Ab(1–40)E22G and followed the evolution of 1630-

cm21 and 1695-cm21 peaks to assess the presence of oligomers or

fibrils as a function of incubation time, based on discrimination of

a b-sheet conformation. Figure 3 summarizes the results observed

for each of these amyloid peptides in the presence and in the

absence of added Ca2+. For all conditions evaluated, during the

first 48 h we observed two characteristic features: one peak at

,1695 cm21 and another at ,1630 cm21 (Fig. 3, panels A–D).

The presence of a peak at ,1695 cm21 in the infrared spectrum,

in addition to a peak at ,1630 cm21, is characteristic of an anti-

parallel b-sheet conformation, indicative of species structurally

different from fibrils [51,50]. However, for Ab(1–40) in the

absence of added Ca2+ we observed a significant decrease in the

,1695 cm21 peak at t = 48 h (Fig. 3A) and a shift towards lower

wavenumbers and narrowing of the ,1630 cm21 peak. This shift

(from 1633 cm21 to 1629 cm21) and narrowing were also

detectable to some extent at earlier time points. This specific

feature indicated formation of stable and/or long b-strands and

strong hydrogen bonds, as would be expected for a stable fibrillar

structure [53]. Given that the ratio of 1695/1630 is proportional

to the percentage of anti-parallel arrangement of b-strands [52],

we used this ratio to estimate the degree of structural change in our

samples. For Ab(1–40) in the ‘‘–Ca2+ condition’’ the 1695/1630

ratio decreased dramatically from 0.32 at t = 0 h to 0.08 at

t = 96 h, meaning that there was four times less anti-parallel b-

sheet structure after 96 h of incubation in the absence of added

Ca2+. This pattern of decrease in the amount of anti-parallel b-

strands in a b-sheet points to the formation of fibrillar assemblies

from oligomers initially present in the sample. This result

complements the outcome of the PAGE analysis and the ThT

fluorescence experiments, where after the first 24 h we detected

mainly oligomers whose binding affinity for ThT was low, whereas

at t = 96 h the species observed by PAGE were mainly of high

molecular weight (including fibrils), which were highly ThT

positive. This result for Ab(1–40) in phosphate buffer portrayed a

dynamic process of fibrillization of the Ab(1–40) peptide in vitro,

starting with monomers and dimers, which over time were

converted into fibrils. It was interesting to note that at t = 72 h and

t = 96 h, no monomers, dimers, or other low-molecular-weight

oligomers were visible on Western blots, indicating abundant

conversion to fibrils.

The behavior of Ab(1–40) samples in the presence of Ca2+

differed from their behavior in the absence of added Ca2+.

Throughout the duration of the experiment with Ab(1–40) in the

presence of Ca2+ we always observed the two characteristic peaks

at ,1695 cm21 and ,1630 cm21 (Fig. 2, panel C). Despite the

slight decrease observed over time in the intensity of the

,1695 cm21 peak, no significant narrowing of the peak width

at ,1630 cm21 was detected.

An interesting observation was that this spectral behavior of

Ab(1–40) in the presence of Ca2+ had the same features as that of

Ab(1–40)E22G in either the presence or the absence of Ca2+.

Under both conditions, the peaks exhibited by Ab(1–40)E22G at

,1695 cm21 and at ,1630 cm21 throughout the 96-h time

period were characteristic of an anti-parallel b-sheet conformation

(Fig. 3, panels C, B, D), and the ratio between the peaks changed

only slightly, mainly after the first 2 h. In addition, no narrowing

of the peak at ,1630 cm21 was detected. This finding, obtained

by ATR2FTIR, showed good correlation with the results we

obtained by PAGE analysis and in our ThT fluorescence

experiments, all of which pointed—as expected, and in line with

the published data [20,21]—to the formation of a wide range of

oligomers and possibly also protofibrils by Ab(1–40)E22G. The

similarity in aggregation patterns of Ab(1–40) in the ‘‘+Ca2+

condition’’ and of Ab(1–40)E22G under both conditions, as

observed here by three independent techniques, raises a

fundamental question concerning a possible change in the

mechanism of Ab(1–40) aggregation when Ca2+ is present. It

seems that calcium ions promote the preferential formation of

oligomers and protofibrils, diverting the otherwise favored

fibrillogenesis pathway.

Formation of Ab(1–40) species morphologically similar to
the species formed by Ab(1–40)E22G in the presence of
Ca2+

Next we examined whether the oligomers formed by Ab(1–40)

in the presence of Ca2+ and the oligomers formed by Ab(1–

40)E22G in the presence and in the absence of added Ca2+ share

morphological similarities. Using contact mode AFM, we followed

oligomerization and fibrillogenesis of Ab(1–40) and of Ab(1–

40)E22G, in all cases in the presence and absence of added Ca2+,

at three time points: t = 0, 6, and 72 h (Fig. 4). These times were

chosen because most of the differences detected by Western blot

analysis, ThT fluorescence, and ATR2FTIR spectroscopy were

observed after 0, 6, and 72 h of incubation.

At t = 0 h, samples of Ab(1–40) and of Ab(1–40)E22G, in all

cases both in the presence and in the absence of added Ca2+,

Figure 2. Oligomers and fibrils formation differentiated by ThT
fluorescence. ThT fluorescence intensity was monitored to follow
fibrillogenesis of Ab(1–40) and Ab(1–40)E22G in the presence and in the
absence of 2 mM Ca2+. Black bars, Ab(1–40) in phosphate buffer (‘‘–Ca2+

condition’’); light grey bars, Ab(1–40) in 2 mM CaCl2; dark grey bars,
Ab(1–40)E22G in phosphate buffer; light blue bars, Ab(1–40)E22G in
CaCl2. Shown are averages of values obtained in four independent
experiments; error bars indicating the standard error of the average.
doi:10.1371/journal.pone.0018250.g002
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contained homogeneously distributed globular particles (Fig. 4,

panels A, D, G, J), in agreement with previously reported data

[54]. The height of the spherical aggregates was 2.860.3 nm

(n = 51). Although some linear aggregates were detected in Ab(1–

40) samples in the absence of added Ca2+ (Fig. 4A), most of the

population consisted of globular particles. Since no contribution

was seen from the linear aggregates when these samples were

tested with other techniques, it seems reasonable to assume that

only an insignificant percentage of the peptide was present in the

linear aggregate form (perhaps structurally different from fibrils) at

the initial stages of incubation. Notably, this population was

observed only in the Ab(1–40) samples lacking Ca2+, even though

all the samples received identical treatment.

A second batch of samples was imaged at t = 6 h. As expected,

no differences in aggregate morphology were noticed between the

Ab(1–40) samples in the presence of Ca2+ and the Ab(1–40)E22G

samples in the presence or absence of added Ca2+ (Fig. 4E, H, K).

All of the particles appeared to be globular, though somewhat

larger than at t = 0 h (height 3.360.5 nm, n = 20). Evolution of the

species was observed only with Ab(1–40) in the absence of added

Ca2+. In this case there was clear evidence of fibrillization,

resulting in a large amount of string-like aggregates and a long,

fibril-like species (Fig.4B). Although comparable in length

(9506460 nm, n = 20) to previously reported fibril lengths [54],

they were too thin to be categorized as fibrils. The string-like

structures had become more abundant, and the fraction of

spherical particles that remained was small (Fig. 4B).

The most striking differences were those observed between

samples imaged at t = 72 h. The Ab(1–40) samples without Ca2+

exhibited well-organized fibrils (Fig. 4C) whose dimensions (height

8.460.5 nm, n = 13; width 124615 nm, n = 12; length 160.6 mm,

n = 67) mostly correlated with those previously published for Ab(1–

40) [53]. When Ab(1–40) was incubated in the presence of Ca2+

the resulting aggregates were not fibrillar, but rather spherical

(height, 2.660.4 nm; n = 24) and (mostly) curvilinear (Fig. 4F)

(height 3.060.5 nm; n = 28; length 250673 nm; n = 40), which

previous authors have referred to as oligomers and protofibrils,

respectively [49]. Like the results described above and therefore in

line with our expectations, Ab(1–40) in the presence of Ca2+ and

Ab(1–40)E22G both in the presence and in the absence of added

Ca2+ all formed the same oligomeric species: initially spherical

particles, evolving to curvilinear structures after 72 h. These values

are consistent with the data from Mastrangelo et al. [55], where

the authors reported z-heights of 2–3 nm on average, for early

(,1 h) oligomers and ,2 nm for monomers of Ab(1–42) obtained

by high resolution AFM under hydrated conditions. Detailed

analysis of their results revealed that for low molecular weight

oligomers as well as protofibrils the z-height ranged between 2 to

4 nm. Only for some of the high molecular weight oligomers

Mastrangelo et al. reported values of z-height 4–6 nm. It is likely

that Ab(1–40) and Ab(1–42) do not form the same type of high

molecular weight oligomers and the growth of Ab(1–40) oligomers

might be restricted to the lateral dimension, without causing height

changes from monomers to oligomers.

In the presence of Ca2+, the aggregation pathway of Ab(1–40)

was clearly shifted towards formation of oligomers, and not of

fibrils as occurred in the absence of added Ca2+. Evidently,

therefore, the presence of calcium ions has a significant impact on

the aggregation process of Ab(1–40).

Discussion

The pathogenesis of Alzheimer’s disease is complex, and

involves marked molecular, cellular, and physiological changes.

Figure 3. ATR-FTIR spectra of Ab(1–40) and Ab(1–40)E22G. FTIR spectra of Ab(1–40) and Ab(1–40)E22G were taken in the presence and in the
absence of added Ca2+, showing the amide I region of the spectra (1600–1700 cm21). Aliquots of 2 ml were taken from each sample at t = 0, 2, 6, 24,
48, 72, and 96 h (shown in blue, green, red, cyan, purple, mustard, and dark blue, respectively). The data shown here were collected in one
continuous experiment and are representative of three independent trials.
doi:10.1371/journal.pone.0018250.g003
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The Ca2+ hypothesis, which introduced the concept of regulation

by Ca2+ of neuronal death both in age-related and in pathogenic

processes, attempts to explain how disruptions in Ca2+ homeostasis

that continue over a prolonged period are a proximate cause of

neurodegeneration in Alzheimer’s disease. Numerous studies have

linked Ab to Ca2+ through demonstrating Ca2+ up-regulation by

amyloid aggregates and relating Ca2+ dysregulation to AD-causing

mutations. Accumulation of Ab aggregates has been shown to

initiate a complex pathological cascade, leading ultimately to

memory alterations, cognitive impairments, and neuronal death

[56]. Questions remain, however, concerning the role of early

preclinical processes that predate the pathology and may enable or

accelerate the aggregation of Ab, thereby contributing to

development of the disease. In particular, the possible contributory

effect of normal physiological changes that take place in old age is

still unknown.

In this work we tried to determine whether calcium can

facilitate the formation of oligomers that might in turn be held

responsible for neuronal toxicity. Using four different techniques,

we showed that Ab(1–40) forms oligomers and protofibrils in the

presence of 2 mM Ca2+ similar to those produced by Ab(1–

40)E22G both in the presence and in the absence of added Ca2+

(21 mM of calcium ion were present in ‘‘2Ca2+ condition’’ buffer

due to their traces in MilliQ water and in HPLC-grade buffer). We

found that in the ‘‘2Ca2+ condition’’ Ab(1–40) readily formed

fibrils, which were detectable by PAGE and by ThT fluorescence

analysis as well as by FTIR, and differences in secondary

structures were observed between oligomers and fibrils. Moreover,

Figure 4. Morphological comparison of Ab(1–40) and Ab(1–40)E22G. Contact mode AFM images (5 mm 65 mm, Z scale 15 nm) of Ab(1–40)
and Ab(1–40)E22G peptides on mica, recorded either in phosphate buffer or in MOPS buffer with Ca2+. Samples of Ab(1–40) and Ab(1–40)E22G in the
presence and absence of added Ca2+ (marked as ‘‘+Ca2+’’ or ‘‘2Ca2+’’, respectively) at t = 0, 6, or 72 h. Closer views (1 mm 61 mm, Z scale 15 nm) of
oligomers, protofibrils and fibrils are shown as insets in the panel of t = 72 h (C, F, I, L). Images A, D, G, J were taken at t = 0; images B, E, H, K were
taken at t = 6 h. Peptide concentration was the same in all samples.
doi:10.1371/journal.pone.0018250.g004
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AFM imaging clearly revealed morphological similarities between

oligomers of Ab(1–40) and of Ab(1–40)E22G, all of which were

spherical or curvilinear in shape. Ab(1–40)E22G has been shown

to form oligomers and protofibrils in vivo and to cause early and

severe signs of AD in mice [57]. It remains an open question

whether the morphological similarity of oligomers of Ab(1–40)

formed in the presence of Ca2+ to oligomers of Ab(1–40)E22G

formed also in the absence of added Ca2+ implies that they have

similar toxic effects.

Previous studies of the role of Ca2+ in Ab aggregation have

revealed acceleration of Ab(1–42) fibril formation in the presence

of Ca2+ [58,59], but without acceleration in the kinetics of Ab(1–

40) fibrillization [59]. In the present study, however, we focused on

the role of Ca2+ in the formation of oligomers, rather than in fibril

formation. Our experiments demonstrated that 2 mM Ca2+

catalyze the formation of oligomers of Ab(1–40), whereas in the

absence of added Ca2+ mostly fibrils were formed. To the best of

our knowledge, this is the first time that Ca2+ has been shown to

induce Ab(1–40) to form oligomers. We conducted our present

experiments with 2 mM added CaCl2 and 100 mM Ab. Ca2+

concentrations in the neuronal cytosol vary from hundreds of

nanomolars to micromolars, which is consistent with the

concentration of calcium traces in the ‘‘2Ca2+ buffer’’. Higher

cytosolic calcium concentration may occur for prolonged periods

during slow after-polarization current of ER after Ca2+ release

from intracellular stores during LTP induction [60]. The cytosolic

Ca2+ load is an important factor in regulating the size of

mitochondrial Ca2+ stores [60], and during neuronal activity,

which includes increases in cytosolic Ca2+, mitochondria can take

up significant loads of Ca2+ [61]. In addition, 2 mM Ca2+ is close

to the concentration in the extracellular space, where formation of

oligomers may be initiated and from where they might

subsequently exert their toxic effect on the plasma membrane

[62,63]. Comparison of experiments carried out at 20 mm and

2 mM calcium suggests that extracellular calcium promotes

oligomerization of Ab(1–40). From additional information ob-

tained by measuring residual calcium in the ‘‘2Ca2+’’ buffer it is

tempting to conclude that the intracellular concentration of

calcium does not promote oligomerization. It remains however,

that the intracellular Ab peptides and calcium concentrations are

difficult to evaluate and the existence of an intracellular effect can

not be rejected at this stage. Based on the previously published

data (as outlined in the Introduction) as well as our present

findings, we schematically summarize the potential effects of both

extra- and intracellular calcium ions on Ab and cells (Fig. 5).

To conclude, our results show that the formation of Ab(1–40)

oligomers is induced in the presence of 2 mM Ca2+, whereas in the

presence of as little as 20 mM Ca2+ Ab(1–40) undergoes

fibrillogenesis. The mechanism of Ca2+-induced Ab(1–40) aggre-

gation is currently under investigation. Nevertheless, the above

finding might constitute the missing link that connects early

dysregulation in Ca2+ signaling to later onset of pathological and/

or cognitive symptoms characteristic of AD. In their recent review

focusing on intracellular Ab production and its assembly states,

LaFerla et al. [63] suggested that the buildup of intracellular Ab
might be an early event in the pathogenesis of AD as well as of

Down syndrome. Taking that notion further, we contemplate that

the early event in AD pathology might be the aggregation of

intracellular Ab in response to an increase in [Ca2+]i as a result of

natural aging processes. These early aggregates could in turn exert

Figure 5. Potential interplay between Ab oligomers, Ca2+, and a target cell in the initial stages of Alzheimer’s disease. (1) Age-related
increase in [Ca2+]i promotes oligomerization of intracellular Ab. (2) Disruption of Ca2+ homeostasis by oligomers, by either binding to or modulating
the activity of a number of receptors such as ryanodine (Ry) and inositol triphosphate (IP3R) [25]. (3) Increase in [Ca2+]i. These three steps might form
an inimical cycle leading to increases in both cytosolic calcium and Ab oligomer concentrations. (4) Ab oligomers disrupt intracellular membranes,
leading to apoptosis [34,41,64]. (5) Extracellular calcium concentration ([Ca2+]e) promotes oligomerization of extracellular Ab. (6) Oligomers form
nonspecific pores in the plasma membrane, disturbing cellular integrity and leading to apoptosis [65]. (7) Ab oligomers can interact and impair
calcium channels at the membrane surface, opening calcium importers and blocking calcium exporters such as the voltage-dependent calcium
channel [66]. Ab oligomers can affect surface expression of N-methyl-D-aspartate receptors (NMDARs) [67], may increase [68] or decrease the
conductance [69], and facilitate long-term synaptic depression by disrupting neuronal glutamate uptake [70].
doi:10.1371/journal.pone.0018250.g005
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their toxic effect to alter Ca2+ signaling, which may account for the

progressive decline in memory and the increase in neuronal cell

apoptosis that occurs during AD. This may constitute a possible

reason why in old age, when calcium imbalance is pronounced,

the probability of developing AD is increased. This may also offer

an alternative approach to prevention and treatment strategies for

this disease, targeting mechanistic causes rather than late-stage

symptoms.
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