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Preface

Preface

This thesis demonstrates that amyloid B-peptide (AR)-induced
peroxynitrite contributes to the switch of the AR4/ABso ratio that occurs in
Alzheimer’s disease (AD). Since AB42is more toxic due to its higher aggregation
and stability, it contributes to the trigger of the disease. In addition the
aggregation of AB4, in form of the highly toxic oligomers is incremented by the
presence of peroxynitrite. Moreover, these nitro-Af34, oligomers are more toxic
than those non-nitrated. All these results support the important role of
peroxynitrite in AD etiology.

Furthermore, since the identification of AR accumulation and the
subsequent formation of neurofibrillary tangles (NFT) as the two defining
pathological hallmarks of AD, a fair amount of research on AD has been driven
by the need to find the molecular mechanism linking A3 and NFT. This thesis
shows the AR-induced peroxynitrite, and the consequent nitrotyrosination of
proteins, promotes tau fibrillization. Thus triosephosphate isomerase (TPI)
nitrotyrosination could be the link between AR-induced toxicity and tau
pathology. Therefore, TPI nitrotyrosination may explain the temporal
progression from AR toxicity to NFT formation in AD brain. The work presented
in this thesis could open a novel angle in the research of the pathophysiology of
AD and could also have an impact to the research in other neurodegenerative

diseases involving oxidative stress and protein misfolding.
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Introduction

1. INTRODUCTION TO ALZHEIMER’S DISEASE

After Auguste D’s death on 1906, Alois Alzheimetamined her brain and
described it as “consistently atrophic” being thstfreported case of Alzheimer's
disease (AD) (Alzheimer A., 1906). Silver prepara8 revealed “peculiar changes of
the neurofibrils, clustering together in thick blexi. Moreover, he also found several
“miliary foci, distinguishable by the deposit inethcerebral cortex of a peculiar
substance”. To date, we still use these two pathchl changes to make the proper
diagnoses for AD. At the present, they are nameilesplaques and neurofibrillary
tangles (NFT), and represent the two pathologiedihtarks of the disease (Figure 1).
Nowadays, AD is the most common form of human ddmaemffecting around 20
million people worldwide (Antony Bayer and Jan Reba004). Initially, short-term
memory and learning are the major affected skilishbrelated with the neuronal
damage in the hippocampal formation (Antony Bayet dan Reban, 2004;Gluck et al.,
2006). In advanced stages of the disease, speethc@nprehension are strongly
impaired due to severe dysfunction of the preflootatex when the dementia is
appearing (Antony Bayer and Jan Reban, 2004). Yhwte®ms progressively worsen
over 5 to 10 years (Antony Bayer and Jan Rebar4)200

Depending on the onset time of the symptoms, we atassify AD into two
different types: Familiar AD (FAD) and sporadic ABAD accounts for less than 3% of
all the AD cases, and it is an early-onset forrthefdisease, appearing before the age of
65 years old (Vetrivel et al., 2006). It is caubgdmutations in the genes of the amyloid

precursor protein (APP) or presenilins (PS) (Lewahéd et al., 1995;Rogaev et al.,
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1995;Sherrington et al., 1995;Bayer et al., 198@\vertheless, the most common form
of the disease is the sporadic AD, which accouotsniore than 97% of all the AD
cases. It is a late-onset form of AD, appearingratie age of 65 years old (Lambert
and Amouyel, 2007;Bertram and Tanzi, 2004). Thémalte cause of sporadic AD
remains unknown, though there are few confirmednpaphisms which increase the
probability to develop AD, mainly the APOE4 alldeando et al., 2008;Bird, 2008;Li

and Grupe, 2007).

Figure 1. The pathological hallmarks of AD. (A)AR deposits in the brain parenchyma
of 3xTg mice overexpressing APP. The inset showsra of senile plague surrounded
by dystrophic neurites with NFT(B) NFTs in the brain parenchymaC, D) AR
deposits in cerebral blood vessels are visulaizigll (&) thioflavine T staining andX)
Congo red dye (inset visualized under polarizekit)ig

-10 -
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2. THE AMYLOID PRODUCTION

2.1. The amyloid precursor protein

Senile plagues and brain vascular amyloid depasiés mainly composed of
amyloid B-peptide (A8) (Zhang, 2004). A is produced from the proteolysis of a type |
transmembrane glycoprotein called Amyloid PrecuRatein (APP). APP is expressed
in many tissues (Figure 2), but the strongest esgioa is found in the brain and the
kidney. Its function has been related with adhessomatrix and interactions cell-to-cell

interactions (Del Toro D et al., 2005).

Neuroblastoma cells Vascular myocyte cells

Human platelets Human Lymhecytes + IL2

Figure 2. APP is expressed ubiquitously in many tissues @atisely such as in the case of
neuroblastoma, myocytes and platelets, and alano inducible way such as in lymphocytes.

-11 -
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APP can be found in many isoforms that differ ia tength. Thus, in the brain
the most common isoforms are AgPand APRy4 while in other locations ARR and
APP;5; are the most commonly found isoforms (Kang and IdeHill, 1990). APP
contains several independent domains. The extudaellegion, much larger than the
intracellular region, is divided into the E1 and BE2mains; E1 contains several
subdomains including a growth factor-like domair-{®), a metal-binding motif, and
a serine protease inhibitor. The last domain ieab the APP isoform expressed in
the brain (Sisodia et al., 1993). The E2 domainaios a dimerization motif that may
bind proteoglycans in the extracellular matriz (Wamnd Ha, 2004). APP undergoes
extensive post-translational modifications inclglgiycosylation, phosphorylation and
tyrosine sulfation (De and Annaert, 2000).

APP can be processed by a non-amyloidogenic patlfisigyre 3) due to the
consecutive cleavage of ansecretase activity that cut APP at the amino &6,
refereed to the AP, followed by the action of-secretase that cut APP at the amino
acids 711 or 713, refereed to the ARKDel Toro D et al., 2005). As a result of the
non-amyloidogenic pathway, a non-pathological p3tide & 3 kDa) is released.

The non-amyloidogenic pathway is predominant inpgberal cells and also in
neurons. However, the proportion of APP cleavedtly amyloidogenic pathway
increases with age and under pathological conditisnch as AD (Basha et al.,
2005;Wu et al., 2008;Zhang, 2004). In the pathaalgamyloidogenic pathway (Figure
3), APP suffers two consecutive cleavages byptsecretase and thesecretase. Thus
[B-secretase activity cut APP at the amino acid &f@reed to the ARRfollowed by
the action ofy-secretase that cut APP at the amino acids 71118y reéfereed to the

APP;70(Del Toro D et al., 2005). The final product is th@, mostly with 40 aa (Bag).

Species with 42 aa (&) are released but at low rate. Shorter and ldggers (38, 39

-12 -
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and 43 aa) are also produced but their contributiosenile plaques or aggregative
processes is considered very low (Tabaton and Gainib@06). All the above suggests
that a dysregulation in the APP processing occarty @ the disease process, resulting
in increasing production of f; peptide and the aggregation of the whole amyloid i

brain to form senile plaques.

sAPPa

(687 aa — 74,4 KDa)

ol

Lys 16
*— 5-secretase
+— [-secretase p3CT
«— O-secrelase (82 aa— 8,58 KDa)

y-secretase

AnAntint

non-amyloidogenic pathway

COOH

SAPRL
' D AB1-40142
(40- 4,3 KDa)
C99 .

(98 a3 — 10,6 KDs) B AICD

amyloidogenic pathway

Figure 3. APP processing cleavageThe non amylodiogenic pathway is performed by
the a-secretase producing sA®Rnd C83. C83 can be proteolysed \byecretase to
render the p3 peptide. The amyloidogenic pathwasarsied out by [3-secretase which
produces sAPP&nd C99. C99 is proteolysed by tasecretase to render AR.
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2.2. The A3-peptide

The AB3-peptideis the major component of senile plaques in.Alhere is
considerable evidence that the size, structuratufes, and morphology of the
aggregated species are the key determinants dafitioxiVard et al., 2000). Numerous
efforts have been directed to identify the aggredatms of the peptide that are the
most neurotoxic.

It has been reported that intermediates of theeaggion pathway, rather than
the mature A fibrils, are the most toxic forms (Figure 4). Ircfaa recent article is
showing that dimmers isolated from AD brains amduiting neurodegeneration by their
toxic effect on synapses affecting mainly to leag@nd memory (Shankar et al., 2008).
As in several degenerative diseases concur wittiotimeation of oligomeric structures,
this means that they must share a common pathogegbanism, probably due to the
oligomeric structure itself. Amyloid oligomers diap a common structural motif that is
distinct from fibrils based on the observation thatonformation dependent antibody
specifically recognizes a common epitope on amyloidomers, but not fibrils,
monomers or natively folded proteins for many diéfe types of proteins (Kayed et al.,
2003) AP oligomers appears as small spherical aggregatepmbximately 5 nm in
diameter with molar masses of 25-50 kDa (Lamberalet 1998),as well as large
spherical oligomers with diameters around 15 nm amular masses approaching
1 million Da (Huang et al.,, 2000). These spherioifjomers appear to represent
intermediates in the pathway of fibril formationidére 4). The mechanisms to induce
cell damage by oligomers are the same than thosd bg mature fibrils: reactive
oxygen species (ROS) production (Schubert et 8B5), altered signalling pathways

(Mattson, 1995) and mitochondrial dysfunction (Shef, 1997).

-14 -



Introduction

Protofibrills (Figure 4) are formed at longer aggaton times, which are linear
(as opposed to globular) aggregates that appelgriedhe amyloid pathway, probably
by coalescence of the spherical subunits (Harpei.etl997). Protofibrils may share
structural epitopes with oligomers, and may be lyigbxic (Kayed et al., 2003). A
protofibrils detected by atomic force microscopg drnm in height, with a periodicity
of about 20 nm, and lengths of 20 nm to 200 nnogér (Harper et al., 1999), whereas
Ap protofibrils imaged by TEM are described as “clingar structures of 4-11 nm
diameter and < 200 nm length (Hartley et al., 1999)

Ap can also give bigger aggregates called protofifgmand filaments. They are
linear aggregates that can reach 100 nm (Serpekl.et2000). Their structural
characteristics are closer to those of fully mafimels.

Fibrils appear at later stages of the aggregatreegss (Figure 4). Amyloid
fibrils have a “cros$” structure, which indicates that the backbone bgén bonding
is parallel to the fibril axis (Eanes and Glenri&68;Kirschner et al., 1986;Kirschner et
al., 1987). They are typically 7-12 nm in diamegtad can reach lm or more in length.
Amyloids also bind characteristic dyes, like Comgd and thioflavin dyes, which may
be a reflection of their common crogsstructure (LeVine, Ill, 1993). Spectroscopic
structural analysis of several different amyloidglicates that the polypeptide is
commonly arranged as paralfelstrands (Torok et al.,, 2002). The notion of suuak
polymorphism has surfaced recently, as it beconhesr ¢hat there may be multiple
alternative fibril morphologies (e.g., twisted atnbranched, even circular) (Paravastu
et al., 2006;Petkova et al., 2005). Fibrils tenéd$sociate further into bundles (Ward et
al., 2000). Mature fibrils are the insoluble endgct of amyloidogenesis.

Finally, the primary sequence of the protein datees its tendency to aggregate.

The hydrophobicity in the primary sequence of tleptule is a key feature in its

-15 -
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tendency to fibrillate (Soto et al., 1994). For mxyde, the A synthetic mutant with the
V18A mutation does not aggregate (Mufioz and Ineatr@999), whereas the familiar
Dutch mutation (E22Q) (Levy et al., 1990) increathesformation of fibrils. In addition
it is known that the A from mice, which has a different sequence from &imndoes not
aggregate (De et al.,, 1995). But when rodent hippgml neurons overexpress the
mutated forms of the human APP665, they show sefdlgues (De et al., 1995). On the
other hand the B from Octodon degu, which share 97.5% homology with the human
AP, aggregates and triggers a AD pathology in wiftetpagedOctodon degu (Inestrosa

et al., 2005).

Monomer

of soluble Al}

AP, 4, fibrils
(x 40.000)

Figure 4. AB aggregation statesAf3 oligomers appears as small spherical aggregates.
Protofibrills are formed at longer aggregation tmehich are linear (as opposed to
globular) aggregates that appear early in the aichylathway probably by coalescence
of the spherical subunits. Fibrils are at the latate of the aggregative process.

-16 -
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2.3. Thea-secretase activity

Although the major APP proteolytic pathway is ttes-amyloidogenic pathway,
the identity of thex-secretase has remained controversial (Sisodi2)198e emerging
view is that there is a group of metalloproteasssable of cleaving APP at the
secretase site. The main candidates are three merab¢he adamalysin or ADAMs
family proteins, ADAM9/meltriny (Koike et al., 1999), ADAM 10 (Lammich et al.,
1999) and ADAM17, also called TACE (TNE-converting enzyme) due to its first
identification for the shedding of proTNE{Buxbaum et al., 1998;Slack et al., 2001).
Probably the three members contribute to a gremtdess extent to the-secretase
cleavage of APP, due to the fact that cell cultdires either Knock Out (KO) mice for
ADAM9, ADAM10 and ADAM17 still showa-secretase activity (Hartmann et al.,
2002;Weskamp et al., 2002). But ADAM 10 is the magdely expressed in neurons
and seems to be the most active alpha secretaseT ¢ et al., 2005).

ADAMs are members of type | integral proteins withmmon characteristic
domains. It has an N-terminal signal peptide folbdvby a prodomain and the catalytic
domain in which some ADAMs have a consensus HEXXhkt-binding motif (X
represents any amino acid) which is involved inghateolytic activity. This prodomain
contains an odd cysteine, which inhibits the caialgite of the enzyme by its
interaction with zinc. The predomain is removedaaellularly during transport to the
cell surface by furin-type pro-protein concertaging a prerequisite for the protease
activity (Peiretti et al., 2003). In addition itdi@ cysteine-rich, desintegrin-/EGF-like
domain involved in cell adhesion, a transmembraoeain and a short cytoplasmic
domain (Allinson et al., 2003). The role of thdelical conformation and the distance
(12-13 residues) of the hydrolyzed bond from thenmene are two main determinants

for the non-amyloidogenic cleavage (Sisodia, 198BaSrabudhe et al., 1992).

-17 -
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ADAMs are widely expressed and play a role in dieebiological processes
such as control of growth factors, cytokines shegldmembrane fusion, cell migration,
fertilization, myogenesis and neurogenesis (Prirfffaknd Myles, 2000;Kojro and

Fahrenholz, 2005).

2.4. TheB-secretase activity

B-secretase is the first activity to cleavage APRhim amyloidogenic pathway.
An aspartyl protease callgil-site APP cleaving enzyme type | (BACEL) is fhe
secretase (Vassar et al., 1999). BACEL1 is a typgegral membrane protein highly
expressed in the brain (Tamagno et al., 2002;Vastsal:, 1999). It is synthesized as a
proprotein called pro-BACE1, which contains a 24ireovacid prodomain necessary for
the proper folding in the Endoplasmic Reticulum YERd its posterior trafficking (Shi
et al., 2001). The activity of BACE1 depends on threviously cleavage of the
prodomain by members of the furin family of conasds at the trans-Golgi network
and the number of these glygosylations (Charlwda.£2001).

BACEL1 gene expression is strongly regulated andrtaeimal activity is seen in
the central nervous system (CNS) (Sinha et al.9;¥%ps et al., 1995;Sambamurti et
al., 2004). Oxidative stress has been reporteshdedse the transcription of BACE1
(Tong et al., 2005). AD patients show an increaskthe p-secretase activity in the
cerebral cortex (Evin et al., 2003). The Swedishation, consisting of Lys to Asn and
Met to Leu amino acid substitutions at codons @Y &1 of the APP transcript, has an
enhance@-secretase activity associated (Mullan et al., 19@2riously there are not
mutations in BACE1 associated with AD. However, ASdirectly involved in the
maturation of BACEL, thus regulating tResecretase activity (Kuzuya et al., 2007) and

PS1 mutations trigger FAD. Recently oxidative ®treas been proposed as a molecular

-18 -
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mechanisms linking-secretase t@-secretase activity (Tabaton and Tamagno, 2007).
This hypothesis comes from the fact that PS1 rmariatincrease the production o A
which enhances the oxidative stress. Then oxidadivess would increment thg

secretase activity.

2.5. They-secretase activity

y—secretase is a high molecular complex composeBSdf or PS2, nicastrin
(Nct), anterior pharynx-defective phenotype 1 (Aphthd PS enhancer 2 (Pen2) (Sato
et al., 2007) (Figure 5). The catalytic activity tbe complex resides on PS, a protein
with 9 transmembrane domains, since PS1 and PS&imd (KO) mice do not have
Ap production (De et al., 1998). Moreover, more tH&® mutations in PS1 and 10
mutations in PS2 have been associated with AD (Wakashi and De, 2008). Mutation
of two conserved intramembranous aspartate resiAgs257 and Asp-385) of PS1
abolishes they—secretase activity supporting the hypothesis thay constitute the
catalytic site of the enzyme (Wolfe et al., 1999).

To be fully functional, the components that fofme y—secretase complex must
assembly in the ER (Kim et al., 2004;Capell et2005), and then can be transported to
the plasma membrane. After the assembly of allcthmponents, PS1 undergoes an
endocatalytical cleavage within a loop encoded Xxgned of the corresponding gene
(Knappenberger et al., 2004), releasing a C-terdnfiagment (CTF-PS1) and an N-
terminal fragment (NTF-PS1) (Hebert et al., 20@)th of them must heterodimerize
to confer the catalytic properties to the compldrlgert et al., 2003).

The substrate foy—secretase is the C-terminal fragment of APP regduitom
the B-secretase activity. As a result of thesecretase cleavage, differerft pes are

rendered, but mostly #y and AB4,, both species involved in AD (lijima et al.,
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2004;Levites et al., 2006;Kawarabayashi et al. 1208B40 contains 40 aminoacids and
it is the highest species produced and the majmpooent of the senile plaques (Sinha
and Lieberburg, 1999). However, sometimes the gasseneetase complex cuts two
aminoacids more at the carboxyl terminefSAPP giving rise to A4, a longer and
more toxic form of A. The higher toxicity of the Py, peptide resides on its major
tendency to fibrillate, forming the core of the #enplaques and facilitating the
posterior deposition of By around this initial “seed”(Dolev and Michaelson,0B).
Although they—secretase complex produces normalpssAthe production of f4zcan
increase under some pathological conditions liké&\h (Gorman et al., 2008;Kumar-
Singh et al., 2006;Lewczuk et al., 2004;Zhuo et2008) or by some mutations in PS1
(Kauwe et al., 2008;Findeis, 2007;Czech et al., 020 sporadic AD, the mechanism
ruling this switch in the Bs2production is unknown. Although oxidative stress haen
already involved in the increase gfsecretase activity found in AD (Tabaton and
Tamagno, 2007), to date there is no experimental ola the biochemical mechanisms
linking the oxidative stress with the increase iByAAP4oratio. Nonetheless, there are
some evidences pointing out to oxidative stress& amusal factor. These evidences
come from pathological processes that course witlarhmatory processes and high
levels of radical oxygen species (ROS) productibris the case of Traumatic Brain
Injury (TBI) (DeKosky et al., 2007;ng-Bryant et,a2008;Singh et al., 2006) am vitro
H,0,treatments (Coma et al., 2008). In both cases lbigtls of A34,has been reported

(DeKosky et al., 2007;Coma et al., 2008).

-20 -



Introduction

N»ctnn

"

\ 5 Amyloid
plaques
Ap peptide

Outside neuron

AFP carboxy-terminal
fragment

Figure 5. The y—secretase complexy—secretase is a high molecular complex
composed of PS1 or PS2, nicastrin (Nct), antet@rynx-defective phenotype 1 (Aphl)
and PS enhancer 2 (Pen2). The catalytic activith@fcomplex resides on PS, a protein
with 9 transmembrane domains (taken from De stnoapé Woodget, 2003).
2.6. The NFT

Together with senile plagues, NFT are one of theénrhallmarks of AD. NFT
are intraneuronal fibrillar deposits composed maibly a microtubule-associated
protein called tauDing and Johnson, 2008). Tau belongs to the emgrgiass of
natively unfolded proteins containing a low contehtydrophobic aminoacids. Tau is
expressed in the nervous system and localized yniosthe axons of neurons and their
cytosol (Drubin and Kirschner, 1986). In the hun@MS there are 6 different isoforms
generated by alternative splicing of exons 2, 3 HhidGoedert et al., 1989b;Goedert et
al., 1989a). In the foetal brain, the smallestaserf ht23 lacking exons 2, 3 and 10, is
the predominat one, whereas in adult brain alloisof can be found in roughly equal
amounts. Tau contains four tau/MAP repeat sequenebih bind to microtubules

(Eliezer et al., 2005). Depending on number of a¢pénto the tau/MAP domain, we

can classify tau isoforms into type I, which onbve 3 repeats in the tau/MAP domain,
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or type I, containing 4 repeats (Goedert et 889b). The difference between type |
and Il is the presence or absence of exon 10 (Goedal., 1989b).

The function of tau seems to be involved in theeaddy and stability of
microtubules, allowing in this way the establishinand the maintenance of neuronal
polarity (Eliezer et al., 2005). While the C-termsnbinds axonal microtubules, the N-
terminus binds neural plasma membrane componarggesting that tau functions as a
linker protein between both (Eliezer et al., 2008)e short isoforms allow plasticity of
the cytoskeleton whereas the longer isoforms mafepentially play a role in its
stabilization (Eliezer et al., 2005). The proteastbeen reported to be phosphorylated at
serine and threonine by proline-directed proteimakes CDC2, CDK5, GSKp3and
MAPK (Imahori and Uchida, 1997;Liu et al., 2004;P&ti al., 2002;Puig et al.,
2004;Hanger et al., 2007). The phosphorylation oonly at 2-3 sites during
interphase and seems to weaken the interactiorebattau and microtubules or plasma
membrane components when it is found within theaggd domain or flanking regions
(Preuss et al.,, 1995). In AD the neural cytoskeles progressively disrupted and
replaced by tangles @fsheet rich paired helical filaments (PHF), whick segular and
stable structures formed by a pair of twisted fieus composed of tagurotein that is
hyperphosphorylated (Mandelkow et al., 2007). PHiesthe base for the formation of

characteristic neurofibrillary tangles.

2.7. The relationship between 8 and PHFs
Some authors argue that NFT formation is a key &tafevelop dementia since
intraneuronal NFT correlates with the degree of el#im and memory loss (Goedert

and Spillantini, 2006). On the other hand, tau atiahs result in fronto-temporal
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dementia (Heutink, 2000), since the mutated tauwsheduced ability to bind
microtubules and high self-aggregation.

In AD, the NFT formation is a consequence of treeéased f production. This
assessment comes from several observations: i)tiongain tau give rise to tau
inclusions but not senile plaques, whereas mutationAPP or presenilin genes give
rise to both senile plaques and NFT (Heutink, 206@js et al., 2001); ii) the double
mutant mice for APP and tau protein (overexpressaugprotein and producing more
AP peptide) present more NFT than the mice with dialy mutated (Mudher and
Lovestone, 2002); iii) in a parallel experiment tr@w group showed that injection of
amyloid into the cerebrum of tau mutant transgenice exacerbated tangle pathology
in another brain region from where neurons projbet neurites to the injection site
(Gotz et al., 2001). Altogether, the previous ddtangly suggest thatfAaggregation is
a previous step which triggers NFT formation.

The molecular link between plagues and tanglesaiesrunknown. The process
of tau aggregation in the absence of mutationsnisnown but might result from
increased phosphorylation (Mandelkow et al., 20p7)tease action of caspases (Guo
et al, 2004;Ramalho et al, 2008) or exposure tolygmions, such as
glycosaminoglycans (Sibille et al., 2006). Howevat, hyperphosphorylation affects its
binding to microtubules instead of triggering itggeegation (Lovestone and Reynolds,
1997). It would help to the aggregative procesgimyiding more free tau. On the other
hand, it has been suggested that tau phosphorylatiours after its aggregation (Mena
et al., 1996), or even inhibits filament formati@chneider et al., 1999). Moreover the
concentration used to aggregateitauitro in all the above conditions was from 1 to 10

uM, clearly over the physiological ranges (Kureakt 2005).
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3. THE NITRO-OXIDATIVE STRESS IN AD
3.1. The oxidative stress in AD

The neurotoxic properties offffare mainly due to the production of ROS by the
AR fibrils (Behl et al., 1994), then oxidative strésshe major damaging mechanism in
AD (Miranda et al., 2000) (Figure 6). Micromolaorzentrations of A peptide
increases bD; in cells in culture (Behl et al.,, 1994) and cataJaan enzyme that
converts HO,to O, and HO, blocks A toxicity. Oxidized protein, lipid and nucleic
acid are present in AD brains (Miranda et al., J0@® induces lipoperoxidation of
membranes (Koppal et al., 1998;Mark et al., 1998ictv will modify all the membrane
fluid properties and the movement and activity loé fproteins such as receptors or
ATPases. Moreover, antioxidants treatment such ig@mine E or trolox have
demonstrated neuroprotective effects agairfistytotoxicity (Munoz et al., 2002;Coma
et al., 2005).

Transition metals have been reported to highlytritmute to A3 induced toxicity
(Multhaup et al., 1996). AD brains showed high eonin aluminum (Good et al., 1992)
and iron (Connor et al., 1992;Richardson, 1993)ganed to brains from non demented
individuals. In particular, copper, iron and zine dighly concentrated within the core
and periphery of senile plaques (Lovell et al., 8)99n fact, these ions can generate
ROS due to Fenton reaction, anfl peptide has been shown to produc®ithrough
the reduction of iron and coppar vitro (Huang et al., 1999). Then transition metals
found in senile plaques are considered a sour&OS that increase the oxidative stress
observed in AD (Smith et al., 2007).

Another mechanism proposed fop-fnediated ROS production is the activation
of NMDA receptors by R4, oligomers, which increases the calcium influx gieg to

the activation of NADPH oxidase (NOX) (Shelat et 2008;Brechard and Tschirhart,
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2008). It induces excitotoxicity and damages theagyic plasticity and learning and
memory processes (Kishida et al., 2005;Kishida lélashn, 2007). The demonstration
of increased NOX activity in AD brain further supi® the role of ROS in the
progression of the disease (Zekry et al., 2003).

On the other hand, Unzeta M. et al. found an emed expression of the enzyme
semicarbazide-sensitive amine oxidase (SSAO) ielrewascular tissues of patients
with AD coupled with vascular damage (Unzeta et20107). SSAO is a multifunctional
enzyme present mainly in adipocytes, endothelial amooth muscle cells that
catalyses the oxidative deamination of primary atien and aliphatic amines,
producing ammonia, hydrogen peroxide @) and the corresponding aldehyde
(Unzeta et al., 2007). Aminoacetone and methylanaie considered the physiological
SSAO substrates (Precious et al., 1988;Lyles araln@rs, 1995), and their oxidation
generates methylglioxal and formaldehyde, respeltitDar et al., 1985). In turn, the
products generated by SSAO can yield AGEs and roxigation of biomolecules. In
this way, the overexpression of SSAO can contribwithe oxidative damage in AD.

Moreover, senile plaques are normally surroundgddactive glia (microglia
and astroglia) which are increasing the tissue dendue to its inflammatory and
oxidative response (Dickson et al., 1988). Thesmume reactive cells have several
receptors capable of recognizing oxidized protdipsproteins, but also thefA(El et
al., 1996;Coraci et al., 2002;Laporte et al., 2004fter the activation, they have a
respiratory burst due to the action of NOX genegtROS. This activation by A
binding has been demonstrated through the recdptoradvanced glycation end
products (RAGE), the low-density lipoprotein reaeptelated protein (LRP) and the

scavenger receptor. All of them have been demdestrtn bind A and mediate its
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internalization by glial cells (ElI et al.,, 1996;@or et al., 2002;Laporte et al.,

2004;Deane et al., 2008).

Cytocines
—— ( Free radicals

Respiratery
Burst

Membrane
Lipaperoxidation
l A—

>
APQPTOSIS Damages in
_ ADN &ARN

Figure 6. Amyloid fibrils neurotoxicity is mediated by oxidative stress.Ap fibrils are
producing hydrogen peroxide. It induces the mendrgroperoxidation, which leads to its
functional impairment and 4-HNE production. Theee dlso an oxidative damage of the
membrane proteins which impairs the ATPases functmd consequently the calcium
homeostasis is lost. The intracellular incrementthie calcium levels would trigger the
apoptotic pathway. Moreover, thefdas been demonstrated to activate NMDA receptors
yielding to glutamatergic-mediated excitotoxicitfhe mitochondria damage leads to a
dysfunction of the respiratory chain what causesrargetic failure and a calcium efflux from
this organelle to the cytosol, contributing to ¢iég apoptosis. On the other hand, microglia can
be activated after the binding offAo several receptors (RAGE, SR or LRP), producing a
respiratory burst as a consequence of NOX actiwatictivated microglia releases several
interleucines and cytokines as well as free raditt@t will contribute to the oxidative stress of
the neurons in the cerebral parenchyma.

The role of ROS in AD goes further than the neuwdigity of AP fibrils. ROS
has been demonstrated to increase tifie ptoduction due to their action on the

Oxidative stress could be behind this increasegesih has been reported to enhance
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both thep-secretase activity (Borghi et al., 2006) anfi production (Coma et al.,

2008;Jo et al., 2008;Borghi et al., 2006).

3.2. Glycation and AD

The amino groups of proteins can be modified by-enzymatic reactions with
monosaccharides, such as the Maillard reactionggneonyl group of the sugar reacts
with the amino group of the protein giving riseNesubstitute glycosylamine and water)
(Figure 7). This initial glycation can subsequengiye an Amadori product, which
consist of a re-arrangement from the initial Schd6e wherein the hydrogen atom from
the hydroxyl group adjacent to the carbon-nitrogenble bond moves to bond to the
nitrogen, leaving a ketone (Figure 7). This regefdkmed Amadori product can then
be oxidized, most often by transition metal catalyforming the advanced glycation
end-products (AGEs) (Munch et al., 1997). The ratee of AGEs formation resides in
the fact that, while the first two steps are relmes(Maillard reaction and Amadori
products formation), the last step (the oxidatibrihe Amadori products to AGES) is
irreversible.

One of the most important AGE-inducing compourgisnethylglyoxal (MG).
MG is a dicarbonyl triose formed as a side-prodifcteveral metabolic pathways, the
most important of them is glycolysis (Figure 8).fatt, MG is found increased in AD
patients (Munch et al., 1997;Takeuchi and Yamagig@08) and could participate in
the NFT formation by accelerating the oligomeriaatof tau (Kuhla et al., 2007). Due
to the high toxicity of MG, mammalian cells and mosicroorganisms possesses a
detoxifying system that consists of two GSH-dependenzymatic activities called
glyoxalase | (GLXI) and Il (GLXII) respectively (Maervik, 2008). The glyoxalase

system turns MG into D-lactate (Figure 9). In ADLX3 is found up-regulated,
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probably as a compensatory mechanism for the isereaf intraneuronal MG

accumulation (Kuhla et al., 2007;Kuhla et al., 2008G could also be detoxified by
other activities such as the NADPH-dependent aldosductase, the aldehyde
dehydrogenase or the 2-oxoaldehyde dehydrogenaséo (&hd Colombatto, 2008).

Although there are several hypotheses trying tdaéxphe increase of MG in aged and
AD brains, the molecular mechanism behind its sgsithremains poorly understood. It
is known that the activity of GLX1 is decreasedidgrthe aging process, what might

contribute to accumulate MG intracellualary (Thdkeg 2003).

Schiff base Amadori product
ketone
[ :
H Lys H—C—=N—Lys

+ — — | +

o H—C—OH H—C=0
G , ,
| “H R R

H—C—OH
||a' /indaﬁon

vanced glycation en
products

Figure 7. AGEs formation. The carbonyl group of the sugars (i.e. glucosagtewith
the amino group of the protein (i.e. lysine), fangithe Schiff base. The ketone is
formed after an internal re-arrangement. FinallyESGappears by the oxidation of the
ketone in an irreversible process.

-28 -



Introduction

F1,6bisP
DHAP Intermediate enediol GAP / -W \
ek =} DHAP
fll H OH H ©
H-C-OH . c — c
1 —_ —
c=0 C—OH H—C—0H
I
CH,0PD,2 | CH,0PO2 CH.OPQ o
k : HC OH
e=c
3 NH,
r‘* PO, G =my MG N S-CH, |
P\SS‘
v oo s ‘\/‘\‘ C=N
/ CH, —_— -
c [
cH, Hy
c=0 cH, CHy
e CH,
N~ ¢~ COOH
CH, s i H,N ~ €~ COOH
Methylglyoxal H
Argnine
Argpyiimidine

Figure 8. MG production and effects. (A) MG is a dicarbonyl triose formed in the
catalytic centre of TPI as an intermediate of swrerisation of DHAP and GAPB)
MG released from the catalytic centre of TPl camseadamage to proteins by
modifying covalently some amino-acids. MG convaertginines to argpyrimidines.
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Figure 9. MG detoxification. Mammalian cells and the most microorganisms possess
detoxifying system that consists of two GSH-dependenzymatic activities called

glyoxalase | (GLXI) and Il (GLXII) respectively. Bhglyoxalase system turns MG into
D-lactate.
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AGE modification of proteins can lead to alteraoof normal function by
binding to intracellular or extracellular comporentr through the binding to different
receptors (Gasser and Forbes, 2008). They areadlko to modify the quaternary
structure of proteins by the induction of crosgiiny between proteins (Vasan et al.,
2003).

During the normal aging of an individual, AGEs @mereasing their activities
(Peppa et al., 2008). However in pathological ctmas, such as AD, the formation of
AGEs is highly incremented (Takeuchi and Yamagi2B8). AGE-type modifications
and the resulting crosslinking of protein have bdemonstrated in both senile plagues
and neurofibrillary tangles in AD (Harrington anebl@€co, 1994;Munch et al., 1997).
Moreover, polymerization of f\is accelerated by crosslinking due to AGE aciion
vitro (Munch et al., 1997). This AGE-modifiedpAserves as a “seed” for further

aggregation of soluble fApeptide (Vitek et al., 1994).

3.3. Nitrative stress
3.3.1. Physiological role of NO in the CNS

NO is a gas produced by a group of enzymes deradeunnitric oxide (NO)
synthases (NOS). There are four members of the f@8y: neuronal NOS (nNOS),
endothelial NOS (eNOS), inducible NOS (iNOS) andogtiondrial NOS (mtNOS).
nNOS and eNOS are &acalmodulin-dependent enzymes constitutively exgedsin
mammalian cells (Mungrue et al., 2003) that geeerratrements of NO lasting a few
minutes. In contrast, INOS is Eacalmodulin-independent and its regulation depends

on de novo synthesis (Ebadi and Sharma, 2003).
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L-Arg is used by NOS to produce NO and citrullima process requiring
NADPH and Q (Figure 10). L-Arg is a semi-essential amino aditce it can be
synthesized from glutamate (Wu and Morris, Jr., 8196r produced by recycling
citrulline in the citrulline-NO cycle with arginisuccinate synthetase (AS) and
argininosuccinate lyase (AL) (Wiesinger, 2001). Thmain NO cellular signaling
pathway is the guanylate cyclase (GC) activatiothwie subsequent production of
cyclic guanosine-‘¥’-monophosphate (cGMP) (Gold et al., 1990) and prote

phosphorylation, but NO also exerts other celludffiects independent of the GC

activation.

NO-
'I‘""z ’lle
€=NH,* c=0
| |
'f" NADPH, O, NH
S “BH, . FMN.FAD  CH.
o, i
o o
H,N — (I:_ COOH H,N — (I:— COOH
H H
Arginine Citrulline

Figure 10. Synthesis of NO by NOSL-Arg in the presence of NADPH and, @&
oxidized to citrulline producing NO.

The NO produced by the eNOS contained in the éwmdiat cells acts as a
powerful vasorelaxant. Moreover, NO plays an imaattrole as a defence mechanism
against pathogens when this is produced by the iNpBessed in cells of the immune
system. NO is also a neurotransmitter and/or neodutator in both central and

peripheral nervous systems by cGMP-dependent meshan(Bredt and Snyder,
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1994;Prast and Philippu, 2001;Lewko and Stepir&}@2;Trabace and Kendrick, 2000).
NNOS actions in CNS have been associated with pameption, especially at the
spinal cord level (Yamamoto et al., 1993), and witbntrol of sleep, appetite,
thermoregulation (Monti and Jantos, 2004), neurletbpment (Cheng et al., 2003)
and synaptic plasticity associated to learning armnory (Dinerman et al., 1994). It
plays an important role in the establishment of ltbag Term Potentiation (LTP), a
mechanism behind the formation of memory that &tesif the continuous synaptic
activation in some parts of the hippocampus, amdtest by the NMDA receptors.
NNOS is mechanically and functionally coupled te fiostsynaptic NMDA receptors
via a PDZ domain. Thus, when glutamate is reledssul the presynaptic terminal,
NMDA receptors are activated allowing an influx adlcium. At the same time this
cation activates the nNOS enzyme, and in this wag/ production of NO. Because of
the close proximity of NNOS to NMDA receptors, N@ncmodify a critical cysteine
thiol of this glutamatergic receptor by a chemiosédction called S-nytrosylation. S-
nytrosylation exerts a negative effect on NMDA p#oes, preventing their excessive
activity and consequently avoiding the induced takicity. However NO also plays
an active role in the induction of LTP. In ordern@intain the postsynaptic activation,
some retrograde communication with the presynagioponent must exist. NO is the
retrograde neurotransmitter that activates theagiate release from the presynaptic

component in a cGMP-dependent pathway (NowickyBindman, 1993).

3.3.2. Nitrotyrosination

NO is a molecule with 11 valence electrons, 6 faxygen and 5 from nitrogen,

with an unpaired electron in the last orbital, makNO a free radical (-NO). NO can
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also exist as the nitrosonium ion (N@epending on the cellular redox status (Stamler
et al., 1992). For this reason it is thermodynalityicanstable and tends to react with
other molecules.

In a pro-oxidant environment, like in the caseA@f, NO is harmful because it
reacts with @~ quickly enough to avoid the action of antioxidaystems, forming
peroxynitrite anion (ONOQ (Figure 11) (Beckman et al., 1990). The affiotyO,-" is
higher for NO than for superoxide dismutase (SGD)i¢ and Padmaja, 1993;Cudd and
Fridovich, 1982). The amount of NO and its diffusimoefficient are the limiting factors

in the reaction (Saran et al., 1990) due to NO$tdétaif-life of 3—5 s (Ignarro, 1989).

Nntrotyrosmatlon

A — O,
;B ? ]— ONOO
NOS — ON }> Protein

Proteins

ONOO- Cellular Damage

OH OH

Figure 11 Protein nitrotyrosination. Peroxynitrite (ONOQ formation is due to the

reaction of superoxide anion ;(_@ with nitric oxide (NO). AR fibrils are producing
reactive oxygen species (ROS) and at the same Aithean activate to the different
NOSs by increasing intracellular calcium. Nitrotyirmation is produced in biological

systems through the binding to protons renderimgréactive nitro groupNO, . The
nitro group reacts with tyrosine residues produdiitigptyrosine.

Under physiological conditions ONOOas a half-life of 1-2 s and an action
radius of 10Qum, being degraded into multiple toxic products (Bwan et al., 1990) or

scavenged by the reaction with bicarbonate to predmitrosoperoxycarbonate
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(ONOOCQ)) (Whiteman et al., 2002). ONO@eacts with proteins in a non-enzymatic
reaction called nitrotyrosination. It consists bétaddition of a nitro group (Npto
proteins, mainly into tyrosine residues (Tyr) tovegi3-nitrotyrosine. The local
environment of the Tyr is important in order to bigrated, since the proximity of
negatively charged residues increases the sustigyptib nitration (Souza et al., 1999),
but it is not a massive process since the nitratiother inflammatory conditions affects
1-5 of every 10,000 Tyr (Brennan et al., 2002). @MN@ the main molecules to nitrate
proteins (Kanai et al., 2001;Ischiropoulos et B992). The ONOGmediated nitration
depends on its secondary productsdd,) when is protonated to the acidic ONOOH

(Egs 1 and 2 ) (Beckman and Koppenol, 1996).
- - ‘NG, +
NO + ;" —> ONOO —> ONOOH—> on —> NG H (1)
ONOO+H"—-ONOOH+NO- .NO+NO, (2)

The resulting protein nitration could be due to thetion of leukocyte
peroxidases, such as myeloperoxidase (MPO) (Pfedfeal., 2001;Sampson et al.,
1998). Leukocyte peroxidases have been reportedtrete proteins in the presence of
nitrite and HO, after stimulation of immune cells (van, V et dl997;Eiserich et al.,
1998). These enzymatic systems nitrate proteinsowttspatial or temporal restrictions
due to the progressive generation and accumulatfonitrites, but the existence of
protein nitration in leukocyte peroxidase knockmite suggests that ONO@nay also
play a key role in protein nitration (Brennan et, &002). It also points up the
contribution of other nitration processes such asteins with heme group plus

transition metals such as iron and copper (Thorhak,&002).
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Nitration has been proposed as a selective pasdtational modification with
important biological functions (Ischiropoulos, 2Q00Ritrotyrosination alters the normal
activity of proteins by inducing conformational clggs (Cassina et al., 2000;Amici et
al., 2003) or preventing their phosphorylation (Mean et al., 2002), leading to a loss
of function. Examples of such post-translationadifioation occur with mitochondrial
MnSOD (Ischiropoulos et al., 1992;Millan-Crow et, d1996), actin (Aslan et al., 2003),
glutamine synthase (GS) (Berlett et al., 1996), dn@xygenases (Kinobe et al., 2004),
iron regulatory protein-1 (IRP-1) (Gonzalez et 2004), histone deacetylase 2 (Ito et
al., 2004), mammal aldolase A (Koeck et al., 2053 (Cobbs et al., 2003) and
prostacyclin synthase (Hink et al., 2003). In sotases, nitrotyrosination induces a
gain-function, e.g., in the case of PKC (Hink et 2003), cytochrome ¢ (Cassina et al.,
2000), fibrinogen (Vadseth et al., 2004), glutatieics-transferase (Ji and Bennett,

2003;Go et al., 1999) and poly-ADP-ribose syntret@hang et al., 1994).

3.3.3. A3 and NO

It has been proposed that NO is playing a keyirolD pathology (Guix et al.,
2005). Evidence for the involvement of nNOS in Are provided by Thorns et al.
(1998), who found an increased expression of nN@Sthose neurons with
neurofibrillary tangles in the entorhinal cortexdamnippocampus of AD patients (Thorns
et al., 1998). Positive neurons for nNOS are spadhdround the AD brain and NO
diffusion can even reach NOS negative neurons (Hyetal., 1992). Moreover,Ahas
recently been reported to increase the activityhd®S in rat brain (Stepanichev et al.,
2008). At the same time, several studies have shawnassociation between a
Glu298Asp polymorphism of the eNOS gene and ADiffeent populations (Wang et

al., 2008;Akomolafe et al., 2006;Ntais and Polyoarp2005;Dahiyat et al., 1999). In
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fact, both eNOS and iNOS are overexpressed in ithia lof AD patients as well as in
APP23 transgenic mice which show a large numbekpsenile plaques (Luth et al.,
2001). More interestingly, Quinn J et al. (2001)rid a strong association between NO
producing neurons andpAinduced neuritic dysthophy in an AD transgenicemicodel.

Glial cells could be contributing to the nitratidamage in AD since increased
expression of INOS and eNOS in astrocytes is agtamtivith senile plaques (Luth et al.,
2000 and 2001; Wallace et al., 1997; De la Montalgt2000). Moreover, nNOS-
positive reactive astrocytes were found in AD pdtesurrounding senile plaques in
CA1 and subiculum where neuron loss was massivai¢Sit al., 2000). A key role for
microglia in NO production after fAstimulation has also been reported (Weldon et al.,
1998).

On the other hand, oxidative stress enhancemtheaction between nNOS and
the chaperone Hsp90. It results in an increasedpifduction (Song et al., 2001).
Oxidative stress can also enhance the transcriptiothe iINOS gene via NkB
activation (Han et al., 2007; Lee et al., 2004).

Finally, there is one study reporting that someDFAssociated PS1 and PS2
mutants reduce the threshold for the activationths inositol 1,4,5-trisphosphate
receptor (InsP3R) Ghreleasing channel, enhancing the response tarcstiauli with
a high calcium release from the ER (Cheung et28108). This study provides a
mechanistic link between PS1 function and thé&" ®ameostasis and accounts, in part,
for the unbalanced &ahomeostasis seen in ADSAplaques-induced oxidative stress
can also mediate the opening of the cationic cHanFRPM2 and TRPM7, facilitating
the influx of C&" into the neuron (McNulty and Fonfria, 2005). Bptiocesses result in
a high intraneuronal concentration of 2Cavhich can activate the constitutive NOS

enzymes.
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On the other hand, it has been demonstrated tleaifpcerebral regions of
patients with AD have higher protein nitrotyrosioatlevels than controls, especially in
the hippocampus and the cerebral cortex (Smith.el@97;Hensley et al., 1998), as
well as in cerebrospinal fluid (CSF) proteins (Toegal., 1999). This is sensible due to
the fact that those areas around the plaques aer pno-oxidant conditions. However,
some studies show no difference in 3-nitrotyrodewels in the CSF of AD and ALS
patients (Ryberg et al., 2004). Since one of théennrgets for nitrotyrosination is
synaptophysin (Tran et al., 2003), it has been estgg that the damage in
synaptophysin is related topAnduced impairment of ACh release. Other proteins
nitrotyrosinated in AD are related to glucose melisin (y-enolaseal-enolase, lactate
deshydrogenase and triosephosphate isomerase (rRigJlular cytoskeletorufactin)
(Castegna et al., 2003). We have found th@t iAduces on endothelial cells the
nitrotyrosination of proteins involved in glucoseetabolism (TPI), cytoskeletal
integrity (vinculin), antioxidant defense (non-selen glutathione peroxidase) and
protein turnover (TCP1, eukaryotic translation gation factor 2, 26S proteasome and
MtHSP75) (Coma et al., 2005). It is possible tihat depletion of acetyl-CoA by the
impairment of glucose metabolism, which is used dbhyline acetyltransferase to
acetylate choline, could result in ACh deficit (MeRuge and Bertoni-Freddari, 1996).
Moreover, the damage in the neuron cytoskeletoriribotes to the loss of neuronal

network communication (Radtke-Schuller, 2001).

4. THE TRIOSEPHOSPHATE ISOMERASE IN AD
4.1. Glucose metabolism impairment
In AD, glucose metabolism appears to be strondfigcted (Harwood et al.,

2005;Liang et al., 2008;Mosconi et al., 2007;Mosaamnal., 2005). It has been shown
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that the impairment of brain metabolism causes atedhanges that mimics the
disabilities found in AD (Blass et al., 2002). Mover, the degree of clinical disability
is proportional to the degree of metabolic impaintm@lass et al., 2002). Although the
causes of such glucose metabolism impairment argatcestablished, oxidative stress

seems to be somehow behind this observation (Gjl2a?).

4.2. Physiological role of TPI

The glycolytic pathway converts a molecule of glee into two molecules of
pyruvate, generating 2 ATPs in 10 steps. One cdih glgcolysis into two phases:
energy investment phase and energy generation .pinatbee 5 steps energy investment
phase, known also as the preparatory phase, 2 abedeaf ATP are consumed in order
to prepare the initial hexose (glucose) to split impo two trioses phosphate:
glyceraldheyde 3-phosphate (GAP) and dihydroxiaeetphosphate (DHAP). The
following 5 steps of the energy generation phakse, lenown as the “payoff phase”, the
two trioses phosphate generated are convertedhigtoenergy compounds that transfer
their phosphate to ADP, giving as a result 4 mdesof ATP. Because 2 ATPs were
consumed in the energy investment phase, the tehdeaconsists of 2 molecules of
ATP, plus 2 NADH reducing agents (Figure 12). Glysts is just the first step for the
complete combustion of glucose into £é&nd HO. The resulting pyruvate is then
oxidized to Acetylcoenzyme A (AcCoA), whose carboas be oxidized at the time by
the mitochondrial citric acid cycle, resulting irore ATP formation.

GAP and DHAP are the last products of the enemgestment phase of
glycolysis, but only GAP can be used as a substoatthe following energy generation
phase. For this reason, DHAP must be interconvarntedits aldheyde isomer, GAP,

before it can be reincorporated into the glycolytathway. Triosephosphate isomerase
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(TPI) is the enzyme responsible for the isomerratf DHAP into GAP. Of course,
due to the fact that it is an isomerase, the reaatould happen backwards. However,
due to the rapidly and continuously consuming ofFG#y the energy generation phase
of glycolysis, the reaction is thermodynamicallydared from DHAP to GARnN vivo.
Thus, TPI has a central role in the glycolytic pedli, ensuring the substrate for the

next glycolytic phase, and also for the citric acigle (Mathews C.K. and Van Hole

glucose
ATP
ADP
—_ glucose 6-phosphate
?
[0
£ fructose 6-phosphate
o ATP Pi
ADP HOH
fructose 1,6-bisphosphate
7 TPL X\
glyceraldehyde 3-phosphate —= dihydroxyacetone phosphate
Pi + NAD
1 NADH+H 1l
1,3-bisphosphoglycerate
ADP
ATP
3-phosphoglycerate
% 2-phosphoglycerate
£
o
phosphoenolpyruvate
ADP
ATP
pyruvate
NADH + H.j
NAD
lactate
K.E., 1999).

Figure 12 TPI role in glycolysis. The glycolytic pathway converts a molecule of
glucose into two molecules of pyruvate, generaBin§TPs in 10 steps. Glycolysis can
be splited into two phases: energy investment @hpsnd energy generation (phase
II). GAP and DHAP are the last products of the jghladut only GAP can be used as a
substrate for the phase II. TPI has a centralirotee glycolytic pathway, ensuring the
substrate for the phase I, and consequently fcitnic acid cycle.
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4.3. Production of methylglioxal

In all species, TPI is composed of two identicabumnits, each consisting of
roughly 250 amino acid residues. The two suburit8q kDa each) interact closely and
only the dimer (~ 53 kDa) is catalytically activieigure 13B). The primary structure of
the active site has been highly preserved throwghuton. The active site residues of
the human TPI responsible for the catalytic agtigte respectively a lysine residue at
position 13, a histidine at position 95 and a ghitaacid residue at position 165 (Cansu
and Doruker, 2008).

TPI belongs to the class of thé-barrel enzymes (Cansu and Doruker, 2008).
These enzymes share a common motive composedhifadigrnatingr-helices andg-
strands. The structural/p-elements are coiled into a barrel which insidetams an
eight-stranded parallep-sheet surrounded by eight paralelhelices (Cansu and
Doruker, 2008) (Figure 13A). The active site isrfduat the C-terminal end of tifle
barrel. A subunit of TPI not only consists whelices ang-strands, but there are also
two random coiled loops that play a vital rolefie functioning of the enzyme. The first
loop (loop 3) connects-helix 3 with B-strand 3 and consists of residues 70-80. This
loop maintains the dimeric-structure of the enzyand forms most of the inter-subunit
contacts (Borchert et al., 1994). The other loapl 6) is very flexible and plays an
important role in the reaction of the enzyme. Aes shibstrate binds, this loop folds over
the active site, rendering it more hydrophobic.this way the enzyme prevents the
elimination of the phosphate group from the eneditdrmediate during the reaction
which is an important side reactiof the isomerisation and yields inorganic phosphate
and the AGE-inducing agent MG (Figure 8) (Cansd Boruker, 2008;Pompliano et

al., 1990). The enzyme has evolved to avoid theasthg of MG to the solvent though a
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little leak occurs. Triose phosphates in preserfc&@Rl are considered an important

source for MG.

Figure 13. (A) TPI is a barrel protein containing eight-strandeakallel p-sheet
surrounded by eight parallethelices. B) The TPl homodimer consists of a compact
globular structure.

4.4. TPl mutations and neurodegeneration

TPI deficiency is the unique glycolytic enzymopatoupled with a progressive
neurodegenerative (Poll-The BT et al., 1985;0vadil.e 2004;0lah et al., 2005;0lah et
al., 2002) condition that remains poorly understobiade disease is caused exclusively
by specific missense mutations affecting the TPotgin and clinically features
hemolytic anemia, adult-onset neurological impaintpedegeneration, and reduced

longevity. Olah J. et al. (Olah et al., 2005) stdditwo Hungarian compound

-41 -



Introduction

heterozygote brothers who inherited the same TRatioms (F240L from mother and
E145Stop from father), and had increased leveBHAP. Their energetic balance was
unaffected despite the lower activity of the mutaatiant because of compensatory
mechanisms. The neurological findings are not welblained, but the increase of
DHAP could account for them, since DHAP can glycpteteins and lead to the
formation of AGEs. Interestingly, it has been rdpdrincreased levels of MG and
proteins glycation, as well as nitrotyrosinationTiRI deficiency (Ahmed et al., 2003).
Another observation supporting the role of TPl eBurodegeneration comes from an
independent group, which found out tifatarbolines, endogenous neurotoxins formed
from the reaction between tryptophan and MG, stsoirthibited TPI in a more potent
way than any known inhibitor of the enzyme (Bongieal., 2004).

Moreover a low glucose turnover can highly acegker progress of
neurodegeneration, which finally leads to serioameéntia of the brain. For example,
the decreased glucose turnover provoked by TPtidefiy may result in cholinergic
deficit. Tucek S et al. (1990) have clearly shaat in the brain the key substrate,
AcCoA for the synthesis of acetylcholine is exchety synthesised in the glycolytic
pathway. At low glucose turnover by decreasing Hyathetic rate of AcCoA a
cholinergic deficit occurs due to the reduced daéign of choline to acetylcholine. It is
interesting to emphasize that in AD there is charitic cholinergic deficit
(Christensen et al., 2008;Weinshenker, 2008).

On the other hand, Olah J. et al. (2002) alsoddahat the mutated TPI from the
Hungarian brothers behaved in an aberrant wayesfrtended to bind to the membrane
of erythrocytes and brain microtubules (Orosz et 2000). They concluded that the
mutations caused somehow the stickiness of thenemzgnd consequently, protein

aggregation phenomena. Recently, it has been fouhthat the recessiweaste away
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mutation in Drosophila affects the gene that encodes for TPl (Gneren.e2@06).
Mutants exhibit paralysis, shortened lifespan aedrodegeneration (Gnerer et al.,
2006). They do not find decreased levels in ATR, diuthe contrary the phenotype
seems to be caused by the misfolding of the enzgnuk aberrant protein-protein
association, as well as increased MG levels (Gnetrat., 2006). In this sense, TPI is
very interesting since a part of the enzyme has hesed to model the fApeptide
because of their similarities regarding the seconddructure of thisw/f fragment

(Contreras et al., 1999).

4.5. TPlin AD

There are not mutations associated to AD in theeghat encodes for TPI.
Nonetheless TPl seems to be one of the main tafgetie nitrotyrosinative damage.
TPI has been found to be one of the strongesttyitrssinated proteins in brains of
patients with AD compared to brains of non-AD indivals (Castegna et al., 2003;Reed
et al., 2008). We also detected nitrotyrosinatibiil in a model of Cerebral Amyloid
Angiopathy (CAA) after exposing endothelial cellsAp peptide (Coma et al., 2005).
Some studies also revealed that TPI suffers agerdigmt nitrotyrosination in skeletal
muscle from rats (Fugere et al., 2006;Kanski et28103). Since the nitrotyrosinative
damage of proteins seems to be one of the downse&eacts of 4 peptide and due to
the association between TPl and neurodegenerafidhcould play a key role in the

pathophysiology of AD.
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We aim to demonstrate the key role of nitrative damage in AD. We set out to
address this issue at two different levels. Firstly, the role of peroxynitrite in the
etiophatogeny of AD will be determined. For this, we will analyze the effect of

peroxynitrite by focusing on the following points:

I. Study of the Ap production

[1. Study of the AB species produced

[11. Changes of the BACEL expression

IV. Changes of the y-secretase components expression and assembly

V. Study of the AP aggregation process

Secondly, we will direct our study to the involvement of peroxynitrite in the
progression of the disease. Due to the fact that TPl is a preferred target for
nitrotyrosination, we will focus on the consequences of this harmful modification. TPI
has already been associated to neurodegeneration and aggregation, making it an
interesting candidate of neuronal dysfunction. Because the link between plaques and
NFT remains unknown, we aim to address this issue setting TPl in a central place.

Specifically we will address the effect of TPI nitrotyrosination in AD asfollows:

I. Study of the presence of nitro-TPI in the hippocampal region and the frontal
cortex of brains from patients with AD.

[1. Analysisof nitro-TPI isomerase activity and MG production

[11. Study of structural changes and aggregate formation

IV. Study of itsrole in the formation of tau PHF
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Abstract

Alzheimer's disease (AD) is characterized by serplagues composed of
amyloid-beta peptide (). Ap is produced by-secretase angsecretase activities. The
y-secretase complex determines the length of tleaseld 8. The major A peptide
produced by the-secretase contains 40 amino-acid$4f and just a 10% of its
catalytic activity yields a form with 42 amino-asiqAB4y). It is the most prone to
aggregate and constitutes the core of senile ptaghHewever AD patients have
elevated A4, production, the pathological mechanism for thigdwremains unknown.
Here we demonstrate that peroxynitrite, producedhieyreaction of superoxide anion
with nitric oxide, provokes some changes in theusits that constitute-secretase
activity and increases thep# production. In addition, peroxynitrite enhanceg th
aggregation of Bs2 producing oligomeric structures, which were moeenotoxic than
non-nitrated A4, oligomers.
Keywords: Alzheimer's disease; amyloid R-peptide; peroxyteifr presenilin;

oligomers.

Nonstandard abbreviationsAb, antibody; AR, amyloid 3-peptide; AD, Alzheimer’
disease; ADAMs, A disintegrin and metalloproteaggsh1, anterior pharynx-defective
phenotype 1; APP, amyloid 3-protein precursor; BACE-site APP cleaving enzyme
type 1; CAA, cerebral amyloid angiopathy; CTF,Cataral fragment; FBS, fetal bovine
serum; 3-morpholinosydnonimine (SIN-1); MTT, 3-(4Bnethylthiazol-2-yl)-2,5-

diphenyltetrazoliunbromide; NO, nitric oxide; NTF, N-terminal fragmemen-2, PS

enhancer 2; PS, presenilin; SNP, sodium nitropdessswAPP, APP bearing the

swedish mutation.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerativeadie characterized by senile
plaques formed by the deposition of extraneuronallaid-beta peptide (8) (Koppal
et al., 1998; Opazo et al., 2002) and intraneuréhballary tangles formation (Lewis et
al., 2001; Gotz et al., 2001).pAis a small peptide produced through the conseeutiv
processing of a type | transmembrane protein namagoid Precursor Protein (APP)
by the cleavage of thgsecretase and thyesecretase enzymatic activities. As a result of
they-activity a 40 aminoacid long peptide {4 is released. Buois the more frequently
found form of A3. However, sometimes thesecretase complex cuts two aminoacids
more at the carboxyl terminus of APP yielding agéarand more toxic form called
ABs2. The higher toxicity of this form resides on itsajor tendency to fibrillate.
Although it is the less frequent form offfAits production is increased in AD. This
species is highly fibrillogenic and acts like aédefor ABao. In fact AB4, is the initial
component of senile plaques followed by the subseréBs, and AB4 deposition
around it, allowing the growth of the plaques (Dodéad Michaelson, 2006).

The activey-secretase complex is formed by the assembly iretfumplasmic
reticulum (ER) of 4 different proteins: pen2, Aphdresenilin 1 (PS1) and nicastrin
(Sato et al., 2007; reviewed in De strooper 2008g catalytic activity resides on PS1
(De Strooper et al., 1998), which undergoes an eatdtytical cleavage after the
association with the rest of the components, raigas C-terminal fragment (CTF-PS1)
and an N-terminal fragment (NTF-PS1) (Hebert S@lgt2003). Both of them must
heterodimerize to confer the catalytic properteethe complex (Hebert SS et al., 2003).

The AB4J/AB4o ratio is elevated in AD (Gorman et al., 2008; Kut8ingh et al.,
2006; Lewczuk et al., 2004). It is known that thffedlent components that constitute

the y-secretase complex can modulate the function of &&ting the ratio in the
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production of A4, and AB4 (Marlow et al., 2003). However, the reason bettimel
switch of the B4/ABa4o ratio in favour of A4, in AD is not well understood. Moreover,
during the normal aging process such effect is als®ervable, though in a much lower
scale (Shoji et al., 2001).

An increase of oxidative stress occurs in both ggind AD. In the first case, it
is due to the failure of the cellular mechanisnat theep the cellular redox state. In the
second case, the increment in the number of thetiReaDxidant Species (ROS) is a
direct consequence of the AR action. There arege laumber of evidences supporting
the important role that plays theAnduced oxidative stress in the AD etiopathology.
One of the major oxidant species is peroxynit@&QO), which results from the rapid
and spontaneous reaction between superoxide anwmitric oxide (NO). The toxic
properties of this compound come from its capaaftynodifying relevant biomolecules
such as nucleic acids, lipids and proteins. Pertstgnreacts with the phenol ring of
the tyrosyl residues of proteins in a reaction rémérotyrosination, altering the
activity of the proteins. Protein nitrotyrosinatibas been extensively reported to occur
in AD (Guix et al. 2005, Coma et al., 2005; Guixakt 2008).

In the present work we have studied the role obygritrite in the production of
amyloid attending to the nitrotyrosination of thffetent g-secretase component as well
as to the shift in the Py/AP4o ratio. Moreover, we have addressed the study ef th
effect of AB4» nitration in the aggregation of the amyloid torfooligomers and fibrils.
Finally, we have studied the neurotoxicity of th&ated AB4, fibrils regarding those

non treated By fibrils.
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2. Materialsand Methods
2.1. Cell cultures

HEK cells expressing the Swedish mutation in AREK-swAPP) were grown
in DMEM medium supplemented with 10% fetal bovieeusn (FBS) (Gibco BRL), 1%
penicillin and 1% streptomycin. For the MTT assa&y-SY5Y cells were grown on a
96-wells plate in DMEM medium supplemented with 1396S (Gibco BRL), 1%
penicillin and 1% streptomycin. Experiments werafqgrened with phenol red-free
media and 0.2% FBS.
2.2. Human brain samples

Human brain tissue sections and samples were suppliedthiey Unitat
d’Anatomia Patologica (Hospital del Mar) and theitdihde Nauropatologia y Banco de
Cerebros (Fundacion Hospital Alcorcon). The proceduas approved by the ethics
committee of the Institut Municipal d’InvestigacerMédiques-Universitat Pompeu
Fabra. Samples used in the biochemical studies fkene 4 control individuals and 4
AD patients. 500 mg of frontal cortex was homogediat 4°C with 50QuL of a
cocktail containing 48QuL NP40 lysis buffer (150 mM NaCl, 5 mM EDTA, 1%
Nonidet P-40, 1 mM sodium orthovanadate, 1 mM phaathylsulphonyl! fluoride,
0.05% aprotinin, 1mM dithioltreitol) and 120 of protease inhibitors (Complete mini-
EDTA free) from Roche Diagnostics GmbH. Lysatesensraked at 4°C for 30 min and
centrifuged at 13,000 rpm for 15 min. Proteinshia supernatant were quantified with
the Bradford assay.
2.3. Treatments

Determination of the toxicity of SIN-1 (Sigma) different concentrations was
obtained running dose-response (0—t®) cell viability assays using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode (MTT) reduction method. HEK-
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sWAPP cells were grown in red phenol free mediumtaioing 0.2 % fetal bovine
serum (FBS) and challenged with different SIN-Jperoxynitrite concentrations for 3,
6, 12 or 24h.
2.4. Co-immunoprecipitation
Cells were lysed on ice with a solution containit®g Triton X-100 or 0.5% CHAPS,
50 mM Hepes, pH 7.6; 150 mM NaCl; 1 mM EDTA,; andngdete proteasmhibitors
(Roche). 500ug of total protein from brains or HEK APP Swediglsdtes were
incubated with 1.25ug of anti-NTF-PS1 or anti-CTF-PS1 monoclonal ardibs
overnight at 4 °C. Following the addition of prote& immobilized on sepharose
(Sigma), samples were shaken for 2 h at room temyrer Aggregates were pulled
down by centrifugation at 10,000 rpm for 10 min amdshed thrice. Protein G and
antibody were removed from the immunoprecipitateatgins by boiling the samples
for 6 min at 100 °C.
2.5. Identification of proteins by western-blot

Protein samples were analyzed by using 12% Tyishg gels and blotted onto
nitrocellulose membrane (Millipore, Bedford, MA)rfeecretase components detection
or 4-16% Tris-Tricine gels and blotted onto nyloembrane (Immobilon-P, Millipore)
for Ap-peptide detection. Membranes were incubated fora room temperature with
different primary rabbit Abs: anti-BACE1 (1:500; &hicon, Temecula, CA), anti-PS1-
NTF, anti-PS1-CTF, anti-nicastrin, anti-Pen-2, dphl and anti-g&-peptide WO2.
Mouse antix-tubulin Ab (1:5000; Sigma) was incubated for 1t hamm temperature as
a loading and transfer control. The peroxidasetagate anti-mouse and anti-rabbit Abs
were used as secondary Abs (Amersham BioscienaeeBaa, Spain). Bands were

visualized using the enhanced chemiluminescencetsu® Super Signal (Pierce,
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Rockford, IL) or Supersignal West femto trial kRi¢rce) and Amersham Bioscience
Hyperfilm ECL kit.
2.6. Membrane protein extraction and Blue NativdésGe

Cells from 6 T75 flasks per condition were coltaind homogenised with 3 ml
homogenising buffer containing 140 mM NacCl, 20 mkisTpH 7.4, 5 mM EDTA and
protease inhibitors (Complete mini-EDTA free) froRoche Diagnostics GmbH.
Homogenizes were centrifuged at 4,000 rpm for 10 amd 4°C and the supernatant
transferred to ultracentrifuge tubes. Ultracentition was carried out at 100.000g for
45 min at 4°C with a SWA45Ti rotor. The supernateas discarded and the pelled lysed
with lysis buffer containing 25 mM HEPES pH 7.401%M NaCl, 0.5% CHAPS and
protease inhibitors (Complete mini-EDTA free) frdRoche Diagnostics GmbH. N-
dodecyl$-D-maltoside (DDM, Invitrogen) was added to the plw up to a final
concentration of 1%.

For the electrophoresis, 5@g of total protein were prepared with
NativePAGE"M sample buffer (4X) and NativePAGE0.125 % G-250 sample additive
from Invitrogen. Samples were run in a 2-13% NeBGE ™ Bis-tris Tris gel system
(Invitrogen). The cathode buffer contained Coonea&s250.

2.7. AR quantification

After 24 h of treatments, media were collected tnedlevels of AB4oand AlR_s, were
measured using commercial enzyme-linked immunostrassay kits (IBL, Gumna,
Japan). Absorbances were measured by a microglatier Bio-Rad 680 and evaluated
by microplate manager software (Bio-Rad). For ietlular AR detection, values were
normalized to total cell protein concentration big-Rad DC Protein Assay (Bio-Rad).

2.8. Turbidometric assay
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The AR42 (sigma) stock solution was prepared ®gatving the peptide in
DMSO to a final concentration of jsg/ul. The turbidometric assay was carried out at
room temperature, within a dark chamber in a 9dsaghte under continuous shaking
(300 rpm). Each well contained 50 pgAR42 dissolved in 10@l PBS pH 5.5 and 25
or 50 mM SIN-1. Absorbance at 405 nm was followedrdhe time.

2.9. Transmission electron microscopy

Mesh nickel grids were charged with UV light forbn and set on a drop of sample for
1 min. Then 3 consecutive washes with milliQ watere carried out (1 min in total).
Finally the grid was set on a drop of 2% uraniltatee solution for 1 min and dried.
Samples were observed with a Jeol 1010 electrorostope.

2.10. Statistical analysis

Data are expressed as the mean + SEM of the virhraghe number of experiments as
indicated in the corresponding figures. Data weraluated statistically by using the
Student'd-test or the one way ANOVA test followed by Bonfer's post-hoc analysis.

The level of significance was< 0.05.

3. Results

3.1. Increased nitration and interaction betweere t8TF-PS1 and the NTF-PS1
fragments by a peroxynitrite donor (SIN-1)

After exposing HEK-swAPP cells to increasing corications of SIN-1, the NTF-PS1
was inmunoprecipitated and probed with an anti-®B3- antibody (figure 1A).

Surprisingly, more CTF-PS1 was co-inmunoprecipttdtem HEK-swAPP treated with

SIN-1 in a concentration-dependent manner. CTF-&fkared faintly nitrotyrosinated

under these conditions. The same result was olotairieen a stronger detergent was
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used to disrupt the interaction between CTF-PS1 Mm#&-PS1. While there is no
presence of the CTF-PS1 in inmunoprecipitates dFIRB1 obtained from non-treated
cells, a band for CTF-PS1 appears in those lanessmonding to inmunoprecipitates of
NTF-PS1 obtained from HEK-swAPP challenged withréasing concentrations of
SIN-1 (figure 1B). NTF-PS1 is also faintly nitrobginated. Quantification of the
amount of CTF-PS1 pulled down with NTF-PS1 aftguasure to 5uM SIN-1 shows a

stronger interaction between these two fragmentgurg 1C). This effect can be
reproduced as early as at 12h (figure 1D), butwiwn cells are treated with the NO
donor SNP, suggesting that this is a peroxynitsgeecific effect (figure 1E).

Interestingly, PS1 inmunoprecipitated from AD cestb cortex is highly

nitrotyrosinated in compare to non-AD (figure 1Epplementary 1C).

3.2. Differential expression between the differensecretase components after
treatment with SIN-1
Peroxynitrite is known to trigger crosslinking Wween tyrosines forming

dityrosine bridges (Fontana et al., 2006; Giulivetal., 2003). This could explain the
stronger interaction of the PS fragments when egschallenged with SIN-1. However
the enhanced interaction between the NFT-PS1 amdC#F-PS1 is not of covalent
nature since bands can be seen separately in arwéddt. Crosslinking effects on PS-1
could only be detected when a very high conceoimadf SIN-1 was used to treat the
cells (supplementary 1B). Another explanation mayhe increased expression of some
of the components that constitute theecretase complex. It is known that some of
these components are necessary for the properymbdg of they-secretase complex

(Dries DR and Yu G, 2008). Thus peroxynitrite may énhancing the association
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between NFT-PS1 and CTF-PS1 by favouring the esfmesof some units of the
secretase.

HEK-swAPP cells challenged with BV SIN-1 showed a higher expression of
the PS1 holoprotein (PS1), nicastrin and Pen-2dmparison to non-treated cells
(figure 2). However less amount of NTF-PS1 was poed under this condition,
pointing out to a minor endoproteolytic cleavagd®8fl. Aph-1 presented no changes in
the cellular levels, whereas BACE-1 seemed to desere

Although the endoproteolytical processing of h@tPseems to be diminished
by SIN-1, the formation of the catalytically activeature form of they-secretase
complex is enhanced by SIN-1 in a concentratioreddpnt manner (figure 2). These
could be due to the major expression of nicastioh Ren-2.

The decrease of the NTF-PS1 fragment formatiofauour of the full length
PS1 would suggest the formation of a less actiaecretase complex, and as a
consequence, thepfe production would be compromised. However, thisiitesrould
be in agreement with a large number of evidencggesting that a slower less-efficient
form of the protease can result in a greater ptagpoof 42-residue B (reviewed in

Wolfe et al., 2007).

3.3. SIN-1 increases totapAy incrementing A2 but not 40

Due to the fact that our major assemblyyedecretase complex after SIN-1
exposure would contain a less cleaved PS1, we hgpizied that this could mimic the
effect of those mutations impairing activity of P81t incrementing at the time the8 A
production. We measured the production of tot] AB4z and A4 in the medium of
HEK-swAPP cells challenged with increasing conaaiins of SIN-1 for 24h.

Interestingly, only B4, was observed to increase after the treatmentimnaentration-

-62 -



Results & Methods. Chapter |

dependent manner (figure 3A), incrementing theonathB4/AB4o (figure 3B). The
increase is clearly detected at SIN-1 concentratranging from 1 to 1@M. From 10

uM on, the effect is less pronounced due probablythe toxicity of SIN-1
(supplementary 1A). A kinetic study was carried mufollow the A4, release over the
time (figure 3C). The effects onf4 production can be already detected at 12h with a
concentration of M SIN-1 (figure 3C). The same results were repredugsing pure

peroxynitrite instead of SIN-1 (supplementary 2).

3.4. Peroxynitrite enhances the formation of t@fg, oligomers in vitro

After having determined the effect of peroxynérdn A34, production, we move
to analyse how this anion influences the aggregapinocess of the peptide. Using a
turbidometric assay, we followed up the aggregatibrsynthetic B4, over the time.
The analysis of our results showed a major tendémaggregate when this was left in
presence of SIN-1 (figure 4A). The kinetics offAaggregation was slower when this
was incubated alone. The toxicity of the aggregakeained was analysed on SH-SY5Y
cells for 24h and with an MTT assay. The sampleesponding to f42aggregated in
presence of SIN-1 was much more toxic (figure 4Bje study by ME about the nature
of these /B4, aggregates revealed their oligomeric structureu@g4C), resembling

those obtained without SIN-1 (figure 4D) but in ajar number.

4. Discussion

During the aging process, and especially in Alzrehis a switch of the A
production in favour of the most toxic speciggAShoji M et al., 2001). It is believed
to be an initial step in the formation of the plagsince B4, constitutes the core for the

posterior growing of these fibrillar structures.i@ative stress also appears very early in
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the first stages of AD (Resende R et al., 2008gré&fare several reasons to believe that
oxidative stress is an etiopathogenic factor for. A&Ih the one hand aging, being the
first risk factor for AD, courses with an unbaladaedox state due to the failure of the
antioxidant mechanisms (Hensley K et al., 1994¢08dly, oxidative stress has already
been described to enhance APP processing by imegede expression of BACE1 and
affecting in this way the production of botl42 and 440 (Coma M et al., 2008).

In the present work we demonstrate that peroxymitncrements the total (A
production by the release of mor@Apeptide. Other oxidants have been demonstrated
to increase the total fAproduction (Shen C et al.,, 2008; Tamagno E et24108).
However up to the moment any satisfactory mechamambeen provided to explain
the switch of the B4J/AP4o ratio that occurs during aging and AD pathologle Tact
that peroxynitrite alters the production ofAbut not A34o points to an involvement of
the y-secretase complex since it is the activity thaedeines the A specie released.
We have found that the peroxynitrite donor SIN-laide to nitrotyrosinate PS1, the
catalytic subunit of the-secretase complex, which is also nitrated in catedortex of
AD patients. It has been previously reported tlwhes mutations in two tyrosines near
the catalytic center of PS1 lead to an increasth@fAB4/AP4o ratio by affecting the
orientation of the two catalytic aspartyls Asp25W a&Asp385 (Wrigley et al., 2004).
Thus the alteration of these tyrosines by nitragyration might give a similar result
providing a mechanistic explanation. In AD the rad@aved PS1, but not its fragments,
seems to be nitrated though the full length protsirbelieved to be catalytically
inactive. At the first glance, it seems to contcadin incremented release oAby the
mechanism previously exposed because nitratiomehbloPS1 should not have any
effect on the activity of the complex. Nonethelds$ias been reported that most PS1

mutants associated to FAD have reduced proteoBfficiency but increased [,
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production (Wolfe et al, 2007). On the other hahe iajor part of PS1 is normally
found as a holoprotein whereas just a little padargoes endoproteolysis (Thinakaran
et al., 1997). Nitrotyrosination of PS1 could aftabilize the holoprotein and prevent
its degradation, since uncleaved PS holoproteiapaly degraded, whereas PS-NTF
and PS-CTF exist as a stable 1:1 heterodimer irnitjte molecular weight-secretase
complex (Dries DR and Yu G, 2008). Non-cleaved R&4 been reported to be able to
assembly with the other components (Wang et al4R0Dhus, a slowey-secretase
activity could give as a result a majopAproduction.

Furthermore we have observed a direct effect ¢d-Blon they-secretase
assembly. More mature complex (~250 kDa) is formaftdr exposure of HEK-swAPP
to SIN-1. The amount of mature complex is knowibeodirectly related to the amount
of APP cleaved. The increase in some of the comuserbat constitutes thesecretase
activity is a mechanism to form more complex. Hais treason we evaluated their
levels. Nicastrin and Pen-2 were specially enhamge8IN-1, contributing probably to
the establishment of the complex. Nicastrin actthasubstrate receptor (Dries DR and
Yu G, 2008), whereas Pen-2 is the last one totfeegncomponents. The complex needs
Pen-2 to go from the ER to the Golgi (Dries DR afwd G, 2008). Interestingly the
levels of holoPS1 seem to be enhanced by SIN-1resseits endoproteolysis is
impaired. Thus, peroxynitrite stabilizes the hol@P$robably inducing a lessg-
secretase activity, what could account for the adwito A4, production by the
mechanism explained previously.

In summary, our data supports the role of perdriymias an etiopathogenic
factor to develop AD. Firstly, nitrotyrosination dhe holoPS1 occurs under the
presence of peroxynitrite, which seems to be stahil against its endoproteolitic

cleavage. Secondly, two components yedecretase, nicastrin and Pen-2, are more
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expressed and specially the last one can contritutgive stability. Thirdly, the
interaction between CTF-PS1 and NTF-PS1 is stremgith Finally peroxynitrite
induces the formation of more mature complex. Oe thither hand we have
demonstrated that peroxynitrite enhances the tyxidithe AB4, peptide by inducing its

aggregation yielding oligomers.
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Fig. 1. Peroxynitrite induces PS1 nitrotyrosination) GTF-PS1 co-inmunoprecipitates
with NTF-PS1 when HEK-swAPP cells are exposed teasing concentrations of
SIN-1 for 24h. CTF-PS1 appears nitrotyrosinateéra®IN-1 exposure. The total PS1
levels do not change. (Biteraction between CTF-PS1 and NTF-PS1 is regigtan
detergent treatment when HEK-swAPP cells are exptis@creasing concentrations of
SIN-1. NTF-PS1 appears faintly nitrated after SIxposure. (EQuantification of the
CTF-PS1 co-inmunoprecipitated with NTF-PS1 in pneseof 5uM SIN-1 for 24h.
Data are the mean + SEM of 3 independent expersnehp <0,05 by Student’s t test
analysis. () The same results were obtained after just 12kxpbgure to 5uM SIN-1
but not with a SNP, a NO donor (E).) (Nitrotyrosination of PS1 in the cerebral cortex
of AD patients.
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FIGURE 2
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Fig. 2. Peroxynitrite is modulating the expression @& tifferent components gf and
B- secretases. (A) HEK-swAPP cells tp/@ SIN-1 for 24h and~ and3-secretase were
studied by western-blots and (B-G). Data are therme& SEM of 3 independent
experiments. * p <0,05; ** p <0,005 by Studentt®s$t analysis. (H) SIN-1 favours the
assembly of the matuesecretase complex in a concentration-dependetgrpat
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FIGURE 3
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Fig. 3. Peroxynitrite is increasing theB4y/AB4o ratio. (A,B)ABs2and ABsoin the media

of HEK-swAPP cells exposed to increasing conceiotmatof SIN-1. (C) Time course of
ABs2production. Data are the mean + SEM of 3 indepenegperiments. * p <0,05; **

p <0,005 by Student’s t test analysis.

-70 -



Results & Methods. Chapter |

e : QEZ:: + 25 mM SIN-1 120 . Abeta 42
—¥— Abeta+ 50 mM SIN-1 — 100 3 Abeta 42 + SIN-1 [50 mi]
0,08 2
S 80
8 006 =]
< o
» > 60
< 004 B
< 4
i E
0,02 =
0,00 0 =
control  0.125 0.25 0.5
Time (s) Abetad?2 [uM]
C D

Fig. 4. Peroxynitrite is increasing Af oligomer formation and neurotoxicity. (A)
Turbidomentric analysisy of By, aggregation in the presence of 25 and 50 mM SIN-1.
(B) Nitrated A4z oligomer-induced neurotoxicity on neuroblastomdscddata are the
mean + SEM of 3 independent experiments. * p <0*0% <0,005 by Student’s t test
analysis. (CElectron microscopy picture of A, oligomers obtained in presence of 50
mM SIN-1 and (D) without peroxynitrite.
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6. Supplementary material

MTT Reduction (%)

200 ¢
180
160
140 +
120 +
100 +
80
60
40
20 1

Relative Quantification (%)

Control 1 5 10 20 100
SIN-1 [uM]
*
T
T
Healthy Alzheimer

Relative quantification

=
N
o

=

o

o
s

80

60 1

40

20 1

SIN-1 (uM)
= 100

. |

Control 5 uM SIN-1

Fig. 1S. (A) Cell viability of HEK APPsw cells exposed to increasing SIN-1
concentration. Data are the mean + SEM of 3 indépeinexperiments. * p<0,01 by
Student’'s t analysis. (B) PS1 western blot of SH®Ycell lysates showing high
molecular bands after treatment with a 100 uM SINE) PS1 nitrotyrosination in
healthy and AD cerebral cortex. Data are the me&EM of 4 samples from different
individuals. * p<0,01 by Student’s t analysis. (D)bulin quantification as a control for
the total protein charge, corresponding to the exgnt in figure 2.

-75 -



Results & Methods. Chapter |

250
©
2 200
SIN-1 (uM) s L
Cc 1 5 10 100 10° © 150
- S —— >
X
= 100
2
<
S 50
(o]
|_
° NN '
§o S &S S \éo \/@@
G f\ %@‘ Q@\ 5
C D S
— 3507 * m AR7-40 S 47
XX c *
< 300 A = AB1.42 8
5 2 31
S 250 A =
@ o
L * 5 * *
E 200 A * % - 3 3
c 2 2
S 150 | * g
< i
g 100 - &1
© <
g 50 4 o
0 g 0
control 1 5 10 control 1 5 10
ONOO" [uM] ONOO" [uM]

Fig. 2S. (A) Secreted AR western blot from media of HEK APPslis eexposure to
increasing concentrations of SIN-1. (B) Quantificatof secreted AR western blots
normalized by secretatAPP. Data are the mean + SEM of 3 independent axrpats.

* p<0,01 by Student’'s t analysis. (C,D) Secretefl By HEK APPsw cells after
exposure to peroxynitrite. The pattern resemblasahfigure 3 where SIN-1 was used
instead of peroxynitrite. Data are the mean + SHMB dandependent experiments. *
p<0,05; ** p<0,01 by Student’s t analysis.
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Fig. 3S. Expression of the components ofyHsecretase complex in HEK APPsw cells,
after exposure to increasing concentrations of EINAt non-toxic concentrations, Pen-
2, Aphl and nicastrin tends to be increased, agcwgydto the experiment shown in

figure 2.
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CHAPTER 2

“Amyloid-dependent triosephosphate isomerase
nitrotyrosination induces glycation and tau

fibrillation”

Francesc X. Guix, Gerard lll-Raga, Ramona Bravo, Tadashi Nakaya, Gianni de
Fabritiis, Mireia Coma, Gian Pietro Miscione, Jordi Villa-Freixa, Toshiharu
Suzuki, Xavier Fernandez-Busquets, Miguel A. Valverde, Bart de Strooper, and
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Summary

Alzheimer’s disease (AD) neuropathology is chandmtel by neuronal death, amyloid
3-peptide (AR) deposits and neurofibrillary tangls&T) composed of paired helical
filaments (PHF) of tau protein. Although crucialrf@ur understanding of the
pathogenesis of AD, the molecular mechanisms Ilmkif3 and PHF still remain
unknown. Here we show that AR-induced nitro-oxidatidamage promotes the
nitrotyrosination of the glycolytic enzyme trioseygiphate isomerase (TPI). It results in
a decrease in the isomerase activity which yieldsoaving in the glycolytic flow.
Moreover, nitro-TPI triggers the production of thaghly neurotoxic methylglyoxal.
This finding correlates with the widespread glyoatifound in the cortex from AD
patients and the hippocampus from double transgeite overexpressing the amyloid
precursor protein and presenilin-1. FurthermordétoniPl aggregates in beta-sheet
structures and binds tau monomers inducing formadbPHF. Thus we demonstrate

here a mechanism for AR toxicity which could indD€T formation in AD brains.

_Key words: AIzheim_erfs disease; amyloid 3-peptide; tau gmteiosephosphate
isomerase; peroxynitrite.

Nonstandard abbreviations used Alzheimer's disease (AD); Atomic Force
Microscopy (AFM); dihydroxyacetone phosphate (DHAH)-glyceraldehyde 3-
phosphate (GAP); methylglyoxal (MG); neurofibrifjatangles (NFT); paired helical
filaments (PHF); peroxynitrite donor (SIN-1); pre8m 1 (PS1); Transmission electron

microscopy (TEM); triosephosphate isomerase (TPI).
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Introduction

Since the characterization of amyloid R-peptide )(Adeposition (Masters and
Beyreuther, 2006) and the subsequent formatioreofafibrillary tangles (NFT) (Brion
et al., 1985; Igbal et al., 1984) as the two definipathological hallmarks of
Alzheimer’s disease (AD), a fair amount of reseasohAD has been directed towards
the identification of the molecular mechanism limki A3 and NFT. Interestingly,
aggregation of AR (either in oligomeric or insokibmature fibrils) is mainly
extracellular while NFT (composed of paired helifildments (PHF) of tau protein)
appear intracellularly (Gotz et al., 2001; Alongak, 2008). In addition to this spatial
segregation, AR accumulation and NFT also show ¢eahseparation in AD brains,
i.e., AR accumulation appears before NFT (Gotzl.et2@01; Del Toro et al., 2005).
Altogether, the existing data suggest a hierarthiglationship between AR and tau,
although the underlying mechanisms are unknown. ddtwation of phosphorylation
pathways (Liou et al., 2003; Bhat et al., 2004 hdtt al., 2002) is the current hypothesis
associating AR and PHF, but the fact that PHF feionacan occur in the absence of tau
phosphorylation (Chang et al., 2008; Mudher and elstane, 2002) suggests that
phosphorylation rather than a trigger is an enhanteau fibrillization (Kuret et al.,
2005). Thus, the crucial questions of what unleaghidF formation and which are the
mechanisms linking AR and PHF remain unanswer#teatolecular level.

AD, as other amyloidoses, presents insoluble actatroos of [-sheet
containing proteins, which otherwise should be Islelun biological fluids. A widely
accepted view is that the process is entirely patfical, requiring triggers that relieve
the conformational barrier to spontaneous protggregation. These can be of genetic
origin, e.g., disease-causing mutations in thegimetthemselves or in regulators of their

metabolism. In the case of the tau protein, mutatiin its encoding gene do not
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generate AD, but are responsible for another negederative disorder known as
frontotemporal dementia with Parkinsonism (reviewied Wszolek et al., 2006).
Alternatively, increased expression of tau protéim, also other changes in the cellular
environment like the presence of agents that aseads for heterogeneous nucleation
and aggregation, such as anionic surfactants alyarpons (Sibille et al., 2006; Chirita
et al., 2003) can induce tangle formation. Howeveme of these mechanisms have
provided insight into the molecular link between & NFT.

TPl is a key enzyme in cell metabolism that costrible glycolytic flow and
energy production through the interconversion dfydroxyacetone phosphate (DHAP)
and D-glyceraldehyde 3-phosphate (G3P) (Richar®319Notably, TPI is the only
glycolytic enzyme whose functional deficiency is@sated to neurodegenerati@ber
et al., 1991; Ovadi et al., 2004). In particulaefficient glycolysis (Hoyer et al., 1988)
and ATP depletion (Keil et al., 2004) are charastierin AD brains. Nitrotyrosination
of TPI occurs in AD (Coma et al., 2005) as the ftesUAR-dependent oxidative stress
due to the formation of the powerful nitrating agg@eroxynitrite by the reaction of
nitric oxide and superoxide anion (Coma et al.,2@uix et al., 2005).

Here, we have discovered a mechanism that can iacdou the spatial and
temporal progression from AR toxicity to NFT in A®ain. A3-induced oxidative and
nitrative stress, induces nitrotyrosination of TRI,key enzyme of the glycolysis
pathway. This causes the generation of toxic inéeliates and abnormal glycation of
proteins, and also a conformational change in T9llfi making it prone to aggregate.
More interestingly, the nitrotyronisated TPI iseld induce a conformational change in

tau and precipitates PHF formation.

-84 -



Results & Methods. Chapter Il

Materials and methods

Materials

Synthetic AR peptide corresponding to the humanAButch variant containing the
glutamic acid to glutamine substitution (&fg was purchased from Oncogene.eA%
produces more stable fibrils than wild-type AR, likre are no differences in the
amyloidogenic properties of both species. Rabblt IN-1 and Protein G immobilized

on sepharose were purchased from Sigma-Aldrich.

Human brain samples

Human brain tissue sections and samples were suppliedhbyBanc de Teixits
Neurologics (Serveis Cientifico-Técnics, Hospitdh, Universitat de Barcelona), the
Unitat d’Anatomia Patologica (Hospital del Mar) atiee Unitat de Nauropatologia y
Banco de Cerebros (Fundacion Hospital Alcorcéng procedure was approved by the
ethics committee of the Institut Municipal d'Inviggtcions Meédiques-Universitat
Pompeu Fabra. Brain sections (5 pm) were obtairted the frontal cortex of 4 healthy
aged individuals and 5 AD patients at stage VlilBsamples from the frontal cortex of
2 individuals with Parkinson’s disease and 2 witbnfotemporal dementia were also
used in the study. Samples used in the biochenstalies were from 9 control
individuals and 13 AD patients. 500 mg of eithamfial cortex or hippocampus were
homogenized at 4°C with 50 of a cocktail containing 48QL NP40 lysis buffer
(150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 1 mM saah orthovanadate, 1 mM
phenylmethylsulphonyl fluoride, 0.05% aprotinin, Mndithioltreitol) and 120uL of

protease inhibitors (Complete mini-EDTA free) froRoche Diagnostics GmbH.
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Lysates were shaked at 4°C for 30 min and cent&dugt 13,000 rpm for 15 min.

Proteins in the supernatant were quantified withBhadford assay.

Mice brain samples

Cerebral paraffined slides from wild type black enar APPswe/PS1 L166P mice were
deparaffined with Clear Rite 3 and subsequent wsshi#h decreasing ethanol
dilutions. The Tyramide Signal Amplification kit ¢FkinElmer) was used for the
inmunofluorescence, following the instructions giviey the company. Briefly, slides
were incubated 7 min with a 70 % formic acid santin order to expose the epitopes.
After 1h of quenching endogenous peroxidase agtwith a 30 % HO, solution, slides
were blocked 1h at RT with 2% normal serum in TNBcking buffer. The same
solution was used to dilute 1:100 the following npary antibodies: anti-TPI
(ProteinTech Group, Chicago), 6E10 anfl;Aanti-MG (CosmoBio) and anti-
nitrotyrosine (Abcam). The primary antibodies wereubated overnight at 4 °C. The
secondary antibodies were diluted 1:500 in TNB kilog solution without serum with
the exception of the anti-MG, which was dilutedQD2Slides were developed by 6 min
incubation with the Tyr-FITC reagent at darknes§@lin 1x Reagent Diluent). All the
washes were performed with TNT 1x buffer. For tld-&myloid colocalization study a
HRP-bound antibody against rabbit was used. FoMBeamyloid colocalization study
a HRP-bound antibody against mouse was used tagettile a co-staining with

thioflavine T to detect amyloid deposits.

Western blot

Gels were transferred to nitrocellulose membramas iacubated for 2 h at room

temperature with a rabbit anti-nitrotyrosine poty@l antibody (1:1000, Invitrogen), a
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sheep anti-TPI polyclonal antibody (1:200, Nordig@), mouse anti-tau monoclonal
antibody (1:1000, Santa Cruz) or a mouse anti-argpgine antibody (1:1000,
CosmoBio). Donkey anti-rabbit and donkey anti-sheemxidase-conjugated secondary
antibodies (1:5,000, Amersham Bioscience) wereliated for 1 h at room temperature.
Bands were visualized using the enhanced chemiksnégnce substrate (Super Signal;

Pierce) and the Hyperfilm ECL kit from Amersham &i@nce.

Immunoprecipitation

500 pg of total protein from brains or SH-SY5Y cells than neuroblastoma cells)
lysates were incubated with 1.2§ of anti-TPI polyclonal antibody overnight at 4.°C
Following the addition of protein G immobilized @epharose (Sigma), samples were
shaken for 2 h at room temperature. Aggregates melted down by centrifugation at
10,000 rpm for 10 min and washed thrice. Proteian@ antibody were removed from

the immunoprecipitated proteins by boiling the sE®or 6 min at 100 °C.

Quantification of nitrotyrosinated TPI in brains

TPI was inmunoprecipitated from either cerebrateowor hippocampus of control and
AD patients. Samples were resuspended in {dl0®f basic PBS (pH 12) and boiled
before the removal of protein G by centrifugatiblextly, absorbance was measured at
420 nm to determine the amount of nitrotyrosinesh@ samples. Free nitrotyrosine

(Sigma) was used to make a standard curve.

Immunohistochemistry and immunofluorescence

Frontal cortex sections were pretreated with 50%mio acid for 1 min to expose TPI

epitopes. Sections were treated with 4%O0K and incubated with rabbit anti-
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nitrotyrosine polyclonal antibody (1:500) for 2 hraom temperature followed by the
incubation with donkey anti-rabbit peroxidase-c@ajied antibody (1:500) for 1 h at
room temperature. Contiguous sections were incdbatth sheep anti-TPI polyclonal
antibody (1:100) and donkey anti-sheep peroxidasgugated antibody (1:500) for 1 h
at room temperature. Slides were treated with Réase Substrate Kit DAB (Vector).
Samples were counterstained with hematoxylin, dedtgd and fixed with Eukitt
(O.Kindler GmbH &CO). Representative digital imagesre taken with a Leica DMR
microscope and analyzed with Leica IM50 software.demonstrate the presence of
MG in the human samples from AD brains the slidegrew analyzed by
inmunofluorescence following the protocol previgustentioned. The content of MG
was determined with an anti-MG monoclonal antibodye inmunofluorescence
experiment on tissue slides was performed as agaapreviously for the mice brain
samples.

For the immunofluorescence experiment on TPl agges two different
secondary antibodies were used: an Alexa568-boahHtitr antibody for TPl and an
Alexa488 —bound mouse antibody for tau. As a negatbntrol a primary antibody

against human syntaxin 1A was used.

Overexpression of TPI in HEK cells

TPl was amplified by PCR from purified human chremmal DNA and cloned into a
construct containing a 5'upstream Flag sequencelPA carrying double tyrosine
mutation (Y164F/Y208F) was generated and cloneal i same construct. HEK cells
were seeded in 6-well plates at a density of 5@ @Is per well and grown for 12h
with Dulbecco's modifiedcagle's medium (DMEM) supplemented with 10% FBS.

Afterwards, 2ug per well of each contruct was transfected usind 2 ipofectamine
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2000 (Invitrogen). After 24h, the medium was substd by DMEM without FBS and
cells were treated with 0.pbM pre-aggregated [ or left without treatment (mock).
After 24h, cells were lysed and TPl was inmunoppitgied with an anti-Flag antibody
(Sigma). A western blot was run and an anti-nitra¢jne antibody used to visualize the

bands.

TPI nitration in vitro

Rabbit TPl (1.25pug/uL unless otherwise indicated) was dissolved in 58 m
tetraethylammoniun (pH 7.4-7.6) and exposed to Slat-the concentrations specified
in each assay. Nitration process was carried odémushaking at 300 rpm for 3 hours
and at room temperature. SIN-1 was eliminated frin® samples with a PD-10
desalting column (Amersham). The elution profilesisown in the supplementary

material.

Kinetic studies and MG measurement

The isomerase activity of TPl was measured speotiometrically using
glyceraldehyde 3-phosphate (G3P) or dihydroxyaeetghosphate (DHAP) as
substrates and coupling the products obtainegtdtycerophosphate dehydrogenase or
G3P dehydrogenase respectively. The final volume ¥@uL in both cases. The assay
mixture for the G3P to DHAP direction containedrbM triethanolamine/HCI (pH 7.6),
0.2 mM NADH, 0.1 mM EDTA, D,L-G3P (1, 0.5, 0.3320and 0.05 mM), 3 ng of TPI
and 0.9 units ofi-glycerophosphate dehydrogenaBke assay mixturéor the DHAP to
G3P direction contained 50 mM triethanolamine/H@H (7.4), 0.72 mM NAD, 0.47
mM NagAsO,, DHAP (0.3, 0.6, 1.2, 2.4, 4.8 and 9,5 mM), 10ofi@ Pl and 3.24 units

of a-glycerophosphate dehydrogenals generated during the isomerization reaction
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was quantified in both reactions enzymatically tlglo conversion to S-lactoyl

glutathione by glyoxalase I, and the reaction vedieived spectrophotometrically at 240
nm. Initial velocity mean for each substrate comicgion was transformed to be plotted
on a Eadie-Hofstee graph (to calculate Km) or dWeaolf-Hanes graph (to calculate
Vmax). Values of p<0.05 were obtained for all tlegmeters of the linear regression

models after student’s t test statistical analysis.

Computational modeling of TPI

The crystal structure was downloaded from the P& thank (PDB:8TIM). Using the
package VMD [VMD], we have selected chain A fore timolecular dynamics
simulations. The protein was solvated in TIP3P watel ion to neutralize the charge
for a total system size of around 50 thousand atd#sing the molecular dynamics
package NAMD2.6 [NAMD], the protein restrained wighharmonic potential of 25
Kcal/mol the entire system was energy minimized 1000 steps and thermalized
reinitializing atom velocities twice. The constrathwas then removed and the system
equilibrated for further 10 ps. Finally a Langewiiston barostat at 1 atm was applied
for 3 ns. The production run consists of 4 ns ofudation in the same condition. The
most important simulation parameters setting anee tstep of 2 fs, a cut of 12 A and
update of the pairlist every 20 iterations, longga forces are computed every 4 fs and
long range electrostatic was resolved with the Rivethod with at least one grid point
each Angstrom. Four tyrosines are present for eamomer of TPI. The first two Y47
and Y67 stays at the interface of the dimer in gftpoorientations, such that tyrosines
from different monomers do not face each other levthe remaining two Y164 and
Y208 are interacting directly and sit very closeite catalytic site E165 and a large loop

overshading the catalytic site formed by at leab8,KH95 and E165. Y208 is hydrogen
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bonded with A176 in this loop effectively shortegitihe length of the loop with a short
pinch. The deprotonated tyrosines were modeleceimpving the hydrogen atom of the
hydrophilic end of the tyrosines Y164 and Y208 dmydassigning a total -1 charge to
each. The other two tyrosines far away from thalgic site are left in the native state.
From the equilibrated structure a 10 ns simulatiath the deprotonated tyrosines was

run.

Turbidometric analysis

Turbidometric experiments were carried out at raemperature, within a dark chamber
in a 96-wells plate under continuous shaking (308)r The protein concentration of the
wells containing rabbit TPl or bovine RNase was @gful. Final volume for all the
wells was 10QuL. Specific conditions for each well are indicaiadthe legend of the

Fig 3.

Thioflavin staining

Control and nitrotyrosinated TPI were shaked at @00 and at room temperature for 1
day or 5 days. Before microscope observation, Tdwof T (1 mM) was added to each
sample at 1:1 (v/v) and incubated in the darknessld min. Samples were put on
coverslips and examined under blue light with acaedDMR microscope coupled to a

DFC300 FX camera. Representative images were takbrthe Leica IM50 software.

Transmission electron microscopy

Mesh nickel grids were charged with UV light fonbn and set on a drop of sample for

1 min. Then 3 consecutive washes with milliQ watere carried out (1 min in total).
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Finally the grid was set on a drop of 2% uraniltate solution for 1 min and dried.

Samples were observed with a Jeol 1010 electrorostope.

Atomic force microscopy

Imaging was performed with a commercial MultiModéraic force microscope
controlled by a Nanoscope IV electronics (Digitasttuments) equipped with either a
124um scanner (E-scanner) or a 12® scanner (J-scanner). Except where otherwise
indicated, all images were taken in liquid usintapping-mode liquid cell without the
O-ring seal. Oxide-sharpened pyramidal\zitips mounted on triangular 1Q0n long
cantilevers (k = 0.08 N/m) were purchased from Qiys The liquid cell and the tip
were cleaned with ethanol and thoroughly rinsedh wiionized water before use. For
high-resolution imaging the microscope head wasgulaon a vibration-isolated stone
plate. After the indicated incubation times and iedilately before imaging, 10L of
the sample were allowed to adsorb for about 5-1) ahiroom temperature on freshly
cleaved muscovita mica (Asheville-Schoonmaker Mica) or highly ordered pyrolytic

graphite (Nt-MDT Co.), and finally overlaid with 6@ uL of incubation buffer.

Confocal microscopy

TPl immunoprecipitated from healthy or Alzheimerrtea was immobilized on

microscope coverslides coated with gelatin (5%ediokized water). Samples were fixed
with a solution of 4% formaldehyde for 30 min anttubated for 2 h at room
temperature with a mouse anti-phospho-tau monokthmtéody (1:1,000 Innogenetics)
followed by incubation with Alexa fluor 488 goattamouse polyclonal antibody

(2:500) for 1 h at room temperature. Digital imagesre taken with a Leica TCS SP

confocal microscope and analyzed with Leica corlfsctiware.

-02 -



Results & Methods. Chapter Il

Results

AP promotes TPI nitrotyrosination in vitro and in AD

AR induced nitro-oxidative stress on human neusiblaa cells results in

nitrotyrosination of TPl (Fig. 1A). Double transgemmice overexpressing APP and
presenilin 1 (PS1), showed TPI aggregates (Fig. &) nitrotyrosination (Fig. 1C) in

identical hippocampal areas. Similarly, colocalatof TPl (Fig. 1D) and anti-

nitrotyrosine staining (Fig. 1E) was found in thargnchyma of human AD brains.
Moreover, higher levels of nitro-TPIl were also dé&te in extracts from hippocampus
(Fig. 1F) and frontal cortex (Fig. 1G) obtainednfrdAD brains, compared to healthy

subjects.

AR-induced TPI nitrotyrosination causes a loss ofreeymatic specificity

TPI has four Tyr residues. Tyr164 and Tyr208 areenpyone to modification by nitric
oxid because they are in the proximity of negatikarged amino acids and also more
exposed to external agent (Fig. S1). We modelledftinctional consequences of TPI
nitrotyrosination using full-atom molecular dynamicThe loop 6 (Fig. S1) is very
flexible and plays an important role in the reatyiwof the enzyme (Alber et al., 1981).
Nitration of Tyr164 and Tyr208 would destabilize=tblose state of loop 6 because the
interaction between Tyr208 and Alal76 through abadfd gets compromised (Fig. 2A-
B; Fig. S2). Indeed, purified TPI after nitrotyroation with a peroxynitrite donor (SIN-
1) displayed a significant decrease in isomerad&itgcin both directions of the
catalysis, i.e. using DHAP (Fig. 2C) or GAP (FigD)2as substrate. The specific
enzymatic activity constants {¢K) were 0.13+0.007 mM min™ for control TPI and

0.06+0.02 mM" min™ for nitro TPI using DHAP as substrate, and 3.49@2nM* min’
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! for control TPl and 0.87+0.41 miMmin™ for nitro TPI using GAP as substrate (see
Fig. S3 and table in supplementary materials). Besrd isomerase activity should slow
the glycolytic flow and reduce ATP formation. Theinerisation of DHAP and GAP
proceeds through an enediol phosphate. This inttiatee is very unstable and can
suffer w-elimination of the phosphate group to yield inoriga phosphate and
methylglyoxal (MG) (Ovadi et al., 2004; Richard,98). MG is a toxic compound
involved in advanced glycation end-products foromat(Kuhla et al., 2005; Richard,
1993). In accordance with the decreased efficiafayitro-TPI we found a significant
increase in MG production (p<0.05), independentvbéther DHAP or GAP was used
as substrate (Fig. 2E). Thus, nitrotyrosinatiomBf results in reduced catalytic activity
and increased occupancy of the enzyme by the sidstind consequently, a higher
production of the toxic MG. This hypothesis was faomed using HEK cells
overexpressing wild-type and mutant TPl (Tyrl64Rhd Tyr208Phe mutations that
mimic the effect of nitrotyrosination on loop sti#ly). Mutant TPl showed increased
MG production, detected by western blots using-argpyrimidin which recognizes
products of aminoacid glycation (Fig. 2F).

Interestingly, brains of double transgenic micevadd overlapping A3 deposits
(Fig. 3A and 3C) with TPI (Fig. 3B) and MG positivareas (Fig. 3D) in the
hippocampus. Moreover TPI (Fig. 3E) co-localizedhwhi1G (Fig. 3F) in mice. MG
levels were significantly higher in human AD brafifdg. 3H) than in healthy controls

(Fig. 3G), corroborating the pathological significa of our biochemical findings.

TPI nitrotyrosination induces its aggregation

TPI belongs to the class of théf barrel enzymes (Dabrowska et al., 1978; Pompliano

et al., 1990). TPI contains 3 strands (Dabrowska.ef1978) and a TPI fragment 186—
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218 from the N-terminal of region Ill is able torfie amyloid-like fibrils in vitro
(Contreras et al., 1999). Turbidometric analysisTB1 in solution demonstrated rapid
induction of TPI aggregation upon nitrotyrosinatieith SIN-1 (Fig. 4A), resulting in
the appearance of multimeric TPl bands of highectebphoretic mobility (Fig. 4B).
RNAse (also a dimeric protein with several Tyr) ddt aggregate upon SIN-1
treatment, suggesting that this effect was rathecific for TPI (Fig. S4). Transmission
electron microscopy (TEM) analysis identified la@ggregates of nitro-TPI (Fig. 4D),
which were not appearing in the control TPI reactipig. 4C). TPI also aggregaties
vivo. When TPl was immunoprecipitated from human ocoit€ig. 4E-F; S5) and
hippocampus (Fig. S5), large protein aggregateg wbtained from AD brains and not
from healthy controls. Nitro-TPl aggregates gerextain vitro exhibited positive
thioflavin staining at day five (insets Fig. 4C-D)rther confirming that TPI aggregates
displayed R-sheet structure (Grabowski et al., R0Ohese nitro-TPI aggregates
continue to produce toxic MG. We reasoned thatehEBIl aggregates, due to their
amyloid-like structure, might also act as nucleatienters for fibrillation of other
intracellular proteins in the cell (inset Fig. 4H)PI aggregation could also affect
substrate access to and occupancy of the catalgtiter, thereby, contributing to the

increased MG production.

Nitrotyrosinated TPI interacts with tau protein to form PHFs

Mutations in TPl make it more prone to associath &nd influence assembly of brain
microtubules (Orosz et al.,, 2000). Therefore, wealressed the possibility that
nitrotyrosinated TPl might provide a nucleation teenfor tau aggregation and
subsequent PHF formation. Human neuroblastoma ealle treated with increasing

concentrations of AR and proteins were immunopretgd with anti-TPI antibody.
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Tau-positive material was present in the immundpitates indicating that tau becomes
associated to nitroTPI in an AR dose-dependenemeafFig. 5A). This interaction was
critically dependent on the nitrotyrosination of I;T& treatment with 2-phenyl-4,4,5,5,-
tetramethylimidazoline-1-oxyl 3-oxide (PTIO; a N@asenger) or the free radical
scavenger (trolox) markedly reduced the bindingamfto TPI in the presence of AR
(Fig. 5B). The unspecific TPI binding to proteins€pharose was excluded (Fig. 5C, E,
F and G). In triple transgenic mice that overexpedsAPP, PS1 and tau (Oddo et al.,
2003) we found a massive presence of tau (50 Kddorim) in the TPI
immunoprecipitated material (Fig. 5E, 6 and S6)milirly, tau immunoreactivity
associated with immunoprecipitated TPl was detecteshmples obtained from human
AD cortex but not from healthy subjects (Fig. 5Far@l S6). Tau binding to TPl seems
rather specific for AD brain as cortex samples frdharkinson’s disease and
frontotemporal dementia patients turned out to legative for tau in the TPI
immunoprecipitates (Fig. G). TPl immunoprecipitateas in both AD brains and
transgenic mice but no another protein highly esped in brain such as syntaxin 1A
(Fig. 6).

We further investigated how nitro-TPI affected tggregationn vitro. TPl and
nitro-TPI were incubated with tau protein and saspkere analysed by Atomic Force
Microscopy (AFM) (Fig. 7A-D) and TEM (Fig. 7F andGJ. Abundant PHF-like
structures were found in samples containing nitfd-plus tau (Fig. 7C and 7D) with
the characteristic twisted fibrils structure thalso seen in twisted PHF in AD brains
(Fig. 7D) (Herzig et al., 2006). Samples containtag plus unmodified TPI showed
only few fibrillar aggregates, not displaying PHFusture (Fig. 7A and 7B). In control
experiments using another nitrosylated cytoplasmiacein, nitro-human RNAse 3, no

PHF formation was observed, indicating specifi@fyour observations (Fig. S7). In
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agreement with the AFM data, western blot analgsihe samples revealed that, unlike
control TPI, nitro-TPI induced stable PHFs that did enter into the SDS gel (Fig. 7E).
Nitro-TPI promoted PHFs at very low taoncentrations (65 nM) which are well below
the concentrations (1-10M) used in previous studies to trigger PHF formatieith

exogenous triggers such as heparin, anionic sarfeectand calcium (Grabowski et al.,

2001).

Discussion

In the present work we have studied the possibieophysiological relevance of TPI
nitrotyrosination in AD. First, we have demonstthtdhat AR induces TPI
nitrotyrosination in neuronal cells. AccordinglyPTnitrotyrosination was also observed
in the brain of AD patients and mice overexpressioth APP and PS1, but not in
control brains. Second, the AR-induced nitrosytatad TPI affects its function and
could result in inefficient glycolysis in AD. Iraét, ATP depletion has been reported in
AD patients (Hoyer et al., 1988). TPI nitrotyrodioa decreased both isomerase
activities, which slows the glycolytic flow and tAd P formation and, will likely, result
in decreased production of acetyl-coenzyme A (Ae€tA) as well. A reduction in the
bioavailability of acetyl-CoA, a precursor of adetwline synthesis, could be
contributing to the characteristic cholinergic ddéfin AD. Moreover,TPI is the only
glycolytic enzyme that has been implicated beforenéurodegeneratiofEber et al.,
1991; Ovadi et al., 2004; Valentin et al., 2008)all these studies high levels of DHAP
are found as a result of decreased TPI isomerdsétyy and DHAP is the main source
for toxic MG production. MG is a very unstable imediate and toxic triose involved
in AGEs formation and implicated before in AD pajkoesis (Ahmed et al., 20031

prevents MG production by folding its loop 6 ovdretcatalytic centre when the
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substrate binds. Nitration of Y164 keeps loop 6ropa a hydrogen bond with T168,
allowing the entry of water into the active sitessulting in the hydrolysis of the
phosphate of the enediol intermediate to yield MG.

On the other hand, mutated TPl becomes misfoldemlify several 3 strands
(Rice et al., 1990) and such misfolded protein dcalso promote neurodegenerative
disease (Olah et al., 2002). Some mutations inrii&ite it more prone to associate to
brain microtubules, which influences their polyraation (Orosz et al., 2000).
Interestingly, a fragment of TPI is structurallynhologous to the AR peptide and is able
to form amyloid in vitro (Contreras et al., 1999). We have demonstrated that
nitrotyrosination induces indeed the aggregatioff. This nitrotyrosinated TPI forms
large structures with B-sheet folds, that are ieduic neurons cultured in vitro in the
presence of AR and, importantly, are observed rtegdrom AD brain. The large size
of nitrotyrosinated TPl aggregates make them masistto degradation by the
proteosome. Then they can grow and act as inttdaeliseeds” for the fibrillation of
other proteins due to its amyloid-like structure.

NFT formation due to tau aggregation is considesekey event in AD
neurodegeneration. Neurons bearing NFTs, are noéssarily dead but unable to
communicate with other neurons due to the disraptib the cytoskeleton. NFTs are
downstream of AR action since mutations in humamglaich precursor protein (APP)
produce an early onset of AD with NFTs presentim ltrains of these patients (Cras et
al., 1998; Sturchler-Pierrat and Sommer, 1999)t@nother hand, mutations in human
tau producing frontal dementia do not show anyraiiten of AR (Yancopoulou et al.,
2003). Despite all these evidences relating AR t6T Nformation, there is no
experimental explanation for the link between thése major events in AD. The

participation of cyclin-dependent kinases (Maccienil., 2001) or glycogen synthase
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kinase-3R (Bhat et al., 2004) signalling are amtrg few hypothesis attempting to
explain this link at a molecular level, althougthremains unexplained how AR would
then trigger the generation of PHFs. Hyperphosgdhtion of PHFs has been proposed
to mediate PHF formation, but a phosphorylatioreehdent mechanism is also
involved in the PHF formation (Goedert et al., 1998/e demonstrate here a direct
association between PHF and nitrotyrosinated TP brains. This association
appears rather specific as a limited survey of ratebtained from Parkinson’s disease
and fronto temporal dementia did not reveal as$iociaof TPl and tau in co-
immunoprecipitation experiments. Therefore, andetdam our cellular experiments, we
speculate that the nitrative stress induced BymAAD is critical for nitro-TPI induced
tau aggregation. Moreover, nitrotyrosinated TPIraggtes induce the fibrillation of tau
to form PHFs in the absence of tghosphorylation. It is conceivable that
hyperphosphorylation of tas an event posterior to PHF formation. The confatiomal
changes of tau aggregated into PHFs could indepdse the phosphorylation sites to
kinases.

In summary, our data show that nitrotyrosinated TiRght affect multiple
mechanisms relevant to the pathophysiology of ARompromises cellular metabolism
by reducing the glycolytic flow and ATP generati@md by increasing the production of
methylglioxal. More interestingly, nitro-TPl adopts [3-sheet structure with the
capability to trigger PHF formation in the absemfdau phosphorylation. Finally, our
results provide also a mechanistic explanationidigloxidative stress, which is at the
core of the etiopathogenic loop described in spor#d (Frederikse et al., 1996;
Miranda et al., 2000; Opazo et al., 2002), via fheduction of peroxynitrite and

nitrotyrosination of TPI, to AR-induced toxicity étau pathology.
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FIGURE 1
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Fig. 1 TPI nitrotyrosination is dependent on th@ presence.A) SH-SY5Y cells were
treated with 1 uM AR42and TPI was immunoprecipitated. Blots were perfalméth
either anti-nitrotyrosine or anti-TPI antibodie®, (C) Hippocampus from double
transgenic mice overexpressing APP and PS1, &ndE] frontal cortex sections
obtained from AD brain patients were immunostaiméth antibodies against8( D)
TPI or C, E) against nitrotyrosine. No staining is shown indatype mice for (inseB)
TPI and (insetC) nitrotyrosine, and in healthy human controls fimset D) TPI and
(inset E) nitrotyrosine. Bars are 250 unB,(C) and 98 um B, E). TPl was
immunoprecipitated from healthy and ALDF)( hippocampus or G) cortex and

nitrotyrosine was measured. The number of indepansi@mples is indicated between
brackets; * p < 0.05 by student’s t analysis.
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FIGURE 2
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Fig. 2 TPI nitrotyrosination induces a decrease in itsnismase activity but an increase
in MG production. A) The solvent surface accessible area (SASA) offfPleenzyme
(PDB:1NEY) in its dimmer conformation is computegkothe average conformation of
a multi nanosecond trajectory of a molecular dymamun (white surface) bound with
the DHAP substrate in the catalytic sitB) (The same loop is plotted in orange in a
similar simulation but introducing nitrated tyroegat 164 and 208. In average the loop
assumes a more closed conformation. Nitrotyrosinatdecreases the catalytic
efficiency of TPI. The activity of control and rotyrosinated TPl was measured in both
directions C) from DHAP to GAP and[¥) from GAP to DHAP. The respective
Michaelis-Menten curves show that the nitrotyrosoraof TPI produces a significant
decrease in the TPI isomerase activity of the emezym3-5 experiments for each point.
(E) MG production by TPI or nitro-TP1 using DHAP orAB as initial substrates. n=4
independent experiments; * p<0.05 by student’salyeais. &) Western blot analysis of
MG production using anti-argpyrimidin, which recdggs glication products. 100 pg
protein extract from HEK cells overexpressing wijge (first lane) or double mutant
(Tyrl64 and 208 by Phel64 and 208) TPI were applied
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FIGURE 3
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Fig. 3 MG production is increased in APP-PS1 double ggan& mice and AD patients.
Consecutive serial hippocampal sections from doublensgenic mice were
immunostained to demonstrate the presenc@pAB and 8) TPI; (C) AB identified
by thioflavine T staining andd) MG; and, E) TPl and F) MG. Controls with wild
type mice were performed for (insedsandC) AR, (insetB) TPI and (inseD) MG.
Cortex samples fromQ) healthy andH) AD patients were immunostained with anti-
MG antibody producing green fluorescence. Nuclefengtained in blue. Bars are 75
um A-D), 125 um E, F) and 250 um@, H).

-103 -



Results & Methods. Chapter Il

FIGURE 4
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Fig. 4 The nitrotyrosination of TPI is inducing its aggatign. @) The in vitro
aggregation was followed by a turbidometric asdayRi (@) and TPI+SIN-1 (10 mM
(¥), 25 mM V), 50 mM @)) followed by measuring A, (B) Western blot detection
with an anti-TPI antibody of TPI nitrotyrosinatedtivSIN-1 (48 h) demonstrated the
presence of TPI oligomers proportional to incneggioncentrations of SIN-1 (0, 10, 25
and 50 mM). Transmission electron microscopy imagfesmmunoprecipitates were
obtained using anti-TPIl antibody in samples fro@) (control TPl and ) TPI
nitrotyrosinatedin vitro; and, human cortex fromEj healthy and §) AD patiens.
Immunoprecipitates of (ins€) normal TPI were negative for thioflavine T staigibut
they were positive for (insdD) nitro-TPI indicating the folding i3-sheet structure.
(insetF) The intracellular aggregation of TPl was dematstt in cells from sections of
AD patient cortex. Bars are 1 pui@,(D) and 2 umE, F).
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FIGURE 5
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Fig. 5 Tau protein coimmunoprecipitates with nitro-TPIl &le cell lysates and tissue
samples were immunoprecipitated with an anti-TRibady. (A) SH-SY5Y cells were
treated with two sub-lethal concentrations of Affifs. Western blots were performed
with antibodies anti-tau and anti-TPB)(SH-SY5Y cells were pretreated with PTIO (a
NO scavenger) or Trolox (a free radical scavenpefpre adding the AR fibrils. A
western blot was performed with an anti-tau antjbd@) Controls were performed to
assay the unspecific TPI binding to protein G sepd& (lane -) compared to the normal
anti-TPI immunoprecipitation (lane +)D) Total lysates from SH-SY5Y cells, 3xTg
mice and AD cortex were applied to western bloidentify the most abundant tau
isoforms. E) Co-immunoprecipitation of tau (50 KDa) with TPhw also assessed in
three different mice overexpressing APP, PS1 andamutau. The respective controls
for the immunoprecipitation without anti-TPI (lafeand with anti-TPI (lane +) are also
shown in the panelFj The presence of tau in the TPl immunoprecipitatetined
from healthy and AD cortex was analysed by immuattiplg with antibodies anti-tau
and anti-TPI. The control for the unspecific birglito protein G-sepharose is shown in
the panel (lane -).Q) TPI immunoprecipitates obtained from frontal eartof
Parkinson’s disease and frontotemporal dementiarmsare shown with the respective
controls for the unspecific binding to protein Galsarose.
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FIGURE 6

>
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Fig. 6 Co-localization of TPl and tau protein in brain mgdes. A) TPI
immunoprecipitates obtained from AD and triple fg@nic mice overexpressing APP,
PS1 and tau were immunolabeled with anti-TPI and @) TPl immunoprecipitates
obtained from AD and triple transgenic mice werenmmolabeled with anti-TPI and
anti-syntaxin 1A as a control of the specificity thie tau binding to TPI. (Inse®s)
Controls with secondary antibody were performedioth TPI and tau .Bars are 100
pm (AD cortex;A), 50 pm (3xTg miceA) and 37,5 umRg).
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FIGURE 7

E TP nilr-TPI
tau tau fau
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Fig. 7 Fibrillation of tau into PHFs demonstrated by AFRUalrEM. Tau was incubated
for 4 days in the presence &,(B) TPl or C, D) nitro-TPI at a 1:1 (w/w) ratio and
seeded on graphite surfaces for AFM visualizati@y. B) Tau-control TPl samples
show few fibrils without defined structureC( D) Tau-nitro-TPl samples exhibit
abundant fibrils that are similar in morphology RéHFs when their topography is
visualized. E) Western blot detection of tau in the samples ueedAFM studies:
control of tau alone, TPI+tau and nitro-TPI+tala, G) TEM images of the fibrils found
in tau-nitro-TPI samples.
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SUPPLEMENTARY MATERIAL

CLOSED

Fig. S1 TPI conformational changes upon substrate bind8gperposition of open
(PDB code: 1LZ0O) and closed (PDB code: 1LYX) confations of TPI. The only
relevant structural difference involves Loop 6 (Légpicted in dark blue. The substrate
is represented in green.

-112 -



Results & Methods. Chapter I

OPEN L6

Fig. S2Zoom in the region controlling the L6 conformatidryrl64 forms a hydrogen
bond network with Glu129 and Trpl168 in the openestaut only with Glu129 in the
closed state. On the contrary, Tyr208 forms a hyelnobond with the backbone of
Alal76 only in the closed conformation. The sulistra represented in green.
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Figure S3.Kinetic study of normal and nitrotyrosinated TPanelA andB show the
elution pattern of protein and salt, measured atr#8 and 302 nm respectively, of TPI
after passing through a desalting column in orderliminate the salt SIN-1, the
nitrating agent used to nitrotyrosinate TRVitro. PanelA corresponds to the elution of
non-nitrated TPI and panBlto TPI treated with SIN-1. We chose fraction $&sform
the enzymatic study because TPI concentration }ma in this fraction (abs 280 nm)
while SIN-1 has been successfully eliminated (aB2 8m). As a nitrotyrosination
control, a western blot was carried out with thd frBm fraction 4. Panel€-J show
the linearization models plotted from Michaelis-Nm graphs in order to calculate the
kinetic parameters. PandlsF show the Woolf-Hanes representation ©f D) control
TPl and E, F) nitrotyrosinated TPI. Panes-J show the Eadie-Hofstee representation
for (G, H) control TPI andlI( J) nitrotyrosinated TPI.
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Figure S4. Nitrotyrosination is inducing TPI aggregation bubdtrfor RNAse. A)
Turbidometric study of TPl aggregation. Bovine RMAwas used as a control of
nitrotyrosination-induced aggregation since it hasmilar size (aprox. 17 KDa) to TPI
and similar number of Tyr residues (6 Tyr) than TRITyr). TPl and RNAse were
previously treated or not with SIN-1 and resuspendeTEA medium. They were left
under shaking at room temperature, and absorbaigessat 405 nm were taken during
the experiment. Only TPI that had been treated v8IN-1 showed increasing
aggregation on the course of the experimeB). TPI nitrated with 50 mM SIN-1
appears as a ladder of bands on an acrylamideajekd with coomassie after 48h of
SIN-1 treatment. The weight of the bands correspottd the monomer, dimmer,
trimmer, and so on. These aggregates are resistpsmercaptoethanolQ) The same
experiment than iB but with RNAse instead of TPI. In this case nogoineric
structures are formed after SIN-1 exposure. Electricroscopy of RNAselY) non-
treated andH) treated with 50 mM SIN-1 were shaking for 2 daysl any aggregates
were observed. Bars are 1 um.
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Figure S5. Electron microscopy images from TPl aggregates, B) Electron
microscopy of purified TPl exposed to 50 mM SIN+idashaked for 4 days. Large
necklace-like aggregates appear all over the sarmipleinmunoprecipitated fromC
healthy human cortexP) AD patient cortex andg) AD patient hippocampus. In the
healthy cortex there are not aggregates but iiheortex and hippocampus there is a
large number of big aggregates that resembles floosedin vitro. Bars are 2 pumA-

E).
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Figure S6.Inmunofluorescence analysis of TPl aggregates fiaman cerebral cortex
of healthy and AD patients, and hippocampus of ARigmts. Sample brains were
immunoprecipitated by using an anti-TPI antibodg #men immunolabelled with anti-
tau and anti-8. There was not any TPI aggregate in the healthgbcal cortex (as
observed in Nomarsky images), thus negative stifiin tau was obtained. In AD
cortex and hippocampus we have obtained TPI aggeglomarsky images) that were
positive for tau immunostaining, indicating thatyhwere co-immunoprecipitated.
These TPI aggregates were negative for AR immuimis¢eas it was expected since AR
is released to the extracelular brain parenchyrass Bre 37 um.
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Figure S7. PHFs were not obtained when tau was incubatdd niito-RNAse. Human
RNAse 3 was used as a control to demonstrate #wfigity of TPI nitrotyrosination to
induce tau fibrillation. Human RNAse 3 is a protaiith a similar size (aprox. 19 KDa)
to that of TPI (26 KDa) and both proteins share shee number of Tyr residues (4
Tyr). Tau protein was incubated (A) alone, (B) withn treated RNAse 3 and (C) with
RNAse treated with 50 mM SIN-1. (Inset C) RNAse 3&aswconfirmed to be
nitrotyrosinated after exposure to 50 mM SIN-1. itsswere analysed by electron
microscopy. Bars are 500 pm (A-C).

Supplementary materials and methods

Human RNAse 3 nitration in vitro. Human RNAse 3 (1.2hg/uL unless otherwise
indicated) was dissolved in 50 mM tetraethylammaonfpH 7.4-7.6) and exposed to
SIN-1 at the concentrations specified in each asN#yation process was carried out
under shaking at 300 rpm for 3 hours and at roanpérature. SIN-1 was eliminated
from the samples with a PD-10 desalting column (fsinam).

RNAse 3-Tau co-aggregation studyRNAse 3 and nitroRNAse3 (4g/ml) were co-

incubated with tau protein to 1:1 (w/w) at 25°C fodays and analysed under electron

microscopy.

-119 -



Results & Methods. Chapter Il

TABLE 1
Substraté GAP DHAP
Control TPI Nitrotyr. TPI |Control TPI Nitrotyr. TPI
Km (mM) 1.65+0.41 0.62 +0.1$ 0.84 + 0.42 1.11 £ 0.15
Vmax x 10° (mM-s? 216 +1.32 0.2+0.04 0.14 +0.04 0.09 + 0.0L
Kcat x 10° (min™) 5.75 + 3,51 0.53+0.21 0.11 +0.28 0.07 + 0.01L
Kcat/Km x 10° (mM*min?) 3.49 +2.30 0.87 +0.41 0.13 + 0.07 0.06 + 0.0p
MG formation (% respect tdq 100 211.18 £21.16 100 132.68 + 5.p6
control) °

a Total TPI for enzymatic assay was 3 ng for GAP and 10 ng for DHAP.

b MG measurement was made with 0.5 mM GAP or 2.4 mM DHAP after 10 min of

adding substrate.

The number of experiments was 3-6.
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Peroxynitrite as an etiopathogenic factor to develop AD

Nitro-oxidative stress seems to be the underlyingse of AD etiopatogeny
(Resende et al., 2008). ROS are being producedgbbgeally as a consequence of a
wide number of chemical reactions from cell metemol There are different
mechanisms responsible for the elimination of thiegsemful compounds. However,
during aging these mechanisms are also attack#sebsame compounds that they must
detoxify, and ROS start to accumulate, affectinigeotcellular machinery. There are
several reasons to propose that ROS are key dimgatic factors for AD. Firstly,
aging is the most important risk factor to devetbp disorder (Hensley et al., 1994).
Secondly, BACEL, the key enzyme to initiate thedpiction of A3 from APP, is
enhanced at the transcriptional level by oxidastress through the action of the JNK
and p38 MAPK intracellular signaling pathways (Coetaal., 2008). Moreover, (A
fibrils are also an important source of ROS (Behhalg 1994). In this way, oxidative
stress is producing a lethal loop in AD involvedhath the etiology as well as the
progression of the disease. Microglia and astrecgi®e also producing an increased
oxidative stress surrounding the amyloid deposhgne they turn reactive cells by the
respiratory burst with the activation of NOX (Witldon and Landreth, 2006).

One of the most reactive species produced by -pitidative stress is
peroxynitrite, which comes from the reaction betwemiperoxide anion and NO.
Peroxynitrite reacts with a large number of biongales, from DNA and lipids to
proteins. In particular its reaction with proteims directed to tyrosine residues
producing the nitrotyrosination of the proteins. eThmportance of protein
nitrotyrosination resides on the fact that, up &y,dt has not been found any activity
capable of repairing this damage. The proteinsycagrone or more nitrotyrosines will

be degraded or accumulated into the cell (Guixl.et2805). In the present work we
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have demonstrated that PSs are markedly nitrotyawsil in AD brains compared to
brains from non-AD patients. We also found outt thperoxynitrite not only
nitrotyrosinates the catalytic activity of tlyesecretase, but also increases the levels of
some of the complex components, resulting an iseréay-secretase complex in the
plasmatic membranes of peroxynitrite treated cdligs process yields to an increased
APP processing and pPArelease into the medium. Surprisingly, thgd Apecies
incremented under this condition i$A, the more aggregative and toxic form of the
peptide. This finding is very interesting sincd@s been reported that old people has a
higher A34/AP4o ratio compared to young people (Shoji et al., 200he increase in
nitrotyrosination-mediated [#, production could be due to a major retention @& th
complex in a certain compartmental microenvironmesitice localization has been
reported to play a role in the cleavage specifiatyd activity of they-secretease
(Morais et al., 2008). It is the case of some P&tations that augment ¥ levels
principally in Golgi-like vesicles (Xia et al., 189 However it does not seem feasible
because PS is only active when is forming parhefytsecretase complex. In addition,
the assembly of all the components of the compéx anly be carried out when they
leave the ER. Another explanation may involve th&otyrosination of the two
conserved tyrosines (Y256 & Y389) close to the lgttaaspartyls of PS (D257 &
D385). They are capable of hydrogen bonding asdems to be important for the right
position of the aspartyl residues and, as a refulthe correct function of the enzyme
(Wrigley et al., 2004). Interestingly, the mutatiohthese tyrosines to phenylalanine
increments the formation of fA; (Wolfe et al., 1999). Thus, their nitrotyrosinatio
could also affect the establishment of hydrogendsaand give rise to an incremented

formation of AB..
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In addition, peroxynitrite is not only increasitige A4, production, but also its
aggregation in a time and concentration manner. \Wie analyzed the nature of the
aggregates we found that they were round oligonstricctures. Recent studies support
the idea that B oligomers are the most toxic form opAaggregates because they can
impair the synaptic plasticity at the place theg produced (Selkoe, 2008;Shankar et
al., 2008;Cerpa et al., 2008). We confirmed it bgasuring their toxicity in cultured
neuroblastoma cells, which resulted to be very .higie oligomers induce neuronal
damage before the appearance of matusefibrils as they are in the senile plaques
(Kirschner et al., 1986).

Our data gives an explanation to the strong aatiip between aging and AD,
and sets peroxynitrite in the spotlight of the dsas etiology. However our data does
not explain why only some people suffer from sparadD, since incremented
oxidative stress is a common event in the aginggs® of all individuals. One plausible
hypothesis is that some people own a better batteggnes to protect the cells against
oxidative stress. It involves having more efficiamtioxidant enzymes such as SOD,
glutathione reductase or glutathione peroxidasdedd, some studies have found an
association between certain polymorphisms in gendgying antioxidant enzymes and
an increased risk of suffering from late-onset Abus the V allele of the glutathione
S-transferase gene increments the risk of sufferkiy, whereas the GSTT1
polymorphism indicates protection against AD (Pingteal., 2008). On the other hand
some polymorphisms in the SOD2 gene are also linkead higher risk to develop AD

(Wiener et al., 2007).
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Figure 1. Role of peroxynitrite in the etiology of AD. Scheme showing the
involvement of peroxynitrite in the [, production and aggregation

Per oxynitrite, glycolytic metabolism and AGEs

The second part of the present thesis addressdsmkhbetween peroxynitrite
and the molecular changes that occur inside theonswf an AD patient. Memory loss
is due to the breakdown of synaptic connectionslwht time depend on the preserved
synaptic architecture. The dendrites and axons aappgh an abnormal shape and
direction ("dystrophic neurites”) in AD, especially those areas where there is a big
density of senile plaques (Irizarry et al., 1997ki#es et al., 1999). It is due in part to
the alteration in the neuronal cytoskeleton. Indtehan ordered architecture, neurons
accumulate proteins in form of aggregates thatudisthe natural shape of neurites.
These inclusions (NFT) composed mainly by tau pmotgppear always after the
extraneuronal plague formation (Gotz et al.,, 20@ither diseases without amyloid
pathology also show NFT as the result of tau momatisuch as Frontotemporal
Dementia (FD) or Progressive Supranuclear Palsyt{rle 2000).

We found TPI to be highly nitrotyrosinated in th@pocampus and frontal
cortex of people with AD. It is in accordance wphevious works showing the same
results (Castegna et al., 2003;Reed et al., 2008)went further and demonstrated that

TPI nitrotyrosination affects its important funation glycolysis and turns the enzyme
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into a source of MG, a powerful glycating agentthe context of the brain, it has a
high relevance since its main energetic sourcelusoge. In fact, depleted glucose
metabolism has been found in brains from peopla WD in several studies (Harwood
et al., 2005;Liang et al., 2008;Mosconi et al., Z00osconi et al., 2005). In addition,
TPI deficiency could lead to a decrease of AcCoAilability. AcCoA is not only the
initial substrate for the mitochondrial tricarboixytycle, but also the substrate for the
synthesis of the neurotransmitter ACh. Interesyirige cholinergic system is the major
neurotransmitter system affected in the very eathges of AD having a dramatic
depletion of ACh (Zhang, 2004). Moreover mitochoaldfailure is common in the
disease, but it could also be due to the directadgof the mitochondrial enzymes
(Sompol et al., 2008).

However other studies have reported that yeastyicgra less active form of
TPl are more resistant to oxidative stress (Radseal., 2006). In the same work they
show that yeasts can growth in a normal medium wgfititose having a residual 30%
TPI activity, giving relative importance to the par loss of the glycolytic pathway
(Ralser et al., 2006). In this way, a small levell®I nitrotyrosination may work as a
sensor of ROS levels. Thus a little blockage of ttgcolytic pathway could be
beneficial for the neurons since there would bes |écCoA available for the
mitochondrial metabolism, reducing the mitochondaetivity, which is an important
source of ROS, and restoring in this way the nomaadbx state.

The increased MG formation that occurs when TPhitsotyrosinated could
have a more detrimental effect on the brain thardhs of partial TPI activity. Aging is
associated to the accumulation of aberrant protéaiscan be triggered by ROS (Lavie
et al., 1982;Gracy et al., 1985) and the glycabbmproteins giving rise to Advanced

Glycation End-products (AGEs) (Masoro et al., 1989alu et al., 1995;Sell et al.,
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1996). MG is one of these glycating agents, aradeprs modified by MG can form
adducts and aggregates. The formation of AGEs rig meportant in AD. Indeed, tau
protein has been reported to be glycated in ADepédi(Yan et al., 1994;Kuhla et al.,
2007), which may contribute to its fibrillation artie disruption of the neurites,
contributing to the impairment of memory. AGEs also able to activate the microglia,
releasing more oxidants and worsening the progressi the disease. We found a high
signal for argpyrimidine, a MG-induced modificatiom proteins, in brains from AD
patients and PS1/APPsw mice. The elevated levelBl®fin AD had already been
reported previously (Kuhla et al., 2005), howewvey enechanism was given to explain
it. We give a molecular mechanism linking oxidatsteess and AGEs formation. This
model correlates well with the clinical observasoAged people have elevated AGEs,
but people with AD have still more AGEs than non-Alld people (Luth et al.,
2005;Dei et al., 2002). It can be explained by fidt that old people have increased
ROS levels, but the production of ROS in peopleesiufg from AD is still more
dramatic because of the presence of senile pladies, it is expected that in AD TPI

is more nitrotyrosinated than in old people, wieaids to a higher production of MG.

Peroxynitrite: alink between Ap deposits and the formation of NFT

On the other hand we found out that nitrotyrosoratf the enzyme triggers its
aggregation in a time-dependent manner. We det@auotidsions of TPI spread over the
cerebral parenchyma of both AD patients and PS1&aPRice, especially on those
areas containing more plaques. The exact mechabigmvhich nitrotyrosination
induces its aggregation can not be deduced diréciiy our data. Nonetheless, TPI

seems to have an intrinsic propensity to misfold arduce aberrant protein-protein
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interaction. It is suggested by studies on the Wela of TPl mutants obtained from
patients with deficiency of its activity. TPl hasoBhelix and 8(3-sheet in normal
conditions (Cansu and Doruker, 2008). Interestanfgagment of TPl with a very high
sequence homology with[Ais able to give amyloidn vitro (Contreras et al., 1999).
The reason by which TPI nitrotyrosination trigggssaggregation could have to do with
the destabilization of the dimer. The monomer cdost& tyrosines: two close to the
catalytic centre and two in the face that interagth the other monomer. It has been
previously reported that changes in the interfaegvben the monomers can induce
conformational changes in the catalytic centre tetefore affect the activity of the
enzyme (Borchert et al., 1995;Cansu and Doruked8R0Thus, one may consider that
modifying the residues localized around the cai@algientre could also affect the
dimerization and stability of TPI. Recently it wigind that dimer dissociation leads to
unfolding of the enzyme, what could be an initilpsto aggregation (Tellez et al.,
2008). It may also happen that peroxynitrite nésadirectly the tyrosines in the
interface between the monomers. In this way nitasiypes can form adducts with other
nitrotyrosines and drive the aggregation of theyare

In the literature there is a large body of evidelioking nitrative/oxidative
stress and protein aggregation. The role of oxdasitress in aberrant protein-protein
interaction has been described in some myofibriftaiopathies (Janue et al., 2007).
Moreover peroxynitrite triggers the nitration anggeegation ofa-synuclein of the
frontal cortex of patients suffering from Pick'ssdase (Dalfo et al., 2006). Even tau
protein has been reported to be nitrateditro by peroxynitrite, and this compound
induces not only its oligomerization, but alsodisassembly from microtubules (Zhang
et al., 2005). However this study was carried aimgi a very high concentration of tau

(1 ng/uL), and at the end the nature of such fibrils watsstudied. In another study, the
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authors observed that peroxynitrite could also mtedihe aggregation of tau protein by
forming adducts between tyrosines. However, thesdus5uM arachidonic acid to
induce the fibrillation of 4uM tau, both in concentrations very far from the
physiological ones (Reynolds et al., 2005).

This work demonstrates that nitro-TPI serves aseed sfor the posterior
fibrillation of tau protein. The interaction betwetau and nitro-TPI probably is an early
event that depends on the misfolding of the enzgnekinteracts with free tau protein
avoiding its assembly to microtubules. It is inttieg because shows how a damage in
a particular protein can induce indirectly the aggtion of another protein. Secondly,
this model does not take into account the tau pimyfation state. Actually we
demonstrate that tau can fibrillate without beingpgphorylated, and what is more
important, at a very low concentration of the pimtéll the in vitro fibrillation studies
of tau carried out in the past were performed arg high concentration of the protein
(1-10 uM), sometimes adding polyanionic anions or calciii¢aret et al., 2005). The
same results were obtained with hyperphosphorylaéed probably meaning that
hyperphosphorylation is an epiphenomenon or playgher role in the disease, likely
by detaching it from microtubules.

However peroxynitrite can also induce the accunmdabf intracellular tau
concentrations by destroying the proteasome agti@ur group demonstrated the
nitrotyrosination of one subunit of the 26s proteas in a model of Cerebral Amyloid
Angiopathy (Coma et al., 2005). The effect of thigration was not evaluated, but
another study found accumulation of tau proteirthe hippocampus of rats injected
with SIN-1, a peroxynitrite donor (Zhang et al.,0B). The authors explained these
results by an experimentally observed 36 % decrefsbe 26S proteasome activity,

leading to less tau degradation. Tau accumulatedhase rats was nitrated and
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phosphorylated by p38 MAPKs and GSK;3ndicating that peroxynitrite can also
activate some kinases. Interestingly the authomsotstrate that nitrated tau is resistant
to proteasome degradation (Zhang et al., 2006hofilgh some studies have argued that
nitration is avoiding tau aggregation (Reynoldslet 2005), Zhang et al. demonstrated
that nitrated tau is accumulated in the hippocangf®IN-1 injected rats (Zhang et al.,
2006). However they could not simultaneously nitrahd phosphorylate taa vitro
because both modifications seemed to be incompadtiblitro (Zhang et al., 2006).
Thus they could not reproduce the fibrillation @i t

Although our model provides a direct link betweeip foxicity and NFT
formation, there are some aspects that remain utitho explanation. Tau is known to
be cleaved by proteolitic enzymes even after fognitHFs. Caspase-3 have been
shown to cleave taat D421 in a transgenic mice model and culturedicarneurons
exposed to P42 (Ramalho et al., 2008). Caspase-6 has also bemivad in the
cleavage of tau (Albrecht et al., 2007). Howevex AD phosphorylated tau at S422
prevents its cleavage by caspase-3 (Guillozet-Bamtigaet al., 2006). Thus
phosphorylation would play a protective role througe prevention of NFT formation,
setting doubt on the role of hyperphosphorylationAD pathology. However other
authors have shown on a mice model of human tabhpghat tautruncation is not a

necessary event for its fibrillation (Delobel et2008).
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Figure 2. Amyloid-induced TPI nitrotyrosination increases MG and PHFs
formation. Nitrated TPI releases more MG to the cytosol, vdoatid also contribute to
tau glycation and detaching from microtubules. éfqxynitrite formation increases in
time, nitroTPI starts to aggregate and forms a sdegte tau can begin to fibrillate.
Therapeutic strategies

Our data supports the role of peroxynitrite as @mpathogenic factor for AD.
The therapeutic strategies directed to reduce #rexgnitrite levels could delay the
onset of the disease. At the same time, they calstnireduce the symptoms by acting at
the pathophysiological level, preventing the appeee of newly-formed NTF, or
reducing the MG levels. One approach could consistperoxynitrite-chelating
compounds or antioxidants. Antioxidants have alyedeimonstrated to be effective in
protecting cells against fAinduced cytotoxicity. In fact several studies haween
directed to test the efficiency of antioxidantgrgating AD, normally by using vitamins
or antioxidant cocktails (Gilgun-Sherki et al., 3)®ano et al., 2008). However the
trials have not shown a truly protective role oé t#vailable antioxidants against AD

(Gilgun-Sherki et al., 2003;Sano et al., 2008)utifoother studies carried out in animal

models point out to a rapid learning improvemengedé, 2008). Probably they need to

-132 -



Discussion

be improved at several levels such as the bloomhlyarrier permeability, the right
delivery of the drug or the appropriate timing dfranistration.

Regarding the use of a peroxynitrite chelators tehould not show cross-
reactivity against NO, since this would interferghwthe normal function of this gas in
the CNS. In addition, NO mediates vasodilatatiod allows a normal blood supply to
the brain. The blocking of NO could also affecttlhe normal cerebral blood flux and
impair the cognitive skills.

Another approach could consist of repairing theay existent damage. It is
more complicated because nitrotyrosination is aeversible modification. However
some studies points to the existence of a celldmitrase activity or activities
(Kamisaki et al., 1998;lrie et al., 2003;Gorg et aD07;Smallwood et al., 2007;Kuo et
al., 1999a;Kuo et al., 1999b). Although one maygasy that the calledenitrate
activity is just the proteasome-dependent degradadf nitrated proteins, there is a
body of evidence supporting its existence. Firdtyg proteasome inhibitor lactacystin
and general protease inhibitors do not reverseal¢hdrase activity (Irie et al., 2003).
Secondly, the activity seems to be enhanced byptesence of Ga (Kuo et al.,
1999a;Kuo et al., 1999b). Thirdlgenitrase is destroyed by heat or trypsin treatment,
demonstrating the proteic nature of the activitye(let al., 2003). Interestingly the
denitrase activity has been proved to recover the activityitrated glutamine synthase
(Gorg et al., 2007). Two different denitrase enzgrhave been proposed to coexist: a
type | or reductant-dependent and a type Il or c&hi-independent activity (Kuo et al.,
1999a;Kuo et al., 1999b). These activities resulainet N& production (Kuo et al.,

1999a) as follows:

Protein-Tyr-NQ + HLO ——>  Protein-Tyr-H +'H NO*
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Glutathione-S-transferase has been proposed to tigpeal denitrase enzyme.
Interestingly the denitrase activity has been desdralso in crude brain extracts and
glutathione-S-transferase seems to occur in thie lfkao et al., 1999a). Recently, it
has been demonstrated that the lipoproteic fradtmm the plasma is able to denitrate
nitrotyrosinated albumin (Leger et al., 2008). Wsoadetected aenitrase activity in
lysates of SH-SY5Y cells (Figure 3). However, weildonot reproduce thdenitrase
activity with the glutathione-S-transferase in osystem. The finding of such a
detoxifying mechanism and the study of those pagtswagulating it could serve us to
correct this damage and restore part of the funaifdhe neurone.

Summarizing the specific therapeutic approacheslldhdirect to scavenging
peroxynitrite but without affecting to nitric oxidend to eliminate the nitrotyrosination

of proteins by enhancing the denitrase activity.

- lvsate Ilvsate+tNO

NitroTyr | .‘ "o

Figure 3. The denitrase activity as a therapeutic approach. NitroTPIl bound to a
nitrocellulose membrane was incubated with PBS/saites of SH-SY5Y pre-treated or
not with NO to stimulate a putative denitrase attivAll the incubations were
performed with protease inhibitors. The nitroTPurid in the piece of membrane that
had been incubated with SH-SY5Y lysates were lesstive to an antibody against
nitrotyrosine.
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From the present work we have obtained the follgvwdonclusions:

. Peroxynitrite contributes to the switch of th@.&ApB4o ratio, as it happens in

AD, by affecting to thg-secretase activity.

. Peroxynitrite induces the holoPS1 nitrotyrosinatievhich seems to inhibit

partially its endoproteolitic cleavage.

. Peroxynitrite increases the expression of nicastnieh Pen-2, which yields to an
enhancement in the formation of matywsecretase complex in the membrane.
. Peroxynitrite strengthens the interaction betwe@fk-€S1 and NTF-PS1, which
could be related with the increased AR formation.

Peroxynitrite enhances the aggretation into oliganof A4, peptide, and these
oligomers are significatively more neurotoxic thaise non-nitrotyrosinated.

. AR-produced peroxynitrite is nitrotyrosinating TPI.

. TPI nitrotyrosination is decreasing the catalysiomerase activity but increasing
the MG formation.

. TPI nitrotyrosination is inducing the aggregatiamdamisfolding in 3-sheet of

TPI.

. Nitro-TPI aggregates are inducing the tau fibiilatin PHFs.
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