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Zusammenfassung

Die Alzheimer-Krankheit ist eine neurodegenerative Erkrankung, deren Symptome durch

eine fortschreitende Abnahme der kognitiven Funktionen gekennzeichnet sind. Sie gilt als

Hauptursache für Demenz. Toxische extrazelluläre Amyloid- A Plaques gehören zur 

Pathologie der Alzheimer Krankheit. N-terminal modifiziertes Pyroglutamat A (

als eine wichtige Spezies im Gehirn von Alzheimer-Erkrankten.

Im Rahmen dieser Arbeit wurde eine reproduzierbare Methode für die Expression und 

Reinigung rekombinanter Pyroglutamat-modifizierter Amyloid- (pEA ) Peptide entwickelt.

Es war möglich, die N-Terminal modifizierten Peptide sowohl in mit als auch ohne 13C-

und 15N-Isotopenanreicherung zu gewinnen. Die durch die Umsetzung zu Pyroglutamat 

chemische Änderung der Peptide wurde mittels RP-HPLC und Massenspektrometrie 

überprüft. pEA -40) und pEA (3-42) wurden auf ihr Aggregationsverhalten hin 

untersucht und zeigten eine für amyloidogene Peptide typische sigmoidale 

Aggregationskinetik. Mittels heteronuklearer multidimensionaler NMR Spektroskopie war

es möglich die Resonanzen des Proteinrückgrates unter annähernd physiologischen 

Bedingungen zuzuordnen und mit dem nicht-modifiziertem A zu vergleichen.

Der strukturelle Unterschied zwischen A und den Pyroglutamat-modifizierten Varianten

wurde weiterhin in Gegenwart des sekundärstrukturinduzierendem Lösungsmittels 

Trifluorethanol (TFE) charakterisiert. Im Gegensatz zu A (1-40) und A (1-42) bilden beide 

korrespondierenden pEA -Peptide in TFE mikroskopisch sichtbare gedrehte Fibrillen und

große sigmoidale 

Aggregationskinetik unter Bedingungen bei denen die nicht- keine 

fibrillären Strukturen ausbildet. Zirkulardichroismus (CD) Daten zeigen, dass die Tendenz 

- cht-

denen der -helikale Strukturen zeigt, -Faltblätter bildet. Die 

Sekundärstrukturanalyse auf Basis der NMR Daten zeigte allerdings ausschließlich 

lösliche jedoch instabile -helikale Monomere, welche innerhalb weniger Stunden

aggregierten. Es ist möglich TFE induzierte transiente -Helices bildet, die 

-Faltblättern und daraus folgenden Fibrillen darstellen. Da 

die Bildung zu Pyroglutamat die chemische Verschiebung der N-Terminalen Aminosäuren 

bis zu Histidin13 / Histidin14 beeinflusst, gibt es Grund zu der Annahme, dass der 

veränderte Aminoterminus die TFE-induzierte Aggregation begünstigt oder sogar initiiert.
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Es konnten Einblicke bezüglich des strukturellen Unterschiedes basierend auf der N-

terminalen Modifizierung zu Pyroglutamat gemacht werden. Die Charakterisierung der 

ist ein wichtiger Schritt für die 

Erforschung der Alzheimer-Demenz - vor allem im Hinblick auf die Entwicklung neuer 

Biomarker und therapeutischer Ansätze.

- -bindende D-

enantiomere Peptid D3 und sein tandem-Derivat D3D3 in vitro zu charakterisieren. 

Zusätzliche in vivo Studien zeigten die Wirksamkeit beider D-Peptide in -42) 

exprimierenden transgenen Mäusen. D3 und D3D3 konnten die im Zusammenhang mit 

itung des neurodegenerativen Phänotyps signifikant verzögern 

und sind somit vielversprechende Kandidaten für eine medikamentöse Behandlung der 

Alzheimer-Demenz.
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Abstract

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by a progressive 

decline of cognitive functions and has become the main cause for dementia in the elderly. 

Toxic extracellular amyloid- belong to the pathology of AD. N-terminally 

truncated pyroglutamate- been identified as a major compound of 

in AD brains. 

The first well working expression and purification system for reproducible production of 

isoforms is presented within this thesis. (3-40) and pEA -42) were obtained

in natural abundance as well as 13C and 15N isotopically enriched in qualities and 

quantities to perform reproducible biophysical studies. The chemical state of the purified 

protein was evaluated by RP-HPLC and formation of pyroglutamate was verified by mass 

spectroscopy. Recombinant (3-40) and pEA (3-42) were characterized by ThT 

assay and showed typical sigmoidal aggregation kinetics. Heteronuclear multidimensional 

NMR spectroscopy was performed to assign sequence specific backbone resonances of 

the pEA peptides under near-physiological conditions at neutral pH.

The structural difference between A -modified variant was 

investigated in the presence of the helix inducing co-solvent trifluoroethanol (TFE). In 

- -42), both corresponding peptides build twisted fibrils 

and large amyloidogenic aggregates in aqueous TFE solution shown by transmission 

electron microscopy (TEM). Aggregation kinetics of variants were drastically 

increased compared to the non-modified as monitored by ThT assays. Although 

analysis of secondary structure obtained by NMR data suggests

form mainly soluble -helices in two regions connected by a 

flexible linker, these monomers were shown to be unstable and prone to aggregate 

resulting in an accumulation into fibrils. Additional NMR and CD data indicate an 

- - -40) in TFE 

when compared to the corresponding non-truncated variant under exactly the same 

conditions. There is evidence that pEA (3-42) builds TFE-induced transient -helices as a 

precursor to -sheet formation and fibrillation in the presence of TFE. Moreover, the 

pyroglutamate modification affects the N-terminal amino acid residues up to H13/H14 

what are in fact roughly 30 % of the overall amino acids indicating that the altered N-

terminus promotes TFE-induced aggregation. 
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Based on this study, we could expose the knowledge of the structural difference of 

pyroglutamate-modified A peptides and their aggregation behavior. However, there is 

need to further characterize and define the altered properties of pEA peptides especially 

with regard to its usage as new biomarkers and therapeutic approaches.

Recombinant pEA (3-42) was used to characterized the effect of D3 and its head to tail 

tandem derivative D3D3 in vitro. Additionally in vivo -42) expressing 

transgenic mouse model indicated the efficiency of D3 and D3D3. Treatment with both 

peptides showed -related progression of the 

neurodegenerative phenotype of transgenic mice. Thus, the D-enantiomeric peptides D3 

and D3D3 are promising candidates for treatment and therapy of AD. 
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1 Introduction

1.1 Alzheimer’s disease

More than a 100 years ago, Alzheimer’s disease (AD) was discovered for the first time as 

a presenile dementia in 1906 by the German psychiatric Alois Alzheimer (Alzheimer 

1907). AD is defined as a neurodegenerative disorder characterized by a progressive 

decline of cognitive functions.

AD is a common disease and the risk for any person of developing is approximately 10 -

12 % (Bird 1993, last revision 2014, Alzheimer's Association 2015). In 2013, nearly 44 

million people suffered from dementia and 4.6 million new cases were predicted to arise 

every year reaching 81.1 million by 2040 (Prince et al. 2013, Alzheimer's Disease 

International 2015). AD has become the main cause of dementia with an accounting up to 

70 %, which makes it an emerging social health issue (Anand et al. 2012, Galimberti et al.

2012, Alzheimer's Association 2015). AD is most common in Western Europe with North

America close behind and is known to be the most represented disability in the elderly. It

is mainly diagnosed in people whose ages are over 65 and the prevalence increases 

stepwise up to 50 % at the age of 85 (Weuve et al. 2014, Zhao et al. 2014). Interestingly, 

independent of age, the estimated lifetime risk for AD is almost doubled for woman 

(Alzheimer's Association 2015).

1.1.1 Familiar and sporadic Alzheimer’s disease

AD has been classified into two types: First, the gene-related familiar Alzheimer’s disease 

(fAD) affecting less than 1 % of all AD patients (Eckert et al. 2003). 95 % of all fAD cases 

are late-onset starting at an age above 65 and the remaining 5 % are early-onset starting 

at an age below 65 (Woo et al. 2011). Mutations in the amyloid precursor protein (APP), 

presenilin (PSEN) 1 and PSEN2 genes play a central role in early-onset autosomal AD by 

altering APP processing or increasing production and therefore aggregation and 

accumulation of the AD related protein amyloid- (A ) (Bertram et al. 2010).

Apolipoprotein E4 (apoE4) was identified as the top late-onset gene with extremely high 

confidence linked to late-onset fAD and sporadic AD (sAD), the second type of AD. sAD

represents the majority of all AD cases and is mostly influenced by non-genetic 

environmental factors and only partly by genetics (Duara et al. 1993, Gatz et al. 2006, Bird 

2008). No particular cause could be determined for sporadic AD so far, but it is resumed 
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to be a multifactorial disease including the influence of genetic factors, vascular changes,

head injury, low educational levels, diabetes mellitus or metabolic disorders (Iqbal et al.

2010, Morris et al. 2014, Reitz et al. 2014). However, the process of aging has been 

identified as the biggest risk factor (Iqbal et al. 2010, Imtiaz et al. 2014). The combination 

of these risk factors with the presence of apoE4 raises the risk for late-onset AD and age-

related cognitive decline (Caselli et al. 2011).

1.1.2 Clinical course of Alzheimer’s disease

The clinical course of AD is differentiated into three stages: preclinical AD, the stage of 

mild cognitive impairment and severe dementia. The symptoms of AD vary among 

individuals and the progression of the disease. One of the initial symptoms is the 

decreased ability to remember new information resulting in a decline of memory, apathy 

and depression (Alzheimer's Disease International 2014, Alzheimer's Association 2015).

Later symptoms include poor judgment and impaired communication as well as 

disorientation and confusion. In final stages of the disease, individuals experience

difficulties in speaking, swallowing and walking (Alzheimer's Association 2015). Typically, 

clinical duration of AD lasts for eight to ten years (Bird 1993, last revision 2014). The 

patient’s death results from general inanition, malnutrition and pneumonia rather than from 

AD itself due to the symptoms of severe dementia (Alzheimer's Association 2015).

According to the Alzheimer’s association, one in three elderly people dying in a given year 

have been diagnosed with dementia making AD to a highly topical issue in an aging 

society (Alzheimer's Disease International 2013, Alzheimer's Association 2015).

Although no clear symptoms are present in preclinical AD, pathological changes occur

such as first deposits of A and/or the tau protein in the cerebrospinal fluid (CSF) in the 

brain which could be already measurable (Budson and Solomon 2012; Sperling and 

Johnson 2013; Riedel 2014). Recent reports indicate that these changes are likely to 

occur more than 20 years before the first noticeable clinical symptoms indicating mild 

cognitive impairment.

1.2 Neuropathology

As shown in figure 1a, the brains of AD patients are distinguished from healthy brains by 

an extensive decrease in overall brain volume based on the shrinkage and loss of 

neuronal processes (Huang et al. 2012). Another macroscopic characteristic in AD brains 

is the cerebral atrophy present in the hippocampus and the cortex which is increased 

sixfold compared to healthy normal aging individuals (Fox et al. 2000, Fotuhi et al. 2009).
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AD is characterized by two pathological hallmarks, the intracellular neurofibrillary tangles 

(NFT) consisting of insoluble hyperphosphorylated tau and the extracellular amyloid 

plaques built by amyloid- (Figure 1b) (McKhann et al. 1984). Additional 

evidenced for AD are selective neuronal degeneration, neurotransmitter deficits and 

inflammations (Mucke 2009).

Figure 1 Neuropathology of Alzheimer’s disease. (A) Brain of a healthy individual compared to 
the brain of an AD patient with severe dementia where the total brain volume is significantly 
shrunken (National Institute of Aging 2015). (B) Photomicrograph of the temporal cortex of an AD 
patient (modified Bielschowski stain; original magnification, 400×). Two senile plaques (red arrows) 
with a neurofibrillary tangle (blue arrow) between them are shown (modified according to (Perl 
2010)).

1.2.1 Intracellular neurofibrillary tangles

NFT’s are consisting of insoluble forms of the tau protein generated by alternative splicing 

of the microtubule-associated protein tau. The intrinsically unstructured protein normally 

binds to microtubules for stabilization of the axonal transport of neurons and interacts with

the plasma membrane and nucleic acids (Avila et al. 2004, Zilka et al. 2009). Although 

phosphorylation-modified tau protein stabilizes the axonal microtubules in the central 

nervous system, further post-translational modifications particularly hyperphosphorylation 

as well as nitration and glycosylation were identified to be involved in tau misfolding and 

aggregation (Flaherty et al. 2000, Mendieta et al. 2005, Haas 2012). In AD, 40% of tau is 

hyperphosphorylated resulting in a changed conformation. Abnormal phosphorylated tau 

loses its biological activity, dissociates from microtubule and is prone to self-assembly 

(Chen et al. 2004, Mendieta et al. 2005). The more NFT are built, the less soluble tau 

remains for microtubule binding resulting in impaired stability and disrupted axonal 

transport (Trojanowski et al. 2005, Xu et al. 2010). Misfolded tau reduces microtubule 
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binding and therefore axonal trafficking is decreased contributing to neuropathology (Haas 

2012). Tau self-assemblies form straight filaments (SFs) and/or paired helical filaments

(PHF) accumulating to intracellular fibrils leading to NFT, which incidence is significantly 

correlated with the severity of AD. It has been shown, that -sheets are the most dominant 

structure in PHFs (Zhao et al. 2014); electron microscopy revealed the appearance of two 

strands with a repeat of 75-80 nm and a width of 10-22 nm twisting around each other

(Crowther et al. 1985, Friedhoff et al. 2000).

1.2.2 Extracellular plaques

The second characteristic pathology of AD besides intracellular NFTs are toxic 

extracellular deposits. These amyloid plaques are mainly composed of A with an overall 

size ranging from 5 to 200 μM in diameter. Amyloid plaques are mainly located in cortex 

cerebri, hippocampus and in the limbic system of AD patients (Hutton et al. 1997).

Nonetheless, these extracellular plaques can be found in low density in persons not 

suffering from AD symptoms (Selkoe 1997). Amyloid plaques are differed into two types: 

the senile plaques, also called neuritic plaques, and diffuse plaques. Diffuse plaques 

consist of amorphous, non-fibrillar structures of A -deposits and are supposed to be the 

precursor of other amyloid plaques. Senile plaques contain A fibrils mixed with non-

fibrillar accumulations of the peptide. Moreover, microglia and astrocytes can be found in 

senile but not in diffuse plaques (Selkoe 1999). Senile plaques are furthermore classified 

into compact plaques mainly consisting of A fibrils with a dense central core and non-

compact so called primitive plaques without any core (Cruz et al. 1997, Dickson 1997).

The classical senile plaque is a few microns in diameter and consists of a compact core 

and an outer zone with A , active astrocytes and microglia and degenerative axons

(Dickson 1997).

1.3 Amyloid-

Extracellular amyloid plaques result from the aggregation of A

cleavage of the APP by secretases. Although several studies have identified the biological 

and physiological relevance of APP in neurite outgrowth modulation, copper homeostasis 

regulation and synaptic transmission, formation and activity, its precise function is still not 

defined (Bellingham et al. 2004, Herard et al. 2006, Priller et al. 2006, Hoe et al. 2009).

Under physiological conditions, APP is processed -secretases

leading to the formation of non-amyloidogenic fragments (Weidemann et al. 1989, Turner

et al. 2003). generated - -secretases
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(Figure 2) -secretase cleaves extracellularly

-secretase has multiple cleavage sites within the APP sequence resulting in

varying in their C-terminal length and their susceptibility to aggregate (Haass et al. 1993, 

De Strooper 2010). Additional heterogeneity is based on posttranslational modifications 

mediated by amino peptidases, glutaminyl cyclases, isomerases or modifications including 

isomerization, phosphorylation or metal-induced oxidation (Milton 2001, Dong et al. 2003, 

De Strooper 2010, Kumar et al. 2011). The main variants (1-40) (1-42) were 

identified to be neurotoxic in AD as well as in Down-Syndrome (Mann et al. 1990, Murphy

et al. 1990, Beyreuther et al. 1993).

Figure 2 Amyloidogenic processing of APP and formation of A . The transmembrane protein 
APP is extracellularly cleaved by - -secretase within the membrane. Generated 

The most long-standing explanation of AD development is the amyloid cascade 

hypothesis. According to this hypothesis, the aggregation of arises from an imbalance 

between A clearance and production. T due to 

Figure 3). The central 

amyloidogenic step of the oligomerization process is the transition from unstructured 

elements in -sheet rich structures before accumulation into diffuse plaques. Those 

soluble non-fibrillary assemblies of (dimers, trimers and larger oligomers) and not 

are viewed as the main disease-

causing species with the most possessing neurotoxicity (Shankar et al. 2008, Benilova et 

al. 2012, Zhao et al. 2012, Zhao et al. 2014). It was shown, that A oligomers impair 

synaptic functions by inhibiting the long-term potentiation in the hippocampus and 

astrocytes and microglia are activated (Lambert et al. 1998, Haass et al. 2007). Senile 

plaques and neuritic inflammation occur leading to oxidative stress with the effect of 

altering tau-targeting kinases resulting in hyperphosphorylated tau proteins that 
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accumulate into NFT’s. Thus, the accumulation of NFT’s and degenerative neurons are 

seen as a result of amyloid plaque formation (Hardy et al. 1992). Neuronal and neuritic 

dysfunctions finally lead to cell death and consequently (severe) dementia (Hardy et al.

1992, Hardy et al. 2002, Haass et al. 2007).

Figure 3 Amyloid cascade hypothesis.
production and clearance leading to accumulation is seen as the main hallmark leading to 

(Hardy et al.
1992, Hardy et al. 2002)).

1.4 Amyloid- isoforms

In vivo and in vitro analysis of several amyloid deposits in AD have disclosed various A

species, differing in length as well as in C- and N-terminal modifications (Masters et al.

1985, Prelli et al. 1988, Miller et al. 1993). C-terminal modified isoforms, such as A (1-

15/16), A (1-37/38/39) and A (1-43), play a central role in in AD pathogenesis (Wiltfang

et al. 2002, Welander et al. 2009, Portelius et al. 2012). However, a significant proportion 

of N-terminally truncated A variants have been discovered in AD brains such as A (n-

40/42) with n ranges from 2 to 11 (Bouter et al. 2013, Zhao et al. 2014). The toxicity of 

these aggregates was demonstrated to correlate with the predominance of N-truncated A

species over the full-length non-modified A (Piccini et al. 2005, Guntert et al. 2006).
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Pyroglutamate-modified A has been demonstrated to be the predominant isoform 

amongst them (Saido et al. 1995, Gunn et al. 2010, Jawhar et al. 2011). pEA 3-42), 

bearing N-terminal pyroglutamate at position 3, was revealed to be the major N-truncated 

component of intracellular, extracellular and vascular A

(Harigaya et al. 2000, Portelius et al. 2010, Wirths et al. 2010).

1.4.1 Discovery and prevalence of pyroglutamate amyloid-

In 1986, Selkoe and collaborators firstly revealed that the N-

blocked as they were not able to obtain N-terminal sequences from purified plaques 

without the use of proteases (Selkoe et al. 1986). Other groups did not succeed neither in 

gaining N-terminal sequences of plaque cores by the use of other methods (Gorevic et al.

1986). Mori et al. described the presence of N-terminally pyroglutamate- in 

brain samples with an incidence of 15-20 %. Pyroglutamate amino peptidases were used 

to unravel the N-terminus, which is resistant to other peptidases that are used for Edman 

degradation, because of the formation of an intra lactam ring (Mori et al. 1992).

Afterwards, - -x) were detected and shown to be involved in the 

formation of the central core of amyloid aggregates (Naslund et al. 1994, Saido et al.

1995). This led to the hypothesis that deposition may play a central role in initiating 

the aggregation (Hartig et al. 2010, Sullivan et al. 2011). -x)

was proven to be present in equivalent or larger amounts than full-

plaques and it was also found in diffuse plaques, one of the earliest depositions of amyloid

aggregates as well as in soluble amyloid peptides as the most dominant fraction 

(Saido et al. 1995, 

Iwatsubo et al. 1996, Russo et al. 1997). Kuo and coworkers have shown, that senile 

plaques from individuals suffering from AD contain on average 51 -x), while 

the percentage in vascular amyloid depositions is only about 11 % (Kuo et al. 1997).

found to be always higher than C-terminal 

shortened species (Hosoda et al. 1998, Harigaya et al. 2000) -42) represents 25

(Harigaya et al. 2000). Recent studies showed, that 

-x) is an abundant pathological species in neuronal 

lysosomes and neuroglia obtained from human brain tissue (De Kimpe et al. 2013).

Further, -x) increases with age (Bayer et al. 2011).
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1.4.2 Generation of pyroglutamate amyloid-

Formation of pyroglutamate-modified A (3-x) requires the removal of the first two amino 

acids (aa) D1 and A2 leading to the N-terminal aa E3 by an unknown mechanism (Figure 

4) (Jawhar et al. 2011). In general, A (1-x) is released after the cleavage of APP, which is

catalyzed by - -secretases. In 1995, Saido and collaborators hypothesized the 

presence of peptidases cleaving the first two aa to expose E3 (Saido et al. 1995). More 

recently, Sevalle et al. suggested that the cleavage of the initial N-terminal aa are

triggered by aminopeptidase A (Sevalle et al. 2009). -x) starting N-

terminal exposed E11 is generated by an alternative cleavage of APP in the trans-Golgi 

network (Huse et al. 2002). Post-translational pyroglutamate formation is then catalyzed 

by the enzyme glutaminyl cyclase (QC) targeting the exposed N-terminal amino group of 

E3/E11 for intra-E lactam ring formation by dehydration (Figure 4) (Schilling et al. 2003, 

Schilling et al. 2004).

Figure 4 Generation of pEA in vivo. The N-terminal aa aspartate (D1) and alanine (A2) are 
cleaved off by an unknown mechanisms leading to N-aminoterminal glutamic acid (E3). E3 can be 
converted to pyroglutamate (pE) due to the formation of an intramolecular lactam ring by 
dehydration catalyzed by the enzyme glutaminyl cyclase (QC) (modified according to (Jawhar et al.
2011)).
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Although N-terminal pE formation from E is a preferred enzymatic reaction (Twardzik et al.

1972), it can also be achieved non-enzymatically under mild acidic conditions and 

increased temperature (Chelius et al. 2006). The amino group attacks the carboxyl side 

chain group due to a nucleophile substitution for pyroglutamate-formation under the 

release of water. Intra-molecular lactam ring formation with an N-terminal Q residue 

instead of E is much faster for both the enzymatic and the non-enzymatic reaction

(Schilling et al. 2008). The mechanism of pyroglutamate formation remains identical by 

replacing E with Q, but the lactam ring generation is no longer obtained by dehydration 

but under the release of ammoniac (Figure 5)

Figure 5 Conversion to pyroglutamate based on N-terminal glutamine. N-aminoterminal 
glutamine can be converted to pyroglutamate due to the formation of an intramolecular lactam ring 
according to a nucleophile attack under the release of ammoniac.

1.4.3 Biophysical properties of pyroglutamate amyloid-

Conversion to pEA results in altered biophysical and biochemical characteristics with 

severe pathological consequences. There is evidence, that pEA self-assembles and 

accumulates because of its limited degradation (Saido et al. 1996). Formation of the 

intramolecular lactam ring increases its resistance to degradation by amino peptidases 

and therefore the stability of the peptide (Saido et al. 1996). Since the formation of 

pyroglutamate results in the loss of two negative and one positive charge, the 

hydrophobicity of pEA (3-x) is increased (Jawhar et al. 2011). pEA was shown to form -

sheet structures more readily and has an enhanced aggregation propensity compared to 

the full-length peptide demonstrating it to be a potential seeding species of 

oligomerization and accumulation (He et al. 1999, Schilling et al. 2006, D'Arrigo et al.

2009, Schlenzig et al. 2012). Compared to the non- - -x) 

possesses an up to 250-fold accelerated aggregation kinetic - independent of the C-

terminal length (Schilling et al. 2006). Our group performed previously structural analysis 

-40) (1-40) using solution state nuclear magnetic resonance (NMR). 
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These studies indicate that the pyroglutamate-modified variant has an increased tendency 

-sheet rich structures under exactly the same conditions (Sun et al. 2012).

Russo et al. suggested to be more toxic to neurons and astrocytes than the 

corresponding full-length peptide (Russo et al. 2001). as 

found in AD brains were further claimed to increase cell membrane permeability resulting 

in raised neuroblastoma cell death (Piccini et al. 2005). In general

leads to an enhanced toxicity which might be due to the higher aggregation propensity 

a , since they are more resistance to 

degradation.

1.5 Diagnosis of Alzheimer’s disease

Diagnosis of AD is limited since definite AD diagnosis can only be observed post mortem

by autopsied neuropathological findings that are based on the identification of SP and 

NFT (McKhann et al. 1984, Bird 1993, last revision 2014). This leads to a “probably AD” 

clinical diagnosis in vivo in accordance to the symptoms, which are highly dependent on

the progression of the disease and are thus impeding diagnosis in the early stages of AD 

(Jack et al. 2011). Clinical diagnosis is accurate in 71 – 88 % of all cases (Bird 1993, last 

revision 2014, Beach et al. 2012). Methods for morphological and functional imaging such 

as magnetic resonance imaging (MRI), positron emission tomography (PET) and 

computed tomography (CT) support the diagnosis but are expensive (Fox et al. 2001, 

Laske et al. 2015). In 2014, new criteria for AD diagnosis were published considering 

neurodegeneration quantified by PET and brain atrophy quantified by MRI. Levels of the 

total A (1-42) and phosphorylated tau in the CSF and A -plaques quantified by PET are a 

pathophysiological hallmark of AD (Dubois et al. 2014).

The most studied and validated PET tracer for identification of -aggregation is the 

Pittsburgh compound B (PiB), a neutral derivate of the dye thioflavin-T (ThT) which binds

to extracellular aggregated A (Klunk et al. 2004). The signal obtained by visualizing 

using PiB as a tracer is more than twofold higher in AD patients than in healthy controls 

(Edison et al. 2007). The uptake of PiB in vivo was demonstrated to correlate with the 

level of in AD brain tissue taken at autopsy (Svedberg et al. 2009). However, PiB has 

low affinity to soluble or non-fibrillar A (Lockhart et al. 2007, 

Ikonomovic et al. 2008). Thus, new tracers for the detection of tau fibrillary pathology were 

developed supporting PET based diagnosis of AD (Chien et al. 2014, Okamura et al.

2014).
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A promising approach for early diagnosis of AD is the detection of A aggregates using 

surface based fluorescence intensity distribution assay (sFIDA)  (Funke et al. 2007, Funke

et al. 2010). The principle of sFIDA is similar to a sandwich enzyme-linked immunosorbent 

assay (ELISA) with the advantage to correlate well with the number and size of A

oligomers in the sample. Recent results have shown a higher readout for AD patients 

compared to healthy controls giving this immunoassay reliability as a new diagnostic tool 

for early AD diagnosis (Wang-Dietrich et al. 2013).

1.6 Therapeutic strategies of Alzheimer’s disease

Up-to-date, no drug is available that cures AD. Current therapies stabilize the symptoms 

but are not able to modify the progression of the disease; most patients die within a 

decade after being diagnosed (Panza et al. 2009). Several therapeutic strategies targeting 

different pathophysiological mechanisms of AD progression exist.

Since neuronal dysfunction starts early in AD, one symptomatic treatment is the 

modulation of neurotransmission by identifying cholinesterase inhibitors or receptor 

antagonisms to improve short-term cognitive functions and to control psychosis and mood 

disturbance (Lawrence et al. 1998, Anand et al. 2014). Other options are the modulation 

of intracellular signaling cascades or cellular calcium homeostasis, oxidative stress 

reduction and anti-inflammatory therapy (Anand et al. 2014). Tau based therapies are 

dealing with the inhibition of tau hyperphosphorylation by inhibiting kinases, stabilizing 

microtubules, blocking tau aggregation with vaccination or tau binding molecules or 

enhancing tau clearance by targeting chaperones (Morris et al. 2011, Huang et al. 2012).

1.6.1 Amyloid- targeting strategies

The amyloid cascade hypothesis has become the most-researched conceptual framework 

of AD and several studies have focused on interrupting it. One approach is A

immunotherapy. A vaccination is separated into active and passive immunization. It was 

shown, that active immunization against A resulted in an antibody response and 

reduction of A plaque load in patients. However, trials had to be stopped in phase II 

because of immunopathological side effects due to an induction of cell-mediated immune 

response (Gilman et al. 2005, Holmes et al. 2008, Lemere et al. 2010).

The movement of A between the central nervous system and periphery is regulated by 

apolipoproteins (Fan et al. 2009). ApoE4 increases the crossing of A from brain to blood 

by a receptor mediated transport using the low-density lipoprotein receptor-related protein 
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(LPR) (Zlokovic 2004). LPR expression decreases with age leading to a declined efflux of 

A and thus accumulations in the brain (Shibata et al. 2000). One strategy is to increase 

A passage through the blood brain barrier (BBB) resulting in a reduced amyloid 

deposition in the brain (Anand et al. 2014).

APP processing secretases are targeted in order to decrease the production of A . In the 

non-pathogenic pathway, APP is cleaved by - and -secretases leading to non-toxic 

products. Replacing -secretases by alternate -secretases result in amyloidogenic 

processing (Huang et al. 2012, Mullane et al. 2013, Anand et al. 2014). Several drugs 

have been designed to inhibit - and -secretases in combination with augmenting the -

secretase - with difficulties to specifically inhibit the pathogenic cleavage of APP without 

affecting alternative physiological important substrates (Citron 2010, De Strooper et al.

2010, Golde et al. 2011).

Some proteases that are known to degrade A plaques do exist such as plasmin, 

neprilysin, insulin degrading enzyme, metalloproteinase and a few other proteases 

(Nalivaeva et al. 2012). The concentration and activity of these enzymes decline within the 

progression of AD and may contribute to A accumulation (Anand et al. 2014). Some 

studies focusing on increasing neprisilyn have shown to reduce amyloid pathology in 

mouse models (Marr et al. 2003, Spencer et al. 2008, Blurton-Jones et al. 2014).

1.6.2 D-enantiomeric peptides for decreasing amyloid- aggregation

Within the last years, a number of studies have been performed with A targeting D-

peptides to prevent aggregation and subsequent toxicity (Kumar et al. 2014). D-aa are the 

stereoisomers of naturally occurring L-aa. Peptides containing D-aa can mimic naturally 

occurring peptides without being a binding ligand for proteases. Thus, they are more

resistant than their L-enantiomeric counterpart and unlikely to provoke immunogenicity,

which makes them more suitable for therapeutics (Kumar et al. 2014). A number of D-

peptides containing F and L at second and third position were screened with a 

pentapeptide library and identified to bind A and thus prevent fibril formation (Tjernberg

et al. 1996). Hayward and coworkers investigated a cholyl-modified D-pentapeptide 

capable of inhibiting fibril formation and thus preventing cytotoxicity (Findeis et al. 1999).

The group by Doig investigated a D-peptide with additionally introduced N-methylation 

and cyclohexylglycines binding to A and thus promotes the aggregation into large non-

fibrillar and non-cytotoxic aggregates (Kokkoni et al. 2006). Short D-enantiomeric peptides 
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could be a great possibility for early therapeutic intervention due to their increased 

protease resistance and selectivity.

1.7 D3

Our group has previously selected A binding D-peptides by mirror image phage display. 

Randomized peptides were screened against D-enantiomeric A (1-42) and then 

synthesized into their D-enantiomeric form for binding to the physiological L- (1-42). The

12mer peptide D3 with the sequence RPRTRLHTHRNR was found to be a suitable 

candidate for AD therapy (Wiesehan et al. 2008). D3 was shown to inhibit the formation of 

toxic A oligomers by driving aggregation towards amorphous non-toxic aggregates

(Funke et al. 2010). The peptide promotes disassembly of pre-formed A aggregates, 

increases cell viability in PC12 cells and reduces the level of amyloid plaques and thus 

improves the pathology and behavior in APP/PS1 transgenic mice (van Groen et al. 2008, 

van Groen et al. 2012, van Groen et al. 2013). Moreover, D3 did not initiate any immune 

response or inflammatory and indicated its capability to cross the BBB (van Groen et al.

2009, van Groen et al. 2013). Therefore, D3 represents a potential drug candidate in the

modulation of aggregation.

pEA got more and more in focus because it plays a central role in seeding A

aggregation and since it is known to be one of the dominant isoforms in senile plaques 

(Gunn et al. 2010, Jawhar et al. 2011). Therefore, it is necessary to test drugs also for 

in vitro and in vivo by specifically 

(Wiesehan et al. 2008, van Groen et 

al. 2013) needs to be analyzed in 

The TBA2.1 mouse model expresses A E3Q-42 (E is 

replaced to Q to facilitate pE formation, see 1.4.2) which is then posttranslational modified 

to pEA -42) (Alexandru et al. 2011). Thus, this mouse model allows studies of the effect 

of D3 and its tandem derivative D3D3 -42) mediated pathology in vivo

.
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2 Objective

and

in AD. Within this study, a

method for reproducible expression and purification of -40) and 

-42) in natural abundance as well as stable isotopically enriched, should be 

established. The production is based on (E3Q-40/42) mutants leading to quantitative

compared to the A (E3-40/42) wild type. The chemical 

and conformational states of the purified proteins should be characterized biophysically

under different conditions.

Furthermore, structural difference and altered biochemical properties of pEA should be 

investigated and compared to the corresponding non-modified A . The main problem is 

the fast aggregation kinetics and the low solubility which impedes such studies drastically. 

It was shown that A builds -helical structures in solutions containing TFE enable to

facilitate structural studies. Structural analysis and aggregation of pEA was further 

investigated by solution state NMR spectroscopy. Three dimensional experiments for 

backbone and side chain assignments provide chemical shift data for secondary structure 

analysis. CD spectroscopy confirms the secondary structure prediction of pEA and A

under different conditions. ThT assays monitoring the aggregation kinetics of pEA

compared to non-truncated A as well as size exclusion chromatography (SEC) and TEM 

images expose the difference in aggregation due to the formation to pyroglutamate and its 

resulting altered biochemical properties.

Recombinant pEA the previously identified D-enantiomeric 

peptides D3 and D3D3 regarding their potency to prevent fibril formation. The potency of 

D3 and D3D3 in A -directed therapy will be tested in vivo in a pEA (3-42) expression 

transgenic mouse model. Ideally, new insights might be drawn regarding the altered 

biochemical properties and resulting pathological consequences and the structural 

difference between pEA and A .
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Supporting Information

Q-40/42) fusion protein

-42) as a fusion protein with an 

N-terminal His6-tag, a solubilizing fusion partner (NANP)19 and a modified tobacco etch 

virus protease (TEV) recognition site, which was kindly provided by Finder, Glockshuber 

and coworkers (1) (3-

42) construct. The following mutation of the encoding DNA sequence of E3 to Q (E3Q) 

leads to A (E3Q-42) intended for increasing nonenzymatic conversion to pE. In addition, 

with V40, i.e. A (E3Q-40).

The oligonucleotides for deletion of codons for D1 and A2 and for codon mutation of E3 to 

Q were obtained (HPLC-grade) from Eurofins (Ebersberg, Germany) and the 

oligonucleotides to delete codons for I41 and A42 were obtained from BioTeZ (Berlin, 

Germany).

-CTG AAA ACC TGT ATT TCC AGG AGT TCC GTC ATG ATT CAG-3’

-CTG AAT CAT GAC GGA ACT CCT GGA AAT ACA GGT TTT CAG-3’

E3Q forward: 5’-GAA AAC CTG TAT TTC CAG CAG TTC CGT CAT GAT TCA G-3’

E3Q reverse: 5’-GTG AAT CAT GAC GGA ACT GCT GGA AAT ACA GGT TTT C-3’

-GGT GGG TGG TGT TGT CTA ATA GTA AAG CTT G-3’

-CAA GCT TTA CTA TTA GAC AAC ACC ACC CAC C-3’

Constructs for 1/2 and E3Q mutation were cloned using QuikChange Lightning Multi 

Site-Directed Mutagenesis Kit (Agilent, Böblingen, Germany). Amplification conditions 

were 30 cycles of 20 sec at 95 °C for denaturing, 30 sec at 55 °C for annealing and 2 min 

at 65 °C for elongation with Pfu ultra HF polymerase. 41/42 mutation of the E3Q 

construct was cloned with GeneArt® Site-Directed Mutagenesis PLUS System (Invitrogen 

Life Technology, Darmstadt, Germany) using 18 cycles of 50 sec at 95 °C for denaturing, 

50 sec at 60 °C for annealing and 5 min at 68 °C for elongation with Pfu ultra HF 

polymerase. The amplified DNA was directly used for DpnI digestion of the parental strain. 

Escherichia coli XL10 cells were transformed with the PCR product and grown clones 

were picked and sequenced by Seqlab (Göttingen, Germany).
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For expr - -42) fusion proteins in natural 

abundance, a single colony of freshly transformed E. coli BL21 (DE3) pLysS cells was 

used to inoculated LB overnight starter-cultures (10 g/l tryptone, 5 g/l yeast extract and 

5 g/l NaCl containing 100 mg/l ampicillin and 34 mg/l chloramphenicol). Main cultures of 

1 l TB medium (12 g/l tryptone, 24 g/l yeast extract and 17 mM KH2PO4 and 72 mM 

K2HPO4 containing 100 mg/l ampicillin and 34 mg/l chloramphenicol) were inoculated with 

starter-cultures (1:100) and incubated at 37 °C until an OD600 nm of 2.0 was reached. 

-D-1-thiogalactopyranoside (IPTG) 

to a final concentration of 1 mM. The cells were incubated overnight at 30 °C and 160 rpm 

and then harvested by centrifugation (5,000 x g, 30 min). Cell pellets were resuspended in 

5-10 ml lysis buffer (8 M guanidine hydrochloride (GdmCl)-NaOH, 300 mM NaCl, 30 mM 

Tris-HCl, 10 mM imidazole, pH 7.9) per gram wet weight, stirred for 2 h at 4 °C and then 

sonicated under ice cooling (3 x 1min, 50 % power, 5 mm micro-tip, Branson sonifier 250). 

Cell extract was clarified by centrifugation (50,000 x g, 45 min).

Uniformly [U-15N]- and [U-13C, 15N]- -40/42) fusion proteins were expressed from 

cultures grown in M9 minimal media (2) with 1 g/l 15NH4Cl and 2.5 g/l unlabeled or [U-13C]-

glucose being the sole nitrogen and carbon sources, respectively. Cultures were grown as 

described above for expression in natural abundance, with the difference that a starter-

culture in non-isotope enriched M9 minimal media was prepared and used to inoculate 1 l 

main culture to an OD600 nm of 0.1. The cells were then grown to an OD600 nm of 1.2 and 

protein expression was performed overnight as described above.

The cell lysate was purified using immobilized metal affinity chromatography (IMAC) with 

2 ml of Ni2+-NTA agarose (Qiagen, Hilden, Germany) per g of processed cells. The resin 

was equilibrated with lysis buffer and the cell extract was applied. After washing with 10 

column volumes (CV) of lysis buffer, non-specifically bound protein was removed with 

5 CV of lysis buffer including 20 mM imidazole. The fusion protein was eluted with 3 CV of 

500 mM imidazole in lysis buffer and stored at -20 °C until further use. The eluate was 

checked by analytical reversed-phase high performance liquid chromatography (RP-

HPLC) using a Zorbax SB-300 C8 column (5 μ, 4.6 mm x 250 mm, Agilent, Böblingen, 

Germany) connected to an Agilent 1200 Infinity system in 30 % acetonitrile (ACN) 

containing 0.1 % trifluoroacetic acid (TFA) at 80 °C and a flow-rate of 1 ml/min. 

Absorbance was measured at 214 nm. Data were recorded and analyzed with the 

program ChemStation (Agilent, Böblingen, Germany).
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Further purification was performed via RP-HPLC using a semi-preparative Zorbax SB-300 

C8 column (5 μ, 9.4 mm x 250 mm, Agilent, Böblingen, Germany) equilibrated with 20 %

ACN/ 0.1 % TFA heated at 80 °C. IMAC purified fusion protein was directly loaded onto 

the column with a flow-rate of 4 ml/min. The column was washed for 12 min with 20 %

ACN/ 0.1 % TFA and the fusion protein was then eluted with an isocratic step to 32 %

ACN/ 0.1 % TFA and lyophilized. 

S3 Cleavage of the fusion protein and purificat

The His6-tag and the solubilizing fusion partner (NANP)19 were cleaved from the fusion 

protein using TEV protease. Lyophilized fusion protein was resuspended in protease 

compatible buffer including 30 mM Tris-HCl, 1 mM EDTA, pH 8.0 and 3 mM dithiotreithol 

(DTT). 1 mg TEV protease per 8 mg fusion protein was added leading to a molar ratio 

around 0.06 equivalents relative to the fusion protein. Standard concentration of fusion 

protein was around 3-4 mg/ml. The cleavage reaction was performed at 4 °C for 20 h and 

was observed by analytical RP-HPLC isocratically with of 30 % ACN/ 0.1 % TFA at 80 °C. 

- -40) partially during the 

reaction, the reaction mixture was centrifuged (16,000 x g, 20 min), the precipitate was 

dissolved in lysis buffer and both, supernatant and resuspended pellet, were reanalyzed 

by analytical RP- -preparative RP-

-42), the Zorbax SB300 C-8 column was 

equilibrated in 28 % ACN/ 0.1 % TFA and after sample loading washed for 12 min 

isocratically under equilibration conditions, then the target protein was eluted in an 

isocratic step with 35 % ACN/ 0.1 -40), the column was 

equilibrated with 30 % ACN/ 0.1 % TFA and protein was eluted isocratically with the same 

-40/42) were lyophilized and stored at -20 °C.

Non- -40/42) to pEAß40 or pEAß42 was performed by 

incubation in mild acidic and elevated temperature condition. Therefore, lyophilized 

protein was dissolved in 30 mM sodium acetate, pH 3.5 (adjusted with acetic acid) to a 

concentration of 0.25 mg/ml and incubated at 45 °C with gentle stirring for 24 h. 

-HPLC isocratically (see above) with 

30 % ACN/ 0.1 % TFA at 80 °C and a flow-rate of 1

on, therefore the reaction mixture 

was centrifuged (16,000 x g, 20 min) and the protein pellet was resuspended in lysis 

-preparative RP-HPLC using the same 
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conditions applied for the purification of unconverted A (E3Q-40/42), respectively, and 

lyophilized. 

42 was dissolved in hexafluoroisopropanol (HFIP) and 

incubated at room temperature (RT) for at least three days to monomerize. Concentration 

was determi -HPLC. For this, 1 mg 

M GdmCl-NaOH pH 7.9 and diluted to final concentrations 

varying from 0 μM to 240 μM. The dilution series was applied on analytical Zorbax SB-300 

C8 column in 30 % ACN/ 0.1 % TFA and eluted isocratically. A linear calibration curve 

were calculated. Aliquots of 1 mg and specific aliquots for following experiments were 

prepared, lyophilized and stored at -20 °C until further use.

S6 Mass spectrometry

Mass spectrometry was performed using a high performance matrix-assisted laser 

desorption time of flight mass spectrometer (Voyager MALDI-TOF). Data were recorded 

between 1,000 and 15,000 m/z in positive-ion mode at the Leibniz-Institut für 

Umweltmedizinische Forschung (IUF, Düsseldorf, Germany).

S7 Thioflavin-T assay

ed in 10 mM H3PO4-NaOH, pH 7.4 and 10 μM 

ThT to a final concentration of 25 μM. Aggregation assays were performed using black 

non-binding 96-well plates (Sigma-Aldrich, Germany) at 37 °C. Wells were filled with 

samples to a total volume of 100 μl and each reaction was performed fivefold. 

Fluorescence was monitored with a microplate reader (PolarStar Optima, BMG, 

Offenburg, Germany) at excitation and emission wavelength of 440 and 492 nm, 

respectively, in bottom-reading mode every 15 min with 30 s shaking prior to reading. 

S8 NMR spectroscopy

mM H3PO4-NaOH, pH 7.4 and 10 % D2O by 

vortexing. Sample concentrations varied between 25 and 50 μM. NMR spectra were 

acquired using a cryoprobe-equipped Bruker 600 MHz spectrometer at 5 °C in 5 mm
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standard NMR tubes. Chemical shift assignments were made using standard 1H,15N-

HSQC and BEST-TROSY HNCA+ (3) experiments and spectra were processed with 

NMRPipe (4) and analyzed using CCPNmr Analysis (5). 1H chemical shifts were 

referenced with respect to external DSS in D2O, 13C and 15N chemical shifts were 

referenced indirectly according to their gyromagnetic ratios (6, 7).



34

References (Supporting Information)

1. Finder VH, Vodopivec I, Nitsch RM, Glockshuber R. The recombinant amyloid-beta peptide 
Abeta1-42 aggregates faster and is more neurotoxic than synthetic Abeta1-42. J Mol Biol. 
2010;396: 9-18.

2. Maniatis T, Fritsch EF, Sambrook J. Molecular cloning : a laboratory manual. Cold Spring 
Harbor, N.Y.: Cold Spring Harbor Laboratory; 1982. x, 545 p. p.

3. Gil-Caballero S, Favier A, Brutscher B. HNCA+, HNCO+, and HNCACB+ experiments: 
improved performance by simultaneous detection of orthogonal coherence transfer pathways. J 
Biomol NMR. 2014;60: 1-9.

4. Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A. NMRPipe: a multidimensional 
spectral processing system based on UNIX pipes. J Biomol NMR. 1995;6: 277-293.

5. Vranken WF, Boucher W, Stevens TJ, Fogh RH, Pajon A, Llinas M, et al. The CCPN data 
model for NMR spectroscopy: development of a software pipeline. Proteins. 2005;59: 687-696.

6. Wishart DS, Bigam CG, Yao J, Abildgaard F, Dyson HJ, Oldfield E, et al. 1H, 13C and 15N 
chemical shift referencing in biomolecular NMR. J Biomol NMR. 1995;6: 135-140.

7. Markley JL, Bax A, Arata Y, Hilbers CW, Kaptein R, Sykes BD, et al. Recommendations for 
the presentation of NMR structures of proteins and nucleic acids--IUPAC-IUBMB-IUPAB Inter-
Union Task Group on the standardization of data bases of protein and nucleic acid structures 
determined by NMR spectroscopy. Eur J Biochem. 1998;256: 1-15.



35

3.2 Structural analysis and aggregation propensity of pEA (3-40) in 
aqueous triflouroethanol

Christina Dammers, Lothar Gremer, Kerstin Reiß, Antonia N. Klein, Philipp Neudecker, 
Rudolf Hartmann, Na Sun, Hans-Ulrich Demuth, Melanie Schwarten and Dieter Willbold

Journal: PLOS ONE

Impact Factor: 3.53 (2013/2014)

Contributions: 90 %, protein production, experimental design, performance and analysis of 
ThT assays, TEM and NMR and CD spectroscopy, manuscript writing



36



37



38



39



40



41



42



43



44



45



46



47

Supporting Information

S1 15N-HSQC of pEA (3-40) in 30 % TFE. 25 μM peptide was dissolved in aqueous solution 
(50 mM potassium phosphate, pH 2.8) containing 30 % TFE. Spectra were recorded on a 600 MHz 
Bruker spectrometer at 5 °C and assignment was done using HNCA+ pulse sequence.
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S2 15N-HSQC of pEA (3-40) in different TFE concentrations. 25 μM peptide were dissolved in 
aqueous solution (50 mM KH3PO4, pH 2.8) containing 20 % (red), 23 % (green), 27 % (light blue) 
and 30 % (dark blue) TFE. Spectra were recorded on a 600 MHz Bruker spectrometer at 5 °C.
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-40) in 30 % TFE. 
calculated as the difference between measured and random coil chemical shifts described by 
Zhang et al. and sequence corrected for neighbor effects.
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Significant statement

-42) is discussed to initiate the amyloid cascade in the progression of Alzheimer’s 

disease . In the TBA2.1 mouse model a progressive motor neurodegenerative phenotype 

-42), which can be set back by therapeutic treatment with the D-

enantiomeric peptides D3 and D3D3.
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Abstract

Today, no causative or disease modifying treatment is available for Alzheimer’s disease 

(AD). Previously, it has been shown that D3, a small, fully D-enantiomeric peptide is able 

in vitro, enhance cognition and reduce 

plaque load in AD transgenic mice. To further characterise the therapeutic potential of D3 

towards N-terminally truncated and -42)) we tested D3 and its 

head-to-tail tandem derivative D3D3 in the new mouse model TBA2.1. TBA2.1 express 

human -42) leading very early to a strong motor neurodegenerative phenotype. In 

the present study, we were 1) able to show higher binding affinity of both D3 and D3D3 to 

-42) and 2) could confirm increased affinity of the tandem derivative D3D3 in 

comparison to D3. Subsequently we tested the therapeutic potential of both peptides in 

the TBA2.1 model. Truly therapeutic, non-preventive treatment with D3 and D3D3 clearly 

slowed down the progression of the neurodegenerative TBA2.1 phenotype indicating 

therapeutic action of both peptides towards -42) induced neurodegeneration.
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Introduction

The number of patients suffering from Alzheimer’s disease (AD) is expected to increase

dramatically if no causal therapy becomes available1. Major hallmarks of AD are 

progressive neurodegeneration, and the deposition of tau protein containing neurofibrillary 
2

the cleavage of the amyloid precursor protein (APP) through - -secretases. The 

oligomers, which are thought to play an important role in the development and 

progression of the disease. Currently, there is no causal treatment available to cure or 

slow down AD progression3. Previously, the potent D-enantiomeric peptide D3 has been 

identified by mirror image phage display4 5,6. The two advantages of 

peptides consisting solely of D-enantiomeric amino acids are the lower immunogenic 

potential and the higher resistance to proteases7-9. -42) 
10 and converts toxic oligomers 

into large, non-toxic amorphous aggregates in vitro11. In preceding in vivo studies, oral 

administration of D3 improves the spatial learning behaviour in the Morris water maze, 

reduces and the inflammatory situation in transgenic APP/PS1 mice10-12.

So far, most compounds that could prove suitable for AD therapy in humans were 

previously tested in animal models that did not show any neurodegenerative phenotype. 

Here, we used homozygous TBA2.1 mice for treatment studies exhibiting hippocampal 

neuron loss and a progressive motor neurodegenerative phenotype induced by 

-42)). Transgenic TBA2.1 express starting at the 

N- -42), in 

neuronal tissue -42) is posttranslationally modified by endogenous glutaminyl 

-42)13. Owing to its very fast aggregation and formation of toxic 

-42) is thought to be involved in the initiation of the amyloid cascade.

-42) , we here 

wanted to evaluate whether these compounds are also capable of binding and 

neutralising -42) and are able to prevent or slow down -42) induced 

neurodegeneration in the newly available mouse model TBA2.1
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Material and Methods

Experimental design

To prove our hypothesis in vitro, we first determined the binding affinities of D3 and D3D3 

-42) and pEA -42) via SPR spectroscopy and tested their influence on the 

- -

-42) was purified as 

described recently14.

destroy any existing aggregates and lyophilised to remove HFIP.

After the positive evaluation of both compounds, it was planned to determine their 

properties in the TBA2.1 mouse models. Therefore, we initially characterised the 

phenotype of the transgenic, male mice. The phenotype assessment and the motor 

balance were determined longitudinally by testing ten wild type and eleven homozygous 

mice every four weeks starting at two months of age. For the treatment studies, four-

month-old female mice were stratified into groups according to their SHIRPA score. 

Additionally, the mice were tested before and after treatment in the accelerating Rotarod. 

Due to a possible heterogeneity of the phenotype, we used only male mice for 

characterisation and female mice for the treatment studies. All experimenters were blind 

to genotype or treatment and all tests were carried out at the same time of day. 

SPR spectroscopy

SPR measurements were performed using a Biacore T200 instrument (GE Healthcare, 

Sweden) at 25 °C with 20 mM sodium phosphate, 50 mM sodium chloride, pH 7.4 as 

running buffer. For preparation of the flow cells, a CM5 sensor chip (GE Healthcare, 

Sweden) was activated with EDC / NHS (0.2 M / 0.05 M) and A (1-42) (300 μg/ml) and 

pEA (3-42) (100 μg/ml), diluted in 10 mM sodium acetate pH 4.0, were immobilized to 

- -42)). Ligand and reference flow 

cells were deactivated with 1 M ethanolamine-HCl. D3 and D3D3 affinity determinations 

were performed in single cycle kinetics at 30 μl/min flow rate. The analytes were diluted in 

running buffer to the final concentrations of 100, 33.33, 11.11, 3.70, 1.23 and 0.41 μM for 

D3 and 10, 3.33, 1.11, 0.37, 0.12 and 0.04 μM for D3D3. Association of the peptides was 

recorded for 120 s, followed by a dissociation of 240 s. After each cycle, a conditional

regeneration step with 2 M guanidine hydrochloride was implemented. After 

measurement, the sensorgrams were double referenced using the reference flow cell and 

a buffer cycle. Evaluation was performed by plotting the respective response levels 
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against the applied peptide concentrations. The curves were fitted using Langmuir´s 1:1 

binding model (Hill function with n = 1, OriginPro 8.5G, OriginLab, Northampton, USA).

MTT-Assay

-42) was dissolved in 10 mM sodium phosphate buffer, pH 7.4 to a 

total concentration of 51 μM and the D-peptides D3 and D3D3 (molar ratio of 1:0, 1:0.1, 

1:1, 1:10 for pEA - -42):D3D3) were added, 

respectively, and incubated at 37 °C for 5 days without shaking. The highest concentration 

of D-peptides, i.e. 510 μM for D3 and 255 μM for D3D3, were treated the same without 

co-incubati -42). 

PC-12 cells (Leibniz-Institut DSMZ-Deutsche Sammlung von Mikroorganismen und 

Zellkulturen GmbH, Braunschweig, Germany) were cultured in Dulbecco's modified 

Eagle's medium (DMEM) (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) 

supplemented with 10 % fetal bovine serum (FCS) (Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany) and 5 % horse serum (HS) (Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany) at 37 % CO2. Cells were harvested and seeded onto 96-

well plates (Gibco, Life Technologies, Carlsbad, California) at 1x103 cells/well and 

incubated at 37 °C and 5 % CO2 for 24 h. The cells were treated with 1 μM incubated 

pEA (3-42) and 1 μM pEA (3-42) co-incubated with D3 (in molar ratios of 1:0.1, 1:1 and 

1:1) or D3D3 (in molar ratios of 1:0.2, 1:1 and 1:5), respectively, as well as 10 μM D3, 

10 μM D3D3 and the buffer alone (10 mM sodium phosphate, pH 7.4). The buffer 

containing 0.125 % Triton X-100 (AppliChem, Darmstadt, Germany) was used as negativ 

control. All samples were added five-fold in a three-fold-determination. The treated cells 

were incubated at 37 °C and 5 % CO2 for 24 h. MTT-assay was performed using the “Cell 

Proliferation Kit 1” (Roche, Mannheim, Germany) according to the manufacturer’s 

instructions. The 96-well plate was analysed using a MicroPlate Reader (PolarStar 

Optima, BMG Labtech, Offenburg, Deutschland) by measuring the absorbance at 570 nm 

and 660 nm and background corrected.

Animals

Experiments were conducted using homozygous TBA2.1 mice and wild type littermates as 

control mice. Transgenic TBA2.1 mice exhibited -42) on a 

- -

42) within the secretory pathway in TBA2.1 mice13. All animal procedures were performed 

in accordance with the [Author University] animal care committee's regulations. The 
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animals were kept in a controlled environment on a 12/12-hours light/dark cycle (lights on 

from 7 a.m.-7 p.m.), with 54 % humidity and a temperature of 22 °C. Up to four mice per 

cage were housed with food and water available ad libitum. Only heterozygous TBA2.1 

mice were used for breeding and homozygous mice were sacrificed at five months of age 

to prevent suffering due to the severity of the phenotype.

Peptides

The D-enantiomeric peptides D3 (rprtrlhthrnr, all amino acids are D-enantiomers) and 

D3D3 (rprtrlhthrnrrprtrlhthrnr, all amino acids are D-enantiomers) with 95 % purity were 

purchased C-terminally amidated from JPT Peptide Technologies GmbH, Germany.

Phenotype assessment

For phenotype assessment the primary screen of the SHIRPA test battery was used15.

This includes the following subtests: abnormal body carriage, alertness, abnormal gait, 

startle response, loss of righting reflex, touch response, pinna reflex, cornea reflex, 

forelimb placing reflex, hanging behaviour and pain response. Additionally, the body 

weight was measured. For individual observation and analysis an arena of 42.5 cm x 

18 cm x 26.5 cm (L x H x W) was used. The observations were scored from 0 (similar to 

wild type) to 3 (extremely abnormal from wild type). The sum of all subtests per animal 

was used for analysis.

Accelerating Rotarod

To analyse motor coordination and motor balance TBA2.1 mice were placed on a Rotarod 

apparatus (Ugo Basile Srl, Italy). Testing was performed according to the previously 

published protocol13. In the morning of the first day mice were trained to stay on the rod 

for at least 60 sec at a constant 10 rpm. The test sessions were performed in the 

afternoon as well as the following morning and afternoon. Before starting the test session 

the mice were habituated for 30 minutes in single cages. In one test session the mice had 

to run in three trials on the beam accelerating from 4 to 40 rpm. The escape latency of 

running was measured. Maximum time was 10 minutes. For analysis the mean value of all 

nine trials was used.

Treatment with D3 and D3D3

Wild type and homozygous four months old TBA2.1 mice were treated intraperitoneally for 

four weeks with a daily dosage of 5 mg per kg peptide in PBS (pH 7.4) or vehicle (PBS, 
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pH 7.4) using Alzet mini-osmotic pumps (model 1004, DURECT Corporation, USA). The 

body weight and conditions of the mice were controlled twice a week. A loss of 15 % body 

weight and severe conspicuities were defined as exclusion criteria. No animal was 

affected by these exclusion criteria. 

Tissue preparation

The mice were sacrificed and the brain was harvested. The right hemisphere was used for 

immunohistochemical analysis and the left was used for enzyme-linked immunosorbent 

assay (ELISA) measurements. Both hemispheres were stored at -80 °C until further 

processing.

Immunofluorescence

hemisphere was cryosectioned sagittally into 10 μm thin sections. Six sections per animal 

were fixed with 4 % paraformaldehyde and treated with 70 % formic acid for antigen 

retrieval. After washing and blocking with Mouse Ig Blocking Reagent (Vector 

Laboratories, Inc., USA) slides were treated with primary antibody (6E10, Covance Inc., 

USA) overnight. After washing the secondary antibody (mouse anti goat 488, Life 

Technologies GmbH, Germany) was incubated for two hours. Images were taken with a 

LMD6000 microscope (Leica Camera, Germany) with a DFC310 FX camera (Leica 

Camera, Germany). 

quantified using ImageJ (National Institute of Health, USA).

ELISA 

-42, IBL International GmbH, Germany) was used to quantify 

-42) levels. Therefore, left hemispheres were homogenised with Tris buffer 

(20 mM Tris pH 8.3, 250 mM NaCl, Roche EDTA free Complete Protease Inhibitor) using 

the PreCellys24 homogeniser (2x20 sec at 6,500 rpm, Bertin Technologies, France). After 

vortexing, a 15 min sonification and additional vortexing the homogenate was then 

centrifuged (175,000 g, 4 °C, 30 min). The resulting pellet was incubated and 

resuspended with diethanolamine (DEA) on ice and again centrifuged. The supernatant 

represents the DEA soluble fraction which was used for analysis. The pellet was 

incubated and resuspended with formic acid on ice. After the final centrifugation step the 

interphase was taken and neutralised with 1 M Tris pH 11.3 repr
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-42) concentrations according to the manufacturer’s protocol. The samples 

were normalised to their protein concentration. For the DEA-soluble fraction, the Micro 

BCA Protein Assay Kit (Pierce Biotechnology, USA) was used and for the insoluble 

fraction, the Bio-Rad Protein Assay (Bio-Rad, Germany).

Statistical analysis

To assess Gaussian distribution, all data was tested using the Shapiro-Wilk-Test or in a

normality probability plot. In the case of normally distributed data the Repeated-Measures 

Parametric Analyses, Two- or One-Way-ANOVA with Bonferroni post hoc analysis or 

(paired) t-test were used, respectively. For the non-parametric analysis, the Friedman-test 

or Kruskal-Wallis test were used. Multiple Comparison Tests by Dunn was used for 

appropriate non-parametric post hoc analysis. All data was expressed as mean with SEM. 

Results are considered as significantly different to p 0.05. All statistical analyses were

performed using GraphPad PRISM 5 (GraphPad Software, Inc., USA) and InVivoStat 2.5 

(InVivoStat by Simon Bate and Robin Clark, United Kingdom16)
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Results

-42) and pEA -42)

In order to enhance the intensity of D3 in its binding properties, we chose a head-to-tail 

due to increased avidity. Thus, we wanted to validate the increased therapeutic potential 

of D3D3 in vitro and we compared the binding affinities of both peptides towards (1-42) 

-42). Interestingly, a higher binding affinity of both D3 and D3D3 for 

-42) could be observed as indicated by lower KD values (Fig. 1).

-42) mediated toxicity by D3 and D3D3

Encouraged by the binding experiments to -42)  we then compared the potential of 

-42) in PC-12 cells (Fig. 

2). Already a c -42) reduced the cell viability to 

more than 30 % (15 measurements per treatment in 3 tests; Kruskal-Wallis test, 

p 0.0001a, post hoc Buffer vs. 1 μM pEA -42)). Treatment with D3 had no significant 

-42) vs. D3 at any concentration, not 

significant (ns)). But the addition of 0.05 μM or higher concentration of D3D3 to 1 μM 

-42) was able to enhance the cel -42) 

vs. addition of 5 μM D3D3 p -42) vs. addition of 0.5 μM D3D3 

p -42) vs. addition of 0.05 μM D3D3 p 0.05). Thus, as expected, the 

increased avidity of D3D3 as compared to D3 led to superior efficacy of D3D3 in vitro17.

Characterisation of the motor phenotype of TBA2.1 mice

Based on the results of the SPR and cytotoxicity measurements, it was our aim to prove 

our hypothesis in vivo by treatment of homozygous TBA2.1 mice with D3 and D3D3 

against Placebo. For that aim, we validated the behaviour of transgenic TBA2.1 mice 

referring to their motor performance and their overall phenotype. Afterwards, we treated 

homozygous mice intraperitoneally with D3 or its head-to-tail tandem derivative D3D3 for 

four weeks.

We characterised the motor neurodegenerative phenotype of this mouse model 

longitudinally using wild type (WT) and homozygous (HOM) TBA2.1 mice up to 

five months of age. Phenotype assessment revealed HOM TBA2.1 mice to have a

significant phenotype already at two months of age (Fig. 3). Scored observations showed 
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a severely restricted sensorimotor function of HOM TBA2.1 mice, which among other 

deficits, resulted rapidly in a hunched, wobbly and rigid gait. At two months of age they 

achieved four times the WT score which increased further up to five months of age with 

ten times the WT score (number of animals: 10 WT and 11 HOM; Repeated-Measures-

Parametric Analyses, genotype (F(2,25) = 59.01, p 0.001b), interaction genotype with age 

(F(6,75) = 20.30, p 0.001c), pairwise tests WT vs. HOM p 0.001 at all ages, Fig. 3A). In 

addition, the weight gain from two to five months of age differed significantly between the

groups (number of animals: 10 WT and 11 HOM; Repeated-Measures-Parametric 

Analyses, weight (F(3,75) = 136.19, p 0.001d), interaction genotype with age (F(6,75) = 4.88, 

p 0.001e)). More precisely, the body weight of WT TBA2.1 mice increased successively 

up to five months of age (pairwise tests p 0.01), whereas a weight gain in HOM TBA2.1 

mice was observed until four months of age (pairwise tests of two to four months old HOM 

p 0.05 and pairwise test four to five months HOM ns) (Fig. 3C). 

Analysis of the motor coordination performance of HOM TBA2.1 mice showed a decrease

starting already at the age of three months and the deficit remained for all later time points

(number of animals: 10 WT and 11 HOM; Repeated-Measures-Parametric Analyses, 

genotype (F(2,25) = 3.59 and p = 0.043f), pairwise WT vs. HOM at two months ns and at 

three to five months p 0.05) (Fig. 3B). Overall, these results indicated the rapid 

progression of the phenotype in HOM TBA2.1 mice from two to five months of age.

Treatment with D3 and D3D3

Since the motor neurodegenerative phenotype of HOM TBA2.1 mice was highly 

prominent at five months of age we decided to start the treatment at four months of age 

over four weeks to test the truly therapeutic rather than preventive power of D3 and D3D3 

in this neurodegenerative mouse model. When comparing the outcome of the motor 

performance before and after treatment of HOM TBA2.1 mice, the motor balance of 

placebo treated mice decreased (number of treated animals: placebo 7, D3 8, D3D3 8; 

Repeated-Measures-Parametric Analyses, before vs. after (F(1,20) = 2.76, p = 0.1122g,

pairwise tests before vs. after treatment p 0.05). In contrast, treatment with D3 or D3D3 

was able to inhibit the worsening of the Rotarod performance of HOM TBA2.1 mice (Fig. 

4A, pairwise tests before vs. after treatment ns). Additionally, WT TBA2.1 mice were 

treated with D3 or D3D3 to exclude unrelated effects of the peptides. No differences within 

these three groups could be observed in the Rotarod test indicating the specificity of D3 

and D3D3 in HOM TBA2.1 mice (Fig. 4B, number of treated animals: placebo 6, D3 7, 

D3D3 7; Friedman test p = 0.1667h -42) 
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concentration in the brain of HOM TBA2.1 mice showed an increase in DEA-soluble 

-42) after the administration of D3D3 in contrast to the placebo and D3 treated 

groups (Fig. 4C, number of analysed samples: placebo 7, D3 8; D3D3 8; One-Way-

ANOVA p = 0.0055j, post hoc analysis placebo vs. D3 ns, placebo vs. D3D3 p 0.05), 

while no significant differences were detectable between the insoluble fractions of the 

three groups (Fig. 4D; number of analysed samples: placebo 7, D3 8; D3D3 8; Kruskal-

Wallis test p = 0.9253j; post hoc analysis ns). The latter was confirmed by the 

quantification of ain hemispheres (Fig. 5; 6 slices per animal, 

number of analysed animals: placebo 4, D3 4, D5 5; One-Way-ANOVA, p = 0.6184k, post 

hoc placebo vs. D3 or D3D3 ns). Overall, both D3 and D3D3 were able to inhibit the 

deterioration of the motor neuronal degenerative phenotype in HOM TBA2.1, and D3D3 

was able to induce a concentration shift towards the DEA-soluble pEA (3-42) pool.
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Discussion

It was previously shown that the D-enantiomeric peptide D3 is a promising compound for

the treatment of AD. (1-42) monomer stabilizing 

species and thought to be decisive for development and progression of Alzheimer’s 

disease. In vitro tests with D3 showed an elimination (1-42) oligomers11. The 

potential of D3 was further proven by (1-42) toxicity in cell culture, the 

improvement of spatial learning behaviour and the in

APP/PS1 double transgenic mice10,11. D3D3 was rationally designed to yield a multivalent 

. In the present study, we have for the first time 

1-42) in comparison to 

D3. Furthermore, we were able to show that both peptides, and especially D3D3, display 

-42) compared to -42). We evaluated the 

-42) mediated toxicity to neuronal 

-42) itself reduced the cell viability already at a very low concentration and 

-42), 

whereas D3 was not able to in the applied concentrations.

To validate the potential of D3 and D3D3 in vivo, we analysed the therapeutic efficacies in 

the new TBA2.1 mouse model which exhibits a motor neurodegenerative phenotype 

induced by the expression of human -42).  

From ages two to five months the progressing phenotype of the mice influencing posture, 

gait and motor function of the HOM TBA2.1 mice was severe. Additionally, these mice 

demonstrated impaired motor coordination starting from three months of age. In contrast, 

WT TBA2.1 mice did not show any abnormalities until five months of age. These results 

are in agreement with previously published observations13 and confirm the motor 

neurodegenerative phenotype of HOM TBA2.1 mice.

Treatment studies with D3 or D3D3 in HOM TBA2.1 over four weeks with a daily dosage 

of 5 mg per kg body weight suggested both D3 and D3D3 as potential therapeutic 

compounds. Both agents were able to stabilise the motor coordination of the transgenic

mice. Both compounds were able to reduce phenotype progression to non-significant 

levels during the treatment period, whereas placebo-treated mice showed significant 

progression of their phenotype. WT mice demonstrated no adverse effects caused by the 

treatment, which confirmed the specificities of D3 and D3D3 in HOM mice.
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The development of a disease-modifying or even curative treatment is one the most 

desirable challenges of the 21st century, but most of the potential compounds that are 

chosen for clinical research failed. One critical aspect could be that most of the animal 

models used for preclinical research do not show neurodegeneration. Here, we used the 

TBA2.1 mouse model exhibiting a dramatically increasing motor neurodegenerative 

phenotype for our study. It was the aim to demonstrate the truly therapeutic potential of 

the fully D-enantiomeric peptides D3 and its derivative D3D3 in this neurodegenerative 

model. In the hereby presented work, we could prove the therapeutic power of D3 and 

demonstrate enhanced properties of D3D3 also in vivo, exactly as we had expected from 

the enhanced in vitro properties. In particular, for the first time, we show that the 

-42) induced neurodegenerative phenotype of TBA2.1 mice can be arrested by a 

truly therapeutic treatment with D3 and D3D3 most probably by direct action against 

-42).. Thus, D3 and D3D3 represent a potentially interesting class of compounds 

with a promising mechanism of action to cope with the challenge of treating Alzheimer’s 

disease.
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Figures

- -42) by SPR 
spectroscopy. -42). The data were 
fitted by plotting the response levels (RU) against applied peptide concentrations using a steady-
state 1:1 binding model (C, D). Sensorgrams -42) 
and corresponding fit results (G, H). KD values are represented as mean with SD of two 
independent measurements. Sensorgrams and fit results are representative shown for both 
measurements.
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Figure 2: MT -42). MTT 
-42), which could be prevented 

by treatment with D3D3. Data is presented as mean with SEM; *p 0.05, **p 0.01 and
***p 0.001.
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Figure 3: Longitudinal determination of the sensorimotor phenotype of wild type (WT) and 
homozygous (HOM) TBA2.1 mice at 2, 3, 4 and 5 months of age. Assessment using the 
SHIRPA test battery revealed a continuously increasing phenotype of HOM TBA2.1 mice (A). 
Motor performance of HOM on the Rotarod is reduced from 3 to 5 months of age compared to WT 
(B). Body weight of WT mice increased from 2 to 5 months of age, but weight gain of HOM was 
reduced from 4 to 5 months of age (C). Data is presented as mean with SEM; *p 0.05, **p 0.01 
and ***p 0.001. 
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Figure 4: Treatment of TBA2.1 mice with the D-enantiomeric peptides D3 and D3D3. 
Homozygous (HOM) and wild type (WT) TBA2.1 mice were treated intraperitoneally over 4 weeks 
with vehicle (placebo) or with 5 mg per kg body weight D3 or D3D3 per day. Rotarod analysis of 
HOM demonstrates a worsening of the motor phenotype in placebo treated mice whereas D3 and 
D3D3 administration inhibited this process (A). Performance on the Rotarod of wild type mice 
treated with D3 and D3D3 did not show any significant differences (B). Biochemical quantification 
of DEA- -42) in the brain of HOM revealed a significantly higher concentration in 

sections from HOM animals stained by immunofluorescence is unchanged between treatment 
groups (D). Data is presented as mean with SEM; *p 0.05, **p 0.01 and ***p 0.001.
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Figure 5: Immunfluorescence of homozygous mice treated with D3 or D3D3. After treatment 
hemispheres of D3 or D3D3 and Placebo treated homozygous TBA2.1 mice were harvested. Brain 
slices of each group wer 6E10) (A). Quantification of the percental 

significant differences between these groups. Data is 
presented as mean with SEM (B, C).
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Tables

Table 1: Statistics

Data structure Type of test Power

a Non-normal distribution Kruskal-Wallis test p 0.0001

b Non-normal distribution Kruskal-Wallis test p 0.001

c Normal distribution Repeated-Measures-Parametric Analyses p 0.001

d Normal distribution Repeated-Measures-Parametric Analyses p 0.001

e Normal distribution Repeated-Measures-Parametric Analyses p 0.001

f Normal distribution Repeated-Measures-Parametric Analyses p = 0.043

g Normal distribution Repeated-Measures-Parametric Analyses p = 0.1122

h Non-Normal distribution Friedman test p = 0.1667

i Normal distribution One-Way-ANOVA p = 0.0055

j Non-normal distribution Kruskal-Wallis test p = 0.9253

k Normal distribution One-Way-ANOVA p = 0.6184
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4 Discussion and Outlook

Alzheimer's disease (AD) is a neurodegenerative disease characterized by a progressive 

decline of cognitive functions and has become the main cause for dementia in the elderly

(Alzheimer's Association 2015). The number of individuals suffering from AD is expected 

to increase up to 100 Million by the year 2050 (Ferri et al., 2005). Pathological hallmarks

of AD are intracellular neurofibrillary tangles consisting of hyperphosphorylated tau and 

extracellular plaques containing aggregated amyloid ( ) (Alzheimer's Association 

2015). is generated by the cleavage of the amyloid precursor protein leading to various 

heterogeneous (De Strooper et al. 2010). A significant amount of N-terminal 

modified deposited in the brains of AD patients whereby pyroglutamate-

modified A (pEA ) was described to be the major isoform (Jawhar et al. 2011, Perez-

Garmendia et al. 2013). pEA is present up to equivalently amounts compared to full-

length A and plays a central role in triggering neurodegeneration and lethal neurological 

deficits (Wirths et al. 2009). Thus, N-terminally modified A isoforms represent highly 

desirable therapeutic targets and became more important in the recent years 

(Venkataramani et al. 2012, Perez-Garmendia et al. 2013). Although the full-length A

well characterized, knowledge of the structural difference .

In the present study, a method for reproducible production of pEA for biophysical 

characterization was established. To obtain first insights into its secondary structure, 

pEA was analyzed by circular dichroism (CD) spectroscopy. Aggregation kinetics were 

monitored by Thioflavin-T (ThT) assays and transmission electron microscopy (TEM) was 

used to visualize matured fibrils. Nuclear magnetic resonance (NMR) spectroscopy is the 

method of choice when it comes to structural studies. While solid state NMR spectroscopy 

focusses on large aggregated fibrils, liquid NMR spectroscopy is useful to investigate 

monomeric peptides and to detect transient species (Kumar et al. 2014). Structural 

analysis of pEA was performed in aqueous TFE solution and the data was compared to 

the non-modified A .

The D-peptide D3 was previously selected to specifically bind A -42). It was shown to 

inhibit the formation of toxic aggregates in vitro as well as in vivo and to improve 

pathology and behavior in mice (van Groen et al. 2013). The effect of D3 targeting pEA

was analyzed in vitro (using recombinant pEA (3-42)) and in vivo in pEA expressing 

transgenic mice models by oral administration and the analysis of behavioral phenotyping 

tests.
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4.1 Production and characterization of recombinant pyroglutamate 
amyloid- peptides

The protocol for the expression and purification of N-terminal truncated pEA is based on 

a previous publication by the Glockshuber group describing the production of recombinant 

A (1-42) and A (1-40) (Finder et al. 2010). The construct contains a His6-tag, a

solubilizing fusion partner (NANP)19 (Luhrs et al. 2005) and a modified TEV protease 

recognition and cleavage site following the A sequence 3-40/42. 

As described by Demuth and coworkers, both enzymatic and non-enzymatic pE formation 

with an N-terminal Q instead of E is much faster (Schilling et al. 2008). Therefore, residue 

E3 was replaced by Q in order to improve the non-enzymatic reaction to pE. The 

preceding protease recognition site was modified from typical ENLYFQ G/S to 

ENLYFQ Q with the arrow indicating the cleavage site. Changing the C-terminal protease 

recognition site to Q remains in still approximately 90 % cleavage efficiency (Kapust et al.

2002). Thus, Q becomes the first aa of the cleavage product and could be directly used 

for time and cost efficient non-enzymatically pE conversion. The intra-molecular lactam 

ring formation was performed under acidic and increased temperature conditions by the 

release of ammonia (Chelius et al. 2006). The pE-modified peptides can easily be 

separated from non-converted remaining peptide since they are more hydrophobic due to 

the loss the positively charged hydrophilic amino group. The pEA peptides were verified 

by mass spectrometry. (3-40) and (3-42) were up to 15 mg/l 

culture broth.

The quality of the recombinant peptides was examined by monitoring their aggregation 

kinetics. Both recombinant typical properties of a sigmoidal 

aggregation including a distinct lag phase following an elongation phase and, finally, a

stationary phase where fibrillation is maximized. The increased C-terminal length in 

(3-42) -40/42), N-terminal deletions enhance 

aggregation (Pike et al. 1995, Schilling et al. 2006). In accordance, our data showed that 

-42) aggregates much faster than the C- -40).

Heteronuclear multidimensional NMR spectroscopy in solution state was performed to

sequence specifically assign resonances - -42). The 1H,15N-

HSQC NMR spectra differ slightly from that of - -42) under identical

conditions published previously (Hou et al. 2004, Rezaei-Ghaleh et al. 2011, Weber et al.

2014). Signals of the N-terminal aa pE3 and F4 are visible but R5 and H6 are missing. An 

explanation could be the histidine-water proton exchange of H6 at neutral pH that could 
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also affect the neighboring aa R5. In comparison to non-modified formation alters 

the N-terminal chemical shifts through residue S8 with decreasing influence downstream 

to the C-terminus.

4.2 Aggregation of pyroglutamate amyloid- peptides in aqueous 
trifluoroethanol

TFE as a co-solvent lowers solvent polarity and thus induces intramolecular hydrogen 

bonding (Kumar et al. 2009). It is therefore used to stabilize the secondary structure in 

proteins and peptides and to increase solubility. A builds stable -helical structures in 

aqueous TFE solution – in sufficient concentrations (Sticht et al. 1995, Sun et al. 2012).

There is evidence, that lowering the TFE concentration decreases the stabilization of 

helical structures and thus favors -sheets resulting in fibrillation of A .

Teplow and co-workers were the first who have analyzed the kinetics of soluble A in TFE 

from monomeric -helices to -sheets (Fezoui et al. 2002). A TFE-induced three-state 

transition from -helical monomers to -sheets for A (1-40) in TFE, visualized by CD 

spectroscopy, was then described (Chen et al. 2006). Our CD data indicate that this 

transition is also observable for pEA conversion from -helices to -

strands starts at higher TFE concentrations for pEA than for non-modified

that it is less stable than the non- . This effect was observed by comparing 

- - - -42), respectively under the 

same conditions, using CD spectroscopy, ThT assays and TEM. TFE-induced aggregates

of pEA are -sheet rich and thus represent a type of amyloid fibrils. In contrast, TFE-

induced aggregates of full-length A have an amorphous non-fibrillar ultrastructure.

Previously published data suggested a higher -sheet stabilization of pEA due to the 

altered N-terminus (Schilling et al. 2006, Jawhar et al. 2011). pEA

aggregation not only in aqueous solutions but also in the presence of an -helix stabilizing

co-solvent.

The modulation of amyloid formation by a TFE-induced pathway was also described for 

other unstructured peptides. TFE induces the formation of aggregates significantly for Islet 

Amyloid Polypeptide (Konno et al. 2007), -synuclein aggregates by a TFE-induced 

helical intermediate (Anderson et al. 2010) and conalbumin build amyloid aggregates at 

low TFE concentrations although it is stabilized at high concentrations of the co-solvent 

(Khan et al. 2014).
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4.3 Structural analysis of pyroglutamate amyloid- by NMR spectroscopy

Although pEA shows -sheets and large fibrils under conditions where non-modified A

shows -helices and non-fibrillar aggregation as indicated by CD, ThT and TEM, NMR 

spectroscopy monitored helical monomers.

Structural analysis of pEA (3-42) and A (1-42) under identical conditions indicated -

helical monomers for both peptides. Secondary structure prediction of pEA (3-42) in 40 %

TFE is shown in figure 6. The propensity for -helices is plotted against the aa sequence.

Two helical regions from Y10 to D23 and A30 to V36 which are connected by a linker 

were predicted using different tools (Schwarzinger et al. 2001, Zhang et al. 2003, Marsh et 

al. 2006, Shen et al. 2009). This is in accordance to the results comparing pEA (3-40) 

with A (1-40) obtained earlier by our group (Sun et al. 2012). Decreased TFE 

concentration did not change the 1HN, 15N, 13C’ and 13C chemical shifts of pEA (3-42) 

towards -sheet rich structures. However, the signal intensities are drastically decreased 

indicating a loss of monomers. This effect was consistent for both peptides, pEA -42) 

and pEA -40), and led to the conclusion that the -sheet rich structures detected via CD 

spectroscopy, THT and TEM are not observable by solution state NMR spectroscopy due 

to exchange processes and the formation of large aggregates. 

Figure 6 Secondary structure prediction of pEA (3-42). Structural characterization of pEA (3-
42) in aqueous TFE solution (40 % TFE in 50 mM KH3PO4 pH 2.8) at 20 °C from NMR chemical 
shift data prediction by TALOS+ (Shen et al. 2009). The percentage of -helical structures is 
plotted against the aa sequence. Helices are indicated from Y10 to D23 and A30 to V36 with a 
flexible linker in between.
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Comparing 1H,15N-HSQC spectra of monomeric pEA (3-42) with A (1-42) as well as 

pEA (3-40) with A (1-40) shows that the pE formation has a significant effect on the N-

terminal chemical shifts towards H14, which is in fact almost 30 %. Mischu and coworkers 

performed a study regarding the effect of pE formation on unstructured model peptides 

starting with E1 (Mischo et al. 2012). Formation of N-terminal pE lead to altered chemical 

shifts of only the following two neighboring residues without affecting adjacent aa. In 

contrast, formation to pEA changes the following 12 aa resulting in an altered 

conformational state of the unstructured N-terminus and in a decreased stability compared 

to the non-modified isoform. A is almost twice as stable as pEA , as shown by NMR 

spectroscopy.

4.4 Trifluoroethanol stabilizes an -helical intermediate

There is evidence that under identical conditions pEA but not non-modified A

undergoes amyloid fibril formation based on an -helical intermediate in the presence of 

TFE. Helical intermediates have been reported to prone fibrillation of a number of 

amyloidogenic peptides (Abedini et al. 2009). The phenomenon of TFE induced 

aggregation was also observed by Anderson and coworkers by showing that -synuclein

fibrillation is strongly correlated with the TFE-induced formation of a monomeric, partly 

helical intermediate. This intermediate exists in equilibrium with the natively disordered 

state at low TFE concentrations and with strong -helical conformation at high TFE 

concentrations (Anderson et al. 2010). Abedini and Raleigh hypothesized that transiently 

populated helical structures may associate and thus lead to a high local concentration of 

an aggregation prone sequence, which could promote intermolecular -sheet formation 

(Abedini et al. 2009, Abedini et al. 2009). The first evidence of helical intermediates 

playing a central role in A aggregation process as a precursor of fibril formation was 

hypothesized by Teplow and collaborators. They observed a transient increase in helicity

immediately before the appearance of -sheet structures (Fezoui et al. 2000, Kirkitadze et 

al. 2001). The transient helices, which bundle together, could be stabilized by 

intermolecular peptide-peptide interactions and this effect is increased in the presence of 

TFE.

The -sheet rich structures could 

-helices are not stabilized. Since the

secondary structure prediction

unstructured N-terminus towards V12 seems to be responsible for -sheet 

formation. Thus, accumulation of this region could be the high local concentration of an 
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aggregation prone sequence -sheet formation as described by Abedini 

and Raleigh (Abedini et al. 2009, Abedini et al. 2009).

The pathway of pEA fibril formation in the presence of TFE could be consisting of four

steps: (1) the conversion of unstructured pEA (3-42) monomers to transient -helices; (2) 

the formation of -helical assemblies resulting in a high local concentration of an 

aggregation prone sequence; (3) conversion of these sequence to -strands and (4) the 

formation of amyloid fibrils (figure 7). Self-assembly due to a transient -helical 

intermediate was demonstrated previously for model peptides (Mihara et al. 1997, Fezoui

et al. 2000) as well as for IAPP (Liu et al. 2010), -synuclein (Anderson et al. 2010) and

also in vivo for silk (van Beek et al. 2000).

Figure 7 Schematic diagram of the transition of an -helical intermediate to -sheets. -
-strands as zigzagged lines. Unstructured monomers build 

TFE- -helices. These helices bundle together and generate a high local concentration of 
-strands -strands

- -sheet-rich assemblies. Figure modified 
according to (Abedini et al. 2009).

The formation of A oligomers is kinetically favored, since they are unstable those 

oligomers precipitate at high concentrations and form thermodynamically preferred large 

aggregates and amyloid fibrils (Garai et al. 2008). Nag and coworkers have shown, that 

A is in an monomer-oligomer equilibrium in concentrations above 3 μM (Nag et al. 2011).

Interestingly, this concentration is much higher than the estimated concentration in the 

CSF of AD patients (Bjerke et al. 2010, De Meyer et al. 2010). This demonstrated that 

nucleation has a high energy level to pass and that a significant proportion of A in vivo

might be monomeric.

Based on the aa sequence, the C-terminal domain of A is likely to adopt -strand 

conformation and the N-terminal domain is in equilibrium between an -helix and -strand 

(Serpell 2000). pEA might adopt largely helical secondary structure elements in vivo,

since it is mainly composed of the APP transmembrane region. Then, transition from -

helices to -sheets precedes amyloid fibrillation (Fezoui et al. 2000). If the peptide instead 

is mainly unstructured, as it is in vitro, then the formation of a partially folded intermediate 
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is needed to promote amyloid formation (Fezoui et al. 2000). However, TFE can be used 

as co-solvent to stabilize this helical conformation as shown in the present study.

Nonetheless, stable helical intermediates do not necessarily have to induce aggregation 

they can also decrease or actually inhibit amyloid formation (Abedini et al. 2009, Abedini

et al. 2009). This effect seems to be present for non-pyroglutamate modified A peptides 

as there is no evidence for amyloidogenic aggregation under exactly the same conditions 

where pEA peptides undergo fibrillation. Inhibition of pEA fibril formation is also present 

at higher TFE concentrations and might be due to the destabilization of hydrophobic 

interactions (Buck 1998).

4.5 Inhibition of pyroglutamate amyloid- (3-42) induced neuropathology

The therapeutic potential of the A -targeting D-enantiomeric peptide D3 (Wiesehan et al.

2008, van Groen et al. 2013) and its head-to-tail derivative D3D3 (ref qiad) were further 

tested in the pEA (3-42) expressing mouse model TBA2.1 inducing a motor degenerative 

phenotype. Homozygous mice are marked by a rapid decline of sensorimotor abilities. 

Treatment with D3 and its tandem derivative D3D3 could successfully decrease pEA (3-

42)-related progression of the neurodegenerative phenotype in transgenic mice without 

showing side effects. D3D3 showed an increase in DEA-soluble pEA (3-42) which might 

be a result of the conversion of fibrils to amorphous aggregates. This phenomenon was 

previously described for D3 and A (1-42) oligomers leading to an increase in A plaque 

load in transgenic mice (Funke et al. 2010, van Groen et al. 2013). D3 did not show an 

effect on DEA-soluble pEA (3-42) leading to the conclusion that D3D3 demonstrated 

higher in vivo efficacy to pEA (3-42) than D3 which might be due to the higher binding-

affinity as characterized before in vitro. Nonetheless, both peptides were shown to 

significantly inhibit pEA (3-42) induced degenerative phenotype by increasing motor 

coordination of transgenic mice while treatment. Thus, D3 and D3D3 are therapeutic 

options for the treatment of AD.
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4.6 General Conclusion

Within this study, it was possible to establish a reproducible method for recombinant 

production of pE-modified A peptides for biophysical and biochemical studies. pEA

peptides have a higher aggregation propensity and -sheet stabilization in aqueous TFE 

solution than the non-modified A as monitored by ThT assay and CD spectroscopy. TEM 

images of pEA in TFE showed large fibrils which accumulate into plaques. High 

resolution NMR spectroscopy in solution state was performed for complete backbone and 

partially sidechain chemical shift assignment of (3-42). Analysis of secondary 

structure in the presence of the co-solvent TFE, which is known to favor intra-molecular 

hydrogen bonding, indicated -42) as well as pEA - -

helical structures in two regions connected by a flexible and disordered linker. However, 

the pyroglutamate formation affects 30 % of the overall aa and some peak intensities of 

-42) are decreased compared to its non-modified isoform. This result suggests that 

the N-

elements. However, the observed -helical monomers are unstable and accumulate into 

fibrils. pEA (3-42) builds TFE-induced transient -helices as a precursor to -sheet 

formation and fibrillation. The difference of TFE-induced aggregation between pEA and

A raises evidence to the conclusion that physiological amyloid formation in AD brains is 

also distinguished.

Nonetheless, despite structural differences between pE-modified and non-modified A , in 

vivo studies in transgenic mice interfere with pEA pathology. Treatment with the A -

targeting D-enantiomeric peptide D3 and its tandem derivative D3D3 successfully inhibit 

pEA (3-42)-driven progression of the neurodegenerative phenotype and are therefore 

promising candidates for treatment of AD.
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