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Abstract 

Alzheimer’s Disease (AD) is a chronic progressive neurological condition, clinically 

characterized by memory deficits, cognitive and physical impairment, and personality changes.   

Traditionally, AD was considered a type of protein folding disorder.  Here, the concept of 

AD as an autoimmune disease of the innate immune system was developed.  After exploring 

evolutionary connections between the AD peptide β-amyloid (Aβ) and known antimicrobial 

peptides (AMPs), and elucidating the structural similarities between Aβ and AMPs, a mechanism 

of action for Aβ’s antimicrobial activity is proposed that is based on the compromise of bacterial 

membranes.  Following these theoretical considerations, experimental evidence is presented for 

the production of Aβ by cells in response to infection, and for Aβ’s antibacterial and antiviral 

activity.  Rooted in similarities of the cell membranes of neuronal and bacterial cells in terms of 

lipid composition and transmembrane potential, it is hypothesised that Aβ’s neurotoxicity is 

caused by its misguided attack on neurons as an AMP.  In reversing the concept of Aβ as an 

AMP, the similarity of AMPs to Aβ is demonstrated in experiments revealing the neurotoxicity of 

two AMPs, LL-37, and cecropin A.  To determine a mechanism for the progressive nature of AD, 

it was shown that, although apoptosis may be involved in AD, it is actually necrosis that is 

responsible for the propagation of neuronal cell death so characteristic of AD.  With the Vicious 

Cycle of AD, a scheme was devised, integrating the results obtained here with data and research 

from other groups, which explains the chronic and progressive nature of AD as a result of Aβ’s 

physiological role as an AMP and innate immune system effector.   

Borne from Aβ’s activity as an AMP and its central role in the Vicious Cycle of AD, a 

question was investigated: do antibiotics, such as penicillin, that cause release of bacterial 

endotoxins due to their mechanism of action, trigger the Vicious Cycle of AD and thus lead to the 

development of AD?  Preliminary evidence supporting this notion was presented.   
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CHAPTER I. 
 

INTRODUCTION 
 

 

1. Alzheimer’s Disease 

1.1. Background 

Alzheimer’s Disease (AD) is a progressive neurological disease, clinically characterized by 

memory deficits, cognitive and physical impairment, and personality changes.  Alois Alzheimer 

first described the disease in 1906 in a presentation given to the Assembly of Southwestern 

German Doctors for the Insane in Tübingen, Germany, which he published the following year (1, 

2).  In this article, he described the two hallmarks of the disease, “plaques” and “tangles” that he 

found during the autopsy of the brain of a patient, which he had followed since 1901 intrigued 

by the symptoms of her dementia.  The term Alzheimer’s Disease was introduced in 1910 in the 

8th edition of Emil Kraepelin’s Textbook of Psychiatry (3).   

For the next 50 years, AD was considered a “normal part of aging”.  In the 1960s, however, 

a link between the cognitive decline of a patient and the numbers of plaques and tangles was 

discovered (4, 5), leading pathologists to recognize AD as a disease rather than a natural event in 

the process of aging.  In 1984, Glenner and Wong isolated a peptide from fibrils found in AD 

patients’ brains they termed cerebrovascular amyloid protein (it would now be designated 

'Aβ1-24') (6).  In the early 1990s, a genetic link to early-onset familial AD was found (7-9).  As well, 
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inheritance of the ε4 allele of the apolipoprotein E (ApoE) was identified as a risk factor for the 

development of late-onset sporadic AD (10).  In 1997, Aricept™ (donepezil) became available; 

the first drug to lessen the symptoms of mild to moderate AD in some individuals by enhancing 

the levels of a neurotransmitter.  Four other drugs have been brought to market since — 

galantamine, rivastigmine, and tacrine, acting in the same manner; and memantine, acting as 

NMDA1 receptor antagonist — to treat symptoms of the disease.  The progression and ultimate 

outcome of the disease remains unaltered despite over 100 years of its recognized existence.   

 

 

1.2. The Burden of AD 

In their World Alzheimer Report 2009, Alzheimer Disease International estimated that in 

2010, AD would affect about 35.6 million people over the age of 65 worldwide, with an 

associated total cost of about US-$604 billion (11).  The projected incidence for 2030 and 2050 

was 65.7 million and 115.4 million people, respectively.   

With 1 in 20 Canadians over age 65, and 1 in 4 Canadians over age 85 having AD, it is the 

most common form of dementia (12).  Besides its devastating effects on the affected patients 

and their families, it also constitutes a major burden for the health care system.  The total 

annual cost of AD in Canada (2000-2001) was estimated to be about $1.43 billion, second only to 

stroke amongst the most common neurological conditions (13).  In 2004-2005, over 56,000 

patients diagnosed with AD as primary or secondary condition were hospitalized in an acute care 

facility, staying for an average (median) of 11 days (13).  The number of acute care 

hospitalizations across Canada for patients with AD increased by 38 % between 2000-2001 and 

1 NMDA receptor: N-methyl-D-aspartate receptor 
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2004-2005 (13).  For 2008, the Alzheimer Society of Canada has estimated a total national 

societal cost of 14.9 billion Canadian Dollars, arising from 481,000 people with dementia, with a 

predicted tenfold increase, to 153 billion over the thirty years to 2038 (14).  Since the number of 

Canadians aged 65 and older is growing, these numbers and the related cost are expected to 

increase proportionally in the future. 

 

1.3. Pathology, Pathophysiology and Risk Factors of AD 

After over 100 years of research, the root of AD has still not been conclusively established.  

However, it seems that AD is caused not by a single factor, but rather is the result of multiple risk 

factors that collectively overpower the body’s natural self-repair and self-healing mechanisms in 

the brain.  The cognitive decline in dementia is different from that of “regular aging” in that it 

shows an earlier onset, faster decline and ultimately leads to death.   

Figure I-1 The clinical continuum of Alzheimer's Disease 
Hypothetical model for the pathological-clinical continuum of AD.  AD begins in a asymptomatic, 
preclinical stage that precedes the development of mild cognitive impairment (MCI) and eventually 
dementia.  The cognitive decline in AD is considerably steeper than in normal aging.   
Reprinted from Ref. (15) with permission from Elsevier.   
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It is also being recognized, that the clinical progression of AD can be described on a 

continuum, rather than occurring in distinct steps (Figure I-1) (15).  AD begins in an 

asymptomatic, preclinical stage that can sometimes start over 20 years before the first 

occurrence of symptoms in the form of Mild Cognitive Impairment (MCI).  MCI eventually 

develops into full dementia in a predictable pattern of functional loss (15).  This predictable 

clinical pattern may become quite useful in identifying patients early enough in the disease to 

treat with available medications.   

 

1.3.1. Pathology 

AD shows a remarkably consistent pattern of affected brain regions as it progresses (16-

25).  Typically, it begins in the hippocampus where it impairs short-term memory formation.  

From there, it spreads to other limbic regions such as the amygdala and entorhinal cortex, and 

subsequently propagates to higher associative areas of the brain producing losses in memory, 

judgment and reasoning, and changes in behavior (Figure I-2). 

 

Figure I-2 Progression of AD 
AD begins in the hippocampus where it impairs short-term memory formation.  It spreads from the 
hippocampus to other limbic regions such as the amygdala and entorhinal cortex, and from these regions 
propagates to higher associative areas of the brain producing losses in memory, judgment and reasoning, 
and changes in behavior. 
Reproduced and adapted with permission from: http://www.alz.org/braintour/progression.asp ; © 2013 
Alzheimer's Association (www.alz.org).  All rights reserved.  Illustrations by Stacy Jannis. 
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Although great research efforts have gone into the development of tests and validation of 

biomarkers to detect AD in vivo, it can still not be diagnosed with absolute certainty solely based 

on the presentation of clinical symptoms.  Therefore, the classical lesions have to be observable 

in post mortem analysis of microscopic sections of the hippocampus, amygdala, and the 

association cortices of the frontal, temporal, and parietal lobes to confirm a clinical diagnosis of 

AD (22, 26, 27).   

 

1.3.2. Pathophysiology 

The defining characteristic of AD is the accumulation of extracellular neuritic plaques in 

the brain, combined with the presence of intracellular neurofibrillary tangles (NFTs) in neuronal 

cells (22, 26).  However, a range of other alterations occurring in AD brains and contributing to 

AD progression has been observed, as well.  Those include synapse loss (28), decreased 

neurotransmitter levels (in particular acetylcholine) (29-31), neuron loss (32), formation of 

neuropil threads (33, 34), and dystrophic neurites (abnormal neuronal dendrites and axons) in 

association with Aβ plaques and NFTs (35-39).  Other alterations of the cytoskeleton include a 

loss of microtubules in affected neurons (40-42), in addition to an alteration in normal 

microtubular architecture (43-45).  As a result of these changes, in particular neuron and 

synapse loss, brain regions involved in learning and memory processes (including temporal and 

frontal lobes), are considerably reduced in size (Figure I-3).  At gross examination, the 

Alzheimer’s brain shows severe atrophy and a reduction in brain weight of usually more than 

35 % (46).   
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Figure I-3 Typical changes in the AD brain 
At gross examination, the Alzheimer’s Disease brain 
shows severe atrophy and a reduction in brain weight 
of usually more than 35 % (46).   
Reproduced with permission from: 
http://www.alz.org/braintour/healthy_vs_alzheimers.a
sp ; © 2013 Alzheimer's Association (www.alz.org).  All 
rights reserved.  Illustrations by Stacy Jannis. 

 

 

1.3.3. Risk Factors 

The major risk factors that have been identified so far are aging and genetic 

predisposition.  The age of onset tends to be between 30-60 years of age; the genetic link 

appears to be present in 5-7 % of cases involving genes such as APP, ApoE ε4, PSEN1, and PSEN2 

(47).  Other risk factors include diabetes, traumatic brain injury, stroke, hypercholesterolemia, 

hypertension, ‘mild cognitive impairment’ (MCI), Down’s syndrome (Trisomy 21; APP is located 

on Chromosome 21), gender (women have 1.5x - 3x higher incidence linked to post-menopausal 

estrogen-deficiency), chronic inflammatory conditions, a history of episodes of clinical 

depression, stress, lack of physical exercise, inadequate exercising of the brain, unhealthy eating 

habits, obesity, low levels of formal education, and low socio-economic status (48, 49).   

More recently, Rockwood and co-workers published findings that a suite of non-traditional 

risk factors such as a bone fracture or a not-fitting denture, combine to predict AD and dementia 

(50). 
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1.3.4. Processes and Factors Implicated in AD Pathophysiology 

A large number of processes and factors have been implicated in AD (a non-exhaustive list 

is given in Table I-1), leading to the notion of AD as a multifactorial disorder rather than a single-

cause disease.  The ones most relevant for this thesis are described in greater detail in the next 

few paragraphs.   

 

Table I-1 Processes and factors implied in AD pathophysiology 

Process/Factor Descriptiona References 
Genetics APP (some mutations cause increased production of Aβ1-42); 33 

mutations known 
PSEN1, PSEN2 (Presenilin-1 & -2 are the catalytic core of the γ-

secretase complex; some mutations cause increased 
production of Aβ1-42) (PSEN1: 185 & PSEN2: 13 mutations 
known) 

ApoE ε4 (increases Aβ fibrillization; increases cholesterol in 
exofacial leaflet of synaptic plasma membrane; lipidation 
status influences Aβ metabolism) 

Down syndrome2 (increased levels of Aβ due to third copy of 
chromosome 21) 

(51-56) 
(51, 56-62) 
(63-74) 
(7, 75-78) 

Extracellular Aβ - observed as oligomers  and plaques 
- regulated via proteolysis by IDE 
- activates death receptors in cell lines 
- extracellular Aβ metabolism regulated by ApoE 
- may originate from excreted intracellular Aβ 

(51, 79-88) 

Intracellular Aβ - produced in ER and/or late Golgi compartments 
- causes synaptic dysfunction 
- causes mitochondrial toxicity 
- causes ER stress 
- causes neuroinflammation 
- increases tau phosphorylation 
- extracellular Aβ causes production of intracellular Aβ 

(61, 85, 89-110) 

2 Down syndrome is also known as trisomy 21, where three copies of chromosome 21 are present; the 
APP gene is located on this chromosome leading to its overexpression in Down syndrome patients. 
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Process/Factor Descriptiona References 
Reduced Aβ 
clearance 

Receptor-mediated transport across BBB, e.g., RAGE, LRP, ApoE, 
ApoJ, PPARγ 

Proteolysis by enzymes, e.g., neprilysin, IDE 
Microglia/astrocytes dysfunction  
Misfunction of aquaporin-4 water channel 
Aβ Autoantibodies 

(111-116) 
(86, 117-121) 
(122, 123) 
(124) 
(125) 

Hyper-
phosphorylated 
Tau 

- causes impaired axonal transport 
- leads to formation of PHFs & NFTs 

(126-134) 

Metal Ions - bind Aβ to produce ROS via Fenton(-like) chemistry and the 
Haber–Weiss reaction 

- Al3+ 
- Cu2+ 
- Fe3+ 
- Zn2+ 

(135-146) 
(147-153) 
(140, 154-164) 
(151, 165-170) 
(159, 169, 171-
181) 

Reactive 
Oxygen Species 
(ROS) 

- cause oxidative stress 
- induce intracellular Aβ1-42 production 
- cause oxidation of nucleic acids and proteins 
- cause peroxidation of lipids 
- activate microglia 
- modify tau phosphorylation 

(99, 136, 142, 
153, 170, 182-
190) 

Cholesterol - elevated levels increase Aβ production 
- controls interaction of Aβ with neuronal membranes (GM1) 
- Aβ disrupts cellular cholesterol homeostasis which induces tau 

phosphorylation 
- mitochondrial cholesterol exacerbates Aβ-induced 

inflammation and neurotoxicity 

(191-203) 

Lipids Membrane lipid composition determines Aβ aggregate assembly 
Lipid rafts involved in Aβ clearance by amyloid-degrading 

enzymes 
Lipid peroxidation: 
- inhibits NF-κB which induces expression of anti-apoptotic 

proteins 
- increases membrane rigidity 
- alters activity of membrane enzymes 
- alters membrane permeability 

(113, 204-228) 

Calcium - Aβ leads to disturbed calcium homeostasis by enhancing Ca2+ 
entry via channel activation or formation 

- increased intracellular Ca2+ enhances long-term depression 
leading to learning and memory deficits, and ultimately cell 
death by apoptosis 

(229-239) 
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Process/Factor Descriptiona References 
Mitochondria - Aβ and tau impact mitochondrial respiration 

- Aβ inhibits key mitochondrial enzymes 
- Aβ may cause oxidative damage to mtDNA 
- Aβ causes impaired axonal transport of mitochondria in neurons 

(240-254) 

Membranes - interaction of Aβ with cell membranes stimulates its own 
production 

- Aβ interacts with a number of membrane components, e.g., 
cholesterol, fatty acids 

(255-259) 

Glial cells 
(e.g., astrocytes, 
microglia) 

- activated astrocytes and microglial found in AD brains in/around 
plaques 

- activated astrocytes degrade plaques and accumulate neuron-
derived Aβ, but their lysis results in astrocytic amyloid plaques 

- microglia facilitate conversion of soluble and oligomeric Aβ into 
fibrils 

(46, 260-280) 

Bacterial 
infection 

- bacteria implicated in AD: C. pneumoniae, B. burgdorferi, H. 
pylori, C. neoformans,  

(281-287) 

Viral infection - viral DNA found in the core of senile plaques 
- viruses implicated in AD: HSV-1, HHV-6, CMV 

(285, 288-294) 

Estrogen Reduced estrogen levels increase risk for AD (295-299) 
Synapses - Aβ impairs LTP ( memory formation) 

- Aβ causes aberrations in synapse composition, shape, and 
density 

- hyperphosphorylated tau impairs axonal transport  starvation 
of synapses 

(28, 300, 301, 
301-316) 

Inflammation - always found in AD brains 
- LPS-induced neuroinflammation causes increase in intracellular 

APP and Aβ 
- intracellular Aβ causes neuroinflammation 

(101, 317-321) 

Apoptosis Apoptosis marker levels are elevated in AD brains 
Aβ levels elevated in apoptotic neurons 
Aβ causes neuronal apoptosis 
Cleavage of APP by caspases3 produces Aβ 

(99, 186, 322-
333) 

Necrosis Aβ25-35 (20 µM) caused cell death in vitro with features consistent 
with necrosis, but not apoptosis 

(334) 

a Acronyms: ApoE/J: Apolipoprotein E/J; APP: Amyloid-β precursor protein; BBB: Blood–brain barrier; 
mtDNA: mitochondrial DNA; B. burgdorferi: Borrelia burgdorferi; CMV: cytomegalovirus; C. neoformans: 
Cryptococcus neoformans; C. pneumoniae: Chlamydophila pneumoniae; ER: endoplasmic reticulum; GM1: 
monosialoganglioside 1; HHV-6: human herpes virus type 6; HSV-1: Herpes simplex virus type 1; H. pylori: 
Helicobacter pylori; IDE: Insulin-degrading enzyme; LRP: Lipoprotein receptor-related protein; LTP: long-
term potentiation; NF-κB: nuclear factor κB; NFTs: neurofibrillary tangles; PHFs: paired-helical filaments; 
PSEN1/2: Presenilin-1/-2; PPAR γ: Peroxisome proliferator-activated receptor γ; RAGE: receptor for 
advanced glycation end-products; ROS: reactive oxygen species.   

3 Caspases (cysteine-dependent aspartate-directed proteases) are key enzymes in the apoptotic (cell 
death) cascade in cells 
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1.3.5. β-Amyloid (Aβ) 

The majority of researchers in the field consider the Aβ peptide to be the key component 

implicated in AD.  Accordingly, extensive research has been conducted into its physiological 

generation, structure, aggregation, toxic species, and localization within the brain, which will be 

summarized in this section.   

 

1.3.5.1. APP Processing and β-Amyloid Generation 

Aβ is derived from a much larger protein — β-amyloid precursor protein (APP).  This 

protein is a transmembrane glycoprotein with a single transmembrane region, a large 

extracellular domain, and a short cytoplasmic tail (Figure I-4) suggesting a function as cell surface 

receptor (335).  So far, eight differently spliced isoforms containing 695 to 770 amino acid 

residues have been identified (336, 337).  APP is ubiquitously expressed in vertebrates (338), 

where expression levels depend on the developmental and physiological state of the cells; 

APP695 is the main transcript in neuronal cells (339, 340).  Very high levels have been observed 

in the brain, where it constitutes 0.2% of the total mRNA in neurons (341).  Its physiological 

functions are not fully understood yet; however, APP has been implicated in neuronal survival 

(342), neurite outgrowth and synaptogenesis (343), cell adhesion (344), inhibition of coagulation 

factors (345-347), inhibition of platelet activation (348), and modulation of copper homeostasis 

(349).   

The Aβ region of APP includes the 28 residues just outside the single transmembrane 

domain (TMD), plus the first 11–14 residues of that buried domain.  Three enzymes can act upon 

APP to produce different fragments: α-, β- and γ-secretase (Figure I-4) (51, 350).  Most 

commonly, APP is cleaved initially by the enzyme α-secretase to release the N-terminal (soluble) 
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APPS- the 83 amino acid residue C-terminal fragment (C83).  Subsequent cleavage within 

-secretase yields the p3 fragment.  Alternatively, APP can be 

first -secretase to produce the N-terminal (soluble) APPS- aving a 99 

amino acid residue C- -secretase cleavage which 

results in the formation of (mostly) 1-40 1-42.  1-40, being the most common isoform, is 

typically produced in the endoplasmic reticulum, while 1-42 is produced in the trans-Golgi 

network (90, 351).  Cleavage of APP by the more common first pathway precludes the formation 

 

Figure I-4  
A: Primary sequence of A ; three- and one-letter code.  B: Top: Largest known splice variant of APP, 
containing a signal peptide (residues 1–17), and a single transmembrane domain (TMD) (residues 700-

-secretase-mediated proteolytic cleavage of APP occurs after residue 687, 
yielding APPS- -secretase mediated 
cleavage occurs after residue 671, yielding APPS- -secretase 

1-40 1-42 from C99.  Numbers 
represent amino acid positions; arrows indicate sites of secretase cleavages.   
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Aβ is found in healthy individuals in low nanomolar concentrations (CSF concentration 

700-860 pg/mL) (352), and Bateman et al. demonstrated that Aβ has high synthesis and 

clearance rates (353).  However, its physiological role is currently still not entirely clear.  A few 

authors suggested a role as antioxidant (354, 355), others proposed its role as sealant of the 

vasculature in the cases of injury (356), and VC Meier-Stephenson has proposed its role as an 

antimicrobial peptide (AMP) of the innate immune system in the brain (357).  Recently, Soscia et 

al. further provided experimental evidence of Aβ acting as an AMP (358). 

 

1.3.5.2. Posttranslational Modifications of β-Amyloid 

Aβ1-42 obtained from brain tissue of AD-inflicted individuals has been found to be 

surprisingly resistant to proteolysis (359).  This stability has been related to the presence of 

posttranslational modifications, such as D-amino acids and isopeptide bonds (360-362), as well 

as nonenzymatic glycation modifications (363-365).  Besides these modifications of single Aβ1-42 

molecules, crosslinked Aβ species have also been found.  Crosslinking may be induced by a 

number of molecules, e.g., Cu2+, aldehydes, or advanced glycation endproducts (AGEs).  Cu2+ has 

been demonstrated to cause formation of dimers and trimers through crosslinking at Tyr-10 

(366, 367).  Aldehydes are well-known to crosslink proteins, a reaction utilised in the fixation of 

tissue samples with formaldehyde or glutaraldehyde.  Endogenous aldehydes like formaldehyde, 

methylglyoxal, malondialdehyde, and 4-hydroxynonenal (4-HNE) have been found to enhance 

the rate of formation of β-sheets, oligomers and protofibrils in Aβ, and increase the size of its 

aggregates (368).  Crosslinking of Aβ by advanced glycation endproducts (AGEs) proceeds 

through Maillard-type reactions of Aβ with reducing sugars (369). 
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Modifications of Aβ1-40, on the other  hand, has been found to occur to a much lesser 

degree, thus allowing formation of a steady-state equilibrium between production and 

degradation (361, 362).   

 

1.3.5.3. Secondary/Tertiary Structure of β-Amyloid 

Upon cleavage from APP, Aβ initially exists in a random coil conformation before entering 

equilibrium with its α-helical and β-sheet conformations.  The α-helical and random coil 

conformations are both soluble, non-toxic forms of the peptide.  In fact, some results seem to 

suggest that in one or both of these conformations, Aβ may actually act as a neuroprotectant 

(370-372).  However, when the equilibrium shifts to the β-sheet conformation, the Αβ 

monomers become insoluble (373), aggregate and subsequently precipitate as plaques (374).   

A number of factors have been found to influence the secondary structure of Aβ 

(Figure I-5), e.g., pH, temperature and solvent variance, as well as the length of the Aβ fragment 

(375, 376).   

Figure I-5 Secondary structure of Aβ.   
The secondary structure of Aβ in a solvent mimicking conditions found in and around membranes (80 % 
HFIP, 20 % water) obtained by solution NMR.  PDB ID: 1IYT (377) 
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In 1998, Giulian et al. suggested that the H13H14Q15K16 tetrapeptide domain within Aβ 

provided a structural basis for the immunopathology of AD, noting that Aβ13-16 was necessary for 

initial Aβ aggregation and subsequent microglial activation through a cell surface mechanism 

mediated by heparan sulfate proteoglycans (378).  A study by Zagorski et al. involving Aβ1-28 at 

pH 4.0 showed that the α-helix of residues 13-20 (HHQKLVFF) would unfold at elevated 

temperature (379).  The suggested mechanism proposed that deprotonation of residues Asp7, 

Glu11, Glu22, Asp23 in conjunction with protonation of residues His6, His13, and His14, 

destabilizes the α-helical structure (379).  Furthermore, Tjernberg et al. identified in their 

deletion and substitution studies residues 14-23 (HQKLVFFAED) as the smallest region of Aβ 

capable to generate fibrils (380).  Fraser et al. found in their studies comparing different Aβ 

fragments that fibrillogenesis depended on both electrostatic interactions involving His13 and 

Asp23 and hydrophobic interactions of residues 17-21 (381).   

 

1.3.5.4. Oligomerization and Fibrillogenesis 

The formation of plaques is a very complex process and the exact mechanism has eluded 

researchers so far.  However, a growing number of studies give some insight into this process.  

As mentioned earlier, it is generally believed that a conformational change of Aβ monomers 

from a random coil or α-helical form to a β-sheet conformation initiates the process of 

amyloidogenesis.  Numerous aggregates, on- and off-pathway to the fibrillization of Aβ have 

been identified so far, and it seems that sometimes different terms are used by different authors 

for very similar or maybe even the same species.  The most commonly mentioned intermediates 

are summarized in Table I-2.   
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Table I-2 Intermediates in the pathway of Aβ fibrillization. 
Data compiled from Refs. (382-384)) 

Aβ species Characteristic References 
Monomers soluble amphipathic molecule; generated from APP; potential 

α-helical, random coil or β-sheet conformation 
(385-389) 

Dimers intracellular localization in vivo, in human brain extracts and in 
vitro; hydrophobic core; diameter of about 35 nm 

(92, 390-394) 

Trimers observed in vivo in mouse models; potential key role as subunit of 
toxic oligomers 

(395-397) 

Small 
oligomers 

observed in vivo in AD patients as well as in mouse models and in 
vitro; heteromorphous; comprising of 3 - 50 monomers; mostly 
transient and unstable, but toxic 

(83-85, 395, 398-401) 

Globular 
oligomers 

observed in vitro; 5 nm diameter, dimers - pentamers (402-406) 

Annular 
oligomers 

observed in cell culture and in vitro experiments; potential role as 
membrane-disrupting pores or ion channels 

(407-409) 

ADDLs observed in murine and human brain extracts as well as in vitro; 
nonfibrillar; neurotoxic; 17-42 kDa; trimers to 24-mers 

(402, 410-414) 

Aβ56* observed in APP-transgenic mouse brain extracts; 56 kDa; causes 
impairment of spatial memory 

(395) 

Protofibrils observed in vitro; short, flexible, rod-like structure; diameter 4 –
 11 nm, length 20 - 200 nm; binding Congo red and thioflavin T; 
precursor of mature fibrils; toxic 

(256, 405, 412, 415-
423) 

Fibrils observed in AD patients as well as in mouse models and in vitro; 
bind Congo red and thioflavin T; stable; diameter 7 – 12 nm, three 
to six laterally associated filaments, characteristic cross-β-sheet 
structure that comprises an array of β-sheets propagating into a 
helical-twisted fibril with the β-strand perpendicular to the long 
axis of the fibril 

(424-432) 

Plaques observed in vivo in AD patients as well as in mouse models; large 
extracellular Aβ deposits; predominantly composed of fibrils; not 
toxic; surrounded by dystrophic dendrites, axons, activated 
microglia and reactive astrocytes 

(385, 433-435) 

Diffuse 
plaques 

observed in vivo in AD brains; contain mostly Aβ1-42  (43, 436-438) 

Acronyms: Aβ56*: Aβ oligomer, 56 kDa; ADDLs: Aβ-derived diffusible ligands 

 

The formation of these many intermediates are due to a corresponding number of 

equilibria, which are highly dependent on the experimental conditions, e.g., Aβ species, Aβ 

concentration, solvent, pH, and presence of metal ions, other proteins, lipids, interfaces and 

salts.  A schematic of these intermediates and their equilibria is shown in Figure I-6.   
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Figure I-6 Intermediates and equilibria in Aβ fibrillization.   
This schematic shows some of the pathways suggested to be involved in the fibrillization of Aβ.  Aβ 
normally exists in α-helical form; upon adoption of a β-sheet conformation and after a lag time, dimers, 
trimers and other small oligomers are formed, which eventually form the nuclei for the fibrillization of Aβ.  
Small globular and annular oligomers are proposed to be the actual toxic species of Aβ; there is still 
debate about whether they are on-pathway intermediates for the formation of fibrils or if they form their 
own pathway (439, 440).   
Reproduced with permission from Ref. (382); © by S. Karger AG, Basel. 

 

A number of models have been developed to describe the fibrillization of Aβ; the two 

most common are the nucleation-dependent polymerization model and the template assembly 

model. 

The nucleation-dependent polymerization model (415, 441-444) postulates that amyloid 

fibril formation starts with the assembly of monomers into a “nucleus”, a process that is both 

thermodynamically and kinetically unfavorable (445, 446), and therefore the rate-limiting step.  

Once the nucleus is formed, it acts as a seed for exponential fibril growth by irreversibly adding 

more monomers.  Naiki and Nakakuki found that the extension of Aβ1-40 fibrils in vitro can be 

described by a first-order kinetic model in which monomeric Aβ molecules attach consecutively 
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to the ends of pre-existing fibrils (447).  Morinaga et al. found interfaces and agitation to play a 

critical role at low Aβ concentration for the nucleation of Aβ amyloid fibrils (448).   

The template assembly model proposes that fibril elongation occurs via reversible addition 

of a soluble monomer to a pre-existing fibril; subsequently, the monomer conformation changes 

to an aggregation-competent state resulting in the irreversible association onto the end of the 

fibril (449, 450).  Hasegawa et al. confirmed a first order mechanism for both the association of 

Aβ monomers onto and dissociation from the ends of existing fibrils (451). 

The question of whether Aβ oligomers are on-pathway to the formation of fibrils is still 

debated, as they have been found to be not obligate for fibril formation (439, 440) 

 

(a) Influence of Aβ species and concentration 

The propensity for Aβ to aggregate is dependent on the species of Aβ involved, as well the 

concentration.  Jarrett et al. established that Aβ1-42 has a considerably higher aggregation 

propensity than Aβ1-40 (452).  This finding was reliably reproduced by other groups (83, 453).  In 

a later study, Bitan et al. showed that Aβ1-40 and Aβ1-42 oligomerize through distinct pathways, 

with Aβ1-42 generally forming larger oligomers and involving several distinct transient structures 

that gradually rearranged into protofibrils (400). 

With regards to concentration, using Aβ1-40, Huang et al. showed that higher 

concentrations of the peptide would lead to a β-structured aggregate, whereas a lower 

concentration tended to form a more unstructured, unfolded aggregate.  The critical 

concentration separating these two pathways was 10 µM (454). 

Since multiple different species of Aβ had been found in plaques, Hasegawa et al. studied 

in detail the peptide interactions when the two major forms of Aβ, Aβ1-40 and Aβ1-42, are present 

in vitro.  They looked at the fibrillization using pre-formed fibrils of both species to act as 

17 
 



“seeds”, and fresh, unaggregated Aβ (453).  In their experiments, they found that the 

morphology of fibrillar Aβ formed is governed by the major component of fresh Aβ peptide in 

the reaction mixture, not by the morphology of pre-existing fibrils.  Furthermore, they describe 

an inhibitory interaction between Aβ1-42 and Aβ1-40 that occurs during the nucleation phase, 

slowing fibril formation considerably.  They attribute this to a minor difference in the 

conformation between Aβ1-42 and Aβ1-40.  Yan and Wang confirmed via NMR experiments that 

Aβ1-40 inhibited Aβ1-42 monomers from aggregating in an Aβ1-42/Aβ1-40 ratio-dependent manner 

(455).  They attributed this to the higher affinity for Aβ1-42 aggregates of Aβ1-40 monomers 

compared to Aβ1-42 monomers.  Addition of Aβ1-40 to Aβ1-42 aggregates even resulted in the 

release of Aβ1-42 monomers.   

 

(b) Influence of pH 

Wood et al. showed that Aβ1-40 formed aggregates within minutes at a pH range of 5 – 6, 

whereas at pH 7.4, physiologic pH, hours or days were needed to complete fibrillization (456).  

They attributed the rapid aggregation of Aβ to relatively non-specific interactions between 

highly hydrophobic, neutral molecules that are present in the pH range of 5 – 6, close to the 

calculated isoelectric point of Aβ of 5.5.  Klug et al. observed that Aβ aggregates formed by slow 

aging at physiologic pH were more cytotoxic than those formed at pH 5.0 (457).   

 

(c) Influence of Metal Ions 

Since a number of metal ions were found in AD plaques (169), metal binding of Aβ had 

been the focus of a number of research groups.  Bush and co-workers found that Zn2+, Cu2+, and 

Fe3+ induce aggregation (174), in particular in slightly acidic conditions (163).  Tougu et al. 
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showed that Zn2+ and Cu2+ prevent fibrillization while forming non-fibrillar Aβ  1-42 aggregates 

(171), although upon longer incubation (7 d) some conversion to fibrils was seen; a finding 

supported by others (157, 158, 458).  Bolognin et al. found that aluminum and iron induce 

formation of annular protofibrils and fibrillar oligomers, whereas copper and zinc completely 

prevented the formation of soluble fibrillary aggregates (149).  The interaction of Aβ with metal 

ions will be discussed in more detail in Section 1.4.1. below.   

 

(d) Influence of Cell Membrane Components 

Lipids, as major constituents of cell membranes involved in a myriad of physiological 

processes, have naturally found attention as an interaction partner for Aβ.  There is a large 

amount of literature for the involvement of gangliosides, in particular the monosialoganglioside 

GM1, and cholesterol in the aggregation of Aβ.   

Aβ has been shown to bind to GM1 in the brains of AD patients (459, 460) and that 

through this specific binding, the process of amyloid fibril formation is accelerated (460-463).  

Recently, Ikeda et al. (464) suggested a mechanism of Aβ aggregation mediated by GM1 clusters 

on raft-like lipid bilayers composed of GM1, cholesterol, and sphingomyelin, where, depending 

on the Aβ/GM1 ratio, Aβ will assume different secondary structures.  Subsequently, Fukunaga et 

al. showed that GM1 clusters mediate the formation of toxic Aβ fibrils by providing a 

hydrophobic environment (465).  Interestingly, GM1 was detected only on the surface of native 

and nerve growth factor (NGF)-treated PC12 cells (466), an important finding for the evaluation 

of experimental results obtained from differentiated cells.  The interaction of Aβ with GM1 will 

be discussed in more detail in Chapter V. 
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1.3.5.5. Plaques 

Amyloid plaques are one of the hallmarks of Alzheimer’s disease (1).  These plaques 

comprise mainly of varying lengths of Aβ, with Aβ1-42 being the main alloform (78, 467-469).  

They form large insoluble aggregates, which are surrounded by dystrophic neurites, and 

activated glial cells (the neurons’ supportive cells) (35, 37-39, 272, 470-472).  Glial cells maintain 

brain plasticity and protect it from injury.  Damage to or dysfunction of these cells may promote 

neurodegeneration, leading to impaired signalling in the brain (46).   

The plaques are typically described as either “fibrillar” plaques (more defined), or diffuse 

plaques (amorphous or non-fibrillar) (43, 473, 474).  Different conformations of Aβ were 

detected in these different types of plaques (475), and while some researchers argue the 

plaques develop by independent mechanisms (476), others argue that there is a morphologic 

continuum (477).   

The plaques, once formed, are extraordinarily stable against resolubilization.  Post-

translational modifications, such as N-terminal degradation, isomerization, racemization, 

pyroglutamyl formation, oxidation, and covalently linked dimers are all thought to play a role in 

their increased stability (478) 

While Aβ is the major component of the amyloid deposits, other molecules are also 

associated with or found in these deposits, for example, ferritin, components of the complement 

pathway, caspase-6, α1-antichymotrypsin, α2-macroglobulin, LDL-receptor related proteins, 

APP, cholesterol, acetylcholinesterase, laminin, glycosaminoglycans, and apolipoproteins E and J 

(70, 266, 326, 479-482). 
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1.3.5.6. Intracellular β-Amyloid 

Initially, Aβ was considered solely an extracellular peptide (78, 483, 484).  More recently, 

Aβ accumulation was also observed intracellularly in AD brains (103, 107, 109, 110, 437, 485-

488), in AD mouse models (97, 98, 108, 110, 489) and in cultured neurons and neuronal cell lines 

(61, 90, 92, 102, 104, 339, 490-492), as well as in other brain cells, such as glial cells (493-495).  

Intracellular Aβ accumulation occurs early, before any signs of senile plaques or NFTs are 

detectable (97, 98, 108, 486, 496-499), and is now considered a key event in the development of 

synaptic and neuronal dysfunction (94, 98, 107, 500-502) and neuronal cell death (105, 110, 332, 

333, 503).  Aβ1-40 and Aβ1-42 are produced intracellularly in neurons at different sites (90) and γ-

secretase specificity differs for intracellular vs. excreted Aβ leading to different Aβ1-42/Aβ1-40 

ratios for these two different Aβ pools (89).  Depending on the cell line used in the experiments, 

Aβ was found to be cleaved off the APP in the endoplasmic reticulum (ER) (90, 504), the trans-

Golgi network (351, 491, 505), or the endosomal-lysosomal system (506), however others found 

external Aβ being internalized (488, 507-509).  Interestingly, Yang et al. as well as other groups 

found that application of extracellular Aβ1-42 induced the production of intracellular Aβn-42 (104, 

501, 510, 511).   

Several molecular and cellular mechanisms, including tau hyperphosphorylation that leads 

to alterations in axonal structure and transport (94, 502, 512-515), ER stress and mitochondrial 

toxicity causing apoptosis, and inflammation are implied in the neurotoxicity of intracellular Aβ 

and its role in synaptic dysfunction (93, 94, 96, 98, 99, 105, 241, 242, 248, 516).   

 

1.3.5.7. Toxic Species of β-Amyloid 

Toxic actions of Aβ that have been observed include effects on membrane transport of 

ions, modification of ion channels, enhancement of calcium ion influx and glutamate toxicity, 
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generation of reactive oxygen species (ROS), activation of inflammatory responses and apoptotic 

pathways, and modification of signaling pathways, transcription, and interactions with 

cholesterol and lipoprotein transport (517).   

Recent findings have cast doubt on the long-held belief that the neuritic plaques 

themselves are the toxic Aβ species (83, 96, 410, 518).  Instead of a primary cause, the neuritic 

plaques may merely be the aftermath of neuronal destruction.  Pre-fibrillar structures (including 

activated monomers) (519), small oligomers (400, 411, 418) and protofibrils (416, 418, 421) have 

been suggested to be the key neurotoxic effectors in AD, with small oligomers being the 

favoured candidate most recently (83, 410, 520).  Oligomers significantly inhibit neuronal 

viability at 10 nM and are 10 times more potent than fibrils and about 40 times more potent 

than unaggregated peptide (520).  However, another research group showed that Aβ fibrils form 

specifically on GM1 clusters and exhibit neurotoxic properties (521).   

An issue with all these studies is that they rarely perform experiments with equivalent 

concentrations of Aβ oligomers and plaques to allow for a true comparison of their respective 

toxicities.   

 

1.3.6. Neurofibrillary Tangles (NFTs) 

Neurofibrillary tangles (NFTs), the other pathological feature of AD, are intraneuronal 

bundles of paired helical filaments composed of hyperphosphorylated tau protein (126, 127, 

522).  Tau (523, 524) is a widely expressed normal constituent of cellular microtubules chiefly 

maintaining their stability (525, 526).  Besides providing stability to the cell, microtubules also 

function as the tracks for axonal transport of chemicals and small cell organelles (527, 528).  

Hyperphosphorylation as in AD causes tau to lose its ability to bind microtubules (128, 131, 529) 
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leading to cytoskeletal degeneration, neuronal dystrophy and ultimately cell death (129, 530-

535).   

NFTs are not specific to AD and are also found in a variety of other neurodegenerative 

conditions such as frontotemporal dementia, subacute sclerosing panencephalitis, Hallervorden-

Spatz disease, Parkinson dementia complex, and dementia pugilistica (boxer’s dementia) (536, 

537).   

 

1.3.7. Inflammation 

It is now well recognized that AD also includes an inflammatory component.  This notion is 

based on epidemiological findings showing a reduced prevalence of the disease upon long-term 

medication with anti-inflammatory drugs (538).  As well, an increasing number of studies have 

provided evidence suggesting that Aβ deposition and NFT can activate an innate immune 

response triggered by an accumulation of activated glial cells, particularly microglia and 

astrocytes, in the same areas as the amyloid plaques (539, 540).  Normally, glial cells maintain 

brain plasticity and protect the brain from injuries.  Once activated, however, glial cells produce 

proinflammatory factors such as cytokines and chemokines, and activate the complement 

cascade presumably leading to a potentially pathological reaction in AD brains.  This reaction 

may include neurodegeneration and the retraction of neuronal synapses, giving rise to cognitive 

deficits.  The mechanism of inflammation by the body’s innate immune response is based on the 

detection of different ligands that are not self-initiated and expresses highly conserved pattern 

recognition receptors (PRRs) to facilitate the clearance of debris.  Among these highly conserved 

receptors, the most abundant factors that express on glial cells are the complement receptors 

(541, 542), Toll-like receptors (TLRs), and scavenger receptors (SR) (543-545).  The innate 

immune system’s response apparently also triggers the production of antibodies that recognize 
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human senile plaques in the central nervous system (CNS), which can be found in serum and CSF 

samples of AD patients (546, 547).   

 

 

1.4. Interaction of β-Amyloid with Endogenous Molecules 

and the Importance of the ‘HHQK’ Region 

Since Aβ at physiological pH contains multiple charged residues, it interacts not only with 

other Aβ peptides (to form oligomers), but also with a multitude of other endogenous 

molecules, amongst others, metal cations and cell membrane components.  Comparing these 

interactions, it turns out that the HHQK region (residues 13-16, see Figure I-4) plays a major role 

in most of them.   

 

1.4.1. Interaction with Metal Cations 

Since early in the study of AD, reports showed that metal ion homeostasis is severely 

dysregulated in AD (167, 169, 216, 548-554).  Trace metals, including Cu2+, Zn2+ and Fe3+ were 

also found in elevated concentrations in isolated amyloid plaques (169, 555).   

Aβ itself was also found to bind both copper and zinc.  Hou et al. determined the Cu2+ 

binding site to contain the residues Arg5, Val12, Leu17 (556).  Atwood identified multiple affinity 

cooperative Cu2+ binding sites existing on Aβ, with Aβ1-42 exhibiting much stronger cooperative 

binding than Aβ1-40 (557).  Syme et al. found residues His6, His13 and His14 to be responsible for 

zinc binding (558).  Danielsson and co-workers confirmed these results, but added that the 

N-terminus was involved in the interaction, as well (559).  Furthermore, they noted that this 

binding site is shared with Cu2+.  An additional weaker binding site involving residues 23-28 was 
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also proposed (559).  Yang et al. on the other hand, reported that only the His13 and His14 

residues, but not His6 are involved in Zn2+ binding (560).  In NMR-based experiments, Bin et al. 

found a pH-dependence of Cu-binding to Aβ in the pH range from 7.0 to 4.0 (561).  Ghabelani et 

al. showed that Zn2+, as opposed to Cu2+, loses its binding specificity for the histidine residues at 

pH 5.5 (173).   

Metal binding seems to affect Aβ in a number of ways.  For example, Strozyk and 

co-workers found that zinc and copper modulate Aβ levels in human cerebrospinal fluid (562).  

They proposed that excessive interaction with copper and zinc may induce neocortical Aβ 

precipitation in AD, whereas soluble Aβ degradation is normally promoted by physiological 

copper and zinc concentrations (562).  Danielsson et al. further explained that at high metal ion 

concentrations, the metal-induced aggregation should mainly originate from electrostatic 

interactions leading to decreased repulsion between Aβ molecules, whereas at low metal ion 

concentrations, metal binding induced a peptide secondary structure that counteracted 

aggregation (559).  Moreover, zinc binding, in particular, was found to induce the formation of a 

helical peptide structure that results in aggregation of Aβ thus facilitating insertion into the cell 

membrane and pore formation (205, 563, 564).   

Aluminum is another metal that has been implicated in AD through its presence in the 

amyloid plaques (147, 148, 565, 566).  It’s role as a precipitant, however, is controversial (567, 

568).  More recent evidence suggests a potential pathogenic role of Aβ — Al complexes (569)4.  

Furthermore, aluminum was found to enhance Aβ penetration of the BBB (570), alter Ca2+ 

homeostasis and mitochondrial function (150), and generate increased radicals and reactive 

oxygen species (ROS) which are also toxic to cells (139, 153, 163, 571, 572).  Bush et al. further 

4 The evidence is rather weak, though, since the Al — Aβ complexes were not more toxic than Aβ alone; Al 
was just not as "protective" as Cu or Zn (refer to their Fig. 6A & 7). 
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distinguished the Aβ species by showing that Al3+ in combination with Aβ1-42 generated 

significantly more radicals than Aβ1-40 (140, 141).  This may provide a possible explanation for 

the higher toxicity of the former species, as will come up again later in this thesis. 

 

1.4.2. Interaction with Cell Membranes 

For Aβ to exert toxic effects on neuronal and glial cells, it first has to bind to cell 

membrane components.  In particular, interactions with membrane proteins and membrane 

lipids play a critical role. 

 

1.4.2.1. Interaction with Membrane Proteins 

A number of membrane proteins have been identified, which can mediate the interaction 

between Aβ and the plasma membranes of cells implied in AD.  On neurons, these are APP, the 

NMDA receptor, and integrins, to name but a few; and on glial cells, e.g., the scavenger 

receptors A, BI and CD36, a complex involving CD36, and CD47 (573).  These proteins have been 

shown to exhibit different binding capacities to Aβ monomers and Aβ fibrils (574).   

 

1.4.2.2. Interaction with Membrane Lipids 

Curtain et al. reported that the interactions of Aβ with model membrane lipids and 

insertion of Aβ into those membranes is regulated by the pH and cholesterol, and dependent on 

metal ion binding (205).   

Based on in vitro studies of lipid bilayers, Devanathan and co-workers more recently 

presented data that support a mechanism in which peptide aggregation requires an 

environment rich in sphingomyelin and occurs largely on the bilayer surface in the absence of 

26 
 



cholesterol (206).  In this study, the presence of cholesterol actually facilitated peptide insertion 

into the bilayer and promoted the aggregation process, leading to the formation of a less 

densely packed bilayer.  The presence of Zn2+ enhanced insertion and aggregation, as well, and 

promoted large bilayer structural changes induced by peptide aggregates resulting in a more 

porous membrane (206).  When considering the amount of cholesterol needed, Curtain et al. 

noted that at cholesterol contents above 0.2 mole fraction of the total lipid, insertion of Aβ was 

completely inhibited (205).   

 

1.4.3. Interaction with other Molecules 

A multitude of other molecules have been shown to interact with and bind to Aβ (575-

579).  Here, only one interesting example shall be mentioned.  Shao and co-workers conducted 

binding studies on Aβ1-40 and Aβ1-42 with, amongst others, nicotine, which had been found 

previously to inhibit Aβ amyloidogenesis (580).  These NMR studies showed that nicotine binds 

to the His13 and His14 side-chains of the Tyr10-Val24 helical segment preventing the conversion 

of α-helix to β-sheet (575).   

 

 

1.5. Current AD Hypotheses 

There are several different hypotheses proposed for the underlying mechanism of the 

development of Alzheimer’s disease (Table I-3).  Each is able to piece together some of the facts 

derived through various experiments and observations, however, none to date has been truly 

comprehensive, leaving many unanswered questions.  The following section will provide brief 

descriptions of the hypotheses most relevant to this thesis, followed by a discussion of their 

shortcomings. 
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Table I-3 Current AD hypotheses.   
Hypotheses attempting to describe the underlying mechanism of AD development. 

Hypothesis Description References 
Cholinergic 
Hypothesis 

Deficiencies in cholinergic signaling initiates the progression of 
the disease 

Refuted, since AChE inhibitors are only symptomatic, not 
curative drugs 

(527, 581-584) 
 
(585, 586) 

Amyloid Cascade 
Hypothesis 

Aβ deposition causes AD pathology (587-590) 

Tau Hypothesis Tau hyperphosphorylation leads to neurofibrillary degeneration 
(NFTs, neuropil threads, dystrophic neurites), one hallmark 
of AD pathology 

Destabilisation of the cytoskeleton impairs axonal transport 

(130, 533, 591-
593) 
(513, 594-596) 

Calcium Hypothesis Both, APP and Aβ increase intracellular Ca2+, leading to learning 
and memory deficits; altered Ca2+ signalling contributes to 
neuronal degeneration 

(230, 239, 597-
599) 

Metal Hypothesis Zn2+ and Cu2+ accelerate Aβ aggregation 
Cu2+ and Fe3+ promote neurotoxic redox activity of Aβ and 

induce Aβ crosslinking 

(600) 

Aluminum-Amyloid 
Cascade Hypothesis 

Al promotes Aβ fibrillization 
Al increases brain Aβ burden in animal models 

(147, 148, 601-
603) 

Neurovascular 
Hypothesis 

Decreased Aβ clearance caused by impairment of the LRP-1 at 
the BBB leads to increased Aβ levels in the brain 

(604) 

Bioflocculant 
Hypothesis 

Aβ is normally produced to bind neurotoxic solutes (e.g., metal 
ions); aggregation of Aβ into plaques helps to present these 
toxins to phagocytes 

(605) 

Mitochondrial 
Cascade Hypothesis 

Oxidative mitochondrial damage amplifies ROS production and 
triggers three events: (1) cells generate Aβ, which further 
perturbs mitochondrial function, (2) compromised cells are 
removed via PCD mechanisms, (3) neuronal progenitor cells 
unsuccessfully attempt to re-enter the cell cycle, causing 
aneuploidy, tau phosphorylation, and NFT formation 

(243, 244, 606) 

Aβ Ion Channel 
Hypothesis 

Aβ forms ion channels leading to disrupted ion homeostasis (597, 607-610) 

Microbe-Dementia 
/ Pathogen 
Hypothesis 

Infiltration of the brain by pathogens acts as a trigger or co-
factor for AD 

(291, 611, 612) 

Alternate Aβ 
Hypothesis 

Oxidative stress leads to production of Aβ which is protective 
against it as antioxidant 

(613, 614) 

Dual Pathway 
Hypothesis 

Aβ and tau are linked by separate mechanisms driven by a 
common upstream molecular defect 

(615) 

Tau Axis 
Hypothesis 

Aβ and tau act synergistically to cause AD 
Tau mediates Aβ toxicity at dendrites 

(616) 

Acronyms: Aβ:beta-amyloid; AChE: Acetylcholinesterase; AD: Alzheimer’s Disease; BBB: blood-brain 
barrier; DNA: desoxyribonulceic acid; LRP-1: low density lipoprotein receptor related protein-1; NFT: 
neurobribrillary tangle; PCD: programmed cell death (apoptosis); RNA: ribonucleic acid; ROS: reactive 
oxygen species 
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1.5.1. Amyloid Cascade Hypothesis 

Most researchers in the field consider Aβ a key molecule in the development of AD.  

Recognizing the importance of Aβ, in 1992 Hardy and Higgins developed the amyloid cascade 

hypothesis, which states that “deposition of [Aβ] is the causative agent of Alzheimer’s pathology 

and that the neurofibrillary tangles, cell loss, vascular damage and dementia follow as a direct 

result of this deposition” (587).  It suggests that cleavage of the APP by secretase (now known as 

α-secretase) leads to non-amyloidogenic products, whereas processing of APP by the 

endosomal-lysosomal pathway leads to formation of the various species of Aβ (Figure I-7).  An 

increased intraneuronal calcium concentration caused by Aβ leads to hyperphosphorylation of 

tau protein which forms paired helical filaments that can aggregate into neurofibrillary tangles.  

Furthermore, disruption of calcium homeostasis might directly lead to calcium-mediated 

neuronal death. 

 

 

 

Figure I-7 The Amyloid 
Cascade Hypothesis 
APP may be processed 
through two pathways, the 
secretase pathway leading to 
soluble products unable to 
form amyloids, and the 
lysosomal pathway 
generating Aβ that 
precipitates as amyloid and 
eventually causes 
neurofibrillary tangles and 
cell death, the hallmarks of 
AD.  From Ref. (587).  
Reprinted with permission 
from AAAS.   
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Since its inception, the amyloid cascade hypothesis has been revised considerably to 

account for the many subsequent discoveries.  Recently, the focus has shifted more to processes 

involving synapses, and to effects that render them dysfunctional early on in the course of the 

disease.  The updated and expanded model presented by Beckerman (589) (Figure I-8) attempts 

to relate the normal function of Aβ to the pathologic development of the disease state.  It now 

includes neuroinflammation and the toxic effects of soluble Aβ oligomers, and incorporates the 

neurofibrillary tangles into the overall scheme of the disease progression.   

 

 

 

 

 

 

 

 

 
Figure I-8 Updated version of the Amyloid 
Cascade by Beckerman. 
The updated version of the amyloid cascade 
now includes neuroinflammation and the toxic 
effects of soluble Aβ oligomers, and 
incorporates the neurofibrillary tangles into the 
overall scheme of the disease progression.   
From: Springer and M. Beckerman, Cellular 
Signaling in Health and Disease, Biological and 
Medical Physics, Biomedical Engineering, 2009, 
p. 370, Chapter 17 Alzheimer’s Disease, M. 
Beckerman, Fig. 1, © Springer Science + 
Business Media, LLC 2009; with kind permission 
from Springer Science and Business Media. 
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1.5.2. Tau Hypothesis 

The tau proteins belong to a group of proteins that are involved in stabilization of neuronal 

cytoskeleton (617-621).  They are normally phosphorylated to varying degrees, but in AD, all the 

isoforms become hyperphosphorylated and can no longer perform their function, and possibly 

impair axonal transport processes (131, 530, 617, 622-628).  This hyperphosphorylated tau can 

also form paired helical filaments (PHFs) (4, 629, 630) which aggregate into neurofibrillary 

tangles (NFTs) (485, 631-634), the other hallmark of AD besides amyloid plaques. 

Arguments for tau being a central player in AD are that the tau proteins are 

hyperphosphorylated and begin to form tangles long before the pathology of the Aβ plaques 

(16, 635).  Furthermore, the Aβ plaque load in AD brains often shows poor correlation with 

cognitive impairment (434).  Arguments against tau’s causative role are that signs of Aβ 

aggregation do actually precede the formation of tangles, that tangles are not necessarily found 

in all pathology samples of AD brains and that some inherited mutations of tau may lead to a 

frontotemporal dementia with Parkinsonism, but not AD(636, 637).  In addition, hippocampal 

neuron loss in AD patients has been found to exceed extracellular NFT formation by a large 

margin (32).  As well, findings based on human genetic analyses have now established that 

alterations in tau occur further downstream from Aβ accumulation (638-640), while 

corresponding results have been obtained in transgenic mouse models (641-643). 

More recent research has provided evidence that tau expression seems to be necessary 

for neuronal dysfunction and behavioral deficits in AD subjects and animal models.  Results from 

neuronal cell cultures (644, 645) and APP-transgenic mice (646, 647) seem to suggest that a 

decreased or absent tau expression alleviates the neurotoxic impact of Aβ. 

Current research efforts are aimed at integrating findings for different pathophysiological 

processes into one coherent model.  Jack et al. published a hypothetical model of dynamic 
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biomarkers (648) that incorporates Aβ and tau pathology as independent processes (see 

Figure I-9). 

 

 

Figure I-9 Hypothetical model integrating immunohistology and dynamic biomarkers of the AD 
pathological cascade.   
The degree of neurodegeneration is quantified by structural MRI and FDG PET (dark blue).  By definition, 
the curves for all biomarkers converge at the point of maximum abnormality in the top right-hand corner 
of the plot.  Cognitive impairment is depicted as a zone (light green-filled area) bordered by lines for low-
risk and high-risk individuals.  The biomarker detection threshold is represented by the black horizontal 
line; the grey area beneath denotes the zone in which abnormal pathophysiological changes occur below 
detectable levels.  Early on, tau pathology precedes Aβ deposition in time, albeit at subthreshold levels.  
Aβ deposition then occurs independently and rises above the biomarker detection threshold (purple and 
red arrows) before CSF tau (light blue arrow).  Eventually, hypometabolism on FDG PET and atrophy on 
structural MRI (dark blue arrow) rise above the detection threshold.  Finally, cognitive impairment 
becomes evident (green arrow), where the age of onset and the cognitive responses depend on the 
individual’s risk profile (light green-filled area).  
Acronyms: Aβ = β-amyloid; CSF: central nervous system; FDG = fluorodeoxyglucose; MCI = mild cognitive 
impairment; MRI: magnetic resonance imaging; PET: positron emission tomography.   
Reprinted from Ref. (648) with permission from Elsevier.   
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1.5.1. Shortcomings of Current Hypotheses 

As the above discussion has illustrated, the current hypotheses do have some shortcomings 

that leave many unanswered questions about AD.  For example, what would be the underlying 

physiologic role of Aβ?  Why would Aβ attack neurons?  Why is AD chronic?  Why does AD get 

worse over time?  How is it all connected?  
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2. Research Goals 

The goal of the research described in this thesis was the development of a new theory of 

Alzheimer’s Disease based on currently available knowledge and experimental evidence 

gathered for this work.  This theory should be molecular based rather than cellular (i.e., should 

permit a conceptualization of the aetiology and pathogenesis of Alzheimer’s at a molecule/atom 

level of structural refinement) and thus, should afford the ability for medicinal chemistry to 

rationally design new chemical entities as putative therapeutics for the disease altering 

treatment of AD.   

In developing the concept of AD as autoimmune disease of the innate immune system, 

Chapter II addresses the shortcomings of current AD hypotheses and provides solutions for 

unanswered questions about AD.  The solutions to these unanswered questions include: [i] The 

physiologic role of Aβ is as antimicrobial peptide (AMP).  [ii] The mechanism for Aβ’s attack on 

neurons is rooted in their similarity to bacteria.  [iii] AD is chronic and worsens over time 

because necrotic cell death caused by Aβ spreads to adjacent neurons, while Aβ also prevents 

repair through neurogenesis.  [iv] Since this process occurs only in a low percentage of attacked 

neurons, progression of the disease is slow but chronic.  [v] These findings reveal that the 

processes involved in AD are not linear, as implied in the amyloid cascade, but are rather 

characterised by a positive feedback loop that was termed the 'Vicious Cycle of AD'.  

In Chapter III, a question borne from Aβ’s activity as AMP and its central role in the Vicious 

Cycle of AD is investigated: do antibiotics, such as penicillin, that cause release of bacterial 

endotoxins due to their mechanism of action, trigger the Vicious Cycle of AD and thus lead to the 

development of AD? 
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Chapter IV describes the synthesis and purification of a number of peptides related to AD 

and used in this work. 

Finally, Chapter V deals with two projects involving interactions of Aβ with other molecules.  

The first one tackles the issue of peptide loss due to adsorption to sample and assay vessels.  The 

second one describes the development of a new Aβ aggregation assay; it is based on the 

interaction of Aβ with the ganglioside GM1.  Additionally, it includes the design of two new 

irradiators for use in photo-induced cross-coupling of unmodified proteins (PICUP), a technique 

that has been employed successfully in the analysis of Aβ aggregation. 
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CHAPTER II. 
 

ALZHEIMER’S DISEASE AS AN 
AUTOIMMUNE DISEASE OF THE INNATE 

IMMUNE SYSTEM 
 

 

1. Introduction 

Despite over 100 years of research, there is still no truly comprehensive theory of AD.  As 

the incidence of AD will increase with the aging of our population, there is a pressing need for 

disease-modifying agents that can replace the symptomatic drugs currently available.  To enable 

the development of such a drug, a rigorous knowledge of the pathologic mechanism is necessary 

that must be based on an understanding of all processes and factors involved. 

The goal of the research for this thesis was to develop a new theory of Alzheimer’s Disease 

(AD) that is based on the notion that Alzheimer’s Disease is an autoimmune disease of the innate 

immune system.  Starting from the theoretical work by VC Meier-Stephenson, this hypothesis 

was expanded and supporting experimental evidence was obtained.  Predicated on all currently 

implicated processes and factors, and including this new experimental evidence, the ‘Vicious 

Cycle of Alzheimer’s Disease’ was devised, which proposes a physiological function for the Aβ 

peptide as an antimicrobial peptide of the innate immune system of the brain, and fills in the 

gaps in current hypotheses to explain why AD is a chronic and progressive disease.  This theory 
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will provide further scientific insights and enable further development into what are currently 

limited therapeutic interventions, in particular, the development of potentially curative drugs. 
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2. The Physiologic Function of β-Amyloid: 

Aβ as an Antimicrobial Peptide 

2.1. Introduction 

Throughout evolution there has been a struggle of multicellular organisms to defend 

themselves against invading microorganisms.  Over time, mammals developed two strategies for 

this purpose, the innate immune system and the adaptive immune system.   

The innate immune system, being evolutionary older, is more ‘primitive’ and found in all 

classes of life.  It relies on a number of agents, such as the complement system and antimicrobial 

peptides (AMPs) (1).  The adaptive immune system is the more advanced and only found in 

vertebrates (2).  Initiated by components of the innate immune system (3, 4), it provides cell-

mediated immunity, which is based on the specific detection of invading species such as bacteria 

and viruses (so-called ‘antigens’), by specialized proteins, the antibodies.  It also features a 

‘memory’, which allows for a quicker response to an antigen that has already been encountered 

in the past.   

Both these systems have to be able to distinguish between ‘self’ and ‘non-self’ to avoid an 

attack on the own organism.  ‘Self’ includes all healthy cells as well as symbiotic microorganisms 

and harmless/useful chemicals; ‘non-self’ comprises all harmful invading species such as 

bacteria, viruses, parasites, fungi and toxins as well as diseased cells like transformed or 

cancerous cells.  Consequently, these systems are strictly regulated.  However, a number of 

autoimmune diseases have been described, where this regulation fails and parts of the ‘self’ are 

targeted by the adaptive immune system; notably, no innate autoimmune disease has been 
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described to date.  A few examples include Guillain-Barré syndrome, rheumatoid arthritis, 

Crohn’s disease, systemic lupus erythematosus, and multiple sclerosis (5).   

In this chapter, I will explore the concept that AD is an autoimmune disorder of the innate 

immune system.   

 

 

2.2. Innate vs. Acquired Immunity 

The innate immune system, as compared to the adaptive immune system, is the 

evolutionary older one.  It is present in all classes of plants and animals (6, 7), and considered 

the first line of defense (8).  It relies on a number of agents, such as the complement system and 

antimicrobial peptides (AMPs) (1, 9, 10).  The complement system consists of a series of 20 

peptides that control neutrophils (the most abundant type of leukocytes) and facilitate target 

identification (11, 12).  AMPs are potent, relatively non-discriminative broad-spectrum 

antibiotics (13-16) that also seem to function as immunomodulators, thus enhancing immunity 

and connecting the innate to the adaptive immune system (17-23).  It is now being recognised 

that not only does the innate immune system control the adaptive immune system (3, 4, 24), but 

the latter also has some control over the former (25, 26), and there is tightly regulated cross-talk 

between these two systems (27-30) 

 

 

2.3. Effectors of the Innate Immune System 

Contrary to early conceptions, the innate immune system is capable of detecting microbial 

intruders and cell damage specifically (31, 32).  Pathogen recognition receptors (PRRs) have 
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evolved to detect conserved molecular motifs of pathogens referred to as pathogen-associated 

molecular patterns (PAMPs) (33, 34), such as lipids, lipoproteins, proteins and nucleic acids 

originating from wide range of microbes, e.g., bacteria, viruses, parasites, and fungi (33, 35-37).  

Three families of PRRs have been identified so far (6, 38, 39), Toll-like receptors (TLRs) (33, 37, 

40-42), RIG I1-like receptors (RLRs) (43-47), and NOD2-like receptors (NLRs) (48-50), that are 

expressed by many cell types, including nonimmune cells (31).  Upon activation, PRRs 

oligomerize to assemble large complexes comprised of multiple subunits that initiate signaling 

cascades which ultimately recruit cells of the adaptive immune system to the affected tissue.  As 

the most important family of PPRs, TLRs mediate the recognition of PAMPs; in humans the 

presence of 10 different TLRs has been established, each with distinct functions in terms of 

PAMP recognition and immune response (6, 31).  Recognition of PAMPs by TLRs occurs in 

various cellular compartments, including the plasma membrane, endoplasmic reticulum, 

endosomes, lysosomes and endolysosomes (6).  Besides their intended role in mediating 

immunity against pathogens, misguided TLR reactions lead to acute and chronic inflammation, 

and are involved in systemic autoimmune diseases (31).   

 

2.3.1. Bacteria 

Bacteria can be grouped roughly into two classes, Gram-positive and Gram-negative 

bacteria, which are distinguished by the structure and components of their cell walls 

(Figure II-1).  The cell wall of Gram-positive bacteria consists of a cytoplasmic membrane made 

of phospholipids and a surrounding cell wall constructed from numerous dense layers of 

1 RIG I: retinoic acid-inducible gene 1 
2 NOD: Nucleotide-binding oligomerization domain containing protein 
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peptidoglycans3.  Lipoteichoic acids (LTAs)4 anchored in the cytoplasmic membrane protrude 

through the cell wall, thus attaching it to the membrane, and reach into the extracellular space 

(Figure II-1).  Gram-negative bacteria have a thinner cell wall than Gram-positive 

microorganisms, but possess an additional outer membrane that is attached to the cell wall 

through lipoproteins.  The outer membrane consists of mostly lipoproteins on the inside and 

mainly lipopolysaccharides (LPS; also known as endotoxin) on the outside of the bilayer 

(Figure II-1). 

 

Figure II-1  Schematic of Gram-positive and Gram-negative bacterial cell walls.   
In Gram-positive bacteria, the plasma membrane is surrounded by the cell wall made of peptidoglycans; 
lipoteichoic acids (LTAs) are anchored in the cell membrane and reach through the well wall into the 
extracellular space.  In Gram-negative bacteria, the cell wall is significantly thinner, but is itself surrounded 
by a second, outer membrane consisting of lipoproteins and lipopolysaccharides (LPS). 
Adapted from https://wikispaces.psu.edu/display/110Master/Prokaryotes+II+-+Structure+and+Function 

 

3 These are also called mureins, from Latin ‘murus’ = wall 
4 From Greek ‘teichos’ = city wall 
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Four types of LTA are known so far; in general, they consist of a polyglycerophosphate 

chain attached to a diglucosyl moiety which is bound to the lipid tail made up of two fatty acids.  

Since two S. aureus strains are used in this thesis, the chemical structure of its LTA is given in 

Figure II-2.  A more detailed discussion of the structural differences between the four types of 

LTA is beyond the scope of this thesis but has been reviewed in the pertinent literature, e.g., in 

References (51-54).   

Almost every structure of LPS characterised to date conforms to a common general 

structure.  It typically consists of three regions, a lipid anchor termed ’lipid A‘, a core region 

(which itself is divided into the inner and outer core), and an O-polysaccharide chain.  Lipid A 

consists of a highly conserved di-glucosamine backbone and acyl chains of varying number and 

length.  The inner core is also highly conserved and contains a high proportion of the unusual 

sugars 3-deoxy-D-manno-octulosonic acid and L-glycero-D-manno heptose; the outer core 

usually contains more common sugars such as hexoses or hexosamines.  Attached to the outer 

core is, in most cases, the O-polysaccharide, with repeating units of one to eight glycosyl 

residues.  As these repeating O-oligosaccharides differ between strains in the type of sugars, 

sequence, chemical linkage, substitution, and ring forms utilised, they provide an enormous 

diversity.  Furthermore, the number of monomers in the chain ranges from 0 to ~50 in a single 

bacterium due to incomplete synthesis of the chain, leading to an almost unlimited diversity 

among the different organisms.  As an example, the structure of the lipid A portion of E. coli LPS 

is given in Figure II-2, but again, a more in depth discussion of specific structures of the different 

strains is beyond the scope of this thesis, but has been reviewed in the pertinent literature, e.g., 

in References (55-57). 

The most potent effectors of PRRs are LTA in Gram-positive bacteria (6, 58-61), and LPS in 

Gram-negative bacteria (6, 59, 62, 63) (Figure II-2).  LTA activates the immune cells via the 
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TLR2/TLR6 heterodimer (58, 64-67).  In LPS, the part termed “lipid A” causes most of the 

pathogenic phenomena associated with infections by Gram-negative bacteria such as endotoxin 

shock (6).  LPS recognition is among the most sensitive systems in biology; LPS can induce direct 

responses from cells in subpicomolar concentrations.  It involves TLR4 in concert with LPS-

binding protein (LBP), myeloid differentiation-2 (MD-2) and CD14 (63, 68-75).   

Figure II-2 Chemical structures of lipid A portion of lipopolysaccharide (LPS) and lipoteichoic acid (LTA).   
Displayed are the chemical structures of the Lipid A portion of E. coli LPS (A) (56), and S. aureus LTA (B) 
(54).   
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2.3.2. Viruses 

Subsequent to endocytosis or fusion at the plasma membrane, viruses enter the 

cytoplasm and initiate replication.  PRRs recognize virus-associated molecules, such has DNA or 

RNA in a replication-independent (TLR7, TLR8, TLR9) or replication-dependent (TLR3, RNA 

helicases) manner.  Upon activation by viral components, these PRRs initiate production of a 

variety of cytokines and induce an inflammatory and adaptive immune responses (6, 34-37, 76, 

77). 

 

2.3.3. Trauma 

In addition to PAMPs, innate immune system cells also detect damage-associated 

molecular patters (DAMPs).  These are endogenous molecules found under physiological 

conditions inside cells that get released during injury or necrosis, or by tumor cells and induce 

sterile inflammation.  Examples for DAMPs are degradation products of the extracellular matrix, 

heat shock proteins, adenosine triphosphate (ATP), the cytokine IL1α, uric acid, the calcium-

binding cytoplasmic proteins S100A8 and S100A9, and the DNA-binding nuclear protein high 

mobility group box 1 (HMGB1).   

Injury, and even sterile wounding induces an epidermal innate immune response during 

wound healing (78, 79) that is thought to increase resistance to overt infection and microbial 

colonization.  Interestingly, in AD the Aβ peptide is recognized in a TLR4/TLR6 dimer-dependent 

manner and triggers sterile inflammation (80-83). 

 

2.3.4. AMPs 

Once microorganisms are detected, antimicrobial peptides (AMPs) are produced to help 

fight the intruders.  AMPs are potent, relatively non-discriminative broad-spectrum antibiotics 
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with activity against Gram-negative and Gram-positive bacteria (including antibiotic-resistant 

strains), mycobacteria, enveloped viruses, fungi and even transformed or cancerous cells (18, 20, 

84).  They are expressed in a wide range of tissues, e.g., skin, airways, mouth, stomach, intestine, 

liver, genital tract (85, 86), i.e., tissue that is likely to encounter bacteria.   

Recently, besides directly killing intruding microorganisms, AMPs have been shown to also 

possess immunomodulatory activity (87-90).  They were found to induce or modulate chemokine 

and cytokine production, to alter gene expression in host cells, and inhibit proinflammatory 

responses of host cells to bacterial endotoxins in vitro and in vivo (18, 89, 91-94).   

 

 

2.4. Evolutionary Connections between AMPs and β-Amyloid 

Over millions of years, evolution has optimized organisms for the never-ending battle for 

survival.  In the evolutionary process, unnecessary functions were lost to save energy for more 

important ones.  Therefore it is sensible to assume that Aβ is not just waste of a process 

involving APP, but has a function of its own.   

Being the barrier between an organism and the outside world, the skin is known to 

produce a range of AMPs in order to prevent a penetration of potentially pathogenic 

microorganisms (13, 85, 95).  Examples are the two AMP families, cathelicidins (96) and 

dermaseptins (97).  Since brain cells and skin cells are of the same developmental origin 

(endoderm layer of the gastrula) it is reasonable that cells of both tissues can express similar 

proteins, such as AMPs, as part of the defense mechanisms (98-100).  Although the brain is 

normally well protected against any microbial invasion by the blood-brain barrier (BBB), it is also 

separated from the immune system guarding the rest of the body.  It is logical that such a crucial 
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organ would not rely solely upon this mechanical barrier for its protection.  Thus it is not 

surprising that AMPs, albeit only a very small number, have actually been found in brain tissue.  

For example, in mice embryos, the antimicrobial peptide LANCL1 is expressed in the brain upon 

formation of the blood-brain barrier (101).  Another example is human β-defensin 2, which was 

found to be expressed in human astrocytes (102).  The fact that only very few examples of AMPs 

are known to exist in the brain suggests the possibility that there may still be more yet to be 

identified.   

 

 

2.5. Structural Comparison of β-Amyloid to AMPs 

To date, over 4650 different antimicrobial peptides have been identified and sequenced; 

furthermore, some additional 860 sequences are predicted to have antimicrobial activity (LAMP 

database; accessed: March 2014) (103).  AMPs are small peptides with a length of about 10 – 50 

amino acids, although shorter and longer peptides with antimicrobial activity have been found 

(with the upper end being a matter of definition).  Typically, AMPs possess a positive net charge 

due to an excess of basic residues compared to the number of acidic residues.  This feature 

causes a strong attraction to the negatively charged membranes of bacteria, and at the same 

time prevents them from attacking 'self' cells (104).  They do not exhibit a preferential type of 

secondary structure, in fact there are examples for each structural category (Figure II-3).  For 

example, LL-37 (human) is α-helical; β-defensin-1 (human, hBD-1) is mainly β-sheet; and 

indolicidin (bovine) is found as an extended coil.  Furthermore, some AMPs show increased 

activity when they are bound to a metal ion (105-109), e.g., psoriasin bound to Zn2+ (110).  They 

can be classified into four broad structural categories: α-helical with amphipathic region, β-sheet 
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with disulfide linkages, high content of a certain amino acid, and others which include loop 

peptides, fragment peptides, and anionic surfactant associated peptides (7, 18).   

Despite their vastly different secondary structures, AMPs seem to adopt one of two 

general three-dimensional conformations; an amphipathic structure where hydrophobic amino 

acid residues are present preferentially on one face, and polar/cationic residues on the other 

face of a (helical) secondary structure; and a cationic double-wing structure with a hydrophobic 

core bracketed by two regions of positive charge (111).  A number of databases for AMPs are 

available, e.g., the Antimicrobial Peptides Database (APD; http://aps.unmc.edu/AP/main.php) 

(112), the Antimicrobial Sequences Database 

(AMSDb; http://www.bbcm.units.it/~tossi/pag1.htm) (113), Yet Another Database of 

Antimicrobial Peptides (YADAMP; http://www.yadamp.unisa.it/) (114), and LAMP: A database 

linking antimicrobial peptide, (http://biotechlab.fudan.edu.cn/database/lamp/index.php) (103).   

 

Figure II-3  Examples of AMPs with different secondary structures.   
PDB IDs: LL-37: 2K6O(115); β-Defensin: 1KJ5 (116); Indolicidin: 1G89 (117); Psoriasin: 2PSR (green sphere: 
Zn2+, blue sphere: Ca2+) (110). 
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2.5.1. Aβ Sequence, Constituent Amino Acid Residues & Charge State 

The primary structure of Aβ1-42 (Figure II-4) exhibits features that are typically also found in 

AMPs.  Both basic (H, K, and R) and acidic (D,E), as well as hydrophobic residues (A, C, F, I, L, M, 

V, W) are present.  As most α-helical AMPs, Aβ has an equal number of acidic and basic amino 

acids present leading to an overall charge of zero (Figure II-5).  Furthermore, the percentage of 

hydrophobic residues (19 residues; 45.2 %) lies close to the average value for other α-helical 

AMPs (Figure II-5) (118).   

Figure II-4  Amino acid sequence of Aβ1-42. 
Red: negatively charged residues; blue: positively charged residues; underscored: hydrophobic residues 
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Figure II-5  Distribution of charged and hydrophobic residues in α-helical AMPs.   
The sequences of all exclusively α-helical AMPs contained in the APD2 (112) 
(http://aps.unmc.edu/AP/main.php; accessed: July 24, 2013; 3245 of a total of 2253 AMPs contained in 
the database) were analyzed for their charge (at neutral pH) (A) and their content of hydrophobic amino 
acid residues (B).  (A) Top shows complete AMP count, bottom shows “zoom in” on lower counts (i.e., 
charge ‘0’ is cut off).  

 

2.5.2. Amphipathicity & Schiffer-Edmundson Helical Wheel 

The amphipathicity of a peptide is a measure for the anisotropic distribution of charges on 

different sides of a helix.  A convenient visualization of this property is the Schiffer-Edmundson 

5 These contain 14 synthetic peptides (4.3%), none of them with charge ‘0’ 
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helical wheel (119).  It arranges the residues in a pattern that would be observable when looking 

down the core axis of the helix from N- to C-terminus.   

 

Figure II-6  Helical wheel of the N-terminal helix (Aβ8-25).   
Red: acidic, blue, basic, black: hydrophobic, unmarked: polar, uncharged.  In the centre the hydrophobic 
moment @ angle is displayed.  Helical wheel produced with script available at: 
http://rzlab.ucr.edu/scripts/wheel/wheel.cgi 
The helical wheel projection was developed by Schiffer and Edmundson (119) 

 

α-helical AMPs in particular often contain an amphipathic region allowing them to interact 

directly with microbial membranes, which they can rapidly permeabilize (118).  Figure II-6 

depicts a helical wheel representation of Aβ8-25, the first α-helical segment in the full sequence 

(Figure II-4).  The amphipathicity of Aβ can be clearly seen, with the positively charged residues 

(blue circles) mainly on the right-hand side, the negatively charge amino acids (red circles) 

predominantly on the left, and the hydrophobic residues (black circles) mainly on the bottom 

right.   
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2.5.3. Boman Index 

Another piece of the puzzle is given by the Boman index (BI), which allows the calculation 

of the binding potential of the interaction between a peptide and bacterial membranes based on 

the amino acid side chain amphipathicity according to the following Equation (II-1):   

 𝑩𝑰 =  
∑ (∆𝑮𝒄𝒉𝒙→𝒘𝒂𝒕𝒆𝒓)𝒏

𝒏
 (II-1) 

 

Here, ΔGchxwater is the solvation free energy for an amino acid side chain of n residues to 

transfer from cyclohexane (chx) to water (120).  A high BI indicates a strong binding potential, 

but also the potential for unspecific binding and thus greater side effects.  One example of such 

a peptide is the vaso-active intestinal peptide.  It has a BI of 10.38 kJ/mol (2.48 kcal/mol) and 

acts as both a neurotransmitter and an antibacterial agent.  A low BI, in contrast, suggests a 

more specific antibacterial activity as exemplified by the natural peptide magainin 2, which has a 

BI of 1.72 kJ/mol (0.41 kcal/mol).  The BI for Aβ1-40 is 4.10 kJ/mol (0.98 kcal/mol) 6, and for Aβ1-42 

3.22 kJ/mol (0.77 kcal/mol), falling well within the range of already established AMPs, thus 

indicating the potential for binding to bacterial membranes.   

 

2.5.4. Heparin Affinity 

Interestingly, Andersson et al. reported that structural motifs associated with heparin 

affinity, such as cationicity, amphipathicity, and consensus regions may confer antimicrobial 

properties to a given peptide (121); a result confirmed in studies by Lu et al. (122).  As has been 

illustrated in the previous sections, all of these features are actually present in Aβ.   

6 Both values were calculated with the Antimicrobial Peptide Predictor available at: 
http://aps.unmc.edu/AP/prediction/prediction_main.php 
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2.5.5. AMP Activity Prediction 

Finally, there are now prediction tools available online that calculate, based on structural 

similarity to known AMPs, whether a peptide sequence potentially has antimicrobial activity.  

The prediction tool available on the Antimicrobial Peptides Databank (APD) website (123) 

predicts for the sequence of Aβ1-40 that the “[…] peptide may interact with membranes and has a 

chance to be an antimicrobial peptide” (see Appendix A).   

 

 

2.6. Mechanism of Action 

An important point to consider in the comparison of Aβ with known AMPs is the 

mechanism of action.  AMPs have been shown to act through a number of different 

mechanisms.  The following section will describe the different types that are distinguished and 

discuss the mechanism proposed for Aβ. 

 

2.6.1. Mechanisms of Action of Known AMPs 

Most AMPs are thought to kill microorganisms via a non-receptor-mediated mechanism 

with in vitro activity at micromolar concentrations, which is comparable to their biological 

concentration at the site of infection (124).  The few examples of AMPs believed to act through 

receptor-mediated mechanisms are active at much lower concentrations, in the nanomolar 

range (124).   
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2.6.1.1. Non-Receptor Mediated AMPs 

AMPs falling into the first group are far more abundant and exhibit a broad spectrum of 

amino acid composition, length and structure.  A few examples are mellitin (125), cecropin (126), 

magainin (127), and androctonin (128).  Their non-receptor-mediated action is aimed, as the 

term implies, not at a specific but rather a more general target, the bacterial membrane.  The 

outer surface of Gram-negative bacteria contains lipopolysaccharides (LPS), whereas that of 

Gram-positive bacteria contains acidic polysaccharides (teichoic acids), thus giving the surface of 

both Gram-positive and -negative bacteria a net negative charge (104).  Furthermore, the inner 

membrane of Gram-negative bacteria and the single membrane of Gram-positive bacteria are 

composed of negatively charged phospholipids.  To the contrary, the phospholipids comprising 

the membrane of normal mammalian cells are asymmetrically distributed, where the outer 

leaflet is composed predominantly of zwitterionic phosphatidylcholine (PC) and sphingomyelin 

phospholipids, while the inner leaflet is composed of negatively charged phosphatidylserine (PS) 

(104).  Therefore, the net positive charge, which is the most preserved property of antimicrobial 

peptides, allows preferential binding to the negatively charged outer surface of bacteria (118, 

129-133).  Support for the notion that bacterial membranes are the non-specific target of this 

group of AMPs comes from a few studies, which showed that all-D-enantiomers of a number of 

lytic peptides exhibit the exact same biological activity as their natural (all-L) parent molecules 

(134-137).  However, a specific target would not interact with the enantiomer of the substrate.  

Furthermore, the all-D-enantiomers adopted an exact mirror image structure of their parent 

compound.  Therefore it was concluded that the amphipathic structure of these AMPs is 

essential for the antimicrobial activity.   
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2.6.1.2. Receptor Mediated AMPs 

AMPs that act via a receptor-mediated mechanism are typically compiled of two regions, a 

receptor-binding domain and a pore-forming domain.  In this group only a few examples are 

described in the literature, e.g., nisin Z (124) and mesentericin Y (138).  Typically, these AMPs 

show a significant degree of stereospecifity, which is necessary to bind specifically to a certain 

receptor (139).  Moreover, removing the receptor-binding domain leads to a decreased activity 

in the micromolar range, comparable to AMPs in the first group (140).   

 

2.6.1.3. AMP Mechanisms of Action 

The peptides of the first group are believed to cause damage to the bacterial membrane 

by forming pores or disintegrating the membrane, which results in the collapse of the 

transmembrane electrochemical gradients (92, 118, 129, 133, 141-145).  Due to the collapse of 

the electrochemical gradient, the microorganisms lose their source of energy, allowing increased 

water and ion flow across the membrane, ultimately resulting in cell swelling and osmolysis.  

Three different mechanisms for the formation of pores have been proposed, the barrel-stave 

pore formation model, the carpet-like destruction model, and the toroidal pore formation model 

(146).   

 

(a) Barrel-Stave Pore Formation Model 

In the barrel-stave pore formation model, the peptides attached to the membrane 

aggregate and integrate into the membrane bilayer such that the hydrophobic peptide regions 

align with the lipid tails and the hydrophilic peptide regions form the interior region of the 

water-filled pore (Figure II-7) (132).   
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Figure II-7  The barrel-stave model of AMP-induce killing.   
Reprinted by permission from Macmillan Publishers Ltd. [Ref. (146)], © 2005. 

 

(b) Carpet-like Destruction Model 

In the carpet-like destruction model, the peptides disrupt the membrane by orienting 

parallel to the surface and, once it is saturated, collapsing the integrity of the membrane leading 

to abrupt lysis of the cell (Figure II-8) (132).   

Figure II-8  The carpet model of AMP-induced killing.   
Reprinted by permission from Macmillan Publishers Ltd. [Ref. (146)], © 2005. 

 

(c) Toroidal Pore Formation Model 

In the toroidal pore formation model, aggregation of the peptides induces the lipid 

monolayers to bend continuously through the pore so that the water-filled core is lined by the 

inserted peptides, as well as the lipid head groups (Figure II-9) (147).  The latter two models are 

sometimes considered as one (148).   
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Figure II-9  The torroidal pore model 
of AMP-induced killing.   
Reprinted by permission from 
Macmillan Publishers Ltd. [Ref. (146)], 
© 2005. 

 

(d) Aggregate Channel Model 

After results from some AMPs pointed to a mechanism that does not involve the destruction of 

the membrane, the aggregate channel model was proposed (149).  There, the peptides, after 

binding to the phospholipid head groups, insert into the membrane and cluster into 

unstructured aggregates, which span the entire membrane (Figure II-10).  These aggregates are 

proposed to contain water molecules providing channels for leakage of ions and possibly larger 

molecules through the membrane.  Furthermore, the aggregates are thought to exist only for a 

short time, but permit the peptides to cross the membrane without causing significant damage.  

Subsequently they can reach their intracellular target to kill the microorganism.  Intracellular 

targets that have been identified are for example, stimulation of autolytic enzymes (150), 

interference with bacterial DNA and/or protein synthesis (151-156), inhibition of cell-wall 

synthesis (157), and enzymatic activity (84, 158), binding to and inhibition of cellular nucleic 

acids (159-163), alteration of cytoplasmic membrane septum formation (152, 157, 164), and 

flocculation of intracellular contents (165).   

This last mechanism has a great advantage in that it neither releases potentially toxic contents of 

the microorganisms nor breaks the bacterial membrane into pieces (LPS contamination is the 

major cause of bacterial sepsis).   
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Figure II-10 -induced killing.
 

2.6.1.4. Connection of Antibacterial and Immunomodulatory Effects 

Connecting the antibacterial with the immunomodulatory effect of AMPs, Otvos et al. 

proposed a link between the innate and the adaptive immune system in that the cell-penetrating 

fragments of AMPs are located at one terminus, while the protein-binding domains responsible 

for the activation of the adaptive immune system are found on the other terminus (166).   

 

2.6.2.  

Some AMPs have been shown to have an antimicrobial activity dependent on binding to a 

third species.  In the literature most prominently represented are cholesterol and metal cations.   

For example, Rydengard et al. found that Zn2+ potentiates the antibacterial effects of 

histidine-rich peptides against Enterococcus faecalis (108).  In particular, Histatin 3 and Histatin 5 

were demonstrated to bind Zn2+ resulting in increased activity (105, 167).  Similar results were 

found for Kappacin upon binding of divalent metal cations (Zn2+, Ca2+) (107).  Furthermore, 

McEntire demonstrated a synergy between nisin and select lactates against Listeria 

monocytogenes, which was caused by Zn2+ cations (168).   
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2.6.3. Effect of Cholesterol on the Activity of AMPs 

An entire class of AMPs, the cholesterol-dependent cytolysins (CDCs), contain in their 

name the importance of binding to cholesterol (169).  CDCs are bacterial protein toxins, which 

bind to cholesterol-containing membranes to form oligomeric complexes and then insert into 

the bilayer to create large aqueous pores.  Ramachandran et al. found that membrane-

dependent structural rearrangements are required to initiate the oligomerization of 

perfringolysin O monomers (169).  Giddings and co-workers reported that depletion of 

membrane cholesterol prevents the insertion of the transmembrane β-barrel and pore 

formation of CDCs (170).  Cholesterol was also found to attenuate the interaction of the AMP 

gramicidin S (171) and granulysin (172) with phospholipid bilayer membranes.   

 

2.6.4. β-Amyloid’s Mechanism of Action 

Based on computational studies, VC Meier-Stephenson proposed that Aβ may act through 

three distinct mechanisms, depending on the secondary structure it adopts at the moment of 

interaction (173).  If Aβ were to adopt a β-sheet conformation, the most likely mechanism of 

action would be through a barrel-stave mechanism whereby the monomers pre-assemble to 

form structured fibrils, which then insert into the membrane causing leakage.  However, if Aβ 

were to adopt an α-helical conformation, two possible mechanisms were proposed.  Firstly, Aβ 

could act through a carpet-type destruction mechanism, with the peptide anchored onto the 

membrane surface by the charged helix arranged parallel to the membrane surface, thus 

allowing the hydrophobic helix to insert into the membrane.  And secondly, a flip-flop 

mechanism was suggested, where Aβ, similar to other AMPs, induces increased flip-flop rates of 

membrane lipids due to pore formation (174-176).  In the process it would get transferred across 

the membrane and subsequently attack intracellular targets, such as mitochondria (177-181).   
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A number of AMPs have been found that contain a “hinge” between two α-helices, which 

is proposed to facilitate the insertion into the membrane.  First, one of the helices anchors the 

peptide by electrostatic interactions onto the surface of the membrane (182).  This gives the 

second helix enough leverage to insert itself into the membrane, allowing it to attain the proper 

orientation for pore formation.  Some examples for such peptides are cecropins (183), melittins 

(184), PMAP37 (118, 185), and caerin-1 (118, 186).  Some Aβ secondary structures, obtained by 

NMR experiments, have been shown to exhibit comparable structural features (187, 188), 

possibly enabling a similar mechanism (Figure II-11).   

 

Figure II-11  Aβ secondary structures containing a flexible “hinge” region between two α-helices.   
PDB files: A: 1IYT (187), B: 1AML (188). 

 

Early on, it was noticed that Aβ seems to disrupt Ca2+ homeostasis (189); Arispe et al. 

suggested that Aβ might form cation (Ca2+)-selective ion channels in lipid bilayers (190).  

Subsequent atomic force microscopy studies on solid supported bilayers by Lin et al. have shown 

that the interactions of Aβ peptides result in the formation of conducting ion channels that have 

rectangular or hexagonal shapes containing four or six subunits, are 80-120 Å in diameter and 

protrude ~10 Å from the bilayer surface (191).  This gives further experimental support for the 

role and mechanism of Aβ’s action on cellular membranes. 
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2.7. β-Amyloid is Produced in Response to Infection 

2.7.1. Introduction 

Providing further support for the hypothesis of Aβ as an AMP in the brain, experimental 

evidence is presented here that Aβ is produced in response to the presence of bacteria, i.e., that 

the peptide production is upregulated by neurons in an attempt to protect themselves from the 

invading organisms. 

To show this, experiments incubating two types of neuronal cells—neuroblastoma cells 

and primary rat neurons, with various types of pathogenic bacteria—Escherichia coli (E. coli), 

Serratia marcescens (S. marcescens), Klebsiella pneumoniae (K. pneumoniae), and methicillin-

resistant and methicillin-sensitive Staphylococcus aureus (MRSA and MSSA, respectively) were 

performed and their products analysed.  A schematic of the overall approach (Figure II-12) and 

summary of the experimental evidence is presented below. 

For ease of understanding the derivation of evidence, Figure II-12 describes the workflow 

of the experiment.  First, a bacterial culture was grown and autoclaved to kill the bacteria.  After 

isolation of the bacterial fragments, neuronal cells were incubated with those fragments.  Next, 

the supernatant and neuronal cells from that incubation were separated.  The supernatant was 

analysed directly using an enzyme-linked immunosorbent assay (ELISA) to determine the 

amount of Aβ excreted from the neuronal cells; the neuronal cells underwent a lysis step before 

their contents were analysed by ELISA in the same manner, to determine the amount of Aβ 

produced internally. 
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Figure II-12  Schematic of experimental procedure for Aβ production by neuronal cells.   
A bacterial culture was autoclaved to produce bacterial fragments.  Cells were then incubated with the 
bacterial fragments overnight; Aβ concentrations in supernatant and cell lysate were determined by ELISA 
(for details see text). 

 

 

2.7.2. Materials  

2.7.2.1. Biological Materials 

(a) Bacteria 

The following bacterial strains, unless otherwise noted kindly provided by Dr. A. 

Henneberry of DeNovaMed, Inc., were used in the experiments.   

 

Gram-negative strains: 

• Escherichia coli BL21; ATCC #BAA-1025; (E. coli); Risk Group: 1   

• Serratia marcescens; ATCC #13880; (S. marcescens); Risk Group: 1   

• Klebsiella pneumoniae; ATCC #13883; (K. pneumoniae); Risk Group: 2   
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Gram-positive strains: 

• methicillin-susceptible Staphylococcus aureus (MSSA); clinical isolate; Risk Group: 

1   

• methicillin-resistant Staphylococcus aureus (MRSA); clinical isolate; Risk Group: 2   

 

(b) Mammalian Cells 

Furthermore, the following mammalian cell lines were used: 

• SH-SY5Y; human neuroblastoma; ATCC #CRL-2266; Risk Group: 1   

(a kind gift by Dr. D. Byers of Dalhousie’s Atlantic Research Centre and 

Department of Biochemistry & Molecular Biology) 

• SK-N-AS, human neuroblastoma, ATCC # CRL-2137, Risk Group: 1 (American Type 

Culture Collection (ATCC), Manassas, VA, USA) 

As well, primary neuronal rat cells were used, kindly provided by Dr. B. Karten 

(Department of Biochemistry & Microbiology, Dalhousie University) 

 

2.7.2.2. Chemicals 

Some experiments also required use of specially prepared solutions and other chemicals 

including the following:   

Ultra-purified water (Millipore system); Luria-Bertoni (LB) broth, Miller; LB agar; 

phosphate-buffered saline (PBS)(192); Dulbecco/Vogt modified Eagle’s minimal essential 

medium (DMEM; with and without phenol red); fetal bovine serum (FBS); penicillin-streptomycin 

solution; L-glutamine; sodium pyruvate; CO2 medical grade; Trypsin-EDTA 1× (Gibco, Cat.# 

25200-072), TrypLE Select 10× (Invitrogen, Cat.#A1217701); lipopolysaccharide (LPS) from E.coli 
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(a kind gift by Dr. T. B. Grindley, Dalhousie University, Department of Chemistry); LPS from E. coli 

O111:B4 (Sigma-Aldrich, Cat.# L3024); lipoteichoic acid (LTA) from S. aureus (Sigma; Cat.# 

L2515); Triton X-100; Aβ1-40 ELISA kit (Signet, Cat.# 8940, Lot# 05LK02508); Aβ1-40 ELISA kit (Cat.# 

hAmyloid β40 Elisa (HS), Lot# 3_022); Aβ1-42 ELISA kit (Cat.# hAmyloid β42 Elisa (HS), Lot# 

4_020); Aβ1-40 (AnaSpec, Inc., Cat.# 24236); Aβ1-42 (AnaSpec, Inc., Cat.# 20276); Tris base; anti-Aβ 

antibody 6E10 (193) (Covance, Cat.# SIG-39320); biotinylated anti-Aβ antibody 6E10 (Covance, 

Cat.# SIG-39340); anti-Aβ antibody 4G8 (194) (Covance, Cat.# 39220); biotinylated anti-Aβ 

antibody 4G8 (Covance, Cat.# SIG-39240); Tween-20; bovine serum albumin (BSA) ; horseradish 

peroxidase (HRP)-streptavidin; 3,3’,5,5’-tetramethylbenzidine (TMB); hydrogen peroxide; citric 

acid, monohydrate; potassium citrate, tribasic, monohydrate; tetrabutylammonium 

borohydrate; dimethylacetamide; sulfuric acid; Hank’s Balanced Salt Solution (HBSS). 

 

2.7.2.3. Instrumentation 

For bacterial cultures, a Labnet 311DS Shaking incubator was used; for mammalian cell 

cultures, a CO2 incubator (HERAcell 150, Heraeus).  To determine the optical density of bacterial 

cultures, a Waters 2487 Dual Wavelength absorbance detector was used.  Microplates were read 

in a Genios or an Infinite 200 microplate reader (both Tecan), which were both equipped with 

optical filters for the appropriate wavelengths. 
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2.7.3. Methods 

2.7.3.1. Preparation of β-Amyloid Stock Solutions 

Aβ is a peptide with a high propensity to aggregate, making it inherently difficult7 to 

prepare consistent solutions.  Great care has to be taken in its handling.  Accordingly, the 

protocol for the preparation of stock solutions evolved over time as new information became 

available from the literature and through our own experimentation. 

Initially, Aβ was dissolved in 20 mM Tris Base (pH ~10.4), sonicated for 10 - 15 minutes; 

the pH was adjusted to 7.4 with concentrated HCl, the volume adjusted with 20 mM Tris/HCl pH 

7.4 to gain the desired concentration and the solution filtered through a 0.2 µm PVDF syringe 

filter.  Stock solutions were stored in the refrigerator at 4°C for up to two weeks. 

Since it had been reported that the toxic species of Aβ might actually be small oligomers, 

“aged” Aβ solutions were produced by shaking for 24 hours at ~400 rpm at room temperature.   

It later became clear that the former treatment may not completely disassemble all 

aggregates present in the lyophilised peptide.  Complete disassembly of aggregates is an 

essential step to achieve a consistent and reproducible starting point for any further treatment 

of the Aβ.  Thus, Aβ was dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), vortexed and 

sonicated for 10 minutes.  The solution was aliquoted and the HFIP evaporated overnight; to 

remove residual HFIP, the tubes were placed under high-vacuum for three hours.  The resulting 

wax was frozen and stored at -80°C in the freezer.  Eventually, the overnight evaporation was 

replaced by blowing off the HFIP with a gentle stream of inert gas (nitrogen or argon) for about 

half an hour.   

7 Aβ has actually been termed the “peptide from hell” since it is so tricky to work with (323). 
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To obtain small toxic oligomers, 10 µL of DMSO were added to 50 µg Aβ wax.  After 

vortexing for 30 seconds, the solution was sonicated for 10 minutes.  Addition of 300 µL of PBS 

was followed by vortexing for 30 s.  Finally, the solution was stored in the refrigerator at 4°C 

overnight (for at least twelve hours).   

To obtain dodecameric Aβ, 10 µL of DMSO were added to 50 µg Aβ wax.  After vortexing 

for 30 seconds, the solution was sonicated for 10 minutes.  Addition of 300 µL of PBS with 0.2% 

SDS was followed by vortexing for 30 s.  Finally, the solution was stored in the refrigerator at 4°C 

overnight (for at least twelve hours). 

An even more thorough de-aggregation procedure was adopted towards the end since 

some literature suggested that a single treatment with HFIP might not be enough to achieve 

complete dissociation of all aggregates.  1 mL of distilled HFIP was added into the original glass 

vial; after vortexing for 1 minute the solution was sonicated at room temperature for 15 

minutes.  The HFIP was removed in a dessicator under high vacuum for about 45 minutes.  1 mL 

of trifluoroethanol (TFE) or trifluoroacetic acid (TFA) was added to the glass vial, vortexed for 30 

seconds, and sonicated for 15 minutes.  The solution was aliquoted into microcentrifuge tubes, 

and the solvent removed under high vacuum as above.  200 µL HFIP were added into each tube, 

which were then vortexed for 30 seconds, sonicated for 15 minutes and incubated overnight at 

room temperature.  The following morning, HFIP was removed under high vacuum for about 

90 minutes; the dessicator was purged with ultrahigh purity argon, and put under high vacuum 

for another 2 hours.  Unused aliquots were stored at -80°C in a chest freezer. 

 

2.7.3.2. β-Amyloid Quantitation by BCA Assay 

After our supplier of Aβ told us partway through this work that the peptide content was 

not 100%, and since a filtration step was often required in the preparation of the Aβ stock 
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solution, the bicinchoninic acid (BCA) assay (195) was introduced for the determination of the 

peptide content of our peptide stock solutions. 

 

(a) Standard Assay (100 – 1000 µg/mL total protein) 

The assay was essentially performed as described in (196), but Na2CO3 was used in place 

of Na2CO3·H2O, and volumes were adjusted for the use in 96-well plates.  To prepare the 

working solution, 100 parts of reagent A (sodium bicinchoninate (0.1 g), Na2CO3 (1.49 g), sodium 

tartrate dihydrate) (0.16 g), NaOH (0.4 g), NaHCO3 (0.95 g), made up to 100 mL with HPLC-grade 

water, pH adjusted to 11.25 with 10 M NaOH) were mixed with 2 parts reagent B (CuSO4·5 H2O 

(0.4 g) in 10 mL of HPLC-grade water).  95 µL/well of working solution were added to 5 µL/well of 

sample and mixed by gentle shaking, the covered plate was incubated at 60°C for 30 minutes in 

a drybath, and after cooling to room temperature, absorbance was read in a plate reader at 

540 nm. 

 

(b) Microassay (0.5 – 10 µg/mL total protein) 

The assay was essentially performed as described in (196), but Na2CO3 was used in place 

of Na2CO3·H2O.  To prepare the working solution, 1 part of reagent C (CuSO4·5 H2O (0.4 g) in 

10 mL of HPLC-grade water) was first mixed with 25 parts reagent B (sodium bicinchoninate 

(1.994 g) made up to 50 mL with HPLC-grade water), and then with 26 parts of reagent A 

(Na2CO3 (0.597 g), sodium tartrate (dihydrate) (1.6 g), NaOH (1.6 g), pH adjusted to 11.25 with 

10 M NaOH).  50 µL/well of working solution were added to 50 µL/well of sample and mixed by 

gentle shaking, the covered plate was incubated at 60°C for 60 minutes in a drybath, and after 

cooling to room temperature absorbance was read in a plate reader at 540 nm.   
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(c) Microwave Assay (0.5 – 10 µg/mL total protein) 

A protocol was found in the literature (197) that promised a 20 s BCA assay using a regular 

household microwave.  This protocol was attempted for use in the 96-well plate format, with the 

goal of developing a procedure that could be completed in less than 10 minutes.   

Reagents and samples were prepared as described above; however, to ensure 

reproducible heating conditions, empty wells were filled with water.  The 96-well plate was 

placed in the centre of the microwave turning table (Danby, Model # DMW799W), and two 

100 mL Erlenmeyer flasks containing 50 mL of tap water were put on either (long) side.  Various 

microwave heating times, energy settings and cooling conditions were explored, but with less 

than ideal results, in regards to both, time goal and compromise of the microplate shape; 

therefore, the procedure was aborted. 

 

2.7.3.3. β-Amyloid Quantitation by ELISA 

(a) Determination of Aβ1-40 and Aβ1-42 content 

For the determination of the Aβ1-40 and Aβ1-42 content, the respective ELISA test kits by 

The Genetics Company were used according to their protocol.  In short, standards and samples 

were prepared according to an appropriate scheme, 50 μL of antibody conjugate solution and 

50 μL of standard or sample solution were added to each well of the supplied ELISA microwell 

plates.  The plates were covered with a cover seal, thoroughly mixed in a microplate reader and 

incubated overnight in the refrigerator at 4°C.  The following day, the plates were washed 

5 times with 300 μL of washing solution per well and incubated with 100 μL of enzyme conjugate 

solution per well for 30 minutes in a microplate reader at 800 rpm.  Subsequently, the plates 

were again washed 5 times with washing solution, followed by the addition of 100 μL of 
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substrate solution and 30 minutes incubation at room temperature in the dark (plates wrapped 

in aluminum foil).  After adding 50 μL of stop solution per well, the absorption at 450 nm was 

read in a microplate reader against a reference wavelength of 620 nm. 

 

(b) Determination of oligomeric and total Aβ content 

A protocol developed by LeVine (198) to detect oligomeric or total Aβ was used (see 

Figure II-13).  It makes use of the fact that an antibody cannot attach to an antigen (on a peptide 

monomer) that is already occupied by another antibody of the same type; however, a second 

antibody can bind to a different molecule in an oligomer, if the binding site has not been buried 

in the process of oligomerisation (see Figure II-14).   

Figure II-13  ELISA workflow.   
Pictorial description of the workflow of the Aβ ELISA assay described above (198) (Ab: antibody; BSA: 
bovine serum albumin; HRP: horseradish peroxidase; TMB: 3,3’,5,5’-Tetramethylbenzidine).  6E10 epitope: 
Aβ3-8; 4G8 epitope: Aβ17-24 

 

The 96-well plates were prepared using 50 μL/well of a solution containing 2 μg/mL of 

capture antibody (oligomers: 4G8; total: 6E10) in 10 mM sodium phosphate, pH 7.5.  The plate 

was covered, sealed with parafilm and incubated overnight at 4°C.  The following morning the 

plate was emptied and washed three times with washing solution (TBST: 20 mM Tris-HCl, 34 mM 

NaCl, pH 7.5, 0.1 % v/v Tween 20), with vigorous blotting in between steps.  To block the plate, 
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200 µL/well of blocking buffer (TBST + 2 mg/mL fatty-acid free BSA) were added, the plate was 

covered, sealed with parafilm and incubated for two hours at room temperature.  After washing 

the plate four times as above, 50 μL/well of standards or sample was added.  Standards were 

made either from leftover stock from the kit by The Genetics Company described above or made 

from Aβ purchased from Anaspec, Inc. and prepared as described in Section 2.7.3.1.  The plate 

was covered, sealed with parafilm and incubated for two hours at room temperature.   

 

Figure II-14  Oligomeric Aβ ELISA prinicple.   
The principle of the oligomeric Aβ ELISA developed by LeVine is depicted (192).  A: Total Aβ is determined 
by capturing monomers and oligomers of Aβ with the 6E10 antibody, followed by detection with the 
bio4G8 antibody; both monomers (left) and oligomers (right) are detected.  B: Determination of 
oligomeric Aβ makes use of the fact that an antibody cannot attach to an antigen (on a monomer) that is 
already occupied by another antibody of the same type (left), i.e., only oligomers (right) are detected with 
the 4G8/bio4G8 antibody pair.  The 4G8 antibody captures both, monomer and oligomers, however, only 
oligomers can be detected by the bio4G8 antibody, since in monomers the epitope is already occupied by 
the capture 4G8 antibody. 

 
Subsequent to washing the plate five times as above, 50 µL/well of a solution containing 

1 μg/mL of detection antibody (oligomers & total: biotinylated 4G8 (bio4G8)) dissolved in 
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blocking buffer (TBST + 0.2% BSA) were added, the plate was covered, sealed with parafilm and 

incubated for one hour at room temperature.  After washing the plate five times as above, 

50 μL/well of a solution containing 50 ng/mL HRP-streptavidin dissolved in blocking buffer (TBST 

+ 0.2% BSA) were added, the plate was covered, sealed with parafilm and incubated for one 

hour at room temperature in the dark (wrapped in aluminum foil).  Washing the plate five times 

as above, was followed by addition of 100 μL/well of a solution containing a mixture of substrate 

reagents A and B (3,3‘,5,5‘-Tetramethylbenzidine/H2O2).  The plate covered, sealed with 

parafilm and incubated with gentle shaking (~20 rpm) for 2 – 30 minutes at room temperature in 

the dark (wrapped in aluminum foil).  Development of the blue colour was checked regularly, 

and at an appropriate time, 100 μL/well of stop solution (0.118 M H2SO4) was added which 

resulted in a colour change to yellow.  After five minutes the OD was read at 450 nm.   

It should be noted that the assay developed by LeVine (198) cannot distinguish between 

Aβ1-40 and Aβ1-42, since both the antibodies are directed at N-terminal epitopes (6E10: Aβ3-8; 

4G8: Aβ17-24) and not at a C-terminal epitope, where these two Aβ isoforms differ.   

 

2.7.3.4. Bacterial Cell Culture 

Bacteria were originally received on streaked agar plates and stored at 4°C in the 

refrigerator.  30 mL LB broth were inoculated with a carefully selected colony (of average size 

and appearance) and incubated overnight at 37°C and 180 rpm.  Bacterial cells were harvested 

by centrifugation for 10 minutes at 200 × g and resuspended in fresh LB broth containing 15 % 

glycerol.  1 mL aliquots were frozen immediately at -80°C in a chest freezer. 
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The protocol to maintain bacterial cell cultures evolved over the span of the project.  

Originally, bacterial cell cultures were maintained in LB broth by inoculating 20 – 30 mL of LB 

broth with 1 mL of the last available culture and incubating overnight at 37°C and 180 rpm.   

After discussions with Dr. William Wong (Treventis Corp.), the protocol was changed to 

maintain the bacterial cell cultures on LB agar plates, subculturing them on a weekly schedule.  

To start a bacterial cell culture, originally, a 1 mL aliquot was thawed at 37°C in a water bath and 

transferred to 20 – 30 mL of LB broth for overnight incubation at 37°C and 180 rpm.  On the 

following day, a 1 µL loop was used to streak the LB agar plate.  After one week, a new LB agar 

plate was produced by suspending one colony in 20 – 30 mL of LB broth and overnight 

incubation at 37°C and 180 rpm.  A sample was streaked on a new LB agar plate with a 1 µL loop, 

and the plate was incubated overnight at 37°C.  Subsequently, the agar plate was stored in the 

refrigerator at 4°C for one week. 

After a suggestion from Yanfei Wang (a technician in our group), to start a new culture, a 

sample of bacteria was taken directly from the frozen tube with a 1 µL loop, suspended in 100 µL 

LB broth, and streaked with a new 1 µL loop on an LB agar plate, which was incubated overnight 

as before.  To produce a new agar plate, one colony from the plate from the previous week was 

suspended in 100 µL LB broth and streaked with a new 1 µL loop on an LB agar plate, which was 

incubated overnight as the thawed sample. 

 

2.7.3.5. Preparation of Bacterial Cell Cultures for Assays 

To prepare a bacterial cell culture for an assay, a single colony was harvested from an agar 

plate with a sterile needle and transferred to a culture flask containing 20 - 30 mL of growth 

medium.  Bacterial cultures were grown in a LabNet 311DS shaking incubator at 37°C and 

180 rpm.  Normal growth media were 2.5 % (w/v) LB broth or 3 % (w/v) TSB, autoclaved for 
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15 minutes at 121°C and 1 bar positive pressure.  Next, a second sub-culture was prepared by 

inoculating 25-30 mL of growth medium with 1 mL of the first and incubated at 37°C and 

180 rpm until the log-phase was reached (OD600 = 0.6; ca. 3.5 – 4 hours).  Growth of the bacterial 

culture was followed by measuring the optical density at 600 nm (OD600) with a Waters 2487 

Dual Wavelength absorbance detector using disposable polystyrene UV cuvettes (Fisher 

Scientific).   

 

2.7.3.6. Preparation of Bacterial Membrane Fragments 

Initial experiments involved incubation of live bacterial and neuronal cells in the same 

culture.  Unfortunately, the rapid rate of bacterial growth would consistently overwhelm and kill 

the neuronal cells.  After several failed attempts to produce meaningful results by this co-

incubation method, it was decided to use killed bacteria or bacterial fragments instead.  Because 

of the concerns of interference with the downstream cell assays, chemical killing of the bacteria 

was avoided.  Instead, repeated freeze-thaw cycles were first tried in order to kill the bacteria.  

Cultures of E. coli, S. marcescens, K. pneumonia, MSSA, and MRSA were grown as described 

above (Section 2.7.3.5).  To wash the cells, 10 mL of a culture were centrifuged for 10 minutes at 

900 × g, the supernatant was discarded and the pellet resuspended in 10 mL of cold (4°C) PBS; 

this washing cycle was repeated twice.  After resuspending the cells in cold (4°C) PBS they were 

frozen at -80°C for ~30 minutes and then thawed in a 37°C water bath; the freeze-thaw cycle 

was repeated eight more times to yield a suspension of bacterial membrane fragments.   

 

Since the above procedure failed to kill all bacteria (as indicated by bacterial growth in 

co-incubation experiments with BV-2 cells), an alternative procedure was used for subsequent 
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experiments.  Bacterial cultures were again grown as described above (see Section 2.7.3.4) and 

then autoclaved for 15 minutes at 121°C (liquids program).  11 mL of the vortexed cultures were 

centrifuged for 10 minutes at 3716 × g, the supernatant was discarded and the pellet 

resuspended in 11 mL PBS.  Killing efficiency was tested by spreading 100 µL of the suspension 

on an agar plate and incubation overnight at 37°C.  Since some of the plates showed growth, the 

samples were autoclaved again as above.  Killing efficiency testing still yielded growth on some 

plates, therefore the samples were autoclaved for a third time as above.  This finally gave total 

bacteria killing, as evidenced by subsequent test agar plates.  For all subsequent experiments 

requiring this type of sample, the bacterial samples were autoclaved once for 45 minutes.  This 

gave equivalent killing efficiency and testing never showed any growth with this approach. 

 

2.7.3.7. Mammalian Cell Culture 

SH-SY5Y, and SK-N-AS cells were grown in high-glucose DMEM growth medium, 

supplemented with 10 % FBS, and containing 100,000 IU/L penicillin G8 and 100 mg/L 

streptomycin at 37°C in a water-saturated atmosphere with 5 % CO2.  Cells were grown in T-25 

cell culture flasks containing 10 mL of growth medium.  For subculturing, cells were dissociated 

with 500 µL of 0.25% trypsin, or TrypLE Select.   

 

2.7.3.8. Preparation of Mammalian Cell Cultures for Assays 

To prepare a mammalian cell culture for an assay, leftover cells from subculturing were 

seeded typically at 10,000 cells/well in 96-well plates with a total volume of 200 µL cell culture 

8 For penicillin G: 1 IU (international unit) = 0.6 μg 
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medium.  After 24 hours incubation at 37°C in a water-saturated atmosphere with 5 % CO2, each 

well was checked by phase-contrast light microscopy to confirm that confluency was reached 

(around 20,000 cells/well) and thus the cells were ready for the assay.   

 

2.7.3.9. Preparation of primary rat neurons 

Primary hippocampal rat neurons were prepared by Dr. Barbara Karten (Department of 

Biochemistry & Molecular Biology, Dalhousie University) as described in (199) and according to 

protocols approved by Dalhousie University’s research ethics board.  In short, timed pregnant 

Sprague-Dawley rats (E17) were terminated with an overdose of halothane and cervical 

dislocation to remove embryos.  Hippocampi were dissected and placed in Hank’s Balanced Salt 

Solution (HBSS) on ice.  They were digested with 0.25 mg/mL trypsin in HBSS for 10 min at 37°C, 

and after washing twice with HBSS dissociated by trituration through a flame-polished Pasteur 

pipette.  Cells were counted and the cell suspension was diluted to the appropriate cell density 

in Neurobasal medium (supplemented with B27, 0.5 mM glutamine, 0.25 µM glutamate, 

antibiotics, and 7% heat-inactivated FBS) for plating at a density of 15,000 cells/well in a 96-well 

plate, which had been coated with 0.1% (w/v) poly-D-lysine and conditioned in MEM medium 

with 7% FBS.  After 3 h, Neurobasal medium was replaced with phenol-red free medium with the 

same additives except serum.  Neurons were grown for 14-16 days before being used in 

experiments. 

 

2.7.3.10. Aβ production in mammalian cells induced by infection 

As noted earlier (in Section 2.7.3.6), co-incubation of mammalian cells with live bacteria 

(to simulate an infection in the cell culture) did not produce any meaningful results, secondary 
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to bacterial overgrowth and neuronal demise.  Therefore, an alternate approach to simulate an 

infection was attempted by incubating cell cultures with bacterial fragments produced by 

autoclaving (see Section 2.7.3.6).  Human neuroblastoma cell cultures and primary rat neurons 

were grown as described above (see Sections 2.7.3.7 - 2.7.3.9).  Mammalian cell cultures were 

incubated with 20 µL/well (96-well plates; total volume: 200 µL/well) of bacterial fragment 

suspension for 18 – 24 hours.  The supernatant was carefully transferred to a microcentrifuge 

tube, and centrifuged for 10 minutes at 3716 × g; then the supernatant was transferred to a 

cryovial (leaving about 50 µL in the tube to avoid disturbing the pellet) and stored at -80°C in a 

chest freezer for later analysis.  200 µL/well of cell extraction buffer (50 mM Tris, pH 8.0; 2 mM 

CaCl2; 80 mM NaCl; 1 % Triton X-100) were added to the plate and it was incubated for one hour 

in the CO2 incubator at 37°C with shaking once at about half-time.  After the lysis was 

completed, the well contents were collected by first vigorously pipetting the lysis buffer and 

then transferring the entire contents to a microcentrifuge tube.  After centrifugation for 

10 minutes at 3,716 × g, the supernatant lysate was transferred to a cryovial (leaving about 

50 µL in the tube to avoid disturbing the pellet) and frozen at -80°C in a chest freezer for later 

analysis.   

The Aβ content was determined by ELISA as described in Section 2.7.3.3 above.  For 

samples produced from human neuroblastoma cells (SH-SY-5Y and SK-N-AS), the capture 

antibody was 6E10 and the detection antibody bio4G8, as this pair had been shown to produce 

significantly less background compared to the reverse configuration of 4G8/bio6E10 (198).  For 

samples produced from primary rat neurons, the configuration 4G8/bio4G8 had to be employed, 

since rodent Aβ (R5G, Y10F, H13R) has a mutation within the 6E10 epitope at position 5.   
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2.7.4. Results & Discussion 

As shown in Figure II-15, Aβ1-40 was produced intracellularly by SK-N-AS neuroblastoma 

cells in response to co-incubation with fragments of a number of the investigated bacterial 

strains (simulated infection) as well as LPS, however, no Aβ1-40 was found in the supernatant.  

Aβ1-42 levels were below the lowest standard in both, supernatant and lysate (not shown). 

 

Figure II-15  Aβ production by neuroblastoma cells induced by bacterial infection.   
SK-N-AS neuroblastoma cells were incubated with fragments of different bacterial strains, as well as 
lipopolysaccharide (LPS) and lipoteichoic acid (LTA); extracellular and intracellular Aβ production was 
analysed by ELISA (for details see text).  Aβ1-42 levels were below the lowest standard in both, supernatant 
and lysate (not shown); significant increases of Aβ1-40 production compared to PBS control were detected 
only in the lysate, but were below the lowest standard in the supernatant (5.8 pM, nominallly 4 pM; red 
line).  Error Bars: ± S.E.M.; *: P < 0.05; **: P < 0.01 (n = 2; two-tailed Student’s t-test). 

 

The same experiment was conducted with primary rat neurons, using the ELISA procedure 

described by LeVine.  Since rodent Aβ (R5G, Y10F, H13R) has a mutation within the 6E10 epitope 

at position 5, the antibody configuration 4G8/bio4G8 had to be employed (see Figure II-16).  Of 
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course, this means that only oligomeric Aβ species were detected (also see Figure II-14), and one 

expected a lower signal compared to samples from neuroblastoma cells. 

 

Figure II-16  ELISA of rodent Aβ.   
Rodent Aβ is not bound by the 6E10 antibody due to a mutation (R5G) in the antigen region.  The 
4G8/bio4G8 antibody pair has to be utilised for the ELISA assay, which only detects oligomeric Aβ. 

 

As expected, results for primary rat neurons showed considerably lower values as 

compared to the neuroblastoma cells, in fact, all values were below the blank (nominally 0 nM; 

back-calculated from the calibration curve as 0.33 nM).  Attempts to concentrate the samples by 

lyophilisation by a factor of up to five were unsuccessful and did not lead to higher values. 

The fact that the 4G8/bio4G8 antibody pair only detects oligomers, lead to a number of 

issues causing lower signals.  Since only oligomers are detected, a potentially sizable portion of 

monomeric Aβ goes undetected.  Of significance is also the fact that rodent Aβ shows a 
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considerable lower propensity to aggregate compared to human Aβ (200).  It also leads to a 

lower sensitivity of the calibration curve, since again only oligomers in the standards are 

detected; e.g., in the experiment discussed here, the slopes of the calibration curves for SK-N-AS 

neuroblastoma cells and for primary rat neurons were 0.0509 and 0.0380 a.u./nM (a.u.: 

absorbance units), respectively.  Furthermore, results are valid only under the assumption that 

the same fraction of Aβ is in the (detectable) oligomeric state in the standards and samples.   

The assay kits by The Genetics Company used to distinguish Aβ1-40 and Aβ1-42 could not be 

employed for this assay, since the capture antibody W0-2 recognises the epitope Aβ4-10 (201) 

and therefore has the same issues as described above for the 6E10 antibody.  Ideally, an 

antibody that recognises an epitope in the C-terminal region of rodent Aβ that does not interfere 

with the binding of 4G8 would have been used in this experiment. 

 

In order to further examine the effect of LPS and LTA as the active compounds in gram-

negative and gram-positive bacteria, respectively, SK-N-AS neuroblastoma cells were incubated 

at a higher concentration (1 µg/mL) and the production of Aβ after 1, 2, and 3 hours was 

analysed (see Figure II-17).   

 

In just 1 hour, a significant increase in Aβ production was detected, which further 

increased over the next 2 hours.  This shows the fast response of neuronal cells upon 

encountering bacteria, as is expected for an activation of the innate immune system to prevent 

spread of the invading microbial species.   
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Figure II-17  Time series of Aβ production by neuroblastoma cells induced by incubation with LPS and 
LTA.   
SK-N-AS neuroblastoma cells were incubated with 1 µg/mL of lipopolysaccharide (LPS) and lipoteichoic 
acid (LTA), respectively, and samples were taken after 1, 2, and 3 hours; Aβ production in the cell lysate 
was analysed by ELISA.  Error Bars: ± S.E.M.; **: P < 0.01 (compared to Control; n = 8; two-tailed Student’s 
t-test) 

 

2.7.5. Summary 

Historically, the central nervous system (CNS) has been considered an immune-privileged 

site, with microglia acting independently as the macrophages of the brain.  However, it is now 

being recognised that neurons are not merely passive targets of infections, but can mount an 

immune response of their own and activate microglia through bidirectional communication with 

these brain immune cells (202-206).   

Our experiments also show the neurons’ ability to act in response to invasion.  When an 

infection is simulated in neuronal cells, as with the use of bacterial fragments, the cells will 

produce Aβ in response.  Similarly, when the major antigenic species of bacteria membranes, 

LPS and LTA, are used, a similar response is found, suggesting these as the likely candidate entity 

for inducing this response. 
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2.8. Antibacterial Activity of β-Amyloid 

2.8.1. Introduction 

In the previous series of experiments (Section 2.7), it has been shown that Aβ is produced 

in response to bacterial exposure.  The next logical step is to show that Aβ is actually toxic to 

bacteria.   

Since it is a well-known fact that the activity of some AMPs is increased by metal binding 

(see Chapter I, Section 2.3.4), and since it is known that Aβ has a number of metal binding sites 

(see Chapter I, Section 1.4.1), it was decided to include copper and zinc in the form of Cu2+ and 

Zn2+ in the experiments described in this section.   

Furthermore, the pH in brain tissue has been shown to be decreased in individuals with AD 

(207) or traumatic brain injury (208-210).  Since the pH directly controls the protonation state of 

basic and acidic peptide side chains, which has a major influence on metal ion binding, the 

antimicrobial activity of Aβ was also evaluated at three different pH values, 7.3, 7.0 and 6.5.   

And finally, because in silico calculations in our lab, as well as experimental evidence from 

the literature suggest that cholesterol is involved in the insertion of Aβ into a membrane (see 

Chapter I, Section 1.3.4.1), cholesterol was included as another variable in these experiments.  

Although cholesterol is conventionally considered absent from bacterial membranes (211) 

(because bacteria lack the biochemical pathways to produce cholesterol), it is hypothesised 

here, that cholesterol would insert into the membranes of bacteria present in the blood of a 

mammal, based on the polarity of cholesterol and its presence in serum (in human serum 

cholesterol content typically ranges from 2.5 – 7.5 mM).   
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2.8.2. Materials 

2.8.2.1. Biological Materials 

To explore the activity of Aβ as AMP, the same bacterial strains as in the previous section 

were used in the experiments.  The bacterial strains used in this study were chosen based on 

their Risk Group rating of not higher than level 2, and their availability, as well as their cell wall 

and cell membrane characteristic.  As opposed to mammalian cells, bacteria also possess, in 

addition to their cell membrane, a cell wall that mainly consists of peptidoglycans.  Gram-

positive bacteria differ from Gram-negative in that they are enclosed by a very thick layer of 

cross-linked peptidoglycans.  When tested via the Gram staining method, Gram-positive bacteria 

are able to retain the Crystal Violet stain, hence the ‘positive’.  Gram-negative bacteria, on the 

other hand, possess only a thin peptidoglycan layer, which is not able to retain Crystal violet.  

This type of organism, however, has an additional outer membrane that covers this 

peptidoglycan layer.  These differences in cell wall construction are the reason for their distinct 

susceptibilities to antimicrobial agents.   

For experiments to determine the minimum inhibitory concentration (MIC) of Aβ, the 

following bacterial strains were used in addition to the ones already mentioned: 

 

Gram-negative strain: 

• Pseudomonas aeruginosa; Strain Boston 41501; ATCC #27853; (P. aeruginosa); Risk 

Group: 2 (purchased from ATCC) 
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Gram-positive strain: 

• Staphylococcus epidermidis; ATCC #12228; (S. epidermidis); Risk Group: 1 (purchased 

from ATCC) 

 

2.8.2.2. Chemicals 

In addition to the materials mentioned in the previous section, the following materials 

were used:   

CuCl2·2H2O; ZnCl2·H2O; cholesterol; methyl-β-cyclodextrin (Sigma-Aldrich, Cat.# C4555); 

low-electroendosmosis (EEO) agarose, tryptone soy broth (TSB). 

 

2.8.3. Methods 

2.8.3.1. Bacterial Cell Culture 

Bacterial cell cultures were grown as described in the previous section (see 2.7.3.4 & 

2.7.3.5).  For media containing cholesterol, the tip of a spatula of cholesterol was added to the 

broth before autoclaving.  After sterilization, the warm solutions were sterile-filtered with a 

0.2 μm PVDF syringe filter to obtain a sterile, particle-free cholesterol-saturated solution.   

 

2.8.3.2. Radial Diffusion Assay 

The Radial Diffusion Assay (RDA) was adapted from the method first published by Lehrer 

et al. (212).  Petri dishes were each blocked with 12 mL of 0.5 % casein in PBS for 1 h and 

subsequently dried under UV light (λ = 254 nm) for 4 h in the biosafety laminar flow hood.  For 

the underlay agar, 2 × 200 mL of 0.03 % TSB (60 mg/200 mL) were prepared in Milli-Q water, the 
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tip of a spatula of cholesterol was added to one, and the media were autoclave for 15 min at 

121°C and 1 bar positive pressure.  After autoclaving, the solution with cholesterol was filtered 

with a sterile 0.2 μm PVDF syringe filter to obtain a particle-free cholesterol-saturated solution.  

The 2 solutions were both split into three aliquots (~65 mL), the pH of one aliquot each was 

adjusted with 10 M NaOH or 10 M HCl to 7.4, 7.0, or 6.5, respectively.  600 mg of low-EEO 

agarose were added to 60 mL of each solution, and all solutions were autoclaved for 15 min at 

121°C and 1 bar positive pressure.  For each Petri dish, 50 μL of the respective bacterial culture 

(in exponential growth phase) were added into a culture tube.  10 mL of warm (~50°C), 

autoclaved TSB agar were added to each tube individually, which was vortexed for 10 s to 

disperse the culture and the gel immediately poured into the Petri dish on a level platform in the 

laminar flow biosafety hood.  The gel was allowed to solidify for 1 h, before 12 punch holes per 

Petri dish were made with a sterile glass pipette with 4 mm diameter tip; the centers of the 

punch holes were removed with a sterile Pasteur pipette that was attached to a vacuum line.  

5-10 μL of test solution were added to three wells each (i.e., tested in triplicate), and incubated 

for 3 h at 37°C.  The overlay agar was prepared analogously to the underlay agar, but as 6 % TSB 

solution.  After incubation of the samples, 10 mL of the warm (~50°C), autoclaved overlay agar 

was added to each Petri dish and left to set.  To prevent bacterial growth on the overlay agar 

surface, which interferes with accurate measurement of the inhibition zones, 3 mL of Pen-Strep 

solution (in PBS) was spread on the surface and removed immediately by decanting and shaking, 

two plates at a time.  No interference of this procedure with the assay was detected in control 

experiments.  Finally, the agar plates were incubated upside-down overnight at 37°C.  The clear 

areas of inhibition were measured with a ruler with a precision of 0.5 mm.   
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2.8.3.3. Micro-Gel Well Diffusion Assay 

The Micro-Gel Well Diffusion Assay (MWDA) was adapted from (213).  Bacteria were 

grown overnight in 3% TSB at 37°C; in the morning, the bacteria were subcultured and grown to 

OD620 = 0.6.  A sample was centrifuged for 10 minutes at 900 × g, the supernatant discarded and 

the cells washed with 10 mL cold Dulbecco’s PBS (8.0 g NaCl, 0.2 g KCl, 1.15 g Na2HPO4, 0.2 g 

KH2PO4 dissolved in 800 mL H2O; 0.1 g CaCl2 dissolved in 100 mL H2O; 0.1 g MgCl2·6 H2O 

dissolved in 100 mL H2O; autoclaved separately and mixed after cooling).  After centrifugation 

for 10 minutes at 900 × g, the supernatant was discarded and the cells diluted to OD620 = 0.6 

with cold Dulbecco’s PBS.   

To prepare the gel, 1% (w/v) TSB, 1% (w/v) low-EEO agarose, and 0.02% (v/v) Tween-20 in 

Dulbecco’s PBS were autoclaved.  After cooling to 50°C, 10 mL portions were aliquoted into 

sterile tubes, 1 mL bacterial suspension were added and dispersed by vortexing for 10 seconds.  

70 µL/well of gel or gel-bacteria suspension were added to the 96-well plate column-wise 

according to the layout, and the gel was allowed to set for 30 minutes.  30 µL/well of sample 

were applied directly onto the gel, the plate was covered and incubated for 17 hours at 37°C.  

Finally, the light dispersion at 620 nm was determined in a plate reader without cover.   

 

2.8.3.4. Bacterial Growth Curve Assay (incl. CFU/time curves) 

For the bacterial growth curve assay (GCA), reagents were prepared in ultra-purified water 

(18.2 MΩ) and pipetted into a 96-well microtiter plate according to an appropriate scheme.  

Bacterial cultures were incubated in solutions containing a range of concentrations of Aβ1-40, 

Aβ1-42, Cu2+ and Zn2+, as well as combinations of Aβ1-40/Aβ1-42 with Cu2+ and Zn2+, respectively, in 

the presence and absence of cholesterol and at three different pH values (7.3 / 7.0 / 6.5).  1 μL of 
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bacterial culture (in exponential phase) was added to each well.  The microtiter plates were 

incubated in a Tecan Genios or a Tecan Infinite 200 microplate reader at 37°C with intermittent 

shaking.  Growth was followed over 24 hours by measuring the optical density at 595 nm (OD595, 

optical filter: 595 ± 20 nm) or 620 nm (OD620, optical filter: 620 ± 20 nm) of the sample in each 

well in constant time intervals (5 min).   

 

2.8.3.5. Broth Microdilution Assay 

To determine the minimum inhibitory concentration (MIC) of Aβ, the respective protocol 

from the Manual of Clinical Microbiology was adopted (214).  An overnight culture of the 

organism to be tested was prepared in 2 mL LB broth, and incubated at 35 C and 220 rpm.  90 µL 

Mueller Hinton II Cation Adjusted (MHIICA) broth were pipetted into each well of a 96-well 

plate, with an extra 85 µL MHIICA in column 1.  An aliquot of the overnight culture was adjusted 

to OD600 = 0.132 (0.5 McFarland Standard [~1 × 108 CFU/mL]) with MHIICA broth.  1.0 mL of the 

adjusted culture was added to a sterile reservoir containing 19.0 mL sterile H2O, and mixed 

thoroughly ([~5 × 106 CFU/mL]).  5 µL of Aβ solution (2 mg/mL; determined by Micro-BCA, and 

adjusted accordingly to give a final concentration of 50 µg/mL) were added into column 1 

according to the prepared plan.  90 µL were serial-diluted (1:1) across the plate to column 10 

(column 11 was for 0 µg/mL, column 12 for controls), and 90 µL discarded from column 10.  If 

included in the experiment, 1 µL/well of Cu2+ or Zn2+ solution and 1 µL/well of cholesterol 

solution were added.  The prepared testing plate was inoculated with 10 µL/well (~5 × 105 

CFU/mL) of the diluted culture and incubated approximately 20 hours at 35°C in a non-sealed 

plastic bag.  After centrifuging the plate for 5 minutes at 3000 × g, the lowest Aβ concentration 

with no visible pellet was determined as the MIC.  Samples were typically analysed in duplicate. 
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2.8.4. Results & Discussion 

2.8.4.1. Radial Diffusion Assay (RDA) 

The Radial Diffusion Assay (RDA) is a widely used assay in the study of the antimicrobial 

activity of AMPs.  It relies on diffusion of an antibiotic compound out of an impregnated disk or 

well to inhibit a bacterial culture.  The diameter of the inhibition zone directly relates to the 

inhibitory ability of an antibiotic.  For the assessment of the RDA, only experiments with E. coli 

were conducted.  Results for a representative experiment are presented here (see Table II-1, 

Table II-2, and Figure II-18). 

Table II-1  Results of RDA with E. coli on TSB agar without cholesterol.   

Volume: 
5 μL/well 

Final concentration 
in well 

Average inhibition zone diameter (mm) 
(well diameter: 4.0 mm) 

  pH 7.4 pH 7.0 pH 6.5 
Tris, pH 7.4 18 mM 4.0 4.0 4.0 
Cu2+ 1 mM 6.8 5.8 5.0 
Zn2+ 1 mM 5.8 5.7 5.0 
Aβ1-40 (90) 90 μM 4.0 4.0 4.0 
Aβ1-40 (50) 50 μM 5.5 5.5 4.7 
Aβ1-40 (90)+ 
Cu2+ 

90 μM / 1 mM 4.03 4.3 4.2 

Aβ1-40 (50)+ 
Zn2+ 

50 μM / 1 mM 4.0 4.0 4.0 

Pen-Strep 1x 16.3 17.0 17.5 
 

Table II-2  Results of RDA with E. coli on TSB agar with cholesterol.   

Volume: 
5 μL/well 

Final concentration 
in well 

Average inhibition zone diameter (mm) 
(well diameter: 4.0 mm) 

  pH 7.4 pH 7.0 pH 6.5 
Tris, pH 7.4 18 mM 4.0 4.0 4 
Cu2+ 1 mM 5.2 6.0 5.5 
Zn2+ 1 mM 6.7 4.7 6.0 
Aβ1-40 (90) 90 μM 4.0 4.0 4.0 
Aβ1-40 (50) 50 μM 5.2 4.0 4.7 
Aβ1-40 (90)+ 
Cu2+ 

90 μM / 1 mM 4.0 4.0 4.8 

Aβ1-40 (50)+ 
Zn2+ 

50 μM / 1 mM 4.0 4.0 4.0 

Pen-Strep 1x 17.0 15.3 15.8 
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Figure II-18  Influence of Aβ1-40 on viability of E.coli assessed by the Radial Diffusion Assay. 
The influence on the viability of E. coli of two different concentrations of Aβ1-40 in absence or presence of 
cholesterol, and Cu2+ or Zn2+ (1 mM) at three different pH (7.3 / 7.0 / 6.5) was analysed with the RDA 
Assay.  The inhibitory effects seen are only minor, in particular in relation to the positive control Penicillin-
Streptomycin (Pen-Strep); the pH did not have an obvious effect.  Note that the well diameter, i.e., the 
lowest possible value, was 4 mm.  Error Bars: ± S.E.M.; n = 3. 

 

Inspection of the data shows that Aβ1-40 (50 and 90 µM), Cu2+ and Zn2+, as well as the 

combination of Aβ1-40 with Cu2+ and Zn2+, respectively, exhibit only minor inhibitory effects on 

colony growth of E. coli compared to the control Penicillin-Streptomycin (Pen-Strep).  The pH 

had a significant effect only on Cu2+ (without cholesterol), decreasing the inhibition zone 

diameter with increasing acidity, and on the Pen-Strep control (without cholesterol), increasing 

the inhibition zone diameters with increasing acidity of the medium.  A more thorough statistical 

analysis is given in Appendix B. 

To explain the failure of the RDA assay in the assessment of Aβ’s antimicrobial activity, it 

was planned to analyse by mass spectrometry how far away from the wells Aβ would diffuse.  

This would provide insight into whether there were issues with the diffusion or the activity of 

Aβ.  However, these experiments were not performed. 
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Interestingly, much later Soscia et al. mentioned, consistent with the results presented 

here, that in their hands RDAs were unreliable for testing the antimicrobial activity of Aβ (215).  

They posited that the peptide failed to diffuse away from the wells, however, without showing 

any data.  They argued that the aggregation propensity of Aβ solutions, especially in the 

presence of even trace amounts of metal, and interaction with the media matrix or 

contaminants may lead to rapid precipitation of the peptide within the agar and thus prevent 

diffusion and activity.   

 

2.8.4.2. Micro-gel Well Diffusion Assay 

Due to the cost of materials, labour-intensity and lack of reliability of the Radial Diffusion 

Assay, an alternative was sought to streamline the assessment of the antimicrobial effect of Aβ.  

The Micro-gel Well Diffusion Assay (MWDA) (213) promised to achieve just that with the use of 

standard 96-well microplates. 

When the first batch of plates was ready to be analysed in the plate reader, it was noticed 

on visual inspection, that a majority of the wells did not appear uniform.  Therefore, the 

dispersion was determined at 16 locations in each well, distributed in a regular 4 × 4 pattern; the 

average value of each well was used in subsequent data analyses. 

As it turned out, the most common spread frequency ΔOD620 over the three plates of the 

first batch was >1.0 – 1.05 (see Figure II-19), calculated according to Equation (II-2): 

 

 ∆𝐎𝐃𝟔𝟐𝟎 = 𝐦𝐚𝐱.𝐎𝐃𝟔𝟐𝟎 −𝐦𝐢𝐧.𝐎𝐃𝟔𝟐𝟎 (II-2) 
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where ΔOD620 is the spread frequency, and max. OD620 and min. OD620 the maximum and 

minimum OD620 of a well, respectively.  This analysis of the spread frequency confirmed the non-

uniformity of the majority of the wells that was noticed during the visual inspection of the 

microplates. 

Figure II-19  Spread frequency in the Micro-gel Well Diffusion Assay.   

The spread frequency of all sample wells of the three plates (60 wells each; 16 reads per well) of the first 
batch of the MWDA was calculated according to Equation (II-2) to examine the uniformity of the wells.  

 

The results of the first Micro-well Gel Diffusion Assay revealed no significant reduction of 

the viability of E. coli caused by Aβ1-42 or the presence of cholesterol (see Figure II-20).  The only 

significant reductions were caused by Cu2+ and Zn2+ in the presence of cholesterol; however, 

they showed no dependence on the Aβ concentration and were only minor (max. ΔOD = 0.0538).  

Furthermore, the significance might actually be an artifact, caused by a slightly increased 

viability of E. coli in controls samples with cholesterol for all Aβ concentrations (significant only 

for 1 µM and 5 µM).   
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Figure II-20  Influence of Aβ1-42 on the viability of E. coli determined by Micro-gel Well Diffusion Assay.   
The influence of different concentrations of Aβ1-42 in absence or presence of cholesterol, and Cu2+ or Zn2+ 
(1 mM) on the viability of E. coli was analysed with the MWDA.  Cu2+ and Zn2+ caused a minor decrease in 
viability of E. coli only in the presence of cholesterol; however, this effect was not observed consistently 
for all Aβ concentrations.  Error Bars: ± S.E.M.; *: P < 0.05, **: P < 0.01 (comparing samples with Cu2+/Zn2+ 
to controls (H2O); n = 3; two-tailed Student’s t-test). 

 

Aβ1-42 caused a statistically significant albeit minor decrease in viability of MRSA in 

presence of H2O and Zn2+, but not Cu2+ (Figure II-21); however, this effect was not observed 

consistently for all Aβ concentrations (blue */**: compared to 0 µM Aβ1-42).  Cu2+ caused a minor 

decrease in viability of MRSA; however, this effect was again not observed consistently for all Aβ 

concentrations (black *: Cu2+/Zn2+ compared to H2O) (max. ΔOD = 0.0566).   

 

In the Micro-gel Well Diffusion Assay (MWDA), 96 samples per microplate could be 

analysed as opposed to only 12 samples per Petri dish as in the Radial Diffusion Assay.  Since 

neither the overlay agar nor time intensive preparations associated with the RDA were required, 

and because of the speed of automated reading of the microplates, the MWDA protocol lead to 

considerable time (and material) savings over the Radial Diffusion Assay.  An additional 

advantage of the MWDA was that a microplate could easily be fixed and stored for later re-

analysis, if so desired.   
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Figure II-21  Influence of Aβ1-42 on the viability of MRSA determined by Micro-gel Well Diffusion Assay.   
The influence of different concentrations of Aβ1-42 in absence or presence of cholesterol, and Cu2+ or Zn2+ 
(1 mM) on the viability of MRSA was analysed with the MWDA.  Aβ1-42 caused a significant but only minor 
decrease in viability of MRSA only for H2O and Zn2+, but not for Cu2+; however, this effect was not 
observed consistently for all Aβ concentrations (blue */**: compared to 0 µM Aβ1-42).  Cu2+ caused a 
minor decrease in viability of MRSA; however, this effect was again not observed consistently for all Aβ 
concentrations (black *: Cu2+/Zn2+ compared to H2O).  (Error Bars: ± S.E.M.; *: P < 0.05, **: P < 0.01; n = 3; 
two-tailed Student’s t-test) 

 

Compared with the Growth Curve Assay (GCA) (see next section), however, the hands-on 

time for the MWDA was still considerably longer and the amount of material use higher due to 

the use of agar gels instead of broth.  Furthermore, like the RDA, the MWDA gives only one time 

point, whereas the GCA returns the complete growth profile of a sample, which allows a much 

more detailed analysis of the influence of an agent on the microorganism; therefore it was 

decided to abandon the MWDA and rather improve the GCA. 

 
2.8.4.3. Bacterial Growth Curve Assay 

(a) Development of the Growth Curve Assay (GCA) 

Bacterial growth, when measured by various viability methods, can usually be summarised 

in a typical graph of their growth (Figure II-22).  The growth curve can be divided into four 

phases: the lag phase, where the bacteria are adapting to their new environment and preparing 

to multiply; the exponential phase, where the bacteria are undergoing rapid growth and the 
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slope of the line when plotted as a natural logarithm represents their actual growth rate; the 

stationary phase, where the bacteria have depleted nearly all the nutrients in their accessible 

environment and their growth and death rates are equal; and the death phase, where the 

bacteria have run out of nutrients and die. 

 

Figure II-22  g c g .   
Bacterial growth in the most commonly used batch culture can be described by four different phases: 

,  (or exponential phase), , and .  For details see text. 
From: http://en.wikipedia.org/wiki/File:Bacterial_growth_en.svg 

 

More typically, and what has also been observed in this work, the growth curves tend to 

show a slightly different trajectory, with less well-defined stationary and death phases 

(Figure II-23).  As an example, in Figure II-24 the growth curves of E. coli cultures incubated in LB 

broth (pH 6.5) containing cholesterol and various additives are displayed in one graph.  A few 

effects become obvious at once; addition of Cu2+ delays bacterial growth in the exponential 

phase by about 30 minutes, addition of Zn2+ not only delays the growth in the exponential phase 

by about 120 minutes, but also decreases the OD595 value of the endpoint of the exponential 

phase by ~30%.  If at al 1-40 seems to have only a minor decreasing effect on the growth of 

the bacteria.   
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Figure II-23  Typical growth curve of a bacterial culture.   
Typical growth curve of E. coli incubated in LB broth (grey); the logarithmic transformation is shown on the 
secondary vertical axis (blue).  The four characteristic phases of bacterial growth are clearly discernible, 
the ‘lag phase’ (<200 min, A), the ‘exponential (or log) phase’ (200 – 390 min, B), the ‘stationary phase’ 
(390 – 815 min, C), and the ‘death phase’ (> 815 min, D); however, in particular phases A, C, and D are not 
as clear-cut as in the idealised growth curve shown above (Figure II-22).   

 

Figure II-24 also showcases a number of issues related to the interpretation of the data.  

Traditionally, the OD595 value after 24 hours of incubation is considered a good measure of the 

effect of a substance on bacterial growth.  However, inspection of Figure II-24 reveals that this 

parameter may not accurately reflect the effect of a substance on the growth of bacteria.  For 

example, in the case of added Zn2+ the curves without and with Aβ1-40 reach about the same 

maximum OD595 value (although the sample with Aβ1-40 is delayed), however, the curves cross 

over during the death phase and at the endpoint (24 h = 1440 min) the respective values differ 

by 0.02 units (~3.5%).   
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Figure II-24  Influence of different additives on bacterial growth.   
E. coli incubated in LB broth (pH 6.5) containing cholesterol.  Aβ concentration: 10 μM, Cu2+/Zn2+ 
concentration: 1 mM, Tris and H2O are controls for Aβ and metal ion solutions, respectively; incubation 
temperature: 37°C.  Data acquired on Tecan Genios microplate reader; curves show average of 3 samples 
per condition.   

 

For the GCA a number of parameters for the evaluation of growth data were evaluated 

(see Figure II-25):  

• the maximum slope during the exponential phase (Slopemax), 

• the time of Slopemax (tSlopemax) 

• the OD595 value at tSlopemax (ODSlopemax) 

• the doubling time in the exponential phase (t2x) 

• the onset time of the exponential phase (tonset), 

• the OD595 value at 12 hours (before the death phase) (OD12h),  

• the maximum OD595 value (ODmax), 

• the time point of ODmax (tODmax),  

• the difference between tODmax and tonset (Δtmax), and  

• the difference between ODmax and the last OD595 value (ΔODfinal). 
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Figure II-25  The bacterial Growth Curve Assay.   
For the bacterial GCA, the bacteria were incubated in a 96-well plate at 37°C in a microplate reader.  The 
optical density at 595 nm was read every 5 minutes for about 24 h with intermittent shaking.  To 
determine the influence of different conditions, the following data were extracted from the growth 
curves: maximum slope of exponential growth phase (Slopemax; the slope was calculated as the slope of a 
straight line through 5 consecutive data points); the time of the last of the five points used in determining 
Slopemax (tSlopemax); the OD595 value at tSlopemax (ODSlopemax); the onset time of growth, defined as the 
intersection of the straight line with maximum slope with the x-axis (tonset); the doubling time in the last 
hour of the exponential phase (t2x); the optical density at 12 h (OD12h); the maximum optical density 
(ODmax.); the time of maximum optical density (tODmax.); the time difference between tonset and tODmax 
(Δtmax); and the difference between the maximum optical density and the OD value of the last time point 
(ΔODfinal = ODmax. - ODfinal). 

 

The slope of the growth curve was calculated for a moving window of five consecutive 

time points using a least square fit; the resulting values were multiplied by a factor of 100 to 

make data handling easier.  The use of a window of five data points was found to be the best 

compromise between smoothing of the slope and accuracy of detecting the actual point of 

maximum slope (see Figure II-26).  The maximum slope at the end of the exponential phase was 

taken as Slopemax.  Slopemax, i.e., the maximum growth rate of the bacteria in the exponential 

phase, is a measure for how fast the bacteria are replicating.  The time point of the last of the 

five data points from the calculation of Slopemax was taken as tSlopemax.  It is dependent, among 

other factors, on the initial number of bacteria and the growth rate.  The OD595 for that point is 
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ODSlopemax, which is dependent on the growth rate and factors impacting continued bacterial 

growth.  The doubling time in the exponential phase, t2x, was calculated for the 60 minute 

period ending at tSlopemax.  t2x is, like Slopemax, a measure for how fast the bacteria are replicating.  

The onset time of the exponential growth phase, tonset, was defined as the intercept of the line of 

maximum slope with the time axis (see Figure II-25 & Figure II-26).  It is dependent, e.g., on the 

initial number of bacteria and factors retarding processes taking place in the lag phase.  In 

combination with Slopemax, and t2x, tonset allows the identification of factors impacting bacterial 

replication.  The OD595 value at 12 hours, OD12h, is dependent on the initial number of bacteria, 

as well as factors slowing their growth.  The maximum OD595 value, ODmax, is impacted by factors 

that prevent bacterial growth and accelerate death.  The time point of ODmax, tODmax, depends on 

factors that delay growth and accelerate death of bacteria.   

Figure II-26  Bacterial Growth Curve Assay –Slopemax and tonset.   
To determine the Slopemax, the slope (dark red; on the secondary vertical axis) was calculated for a moving 
window of five points.  The orange line shows the one with maximum slope; the insert zooms in to show 
the five points used for the calculation of the slope, and the point of maximum slope.  tonset was defined as 
the intercept of the line of Slopemax with the time axis.   
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Δtmax, the difference between tODmax and tonset, is a measure for factors that delay or 

decrease bacterial growth.  The difference between ODmax and the last OD595 value, ΔODfinal, 

captures factors that accelerate bacterial death after the stationary phase.   

 

For clarity, only results for the four most important of these parameters are presented in 

this section (tonset, t2x, ODmax, Δtmax).  After an analysis of their correlation, four of these 

parameters were chosen based on their average correlation and mechanistic considerations (see 

Appendix C).   

 

Results for incubation of five bacterial strains (E. coli, S. marcescens, K. pneumoniae, 

MRSA, MSSA) with 10 μM Aβ1-40 and 1 mM Cu2+ or Zn2+ in the absence and presence of 

cholesterol at three pH values (7.3 / 7.0 / 6.5) are shown in Figure II-27 – Figure II-31.  To 

facilitate analysis of the various incubation conditions employed in these experiments, tables 

containing the data used to produce these figures can be found in Appendix C.  These tables also 

compare bacterial growth under conditions with and without Aβ, with and without cholesterol, 

and with and without Cu2+ or Zn2+ (see Appendix C) to facilitate analysis of the influence of these 

different incubation conditions.  In a few instances parameters could not be determined due to 

the very noisy data of the growth curves.  In Table II-3, results are summarized for addition of 

Aβ, metal ions, and cholesterol.  The scale ranges from very strong decrease (----) to very strong 

increase (++++); in some instances the results varied widely such that a range had to be given.  In 

all experiments involving MRSA and MSSA, the addition of Zn2+ at a concentration of 1 mM 

resulted in complete suppression of growth; therefore, determination of any of the parameters 

was not possible.   
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Table II-3  Result summary of the influence of Aβ1-40, Cu2+, Zn2+, and cholesterol on the viability of 
E. coli, S. marcescens, K. pneumonaie, MRSA, and MSSA as determined by the Growth Curve Assay. 
The scale ranges from very strong decrease (----) to very strong increase (++++); in some instances the 
results varied widely such that a range had to be given. 

Bacterial Strain 
Aβ1-40 (10 µM) Cholesterol 

tonset t2x ODmax Δtmax tonset t2x ODmax Δtmax 

E. coli (+) (+) (+) (++) - 
(+++) (--) (--) - 

(++) (+) (---) - 
(+) 

S. marcescens (-/+) – 
(---) 

(---) – 
(++++) (+) (++) (++) (-/+) (+) (+) - 

(++) 
K. pneumoniae (+) (+) – 

(+++) (-) (+) - 
(++) (-) - (--) (-/+) (-) - (---) (--) – 

(+++) 
MRSA (+) (-/+) (-/+) (-/+) (+) – 

(++) (-/+) (+) (-/+) 

MSSA (-/+) (-/+) (-/+) (-/+) (-/+) (-/+) (+) (-/+) 

 

Bacterial Strain 
Cu2+ (1 mM) Zn2+ (1 mM) 

tonset t2x ODmax Δtmax tonset t2x ODmax Δtmax 

E. coli (-) (+++) (-/+) (--) - 
(+++) 

(+) - 
(+++) (+++) (-) (--) - 

(+++) 
S. marcescens (+) (---) - 

(++++) (+) (+) - 
(++) (++++) (++++) (--) (--) 

K. pneumoniae (-/+) (+) - 
(++) (-) (----) (++++) (+++) - 

(++++) (---) (--) - 
(++) 

MRSA (++) - 
(+++) (-/+) (+) (----) * * * * 

MSSA (+) - 
(++) 

(+) - 
(++) 

(+) - 
(++) 

(+) - 
(++) * * * * 

*: In all experiments, the addition of Zn2+ at a concentration of 1 mM resulted in complete suppression of 
growth of MRSA and MSSA; therefore, determination of any of the parameters was not possible.   
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E. coli 

Figure II-27  E. coli. 
Results for the four most important parameters determined in the Growth Curve Assay are displayed.  
For details see text and Appendix C.  
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S. marcescens

Figure II-28  S. marcescens. 
Results for the four most important parameters determined in the Growth Curve Assay are displayed. 
For details see text and Appendix C.   
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K. pneumoniae 

Figure II-29  K. pneumoniae.   
Results for the four most important parameters determined in the Growth Curve Assay are 
displayed.  For details see text and Appendix C.   

157 



- S. aureus  

Figure II-30   MRSA.   
Results for the four most important parameters determined in the Growth Curve Assay are displayed. 
For details see text and Appendix C.   
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methicillin- S. aureus  

Figure II-31   MSSA.   
Results for the four most important parameters determined in the Growth Curve Assay are displayed.  
For details see text and Appendix C.   
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(f) Summary of parameters for all bacterial strains 

In comparing the influence of the different incubation conditions between the bacterial 

strains, one notices that some of the parameter – incubation condition pairs show relatively 

constant results or trends for all bacterial strains, whereas others vary widely without any 

discernible trend.  Especially in cases with only small changes, the relative errors were quite 

large, in some instances well over 100%. 

Aβ typically had a small effect on tonset, both positive and negative.  Cu2+ had only a small 

effect on tonset for Gram-negative bacteria, both positive and negative, but caused a medium to 

large increase for Gram-positive strains.  With the exception of E. coli at pH 7.4, Zn2+ caused a 

moderate to very large increase of tonset.  The effect of cholesterol on tonset strongly depended on 

the bacterial strain, as it showed a small to medium decrease of tonset for E. coli and 

K. pneumoniae, and a small to medium increase for S. marcescens, MRSA, and MSSA. 

Aβ mainly caused small to medium decreases of t2x.  Cu2+ and Zn2+ also caused decreases 

in t2x — the effect of Cu2+ varied from small to large, whereas that of Zn2+ from medium to very 

large.  pH trends were present but not the same for all bacterial strains.  The presence of Aβ 

typically reduced the effect of the metal ions.  Cholesterol addition in most cases showed no 

discernible trends. 

With regards to the Δtmax, addition of Aβ led to small to large increases for gram negative 

bacteria, but did not show any clear trends for gram positive strains.  Metal ions caused small to 

medium increases or decreases of Δtmax, dependent on the type of bacterial strain, pH and 

presence of Aβ, but with no clear trends.  Cholesterol addition tended to caused small to 

medium increases of Δtmax. 
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Addition of Aβ, as well as Cu2+ mainly caused small effects on ODmax, both positive and 

negative with no clear trends discernible.  Addition of Zn2+ caused medium to large decreases of 

ODmax, whereas addition of cholesterol led to small to large increases of ODmax. 

 

In summary, for this series of experiments the biggest effects were typically seen with 

Zn2+, however, synergistic effects with Aβ were seen in more instances in its combination with 

Cu2+ (albeit minimal).  If at all, cholesterol tended to have a trophic effect on the bacterial 

growth (i.e., earlier tonset, shorter t2x, longer Δtmax, or higher ODmax).  This result is contrary to the 

hypothesis proposed at the outset of this section that cholesterol was necessary for insertion of 

Aβ into the bacterial membrane and therefore its antimicrobial activity.  

 

2.8.4.4. Growth Curve Assays of Aβ dilution series 

Since the effects described in the results above were not of the desired magnitude, it was 

decided to do dilution series of Aβ in order to determine whether higher Aβ concentrations 

would reveal an antibacterial effect for the different bacterial strains. 

Bacteria were incubated with varying concentrations of Aβ in presence of Cu2+, Zn2+ and 

cholesterol as before.  The Aβ1-40 used in this series of experiments had been synthesised and 

purified by the author (see Chapter IV); Aβ1-42 was from Anaspec, Inc.  The concentration of 

metal ions was decreased to 300 µM to avoid the negative effects seen with gram positive 

bacteria in earlier experiments (see section 2.8.4.3).  The OD12h was chosen as parameter for 

comparison of the different samples.  The averages for each sample were normalised based on 

the initial value, to ensure the first value was always equal to zero.   

  

161 



1-40 

Figure II-32  1-40  
2+, Zn2+ (both 300 μM) and 

cholesterol as before.  The OD12h was chosen as parameter for comparison of the different samples.  The 
averages for each sample were normalised by subtracting the first value from all other time points, 
resulting in the first value always equalling zero.  Note that the scale of the vertical axis is not the same for 
all bacterial strains.  Error Bars: ± S.E.M. (n = 3).   
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Inspecting the graphs in Figure II-32, it becomes obvious that none of the experimental 

conditions had a major impact on bacterial viability.  Aβ exerts its largest effect on E. coli in the 

presence of Cu2+, reducing the viability to 75%.  The biggest overall effect was seen in 

K. pneumoniae, where for 100 µM Aβ1-40 the OD12h dropped to 71% of the H2O control upon 

addition of Zn2+.  As seen in the previous section (see 2.8.4.3), cholesterol mainly exerted a 

protective effect on the bacteria, increasing viability by up to 27% (E. coli at 100 µM Aβ1-40 in 

presence of Cu2+).   

In addition to the four bacterial strains shown in Figure II-32, S .marcescens was also 

tested, but an instrument failure produced growth curves that could not be analysed with the 

GCA procedures; however, the same apparent trends as shown for the other bacterial strains 

were obvious, i.e., Aβ1-40 did not exhibit any considerable antimicrobial activity at concentrations 

up to 100 µM. 

 

(b) Aβ1-42 

Since Aβ1-42 has been shown to be considerably more toxic in cell culture experiments than 

Aβ1-40, it was decided to test its antibacterial activity, as well.  E. coli was incubated with a 

dilution series of Aβ1-42 as above for Aβ1-40 and the OD12h determined for each sample.  The 

averages for each sample were again normalised based on the first value.  Using Microsoft 

Excel®, a sigmoidal curve was fitted to the data (Figure II-33) and the IC50 values9 were 

calculated according to Equation (II-3): 

 𝒚 =  𝒅 +  
𝒂 − 𝒅

𝟏 + (𝒙 𝒄⁄ )𝒃 (II-3) 

 

9 Calculation of the IC50 values was done in hindsight (since information from Robert Moir about the 
narrow time window to detect an antibacterial effect of Aβ became available (see p. 162) and OD12h was 
considered a valid parameter for its detection) and in the process of writing this thesis. 
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where a is the value of the top plateau, b is the slope factor, c is the IC50 value, and d is the value 

of the bottom plateau.  Fitting was done by varying the slope factor b and the IC50 value c, while 

the top plateau value a was kept constant at the respective value for '0 

cannot be displayed on a logarithmically scaled axis and is supposedly the maximum possible 

value), and the bottom plateau value d at '0' (since the data had been normalised to '0').   

Figure II-33  Dose-r 50 E. coli 1-42. 
E. coli 1-42 in presence of Cu2+, Zn2+ (both 300 
μM) and cholesterol.  The OD12h was chosen as parameter for comparison of the different samples.  The 
averages for each sample were normalised by subtracting the first value from all other time points, 
resulting in the first value always equalling zero.  Using Microsoft Excel®, a sigmoidal line (H2O: blue line, 
Cu2+: red line, Zn2+: green line) was fitted to the data (H2O: blue diamonds, Cu2+: red triangles, Zn2+: green 
circles) and the IC50 values were calculated (H2O: blue ×, Cu2+: red ×, Zn2+: green ×); for details about the 
fitting see text.  Error Bars: ± S.E.M. (n = 3). 
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These results show an antibacterial effect of Aβ1-42 against E. coli with an IC50 of 51 µM.  

Added Cu2+ and Zn2+ ions reduce the IC50 value to 42 µM; presence of cholesterol further 

reduces the IC50 values to 38 µM, 37 µM, and 28 µM for H2O, Cu2+, and Zn2+, respectively.  

Considering the IC50 values obtained for Aβ1-42 in these experiments here, it is not surprising that 

only minor effects were seen in a previous section (2.8.4.3), where the less potent Aβ1-40 at a 

concentration of 10 µM was used to determine the influence on bacterial viability in presence of 

metal ions and cholesterol at three different pH, and in the dilution series of Aβ1-40, even though 

a higher maximum concentration of 100 µM was used for those experiments.  These results also 

point to an enhanced activity of Aβ1-42 induced by Cu2+ and Zn2+, and suggest an involvement of 

cholesterol in the antibacterial mechanism of Aβ.   

 

2.8.4.5. Growth Curve Assays of LL-37 

To put the results obtained for the antibacterial activity of Aβ in context with other known 

AMPs, E. coli bacteria were subjected to the GCA with a dilution series of LL-37.  An LL-37 stock 

solution was prepared as recommended by the manufacturer by dissolution in DMSO 

(~10 mg/mL), followed by dilution in Tris buffer (20 mM, pH 7.4) to a concentration of 

200 µg/mL.  After normalisation of the data, a sigmoidal curve was fitted to the OD12h values as 

above for Aβ1-42, except the bottom plateau value was set to the value of the highest sample 

instead of '0'.  The IC50 value for LL-37 was calculated to be 12 µM (see Figure II-34).   

Under the experimental conditions used here, LL-37 appears about four times more 

potent than Aβ1-42.  However, the Aβ experiments described in this section were performed 

before the supplier provided information about the actual peptide content of their product.  

Therefore, it can be presumed that the potency of Aβ is likely greater than the IC50 values 

calculated here would suggest.  However, even taking the lower actual peptide content into 
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account, LL-

received since this information became available varied between 65-88% according to their 

certificate of analysis).   

 

Figure II-34  - E. coli. 
The antibacterial activity of LL-37 against E. coli 1-42.  Diamonds: 
data points; solid line: sigmoidal line fitted to data points; ×: IC50.  Error Bars: ± S.E.M. (n = 3). 

 

2.8.4.6. Minimum Inhibitory Concentration (MIC) 

After a paper was published by Soscia et al. (215) 

activity, it was attempted to reproduce their results and also investigate the effect that Cu2+ and 

Zn2+, as well as cholesterol have in these experiments.  Since their experiments were based on 

the determination of the minimum inhibitory concentration (MIC), the broth microdilution assay 

was adopted.  At first, microplates were prepared as for the GCA, but then incubated in the 

shaking incubator (without shaking) rather than directly in the microplate reader; assay 

conditions are given in Table II-4. 
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Table II-4  MIC Assay conditions for experiments using the GCA preparation protocol. 

Aβ 
Isoform 

[Aβ] Bacterial strains Additives Incubation 
Time 

Comments 

Aβ1-40 0/5/10/25/5
0/100 µM 

E. coli Cu2+/Zn2+ 
0.3 mM 

~24h Aβ synthesised by 
author; see Chapter IV 

Aβ1-42 0/5/10/25/5
0 µM 

MRSA Cu2+/Zn2+ 
0.3 mM 

~29h compares incubation in 
plate reader vs. 
incubator 

Aβ1-42 0/5/10/25/5
0 µM 

S. marcescens Cu2+/Zn2+ 
0.3 mM 

~20h compares incubation in 
plate reader vs. 
incubator 

Aβ1-42 0/5/10/25/5
0 µM 

K. pneumoniae Cu2+/Zn2+ 
0.3 mM 

~22h compares incubation in 
plate reader vs. 
incubator 

 

Since these experiments all failed, subsequent assays were prepared according to a 

literature protocol as described in the methods section (see Section 2.8.3.5); in Table II-5, a list 

of all the variations of experimental conditions for those assays is given. 

After both, Aβ1-40 and Aβ1-42 showed no effect in the first two experiments, it was 

investigated whether oligomers, which are supposedly more toxic than monomers, would elicit 

antibacterial activity, but without success.  Neither addition of cholesterol (dissolved in 

2-propanol or solubilised with methyl-β-cyclodextrin) nor silanisation of the microplates to 

reduce peptide binding changed the results.  Inspired by a paper that showed synergetic effects 

between kanamycin and certain AMPs in the killing of E. coli (216), a checkerboard assay, where 

the concentration of one compound increases column-wise, while the concentration of the 

second compound increases row-wise, was tried but failed.  Finally, it was attempted to produce 

a toxic Aβ species by coating the microplates with GM1 (and sphingomyelin and cholesterol; for 

details see Chapter V), but again to no avail. 
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Comparing the antibacterial activity of Aβ as determined here with the values obtained by 

Soscia et al. (215) (see Table II-6), it became obvious that some experimental conditions must 

have been different causing the experiments described here to show a much lower activity of 

Aβ.   

 

Table II-6  Select MICs of Aβ determined by Soscia et al. (215). 
MICs of different Aβ isoforms and LL-37 against the bacterial strains investigated in this thesis as published 
in (215).  Rodent Aβ: R5G, Y10F, H13R. 

Organism 
MIC (μg/ml) 

Aβ1-42 Aβ1-40 
rodent 
Aβ1-42 

LL-37 
reverse 
Aβ1-42 

scrambled 
Aβ1-42 

E. coli 1.56 1.56 3.13 1.56 >50 >50 
S. epidermidis 3.13 50 3.13 25 >50 >50 
S. aureus 6.25 25 12.5 6.25 >50 >50 
P. aeruginosa >50 >50 >50 6.25 >50 >50 

 

Personal communication with Robert Moir, whose lab performed the MIC experiments 

published in Ref. (215), revealed a number of key issues that led to their successful experiments.  

Firstly, preparation of Aβ solutions was crucial to their success; they had to develop a special 

protocol to reliably form monomeric Aβ as a consistent starting point, however, oligomers seem 

to be the active species (unpublished results).  Secondly, the strain of bacteria had a major 

influence, as different strains showed widely varying susceptibility to Aβ (a phenomenon also 

known for other AMPs).  Thirdly, the culture broth and in particular its salt content greatly 

affected AMP activity.  And finally, the time window to see an effect was often quite small, 

which was attributed to degradation of Aβ (a bacterial defense mechanism) when an assay was 

run too long. 

This information about the narrow time window for detecting the antibacterial effect of 

Aβ showcases again the superiority of the GCA over other assays that just determine an 

endpoint.  The possibility of retrospective analysis for any time point allows discovery of effects 
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not initially detected.  This was done during writing this thesis in the calculation of IC50 values 

based on the OD12h for Aβ1-42 and LL-37, where initially the activity of Aβ was underestimated 

because no total killing was seen at the 24h time point. 

 

2.8.5. Summary 

A central point of this work is the hypothesis that Aβ’s physiological function is as an 

antimicrobial peptide of the brain.  In this section a number of different assays adopted from 

literature protocols were employed to investigate the antibacterial activity of Aβ against a range 

of bacterial strains and their performance was compared.  Both, the Radial Diffusion Assay (RDA) 

and the Micro-gel Well Diffusion Assay (MWDA) employed initially failed to show an 

antibacterial effect of Aβ; however, the MWDA was faster to perform, required less hands-on 

time by the experimenter and needed fewer materials leading to significant time and cost 

savings compared to the RDA.   

Since both these assays failed, the Growth Curve Assay (GCA) was developed which allows 

a much more detailed analysis of the effect a compound has on bacterial growth.  The GCA 

revealed a low activity of Aβ1-42 against E. coli (IC50 = 51 µM); the activity of Aβ1-40 was too low to 

afford the calculation of an IC50 value.  Addition of metal ions (Cu2+ and Zn2+) decreased bacterial 

growth, but it seemed to be mainly an additive, rather than a synergistic effect.  Addition of 

cholesterol led to a decrease of the IC50 value of Aβ1-42 by about 25%; however, for Aβ1-40 

cholesterol showed a protective effect and even increased bacterial growth, a result contrary to 

the hypothesis proposed at the outset of this section that cholesterol was necessary for insertion 

of Aβ into the bacterial membrane and therefore its antimicrobial activity. 

Attempts to reproduce the results of another research group that had published the 

antimicrobial activity of Aβ (215) (Table II-6) using a broth microdilution assay to determine the 
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minimum inhibitory concentration (MIC) of Aβ for a number of bacterial strains failed.  Personal 

communication revealed a number of factors that possibly contributed to the failure to 

reproduce those results; the preparation of Aβ, the choice of bacterial strain, the type of broth, 

and the narrow time window for reading of the assay. 

In conclusion, experimental results presented here and published in the recent literature 

confirm the antibacterial activity of Aβ.  Going forward, the opportunity afforded by the GCA 

that combines a number of parameters allowing a much more comprehensive evaluation of the 

influence of a range of factors on bacterial growth in a single experiment than all the other 

assays used during this project should be seized.  After validation of a protocol to reliably 

produce oligomeric Aβ, more experiments should be done that take into account the choice of 

bacterial strain and the type of broth.  Furthermore, it might be interesting to revisit the addition 

of cholesterol, as essentially only one concentration (‘cholesterol-saturated’ broth) was used 

here.  As mentioned in Table II-5, methyl-β-cyclodextrin (MβCD) was used (unsuccessfully) in 

trying to see an antibacterial effect of Aβ with increased cholesterol concentration.  However, a 

number of issues arise from the use of MβCD that could give rise to artifacts.  Firstly, MβCD has 

been shown to promote Aβ aggregation and increase its toxicity towards neuroblastoma cells 

(217).  Secondly, free MβCD might not be a valid blank sample since it could lead to extraction of 

other lipids from the bacterial membrane10 and distort results obtained that way.  One way 

around this problem may be preloading the blank MβCD with lipids previously extracted from 

bacteria of the respective strain.  It might also be of interest to determine whether cholesterol 

actually inserts into the bacterial membrane as posited at the outset of this section.  Preliminary 

10 Free MβCD has been used to extract cholesterol from cell membranes, while cholesterol-preloaded 
MβCD has been used to increase the cholesterol content in cell membranes (324, 325).  Binding of 
hydrophobic molecules other than cholesterol, e.g., phospholipids, and of hydrophobic domains of 
proteins has been observed (325). 
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experiments at visualising cholesterol in bacterial membranes by staining with filipin (218) were 

unsuccessful.  Experiments to determine the cholesterol content by an enzymatic assay of 

extracts (chloroform:2-propanol:Triton X-100 = 7:11:0.1) obtained from bacteria that had been 

incubated in cholesterol-containing broth showed some promising results, but could not be 

reproduced due to time restrictions.   

 

 

2.9. Antiviral activity 

2.9.1. Introduction 

In addition to antibacterial activity, Aβ may also have antiviral activity.  Numerous research 

groups have investigated a possible link of viral infections to AD (219).  Gadjusek was the first to 

suggest that, in analogy to Kuru, a viral infection might have a role in the aetiology of familial AD 

(220).  This notion was later disproved with the discovery of several mutations found in the 

genes of AD-affected individuals (221-223), and the discovery of prions instead of viruses as the 

cause of Kuru (224, 225).  In 1982, Ball proposed the herpes virus as a likely candidate (226).   

Very recently, Katan et al. evaluated data from the Northern Manhattan Study and found a 

link between AD cognitive function and infectious burden in the patients (227).  Infectious 

burden was defined as a composite serologic measure of exposure to common pathogens (i.e., 

Chlamydia pneumoniae, Helicobacter pylori, cytomegalovirus, and herpes simplex virus 1 and 2).  

In an exploratory analysis they discovered that the associations of cognitive function with viral 

burden only were almost identical to those using a combined viral and bacterial score, 

supporting the notion that most of the effect of the infectious burden on cognition is mediated 

through mechanisms involving viruses rather than bacteria. 
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A number of AMPs possess not only antibacterial, but also antiviral activity, as for example 

LL-37 (228, 229), α-defensins (230, 231), polyphemusins (232), tachyplesin I (233), mellitin (234), 

and cecropin A (235).  AMPs can act on viruses in three ways (84): direct action due to binding of 

the AMP to the virus particle; inhibition of virion production; and mimicry of viral infective 

processes, e.g., by perturbation of virus assembly or blockage of virus — cell fusion.  Therefore, 

we propose that Aβ as an AMP may have not only antibacterial, but also antiviral activity.   

In our experiments, we intended to gather preliminary evidence confirming whether Aβ is 

able to reduce the infectivity of enveloped viruses, specifically herpes simplex virus 1 (HSV-1) 

and vesicular stomatitis virus (VSV).  As this idea was conceived very late in the project, further 

investigations are planned in the future.  All experiments in this section, except the pre-

treatment of Aβ, were performed by Dr. Ryan Noyce, a postdoctoral fellow in Christopher 

Richardson’s (Department of Microbiology and Immunology, Dalhousie University, Halifax, Nova 

Scotia, Canada) laboratory in their facilities at the IWK Health Care Centre.   

 

2.9.2. Results & Discussion 

In a preliminary experiment, both HSV-1-GFP and VSV-GFP were pre-incubated with Aβ1-42 

for 18 h at 37°C.  The pre-treatment at 37°C had a negative effect on the stability of HSV-1-GFP, 

as only a very limited number of plaques were detected in all of the samples and controls, even 

after extended incubation up to 72 h.  There was a trend to lower plaque numbers with 

increasing Aβ concentration, but the results were deemed not reliable due to the strong effect 

of the pre-treatment on the virus.  VSV-GFP on the other hand clearly showed a dose-dependent 

response to the Aβ treatment; however, a negative impact of the pre-treatment on the virus was 

noticeable as well as seen in the lower number of plaques in the pre-treated control versus the 
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untreated control (see Figure II-35, bottom two rows; plaques are dark-grey spots in column A, 

green spots in column B).   

 

Given the decreased infectivity of HSV-1 in the control plate compared to cells infected 

with the same amount of virus without pre-incubation at 37°C, we decreased the pre-treatment 

time from 18 h to 2.5 h at 37°C to maintain viability of HSV during pre-incubation with Aβ.  Vero 

cells were subsequently infected with HSV-1-GFP or VSV-GFP and the effect of Aβ was observed 

48 h post infection.   

In shortening the pre-treatment of virus with Aβ, the antiviral effect seen with VSV was 

lost, presumably because this virus is much more cytopathic and replicates faster than HSV-1.  

However, shortening the pre-treatment of HSV with Aβ resulted in a dose-dependent decrease 

in virus production (see Table II-7 and Figure II-36).  An Aβ1-42 concentration of 20 µg/mL (= 

4.4 µM) reduced the viral load 26-fold (viral inhibition: 96.2%).  Fitting a sigmoidal curve to the 

average data (using Microsoft Excel®) resulted in the following Equation (II-4): 

 𝐲 = 𝟏.𝟎𝟑 × 𝟏𝟎𝟖 +  
𝟐.𝟔𝟎 × 𝟏𝟎𝟗

𝟏 + �𝐱 𝟏.𝟎𝟏� �
𝟏.𝟕𝟕 (II-4) 

 

with a correlation coefficient R2 = 0.9996. 
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Figure II-35  Effect of Aβ1-42 pretreatment on VSV-GFP. 
Vesicular stomatitis virus tagged with green fluorescent protein (VSV-GFP) was pre-treated with Aβ1-42 
overnight before infection of Vero cells.  24 h after the infection, the plates were analysed by (A) Typhoon 
scan of the cell culture plates, and (B) fluorescence microscopy (for details see text). In (A) plaques are 
visible as dark-grey spots, in (B) as green spots, taking advantage of the GFP tag.  A dose-dependent 
response is clearly noticable, as well as the negative effect of the pre-treatment on the virus. 
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Figure II-36  Antiviral activity of Aβ1-42 against HSV-1-GFP. 
Aβ1-42 shows a dose-dependent effect on HSV-1-GFP.  The graph shows the averages of three independent 
experiments; error bars: ± S.E.M.  The EC50 (+) was calculated by fitting a sigmoidal curve to the average 
data.  Note that the data point at 0.001 µg/mL is actually for 0 µg/mL, however, the value ‘0’ cannot be 
displayed on a logarithmic scale; therefore the value ‘0.001’ was chosen instead as reasonable 
approximation for the purpose of display.  For experimental details see text. 

 

With an EC50 of 1 µg/mL (0.2 µM), the activity of Aβ1-42 seems quite significant.  Furman et 

al. determined the EC50 value for the antiviral agent acyclovir (the gold standard for anti-HSV 

therapy) to be about 0.7 µM for KOS HSV-1 in Vero cells (236).  It should be pointed out, though, 

that Aβ was only effective when the virus was pre-treated before infecting the cells.  When cells 

were incubated simultaneous with Aβ and virus, no reduction in plaque numbers was seen.  This 

finding points to a mechanism of action where Aβ either destroys the virions, or prevents 

attachment to or entry into the host cells.  Acyclovir, on the other hand, shows no effect when 

used as pre-treatment for virions (237), since its mechanism of action is based on selective 

inhibition of the viral DNA synthesis, i.e., acyclovir prevents replication of the virus inside the 

host cell, but not attachment to or entry of the virus particles into the host cell.  Therefore, one 

has to be cautious in comparing these two EC50 values.  Furthermore, Aβ would not be a good 

antiviral drug since it would have to be administered before the infection occurred, although it 
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might be able to reduce or prevent secondary infection and could possibly be used as part of a 

combination therapy11.   

 

Table II-7  Antiviral activity of Aβ1-42 against HSV-1-GFP. 

[Aβ1-42] Viral Load (PFU/mL) Viral Inhibition 
(µg/mL) (µM) Average S.E.M.  

0 0 2.70 × 109 1.98 × 108 0% 
1 0.22 1.42 × 109 4.89 × 108 47.6% 
5 1.11 2.70 × 108 1.03 × 108 90.0% 

10 2.22 1.03 × 108 7.42 × 107 96.2% 
20 4.43 1.03 × 108 6.84 × 107 96.2% 

 

Epidemiologic evidence points to a role of viral and in particular HSV infections in the 

development of dementia (227).  Recently, many failures of AD drugs in clinical trials have been 

blamed on the fact that the treated patients were already showing some signs of dementia, a 

point when the disease apparently had already progressed too far for an effective therapeutic 

treatment (238, 239).  The fact that most HSV-1 infections occur in early childhood (240) and 

that in the U.S.A. HSV-1 seroprevalence was found to reach majority (56%) already by age 30 and 

rise to >90% in the age group >70 years (240) indicates that the causative event for AD might 

occur even earlier than thought currently (up to 20 years before the onset of symptoms (241)), 

and stresses the importance of an early intervention to the prevention or treatment of AD.   

If Aβ was produced by the body as an AMP to control or fight a latent (HSV) infection 

contracted in early childhood, it also would explain why Aβ is found in healthy (in regards to 

dementia) individuals in low nanomolar concentrations (CSF concentration 700-860 pg/mL) 

(242), and why Aβ has high synthesis and clearance rates (243). 

11 Aβ would not be a good drug in general for other reasons, e.g., low metabolic stability as linear peptide, 
and high aggregation propensity. 
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2.9.3. Summary 

Here we showed for the first time that Aβ1-42 has antiviral activity.  Our data support the 

notion of Aβ as AMP in the brain, active not only against bacteria, but also against viruses.  The 

activity seems to be quite significant, considering that it is well within the range of the 

established antiviral agent acyclovir.  However, comparison of these two agents has to be done 

with caution as they have (likely) different mechanisms of action; acyclovir inhibits viral DNA 

synthesis, whereas Aβ acts further upstream.  Since Aβ, due to its mechanism of action affecting 

the early life-cycle of the virus, would have to be administered before an infection occurred, it 

would not make for a good antiviral drug.  However, a scenario is imaginable, where Aβ (or 

rather a drug-like analog) could be given as part of a combination therapy to reduce or prevent 

secondary infection.  

Given the high HSV-1 seroprevalence in the general population, Aβ’s role as AMP may 

explain its presence even in the CSF of healthy individuals as well as the correlation of the viral 

infectious burden with dementia. 

As this concept of Aβ possessing antiviral activity was conceived so late into my project, 

these experiments have to be seen as the starting point for a more thorough investigation in the 

future.  For example, the antiviral mechanism of action of Aβ should be determined, whether Aβ 

attacks virus particles directly, or if it inhibits the attachment to or entry into the host cells.  Also 

of interest would be the activity spectrum, whether it is active only against enveloped viruses 

(like HSV and VSV chosen for our experiments), or also against non-enveloped viruses.  

Furthermore, it should be confirmed, first in cell culture, and then in animal models, that a viral 

infection (of the brain) can induce the production of Aβ.  Transgenic models could be used to 

find out if a viral infection leads to earlier and/or increased symptoms of AD. 
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2.10. Summary 

In this section, the idea of Aβ’s physiologic function as an antimicrobial peptide was 

developed including a mechanism of action.  Experimental evidence showing activity of Aβ 

against bacteria and viruses was presented.  The influence of cholesterol and metal ions (Cu2+ 

and Zn2+) on the antibacterial activity was investigated to evaluate the proposed mechanism of 

action requiring cholesterol for membrane insertion of Aβ, and its enhancement by presence of 

Cu2+ or Zn2+.   
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3. Why Aβ Attacks Neurons  

3.1. Introduction 

With the more clearly defined role of Aβ as an antimicrobial peptide in the brain 

attempting to ward off invading organisms, the next question would then be why Aβ would 

attack the body’s own neuronal cells?  This question may be more readily answered if one looks 

at the structural characteristics of neurons.  Because of their unique functionality, neurons 

exhibit features that are distinct from most other mammalian cells.  Their membrane 

composition, including lipids and cholesterol, as well as their transmembrane potential is very 

different from that of a typical mammalian cell.  Interestingly enough, however, the features 

that set them apart from other mammalian cells makes them quite similar to those of bacteria. 

 

 

3.2. Comparison of Mammalian and Bacterial Membranes 

For the immune system to function effectively, it needs to be able to distinguish between 

‘self’ and ‘non-self’ that it attacks only invading species but not cells of the own organism.  Two 

main factors have been identified that distinguish bacterial from mammalian cell membranes, 

the lipid composition and the magnitude of the transmembrane potential (143, 244-246).  For 

example, the outer leaflets of human erythrocyte bilayers are composed exclusively of 

zwitterionic, i.e., electrically neutral phospholipids (104), the main species being 

phosphatidylcholine and sphingomyelin.  Acidic phospholipids, like phosphatidylserine, are 

sequestered in the inner leaflets.  In contrast, bacterial membranes contain large amounts of 
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acidic phospholipids (211), such as phosphatidylglycerol and phosphatidylethanolamine, about a 

third of which is located in the outer monolayers of the bilayer membranes (247, 248).   

Both, the negatively charged acidic lipid head groups of bacterial membranes and the 

highly-negative internal potential of bacterial cells attract the positively charged basic residues 

on one face of an amphipathic α-helix or β-sheet that comprises an AMP.  Thus, binding of the 

AMP to the membrane is facilitated, leading to insertion and ultimately destruction of the 

bacterium (84).  The neutrality of (most) mammalian outer membrane leaflets results in a much 

lower propensity to interact with AMPs (249), still, some AMPs have shown lytic activity towards 

mammalian cells, as well (250, 251).  Interestingly, the high cholesterol content typical for 

mammalian cells has been demonstrated by multiple research groups to ameliorate or even 

prevent this lytic activity (244, 246, 252).  

Cholesterol is very abundant in erythrocyte membranes (253), but considered absent in 

bacterial cell membranes (211).  Interactions of cholesterol with the AMP are thought to inhibit 

the formation of peptide structures capable of cell lysis (252, 254), although some AMPs show 

cholesterol-dependent activity (169-172).    

The transmembrane potential has also been shown to affect peptide-lipid interactions 

(255-257), e.g., by facilitating ion channel formation by peptide self-assembly.  Erythrocytes 

exhibit a different magnitude of the transmembrane potential compared to energised bacterial 

cells.  For normal human erythrocytes, the membrane potential in standard media is about –

9 mV (258) while respiring bacterial cells have inside-negative potentials of 100-150 mV (259, 

260).  Furthermore, bacterial cells that were artificially depolarised, have been shown to be less 

susceptible to the antibacterial actions of magainin and melittin (261, 262).  A table comparing 

bacterial with mammalian and neuronal membranes is given in the next section (Table II-8) 
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3.3. Comparison of Neuronal and Bacterial Membranes 

Among mammalian cells, neurons take somewhat of an outsider role and exhibit a number 

of features different from other types of mammalian cells.  The defining features of neurons 

being their electrical excitability and the presence of synapses, these exceptional characteristics 

are due to their functional difference, i.e., the task of transmitting an electrical signal along the 

cell membrane surface.  The two most prominent differences are the negatively charged outer 

leaflet of neuronal cell membranes, and the inside-negative resting potential of -70 mV in 

neurons (263).  The negative charge on the extracellular leaflet is caused by the presence of 

acidic phospholipids, such as glycerophospholipid, and phosphatidylethanolamine. 

 

Table II-8  Similarities and differences between bacterial, mammalian neuronal and other mammalian 
cells. 

Cell Type Bacterial cells 
Mammalian neuronal 
cells 

Mammalian cells 
(e.g., erythrocytes) 

Membrane lipid 
composition 

Acidic phospholipids 
(negative), e.g., 
phosphatidylglycerol, 
phosphatidyl-
ethanolamine 

Zwitterionic or acidic 
phospholipids, e.g., 
glycerophospholipid, 
sphingomyelin, 
gangliosides (GM1) 

Zwitterionic 
phospholipids 
(neutral), e.g., 
phosphatidylcholine 
sphingomyelin 

Membrane 
cholesterol 

No Yes Yes 

Transmembrane 
potential* 

-100 to -150 mV -70 mV (resting) - 9 mV 

*As per references (258-260, 263). 
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3.4. Neurotoxicity of β-Amyloid 

3.4.1. Introduction 

The neurotoxicity of Aβ is a well-known fact and has been established over 20 years ago 

(264, 265).  However, since Aβ is inherently difficult to work with (as already experienced in the 

experiments of the previous sections) and in order to establish a baseline allowing comparison 

to the neurotoxicity of AMPs discussed below (see Section 3.5), experiments aimed at 

quantifying the neurotoxicity of Aβ were performed. 

 

3.4.2. Materials 

3.4.2.1. Biological Materials 

The following mammalian cell lines, already described previously, were used: 

• SK-N-AS, human neuroblastoma, ATCC # CRL-2137, Risk Group: 1 (American Type 

Culture Collection (ATCC), Manassas, VA, USA) 

• primary neuronal rat cells, kindly provided by Dr. B. Karten (Department of 

Biochemistry & Microbiology, Dalhousie University) 

 

3.4.2.2. Chemicals 

In addition to materials related to mammalian cell culture already mentioned in previous 

sections, the following chemicals were used:   

Aβ1-40; Aβ1-42 (both Anaspec, Inc.); 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) 
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3.4.3. Methods 

In addition to methods related to mammalian cell culture already described in previous sections, 

the following procedures were employed: 

 

3.4.3.1. MTT Cell Viability Assay 

The MTT assay developed by Mosman (266, 267) is a commonly used cell viability assay 

based on the metabolic activity of the analysed cells.  Metabolically active cells will reduce the 

yellow MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to the corresponding 

purple formazan (see Figure II-37); damaged or dead cells will show much less or no formazan 

formation at all.   

 

Figure II-37  MTT assay. 
In metabolically active cells, MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; yellow) is 
reduced intracellularly to the corresponding purple formazan (A).  After incubation of cells with Aβ, they 
are further incubated with MTT; removal of the supernatant is necessary to allow solubilisation of the 
purple formazan with solvent, e.g., DMSO or 2-propanol (B). 
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A 96-well plate with SK-N-AS neuroblastoma cells or primary rat neuronal cells was 

prepared as described previously (see Sections 2.7.3.7 - 2.7.3.9); after 24 hours, cells were 

washed twice with warm (37°C) PBS, supplied with fresh growth medium without phenol red, 

and incubated with Aβ prepared in phenol red-free medium for 4 hours at 37°C in a water-

saturated atmosphere with 5 % CO2.  After 4 hours, the cells were inspected visually by light 

microscopy for any signs of toxicity.  Then, 20 μL/well of MTT solution (5 mg/mL) were added to 

the plate, which was incubated for another two hours at the same conditions to allow for the 

reduction to take place.  After inspecting the cells under the microscope for differences in 

formation of formazan crystals, the medium was removed, while taking care that no formazan 

crystals were discarded inadvertently.  The cells were lysed and the formazan crystals dissolved 

in 100 μL/well DMSO by gently shaking the plate for about one minute.  After checking for 

complete dissolution of all crystals, the absorbance was read at 540 nm in a microplate reader. 

 

3.4.4. Results & Discussion 

The MTT assay is a well-established method to determine cell viability, or more precisely 

metabolic activity of cells.  It was utilised here to determine the neurotoxic activity of Aβ in 

order to establish a baseline for further experiments (described in Section 3.5), and to confirm 

that the protocol for preparation of Aβ actually yielded a toxic species. 

Results for incubation of SK-N-AS neuroblastoma cells (Graph A) and primary rat neuronal 

cells (Graph B) with both, Aβ1-40 and Aβ1-42 are displayed in Figure II-38.  The IC50 value could 

only be calculated for Aβ1-40 in primary rat neurons, it was 14 µM; due to the shape of the other 

curves, the iteration would never converge to a reasonable value. 

For both cell lines, the two Aβ species show similar trends; as the concentration of Aβ 

increased, initially the cell viability dropped considerably, however, after reaching a 
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concentration of 5 μM, the decline was strongly attenuated or even reversed.  The reversal 

1-42.  This somewhat unexpected result may be explained by 

-toxic) higher 

1-42 

1-40.   

 

Figure II-38  1-40 1-42 -N- . 

SK-AN-AS neuroblastoma cells (A) and primary rat neuronal cells (B) were incubated with dilution series of 
1-40 1-42 

neg. Control: Growth Medium, pos. Control: 1% Triton X-100.  Error Bars: ± S.E.M.; n = 2 for SK-N-AS; n = 4 
for rat neurons.  Error bars for pos. Control are present but too small to be visible. 
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The results encountered here would seem to contradict results obtained for Aβ’s 

antibacterial activity discussed earlier (see Section 2.8), which did not show attenuation at 

higher concentrations of Aβ.  However, it is conceivable that mammalian neurons possess 

molecules in their membranes (that are not present in bacteria) that increase Aβ aggregation in 

order to protect themselves from its toxic effects.   

 

One mechanism by which AMPs may exert neurotoxic properties is through damage to 

mitochondria.  Mitochondria are a type of organelle that exists in the cytoplasm of cells and 

provides the cell’s energy.  If AMPs were to cross the membrane without actually disrupting it 

(i.e., “flip-flop” mechanism), they would gain access to this essential cellular component causing 

mitochondrial damage.  This anti-mitochondrial effect has been previously demonstrated in vitro 

for a number of AMPs, e.g., histatin 5 (268), or lactoferricin B (269).  It was ascribed to the 

evolutionary origin of mitochondria, which are assumed to have developed from engulfed, 

symbiotic bacteria (endosymbiont theory) (270-272).  VC Meier-Stephenson proposed in her 

thesis that neurons may be susceptible to the actions of Aβ (as AMP) in addition to its 

membrane-disrupting properties, based on the mitochondria’s similarity to bacteria (173). 

The involvement of mitochondria in the process of AD has been known since the 1980s 

and numerous effects of Aβ on mitochondria have been described, such as inhibition of key 

mitochondrial enzymes, impact on mitochondrial respiration, and oxidative damage to 

mitochondrial DNA (181, 273-286). 

 

3.4.5. Summary 

In this series of experiments, neurotoxicity of Aβ1-40 and Aβ1-42 was established in SK-N-AS 

neuroblastoma and primary rat neuronal cells using the MTT cell viability assay.  Neurotoxicity 
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was attenuated or even reversed at higher concentrations of Aβ, possibly due to its aggregation 

forming non-toxic species.  As another possible mechanism besides membrane disruption, 

mitochondrial toxicity was discussed in analogy to known AMPs. 

 

 

3.5. Neurotoxicity of Known AMPs 

3.5.1. Introduction 

After considering the similarities of Aβ with AMPs, it was decided to explore whether 

AMPs have properties that Aβ is known for, specifically, its neurotoxicity.  Under the pretense 

that Aβ’s neurotoxic activity is due to it being an AMP charging a misdirected attack on ‘self’ 

neurons, AMPs should elicit comparable neurotoxic effects.  Indeed, there is literature 

precedence for cytotoxic activity of the AMP lactoferricin B towards neuroblastoma cells (269).  

In order to establish the effect of AMPs on neurons, two well-known AMPs, LL-37 and cecropin A 

(see Figure II-39), were incubated with neuroblastoma, as well as primary neuronal cells.  These 

two AMPs where chosen based on their secondary structure, the defining features being α-

helices, just like in Aβ. 

 

3.5.2. Materials 

3.5.2.1. Biological Materials 

The following mammalian cell lines, already described previously, were used: 

• SK-N-AS, human neuroblastoma, ATCC # CRL-2137, Risk Group: 1 (American Type 

Culture Collection (ATCC), Manassas, VA, USA) 
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primary neuronal rat cells, kindly provided by Dr. B. Karten (Department of 

Biochemistry & Microbiology, Dalhousie University) 

 

3.5.2.2. Chemicals 

In addition to materials related to mammalian cell culture already mentioned in previous 

sections, the following chemicals were used:   

1-40 1-42; LL-37; Cecropin A (all Anaspec, Inc.); MTT 

Figure II-39  LL-  
The primary sequences of LL-37 and cecropin A are given.  Basic residues (positively charged): blue; acidic 
residues (negatively charged): red; hydrophobic residues: underscored.  The overall charge at physiologic 
pH of both LL-37 and cecropin A is '+6'. 

 

3.5.3. Methods 

SK-N-AS neuroblastoma and primary rat neuronal cells were grown and prepared for the 

assay as described in Section 2.5.3.  Neurotoxicity was evaluated by the MTT assay as described 

in Section 3.4.3.   

 

3.5.4.

SK-AN-AS neuroblastoma cells (Graph A) and primary rat neuronal cells (Graph B) were 

incubated with dilution series of LL-37, and cecropin A in order to establish the neurotoxicity of 

AMPs (see Figure II-40 1-40 1-42 were already presented in Section 3.4 and 

are included for comparison (the assays were performed in the same plates). The IC50 values for 
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LL-37 were 4 μM and 34 μM for primary rat neurons and SK-N-AS neuroblastomas, respectively; 

for cecropin A, they were 12 μM and 116 μM, respectively.  As already mentioned in Section 3.4, 

the IC50 value f 1-40 in primary rat neurons; it was 

14 μM.  

 

Figure II-40  -N-  
SK-AN-AS neuroblastoma cells (A) and primary rat neuronal cells (B) were incubated with dilution series of 
LL- 1-40 1-42 were included for 
comparison.  Cell viability was determined by MTT assay; neg. Control: Growth Medium, pos. Control: 1% 
Triton X-100.  Error Bars: ± S.E.M.; n = 2 for SK-N-AS; n = 4 for rat neurons.  Error bars for pos. Control are 
present but too small to be visible. 
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The results obtained in this series of experiments clearly demonstrate a toxic effect of two 

AMPs (LL-37 & cecropin A) against both, neuroblastoma and primary rat neuronal cells, with a 

higher activity against primary neurons as evidenced by the lower IC50 values.  While activity 

against neuroblastoma cells is not surprising in the light of previously reported activity against 

other cancer cells (287-290), toxicity against primary neurons has not been reported for either 

molecule to date.  Interestingly, the selectivity of AMPs towards cancer vs. normal cells is mainly 

ascribed to a higher than normal expression of anionic molecules such as phosphatidylserine and 

O-glycosylated mucins in cancer cells (288), and their negative membrane potential (261) — the 

same mechanisms proposed here being responsible for the toxicity of Aβ against neuronal cells.  

The reason essentially no neurotoxicity of AMPs in vivo is reported in the literature likely is due 

to the blood-brain barrier preventing passive diffusion of these highly charged peptides across 

its membranes, thus preventing exposure of neurons to these molecules. 

 

 

3.5.5. Summary 

Results presented in this section demonstrate a toxic effect of two (α-helical) AMPs, L-37 

and cecropin A, against neuroblastoma and primary rat neuronal cells with activity comparable 

to Aβ.  This is the first report about neurotoxic activity of these two molecules.  Demonstrating 

neurotoxic activity of AMPs adds to the growing list of similarities of Aβ to AMPs and further 

supports the notion of Aβ actually being an AMP. 
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3.6. Summary 

Investigations in this section dealt with answering the question why Aβ attacks neurons.  It 

was proposed that similarities of neuronal and bacterial cells, i.e., the negative charges on the 

outside and a negative transmembrane potential, are the reason for the misdirected attack of 

Aβ on neurons.  To establish a baseline, the neurotoxicity of Aβ was reproduced, followed by a 

discussion about toxicity of Aβ against mitochondria, thus providing another mechanism 

(besides membrane disruption) for its toxic effects on neurons.  Finally, the concept of similarity 

between Aβ and AMPs was extended and reversed; while experiments described in previous 

sections showed similarities of Aβ to other AMPs, here similarity of AMPs to Aβ was revealed.  

For the first time, toxicity of two AMPs, LL-37 and cecropin A, against primary neurons was 

demonstrated experimentally in vitro.   
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4. Why AD is Progressive and Chronic 

AD, like many other autoimmune diseases, is a chronic process where the health of 

affected individuals progressively deteriorates over time.  For this last piece of the puzzle, 

evidence has been gathered to give further description of the underlying mechanism of the 

progressive and chronic nature of AD.   

 

 

4.1. Mechanism for Progression and Chronicity of AD 

There are two generally accepted mechanisms by which cell death can occur, necrosis and 

apoptosis (291), although more recently, necroptosis as a process with features of both has been 

described (292).   

Apoptosis, also called ‘programmed cell death’, involves the degradation of cells in a 

controlled manner in order to minimize a possible inflammatory response.  Apoptosis is involved 

in a variety of physiological and pathological events, e.g., normal fetal development, cancer, 

organ failure and neurodegenerative diseases.  It is a tightly controlled process that can be 

induced by a number of extracellular or intracellular triggers, for example toxins, hormones, 

cytokines, heat, radiation, and nutrient deprivation (293).  These signals trigger a cascade of 

signalling events, in most cases leading to the activation of caspase-3 and caspase-7, which is 

considered the ‘point of no return’ en route to cell death.  The initiated process of programmed 

cell death through the organized degradation of cellular organelles by activated proteolytic 

caspases leads to changes in cellular morphology such as blebbing, cell shrinkage, nuclear 

fragmentation, chromatin condensation, and chromosomal DNA fragmentation.  In the end 

193 



stage of apoptosis, the cell breaks apart into several vesicles, so-called apoptotic bodies, which 

are subsequently phagocytosed.  Since apoptosis progresses quickly and its products are quickly 

removed, detection or visualisation is difficult. 

In necrosis, cell death is caused by traumatic injury due to mechanical or chemical insult, 

infection or toxins.  Cell death occurs by autolysis resulting in the unregulated digestion of cell 

components.  The uncontrolled spillage of the cell contents into the surrounding tissue induces a 

strong inflammatory response that often causes further damage to the surrounding tissue.   

Although necrosis has been implicated in AD (294), most of the research on processes of 

cell death in AD has focussed on apoptosis (295-298).  Experiments in this section are aimed 

toward determining whether apoptosis or necrosis is responsible for the progression of AD, and 

establishing a mechanism for the propagation of cell death from one neuron to the next.  

Additional focus has also been given to GM1, the major ganglioside in (human) neuronal 

membranes, as it was identified as a candidate component released from the membrane of 

necrosed cells that might be involved in this process.  Previous research has shown that GM1 can 

bind Aβ, both specifically and tightly, to form seeds that promote further aggregation and 

formation of toxic Aβ species (299, 300).  An in-depth discussion of the connection of Aβ to GM1, 

their interaction and involvement in AD is given in Chapter V. 

 

4.1.1. Materials 

4.1.1.1. Biological Materials 

The following mammalian cell lines, already described previously, were used: 

• SK-N-AS, human neuroblastoma, ATCC # CRL-2137, Risk Group: 1 (American Type 

Culture Collection (ATCC), Manassas, VA, USA) 
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• primary neuronal rat cells, kindly provided by Dr. B. Karten (Department of 

Biochemistry & Microbiology, Dalhousie University) 

 

4.1.1.2. Chemicals 

In addition to materials related to mammalian cell culture already mentioned in previous 

sections, the following chemicals were used:   

SensoLyte Homogeneous AMC Caspase-3/7 Assay Kit (Anaspec, Cat.# 71118, San Jose, CA, 

USA); HiLyteFluor™ 555-Aβ1-40 (both Anaspec, Inc.); carboxyfluoresceine (FAM)-Aβ1-42; 

Monosialoganglioside 1 (GM1) (Genway Biotech, Inc.);  

 

4.1.2. Methods 

The overall design of the experiment was as follows: apoptosis and necrosis were induced 

in cells by UV irradiation and mechanical damage, respectively; their supernatants and cell 

lysates were isolated and tested for caspase-3/-7 activity (i.e., the marker for apoptosis); the 

isolated supernatants and cell lysates were incubated with new cell cultures in an attempt to see 

how the products of ill-fated cells affected undamaged ones; finally, Aβ production in the 

supernatants and cell lysates of these cell cultures was determined.   

In addition, cells were incubated with Aβ and GM1/Aβ12 for comparison and isolation of 

effect in the necrosis arm.   

 

 

12 GM1/Aβ: Monosialoganglioside 1 – β-amyloid complex (292, 293) 
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4.1.2.1. Preparation of Apoptotic and Necrotic Cell Supernatants and Lysates 

SK-N-AS neuroblastoma and primary neuronal rat cells were seeded in 96-well plates at 

10,000 cells/well and grown to confluence.  To collect a ‘Control’ sample, supernatants were 

transferred to a microcentrifuge tube combining wells 3-10 of row B and C in one tube each, and 

centrifuged for 10 minutes at 3,716 × g; then the supernatant was transferred to a cryovial 

(leaving about 100 µL in the tube to avoid disturbing the pellet) and frozen at -80°C in a chest 

freezer.  200 µL/well of cell lysis buffer provided with the Caspase-3/7 kit (Anaspec; see Section 

0 below) were added to the plate and it was incubated for one hour in the CO2 incubator at 37°C 

with shaking once at about half-time.  After the lysis was completed, the well contents were 

collected by first vigorously mixing the lysis buffer with the pipette and then transferring the 

entire contents to a microcentrifuge tube combining wells 3-10 of each row in one tube.  After 

centrifugation for 10 minutes at 3,716 × g, the supernatant lysate was transferred to a cryovial 

(leaving about 100 µL in the tube to avoid disturbing the pellet) and frozen at -80°C in a chest 

freezer.   

To induce necrosis, about half the area in each well of rows D and E was scraped with the 

tip of a pipette.  After taking micrographs, the plate was incubated for one hour in the CO2 

incubator at 37°C.  Then supernatants and lysates were collected as described above for the 

‘Control Treatment’ samples. 

To induce apoptosis, a UV lamp (UVG-54, UVP, LLC, Upland, CA, USA) that had been 

sterilized by wiping it down with 70% 2-propanol was positioned under sterile conditions about 

7 cm above the plate without cover in a biosafety cabinet.  The plate was irradiated for 

10 minutes with 254 nm light, and then incubated for one hour in the CO2 incubator at 37°C.  

Finally, supernatants and lysates were collected from rows F and G as described above for the 

‘Control Treatment’ samples. 
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4.1.2.2. Caspase-3/-7 Assay 

To confirm that the UV-irradiated cells were indeed undergoing apoptosis, the caspase-3/7 

activity was assayed with the SensoLyte Homogeneous AMC Caspase-3/7 Assay Kit.  The assay is 

based on the strongly increased fluorescence of 7-amino-4-methylcoumarin (AMC) upon 

cleavage from the assay substrate Ac-DEVD-AMC, which shows only a weak fluorescence (see 

Figure II-41); the substrate for both, caspase-3 and caspase-7 is the DEVD motif with cleavage 

occurring after the second D residue.  It was performed as described in the manufacturer’s 

instructions.  Samples were prepared as described above (see Section 4.1.2.1), and 150 µL/well 

of samples and controls pipetted into a 96-well plate.  The caspase-3/7 substrate solution was 

prepared with the reagents provided in the kit according to the manual.  50 µL/well of the 

substrate solution was added to the plate followed by mixing in the plate reader at 200 rpm for 

60 seconds.  Bubbles formed in the pipetting and mixing step were removed with a sterile 

inoculation needle.  The measurement of the fluorescence signal was started immediately and 

read every five minutes for one hour with excitation at 360 nm and emission at 450 nm.   

 

Figure II-41  Caspase-3/-7 assay principle. 
The assay is based on the strongly increased fluorescence of 7-amino-4-methylcoumarin (AMC) upon 
cleavage from the assay substrate, Ac-DEVD-AMC, which shows only a weak fluorescence; the substrate 
for both caspase-3 and caspase-7 is the DEVD motif with cleavage occurring after the second D residue. 
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For data analysis, the fluorescence reading of cells with growth medium was subtracted 

from all other samples to obtain the relative fluorescence units (RFU).  The range of initial time 

points during which the reaction is linear was determined and the initial reaction velocity, i.e., 

the slope of the linear portion in RFU/min was calculated.   

 

4.1.2.3. Simulating the propagation of AD 

After determining the caspase-3/-7 activity in the supernatant and lysate samples, new 

SK-N-AS neuroblastoma or primary neuronal rat cell cultures were prepared in 96-well plates as 

previously described.  Cells were incubated with 20 µL of these samples (total volume: 

200 µL/well), as well as Aβ alone (final concentration: 10 µM) and Aβ/GM1 mixtures (final 

concentrations: 10 µM Aβ/5 µM GM1) for about 24 hours.  The Aβ species used were 

fluorescently labeled forms, HiLyteFluor™ 555-Aβ1-40 and FAM-Abeta1-42, respectively, in order to 

allow distinction of Aβ added to the culture from Aβ produced by the cells.  Again, supernatant 

and lysate samples were collected, and production of Aβ induced by incubation with apoptotic 

or necrotic supernatant and lysate, as well as Aβ and Aβ/GM1 mixtures was quantified by ELISA 

as described in Section 2.7.3.3(b). 

 

4.1.3. Results & Discussion 

4.1.3.1. Apoptosis 

Primary neuronal rat cells did not show significant increases in caspase-3/-7 activity in any 

of the samples (data not shown).  This is possibly due to the considerably lower number of cells 

per well in these experiments (primary neuronal cells do not proliferate). 
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For SK-N-AS neuroblastoma cells, the results for the lysate samples were as expected; only 

the apoptotic sample showed strongly increased caspase activity with basically no activity in the 

necrotic or control sample.  However, in the supernatant both the necrotic and the apoptotic 

sample showed an increased caspase-3/-7 activity, albeit not statistically significant when 

compared to the high background signal in the control (see Figure II-42).   

 

Figure II-42  -N-  
SK-N-AS neuroblastoma cells were treated to induce apoptosis and necrosis, respectively.  Supernatants 
and lysates were harvested, and caspase-3/-7 activity was determined (for details see text).  **: 
significantly different from 'Control'.  Error Bars: ± 95% confidence interval; *: P < 0.05; **: P < 0.01 (n = 2; 
one-tailed Student’s t-test). 

 

4.1.3.1. -Amyloid production induced by apoptosis and necrosis 

For the primary neuronal rat cells, all samples showed values smaller than the lowest 

standard (data not shown).  Like in the case of the caspase-3/-7 assay, this is likely due to the 

considerably lower number of cells/well for the rat neurons. 
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Figure II-43 -N-AS neuroblastoma cells in 

response to apoptosis and necrosis.  The only sample that caused a statistically significant 

These results imply that necrosis, but not apoptosis of one cell 

production in a neighbouring cell, which could go on to kill that cell as well.  This provides a 

mechanism for the spread of neuronal death in AD.   

 

Figure II-43  -N-   
Cells were incubated with the supernatants (left) and lysates (right) obtained from SK-N-AS cells cultures 

standard (2.4 nM; nominally 2 nM).  Error Bars: ± S.E.M.; *: P < 0.05; **: P < 0.01 (n = 2; one-tailed 
Student’s t-test). 

 

Most cells in AD undergo apoptosis, while only a small number necrose.  The proposition 

that necrosis but not apoptosis is responsible for the propagation of neuronal cell death in AD is 

well-

the process — i.e., complexation with GM1, a neuronal membrane component that is released 

only via necrosis.   
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It has been shown here that one possible mechanism for the progressive nature of AD may 

be that necrotic death of one neuron spreads to neighbouring neurons by release of GM1 and/or 

Aβ.  Spread to more than one neuron would result in a snowball effect causing an ever 

increasing number of lost neurons.  In order to estimate how many neurons would have to die 

by necrosis and ‘infect’ a neighbouring neuron to cause the neuron losses seen in AD, a simple 

model was devised.   

The number of neurons in the neocortex alone is estimated to be about 20 billion (301, 

302), the average total number of neurons 100 billion (303).  It has also been found that at gross 

examination, the Alzheimer’s brain shows severe atrophy and a reduction in brain weight of 

usually more than 35 % (304).  Neuron loss is estimated to contribute 20-30% of cerebral weight 

loss in individuals afflicted with AD (305, 306).   

Assuming that all neurons are of equal mass, that only neurons are lost, that all neurons 

are equally susceptible, and that the ’spread rate’ is constant, one may model the decrease of 

number of neurons according to Equation (II-5): 

 Nn =  N0 −  rn (II-5) 

 

with Nn as number of neurons remaining n years after loss of first neuron, N0 as number of 

neurons at the onset of disease, and r as ‘effective spread rate’.   

For the following calculation it was assumed that the affected individual lost the first 

neuron at age 20 (N0 = 1 × 1011), and succumbed to AD 60 years (n = 60) later at age 80.  At that 

time he had lost 25% of his neurons (Nn = N0*(100%-25%) = N0*0.75 = 7.5 × 1010).  Table II-9 and 

Figure II-44 show results obtained by fitting the data in Microsoft Excel® to Equation (II-5).  The 

effective spread rate, r, was calculated to be 1.490/yr.   
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Table II-9  Simulated neuron loss in AD. 

Years after loss 
of first neuron 

# of neurons remaining # of neurons lost 

0 1.0000E+11 1 
1 1.0000E+11 1.490 
2 1.0000E+11 2.221 
3 1.0000E+11 3.311 
4 1.0000E+11 4.934 
5 1.0000E+11 7.354 

10 1.0000E+11 54.07 
15 1.0000E+11 397.6 
20 1.0000E+11 2924 
25 1.0000E+11 2.1502E+04 
30 1.0000E+11 1.5811E+05 
35 9.9999E+10 1.1627E+06 
40 9.9991E+10 8.5499E+06 
45 9.9937E+10 6.2872E+07 
50 9.9538E+10 4.6233E+08 
55 9.6600E+10 3.3997E+09 
60 7.5000E+10 2.5000E+10 
 

Figure II-44  Simulated neuronal loss in AD. 
The neuronal loss seen in AD was modelled by Equation (II-5) to demonstrate how a small effective spread 
rate (rooted in necrotic neuronal cell death) is sufficient to cause extensive damage over the course of 
decades now recognised as probable time frame for the development of (late onset) AD.  For details see 
text. 
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Based on the above assumptions, necrotic cell death needs to spread from one neuron 

only to 1.490 other neurons over the span of an entire year to lead to the massive neuronal 

losses seen in AD.  To further put this into perspective, each neuron is surrounded by hundreds 

of neurons and connected to about seven thousand other neurons via its synapses (307).  In 

normal aging, the average loss of neocortical neurons between ages 20 – 90 has been estimated 

at about 10%, which amounts to about 85,000 per day, approximately 1 per second (302) 

(= 31 million per year).  This estimate may also explain why the influence of necrosis on AD has 

been neglected in favour of apoptosis so far in the literature.   

 

To further delineate the role of GM1 in the spread of cell death caused by Aβ, SK-N-AS 

neuroblastoma cells were incubated with Aβ alone and Aβ/GM1 mixtures, and intracellular Aβ 

production was determined by ELISA (Figure II-45).  This experiment was performed only with 

the neuroblastoma cells since neither the caspase-3/-7 assay nor the treatment with apoptotic 

and necrotic samples had yielded appreciable signals for the primary rat neurons.  

 

Results show that only Aβ1-42/GM1 caused an increased Aβ production compared to 

incubation with Aβ alone, but not Aβ1-40/GM1.  The intended purpose for using fluorescently 

labeled forms of Aβ, HiLyteFluor™ 555-Aβ1-40 and FAM-Abeta1-42, respectively, was to allow 

distinction of Aβ added to the culture from Aβ produced by the cells.  However, problems with 

the calibration curves led to a failure of this part of the experiment.   

These results imply that only incubation with Aβ1-42 (the most toxic Aβ isoform) complexed 

with GM1 is able to induce a production increase of Aβ by exposed cells, thus providing evidence 

for another route for Aβ1-42 to exert its toxicity.   
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Figure II-45  -N-AS neurobl 1 
1  

1-40 1-42 in the absence (blue bars) and presence 
(red bars) of GM1 buffer (blue) 
and GM1+PBS buffer (red).  The red line shows the back-calculated concentration of the lowest standard 
(0.52 nM; nominally 0.5 nM).  Error Bars: ± S.E.M.; *: P < 0.05; **: P < 0.01 (for comparing samples with 
and without GM1; n = 2; one-tailed Student’s t-test). 

 

Neuron loss is estimated to contribute 20-30% of cerebral weight loss in individuals afflicted with 

AD (305, 306).  For quite some time it was thought that neuronal renewal (or neurogenesis) 

ceases with the end of embryonic development; however, current research has found that at 

least two areas of the adult CNS continuously produce new neuronal and glial cells (308-310).  

Evidence from AD animal models suggests that impaired neurogenesis in these areas may be at 

least partially responsible for progressive memory loss and reduced capability for learning and 

processing of new information so characteristic of AD (311).  Newly formed neurons have been 

implicated in the strengthening of memory circuits related to new stimuli (312, 313).  Many 

1-42 seems to compromise the survival and differentiation of 
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progenitor cells, although there is some variability in the results reported in the literature, 

possibly owing to differences in Aβ preparation (314-318).   

Based on this evidence it may be plausible to hypothesise that Aβ, and in particular Aβ1-42, 

is (at least partially) responsible for the chronicity of AD by first killing neurons and then 

preventing recovery by impairing neurogenesis. 

 

 

4.2. Summary 

Experimental evidence presented here provides insights into a possible mechanism 

responsible for the progressive nature of AD.  Although most research implicates apoptosis in 

AD, and in most cases, neurons attacked and damaged by Aβ do undergo apoptosis (319), this 

concept lacks the supportive mechanistic drive for the process.  Here, it is shown that it is the 

process and products of necrosis, which actually lead to the propagation of neuronal cell death 

that characterises the disease.  Neurons damaged through necrosis release the ganglioside GM1 

which complexes with Aβ1-42, creating the first seeds of toxic Aβ species that can lead to the 

death of neighbouring neurons.  A simple model of neuron loss in AD was devised demonstrating 

how a small effective spread rate (rooted in necrotic neuronal cell death) is sufficient to cause 

extensive damage over the course of decades now recognised as probable time frame for the 

development of AD.  This is the first time a clear mechanism of propagation has been put forth.   

Additionally, as Aβ1-42 impairs neurogenesis, it prevents the brain’s recovery from the 

insult of Aβ thus causing the well-described progression in AD.  Since necrosis (primary or 

secondary) occurs in only a low percentage of attacked neurons, spread of the disease is slow, 

making the process a chronic one.    
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5. How it all fits together 

To date, no truly comprehensive theory of Alzheimer’s disease has been developed.  The 

experimental evidence obtained in this project challenges our current thinking of AD and allows 

for the creation of a new model and thus a new comprehensive theory with which to explain the 

complex aetiology and pathogenesis of Alzheimer’s Disease.   

 

 

5.1. AD is an autoimmune disease of the innate immune 

system 

5.1.1. What is an autoimmune disease? 

Autoimmune diseases are classically defined as organ- or tissue-specific disorders that are 

the result of multi-factorial processes involving dysregulation of the adaptive immune system 

leading to an attack of the immune system against the body's own tissue (320).  They are 

typically chronic and often characterised by debilitating, and life-threatening symptoms that 

aggravate as the disease progresses.  According to the most recent version of Witebsky’s 

postulates, first formulated by Ernst Witebsky et al. in 1957 (321), a disease can be considered 

an autoimmune disease if there is direct evidence from transfer of pathogenic T cells or 

pathogenic antibodies; or if indirect evidence is provided by reproduction in animal models; or 

based on circumstantial evidence from clinical clues (322).  Distinct mechanisms that silence self-

reactive cells of the adaptive immune system have evolved to avoid the development of 

autoimmune diseases.   
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5.1.2. An autoimmune disease of the innate immune system? 

To date, there has been no autoimmune disease described in the literature that is caused 

by an AMP, i.e., an effector molecule of the innate immune system.  Evidence obtained for this 

thesis, however, points to a role of Aβ, the central molecule of AD, as an AMP in the brain and 

provides a process by which this AMP can propagate neuronal cell death, a hallmark of AD.  

Here, the antimicrobial activity of Aβ against both bacteria and viruses was demonstrated; 

another research group has shown activity against both bacteria and fungi (215).  The 

antibacterial activity of Aβ is thought to be at the root of its neurotoxicity — through the 

similarities of bacterial and neuronal cells in regards to membrane composition and the 

transmembrane potential, Aβ leads a misdirected attack on neurons instead of invading 

microorganisms.  Stated differently, a part of the immune system leads a misdirected attack 

against “self” cells, resulting in inflammation and ultimately destruction of the wrongly targeted 

tissue.   

 

Because of the many similarities of AD to other conventional autoimmune diseases, and 

because of the increasingly recognised interconnections between the innate and acquired 

immune systems, it is suggested here, that the definition for autoimmune diseases should be 

expanded to allow inclusion of effectors of the innate immune system such as AMPs in addition 

to effectors of the acquired immune system as for example antibodies.   
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5.2. The Vicious Cycle of Alzheimer’s Disease 

5.2.1. A mechanism for the propagation of cell death in AD 

Evidence gathered for this thesis suggests a cyclical rather than linear mechanism as the 

cause for AD.  Accordingly, the Vicious Cycle of AD (see Figure II-46) was developed to replace 

the (linear) amyloid cascade hypothesis.   

Necrosis, with its uncontrolled spillage of membrane fragments and cell contents, was 

identified as the mechanism likely responsible for the spread of cell death.  This is not to suggest 

that apoptosis is not involved in AD, however, since apoptosis keeps potentially harmful cell 

contents contained (thus reducing inflammation), it is, according to the data obtained here, not 

involved in the propagation of cell death to neighbouring neurons. 

Entry into the vicious cycle occurs, when neuronal trauma-induced necrosis or infection 

leads to the release of damage-associated molecular patterns (DAMPs) or pathogen-associated 

molecular patterns (PAMPs), respectively.  The intracellular production of Aβ (being an AMP and 

innate immune system effector) is upregulated in response to this insult.  Upon excretion of Aβ, 

it binds to GM1 present in the membrane or released during necrosis resulting in the formation 

of toxic Aβ oligomers.  These toxic oligomers, acting as AMP, can either kill microorganisms that 

are at the root of the infection, or cause damage to the membrane and ultimately necrosis of 

the neuronal cell.  Either pathway completes the cycle to form a positive (self-enhancing) 

feedback loop, the Vicious Cycle of Alzheimer’s Disease. 
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Figure II-46  . 
The Vicious Cycle of AD replaces the amyloid cascade hypothesis (for details see text).  DAMPs/PAMPs: 
damage-/pathogen-associated molecular patterns; LPS: lipopolysaccharide; LTA: lipoteichoic acid; GM1: 
monosialoganglioside 1; AMP: antimicrobial peptide; -amyloid 
peptide; AIF: apoptosis-inducing factor.  Green: original insult leading to cycle entry; orange: involvement 
of the innate immune system; light blue: vicious cycle responsible for the propagation of neuronal cell 
death; dark blue: other processes involved in AD; red/black: clinical manifestation and end result of AD.   
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5.3. Addressing gaps in current AD hypotheses 

In Chapter I, a number of questions arising from gaps in current AD hypotheses were posed 

(Chapter I, Section 1.5.3).  With the knowledge gained here it is now possible to address them. 

1. What is the underlying physiologic role of Aβ?   

Aβ is an antimicrobial peptide and an effector of the innate immune system. 

2. Why would Aβ attack neurons?   

The similarity of neuronal and bacterial cells in terms of membrane composition 

and transmembrane potential leads to the misdirected attack of Aβ on neurons. 

3. Why does AD get worse over time?   

The breakdown products from necrotic neurons induce production of Aβ which in 

turn may kill more neurons.  Aβ also impairs neurogenesis thus preventing repair 

of the damage it already caused. 

4. Why is AD chronic?   

The low percentage of cell death by necrosis makes the process slow. 

5. How is it all connected? 

Neuronal trauma or brain infection are the entry points into a vicious cycle.  

Neuronal necrosis or microbial activators of the innate immune system induce Aβ 

production that leads to formation of toxic Aβ oligomers, which may cause 

necrosis in neighbouring neurons, thus creating the Vicious Cycle of Alzheimer’s 

Disease. 
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5.4. Summary 

Here, new evidence has been combined with the work of many different research groups 

in an attempt to explain the complex underlying processes of Alzheimer’s disease and the very 

nature of its existence.  The Vicious Cycle of AD, borne from the concept of Alzheimer’s disease 

as an autoimmune disease of the innate immune system explains many of the underlying 

questions of Aβ’s role, why it attacks neurons and links the progressive and chronic nature with 

a more comprehensive self-perpetuating mechanism.   
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6. Conclusions 

Alzheimer’s disease is a chronic progressive condition.  Attempts to understand its 

underlying mechanisms have only been able to detail smaller components of the process 

without tying all aspects together.  AD cannot be explained by a simple linear model like the 

β-amyloid cascade.   

This work integrates new experimental evidence with research and data from many 

research groups across many branches of science to challenge our previous thinking of AD.  

Traditionally, AD was considered a type of protein folding disorder.  Here, it is proposed that AD 

is actually an autoimmune disease — one of the innate immune system, based on experimental 

evidence in support of each of the aspects of this novel idea.  Such a concept has never before 

been proposed in AD, nor has such a concept been proposed for AMPs.  The Vicious Cycle of 

Alzheimer’s Disease is put forward as a mechanism accounting for the previously unexplained 

progression and chronicity of the disease. 

This work has the potential to open whole new areas of research into Alzheimer’s disease 

that were previously never considered. 

 

 

  

212 



7. References 

 

1. Tosi, M. F. Innate immune responses to infection. J. Allergy Clin. Immunol. 2005, 116, 241-9; 
quiz 250. 

2. Pancer, Z.; Cooper, M. D. The evolution of adaptive immunity. Annu. Rev. Immunol. 2006, 
24, 497-518. 

3. Iwasaki, A.; Medzhitov, R. Regulation of adaptive immunity by the innate immune system. 
Science 2010, 327, 291-295. 

4. Schenten, D.; Medzhitov, R. The control of adaptive immune responses by the innate 
immune system. Adv. Immunol. 2011, 109, 87-124. 

5. National Library of Medicine Autoimmune 
Diseases. http://www.nlm.nih.gov/cgi/mesh/2011/MB_cgi?mode=&term=Autoimmune+Dis
eases (accessed 02/10, 2014). 

6. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen Recognition and Innate Immunity. Cell 2006, 
124, 783-801. 

7. Hancock, R. E.; Scott, M. G. The role of antimicrobial peptides in animal defenses. Proc. 
Natl. Acad. Sci. U. S. A. 2000, 97, 8856-8861. 

8. Yoshio, H.; Lagercrantz, H.; Gudmundsson, G. H.; Agerberth, B. First line of defense in early 
human life. Semin. Perinatol. 2004, 28, 304-311. 

9. Turvey, S. E.; Broide, D. H. Innate immunity. J. Allergy Clin. Immunol. 2010, 125, S24-32. 

10. Beutler, B. Innate immunity: an overview. Mol. Immunol. 2004, 40, 845-859. 

11. Nonaka, M.; Yoshizaki, F. Evolution of the complement system. Mol. Immunol. 2004, 40, 
897-902. 

12. Trouw, L. A.; Daha, M. R. Role of complement in innate immunity and host defense. 
Immunol. Lett. 2011, 138, 35-37. 

13. Braff, M. H.; Bardan, A.; Nizet, V.; Gallo, R. L. Cutaneous defense mechanisms by 
antimicrobial peptides. J. Invest. Dermatol. 2005, 125, 9-13. 

213 

http://www.nlm.nih.gov/cgi/mesh/2011/MB_cgi?mode=&term=Autoimmune+Diseases
http://www.nlm.nih.gov/cgi/mesh/2011/MB_cgi?mode=&term=Autoimmune+Diseases


14. Bulet, P.; Stocklin, R.; Menin, L. Anti-microbial peptides: from invertebrates to vertebrates. 
Immunol. Rev. 2004, 198, 169-184. 

15. De Smet, K.; Contreras, R. Human antimicrobial peptides: defensins, cathelicidins and 
histatins. Biotechnol. Lett. 2005, 27, 1337-1347. 

16. Jenssen, H.; Hamill, P.; Hancock, R. E. Peptide antimicrobial agents. Clin. Microbiol. Rev. 
2006, 19, 491-511. 

17. Durr, M.; Peschel, A. Chemokines meet defensins: the merging concepts of 
chemoattractants and antimicrobial peptides in host defense. Infect. Immun. 2002, 70, 
6515-6517. 

18. Kamysz, W.; Okroj, M.; Lukasiak, J. Novel properties of antimicrobial peptides. Acta Biochim. 
Pol. 2003, 50, 461-469. 

19. Barlow, P. G.; Li, Y.; Wilkinson, T. S.; Bowdish, D. M.; Lau, Y. E.; Cosseau, C.; Haslett, C.; 
Simpson, A. J.; Hancock, R. E.; Davidson, D. J. The human cationic host defense peptide LL-
37 mediates contrasting effects on apoptotic pathways in different primary cells of the 
innate immune system. J. Leukoc. Biol. 2006, 80, 509-520. 

20. Bowdish, D. M.; Davidson, D. J.; Hancock, R. E. A re-evaluation of the role of host defence 
peptides in mammalian immunity. Curr. Protein Pept. Sci. 2005, 6, 35-51. 

21. Beisswenger, C.; Bals, R. Functions of antimicrobial peptides in host defense and immunity. 
Curr. Protein Pept. Sci. 2005, 6, 255-264. 

22. Oppenheim, J. J.; Biragyn, A.; Kwak, L. W.; Yang, D. Roles of antimicrobial peptides such as 
defensins in innate and adaptive immunity. Ann. Rheum. Dis. 2003, 62 Suppl 2, ii17-21. 

23. Brown, K. L.; Hancock, R. E. Cationic host defense (antimicrobial) peptides. Curr. Opin. 
Immunol. 2006, 18, 24-30. 

24. Iwasaki, A.; Medzhitov, R. Toll-like receptor control of the adaptive immune responses. Nat. 
Immunol. 2004, 5, 987-995. 

25. Shanker, A. Adaptive control of innate immunity. Immunol. Lett. 2010, 131, 107-112. 

26. Zhao, J.; Yang, X.; Auh, S. L.; Kim, K. D.; Tang, H.; Fu, Y. Do adaptive immune cells suppress 
or activate innate immunity? Trends Immunol. 2009, 30, 8-12. 

27. Kabelitz, D.; Medzhitov, R. Innate immunity — cross-talk with adaptive immunity through 
pattern recognition receptors and cytokines. Curr. Opin. Immunol. 2007, 19, 1-3. 

214 



28. Abdelsadik, A.; Trad, A. Toll-like receptors on the fork roads between innate and adaptive 
immunity. Hum. Immunol. 2011, 72, 1188-1193. 

29. McGonagle, D.; Savic, S.; McDermott, M. The NLR network and the immunological disease 
continuum of adaptive and innate immune-mediated inflammation against self. Seminars in 
Immunopathology 2007, 29, 303-313. 

30. Goldstein, D. R. Toll-like receptors and other links between innate and acquired 
alloimmunity. Curr. Opin. Immunol. 2004, 16, 538-544. 

31. Kawai, T.; Akira, S. The role of pattern-recognition receptors in innate immunity: update on 
Toll-like receptors. Nat. Immunol. 2010, 11, 373-384. 

32. O'Neill, L. Specificity in the innate response: pathogen recognition by Toll-like receptor 
combinations. Trends Immunol. 2001, 22, 70. 

33. Akira, S.; Takeda, K.; Kaisho, T. Toll-like receptors: critical proteins linking innate and 
acquired immunity. Nat. Immunol. 2001, 2, 675. 

34. Janeway, C. A.,Jr; Medzhitov, R. Innate immune recognition. Annu. Rev. Immunol. 2002, 20, 
197-216. 

35. Theofilopoulos, A. N.; Baccala, R.; Beutler, B.; Kono, D. H. Type I interferons (alpha/beta) in 
immunity and autoimmunity. Annu. Rev. Immunol. 2005, 23, 307-336. 

36. Takeda, K.; Akira, S. Toll-like receptors in innate immunity. Int. Immunol. 2005, 17, 1-14. 

37. Takeda, K.; Kaisho, T.; Akira, S. Toll-like receptors. Annu. Rev. Immunol. 2003, 21, 335-376. 

38. Creagh, E. M.; O’Neill, L. A. J. TLRs, NLRs and RLRs: a trinity of pathogen sensors that co-
operate in innate immunity. Trends Immunol. 2006, 27, 352-357. 

39. Newton, K.; Dixit, V. M. Signaling in innate immunity and inflammation. Cold Spring Harb 
Perspect. Biol. 2012, 4, 10.1101/cshperspect.a006049. 

40. Medzhitov, R.; Preston-Hurlburt, P.; Janeway, C. A.,Jr A human homologue of the 
Drosophila Toll protein signals activation of adaptive immunity. Nature 1997, 388, 394-397. 

41. Rock, F. L.; Hardiman, G.; Timans, J. C.; Kastelein, R. A.; Bazan, J. F. A family of human 
receptors structurally related to Drosophila Toll. Proc. Natl. Acad. Sci. U. S. A. 1998, 95, 588-
593. 

42. Kumar, H.; Kawai, T.; Akira, S. Toll-like receptors and innate immunity. Biochem. Biophys. 
Res. Commun. 2009, 388, 621-625. 

215 



43. Onoguchi, K.; Yoneyama, M.; Fujita, T. Retinoic acid-inducible gene-I-like receptors. J. 
Interferon Cytokine Res. 2011, 31, 27-31. 

44. Yoneyama, M.; Fujita, T. Structural Mechanism of RNA Recognition by the RIG-I-like 
Receptors. Immunity 2008, 29, 178-181. 

45. Li, X.; Lu, C.; Stewart, M.; Xu, H.; Strong, R. K.; Igumenova, T.; Li, P. Structural basis of 
double-stranded RNA recognition by the RIG-I like receptor MDA5. Arch. Biochem. Biophys. 
2009, 488, 23-33. 

46. Li, X.; Ranjith-Kumar, C. T.; Brooks, M. T.; Dharmaiah, S.; Herr, A. B.; Kao, C.; Li, P. The RIG-I-
like Receptor LGP2 Recognizes the Termini of Double-stranded RNA. Journal of Biological 
Chemistry 2009, 284, 13881-13891. 

47. Takahasi, K.; Kumeta, H.; Tsuduki, N.; Narita, R.; Shigemoto, T.; Hirai, R.; Yoneyama, M.; 
Horiuchi, M.; Ogura, K.; Fujita, T.; Inagaki, F. Solution Structures of Cytosolic RNA Sensor 
MDA5 and LGP2 C-terminal Domains: Identification  of the RNA Recognition Loop in RIG-I-
like Receptors. Journal of Biological Chemistry 2009, 284, 17465-17474. 

48. Ting, J. P. -.; Lovering, R. C.; Alnemri, E. S.; Bertin, J.; Boss, J. M.; Davis, B. K.; Flavell, R. A.; 
Girardin, S. E.; Godzik, A.; Harton, J. A.; Hoffman, H. M.; Hugot, J.; Inohara, N.; MacKenzie, 
A.; Maltais, L. J.; Nunez, G.; Ogura, Y.; Otten, L. A.; Philpott, D.; Reed, J. C.; Reith, W.; 
Schreiber, S.; Steimle, V.; Ward, P. A. The NLR Gene Family: A Standard Nomenclature. 
Immunity 2008, 28, 285-287. 

49. Shaw, M. H.; Reimer, T.; Kim, Y.; Nuñez, G. NOD-like receptors (NLRs): bona fide 
intracellular microbial sensors. Curr. Opin. Immunol. 2008, 20, 377-382. 

50. Franchi, L.; Warner, N.; Viani, K.; Nunez, G. Function of Nod-like receptors in microbial 
recognition and host defense. Immunol. Rev. 2009, 227, 106-128. 

51. Greenberg, J. W.; Fischer, W.; Joiner, K. A. Influence of lipoteichoic acid structure on 
recognition by the macrophage scavenger receptor. Infect. Immun. 1996, 64, 3318-3325. 

52. Fischer, W. Pneumococcal lipoteichoic and teichoic acid. Microb. Drug Resist. 1997, 3, 309-
325. 

53. Xia, G.; Kohler, T.; Peschel, A. The wall teichoic acid and lipoteichoic acid polymers of 
Staphylococcus aureus. International Journal of Medical Microbiology 2010, 300, 148-154. 

54. Schmidt, R. R.; Pedersen, C. M.; Qiao, Y.; Zahringer, U. Chemical synthesis of bacterial 
lipoteichoic acids: an insight on its biological significance. Org. Biomol. Chem. 2011, 9, 2040-
2052. 

216 



55. Erridge, C.; Bennett-Guerrero, E.; Poxton, I. R. Structure and function of lipopolysaccharides. 
Microb. Infect. 2002, 4, 837-851. 

56. Raetz, C. R.; Whitfield, C. Lipopolysaccharide endotoxins. Annu. Rev. Biochem. 2002, 71, 
635-700. 

57. Caroff, M.; Karibian, D. Structure of bacterial lipopolysaccharides. Carbohydr. Res. 2003, 
338, 2431-2447. 

58. Ozinsky, A.; Underhill, D. M.; Fontenot, J. D.; Hajjar, A. M.; Smith, K. D.; Wilson, C. B.; 
Schroeder, L.; Aderem, A. The repertoire for pattern recognition of pathogens by the innate 
immune system is defined by cooperation between toll-like receptors. Proc. Natl. Acad. Sci. 
U. S. A. 2000, 97, 13766-13771. 

59. Takeuchi, O.; Hoshino, K.; Kawai, T.; Sanjo, H.; Takada, H.; Ogawa, T.; Takeda, K.; Akira, S. 
Differential roles of TLR2 and TLR4 in recognition of gram-negative and gram-positive 
bacterial cell wall components. Immunity 1999, 11, 443-451. 

60. Takeuchi, O.; Hoshino, K.; Akira, S. TLR2-deficient and MyD88-deficient mice are highly 
susceptible to Staphylococcus aureus infection. J. Immunol. 2000, 165, 5392-5396. 

61. Yoshimura, A.; Lien, E.; Ingalls, R. R.; Tuomanen, E.; Dziarski, R.; Golenbock, D. Recognition 
of Gram-positive bacterial cell wall components by the innate immune system occurs via 
Toll-like receptor 2. J. Immunol. 1999, 163, 1-5. 

62. Ulevitch, R. J.; Tobias, P. S. Recognition of Gram-negative bacteria and endotoxin by the 
innate immune system. Curr. Opin. Immunol. 1999, 11, 19-22. 

63. Shimazu, R.; Akashi, S.; Ogata, H.; Nagai, Y.; Fukudome, K.; Miyake, K.; Kimoto, M. MD-2, a 
molecule that confers lipopolysaccharide responsiveness on Toll-like receptor 4. J. Exp. 
Med. 1999, 189, 1777-1782. 

64. Alexopoulou, L.; Holt, A. C.; Medzhitov, R.; Flavell, R. A. Recognition of double-stranded RNA 
and activation of NF-kappaB by Toll-like receptor 3. Nature 2001, 413, 732-738. 

65. Takeuchi, O.; Kawai, T.; Muhlradt, P. F.; Morr, M.; Radolf, J. D.; Zychlinsky, A.; Takeda, K.; 
Akira, S. Discrimination of bacterial lipoproteins by Toll-like receptor 6. Int. Immunol. 2001, 
13, 933-940. 

66. Yamamoto, M.; Sato, S.; Mori, K.; Hoshino, K.; Takeuchi, O.; Takeda, K.; Akira, S. Cutting 
edge: a novel Toll/IL-1 receptor domain-containing adapter that preferentially activates the 
IFN-beta promoter in the Toll-like receptor signaling. J. Immunol. 2002, 169, 6668-6672. 

217 



67. Takeuchi, O.; Sato, S.; Horiuchi, T.; Hoshino, K.; Takeda, K.; Dong, Z.; Modlin, R. L.; Akira, S. 
Cutting edge: role of Toll-like receptor 1 in mediating immune response to microbial 
lipoproteins. J. Immunol. 2002, 169, 10-14. 

68. Tobias, P. S.; Soldau, K.; Ulevitch, R. J. Isolation of a lipopolysaccharide-binding acute phase 
reactant from rabbit serum. J. Exp. Med. 1986, 164, 777-793. 

69. Schumann, R. R.; Leong, S. R.; Flaggs, G. W.; Gray, P. W.; Wright, S. D.; Mathison, J. C.; 
Tobias, P. S.; Ulevitch, R. J. Structure and function of lipopolysaccharide binding protein. 
Science 1990, 249, 1429-1431. 

70. Wright, S. D.; Tobias, P. S.; Ulevitch, R. J.; Ramos, R. A. Lipopolysaccharide (LPS) binding 
protein opsonizes LPS-bearing particles for recognition by a novel receptor on 
macrophages. J. Exp. Med. 1989, 170, 1231-1241. 

71. Wright, S. D.; Ramos, R. A.; Tobias, P. S.; Ulevitch, R. J.; Mathison, J. C. CD14, a receptor for 
complexes of lipopolysaccharide (LPS) and LPS binding protein. Science 1990, 249, 1431-
1433. 

72. Miyake, K. Innate recognition of lipopolysaccharide by CD14 and toll-like receptor 4-MD-2: 
unique roles for MD-2. Int. Immunopharmacol. 2003, 3, 119-128. 

73. Jiang, Q.; Akashi, S.; Miyake, K.; Petty, H. R. Lipopolysaccharide induces physical proximity 
between CD14 and toll-like receptor 4 (TLR4) prior to nuclear translocation of NF-kappa B. J. 
Immunol. 2000, 165, 3541-3544. 

74. Akashi, S.; Saitoh, S.; Wakabayashi, Y.; Kikuchi, T.; Takamura, N.; Nagai, Y.; Kusumoto, Y.; 
Fukase, K.; Kusumoto, S.; Adachi, Y.; Kosugi, A.; Miyake, K. Lipopolysaccharide interaction 
with cell surface Toll-like receptor 4-MD-2: higher affinity than that with MD-2 or CD14. J. 
Exp. Med. 2003, 198, 1035-1042. 

75. Fitzgerald, K. A.; Rowe, D. C.; Golenbock, D. T. Endotoxin recognition and signal 
transduction by the TLR4/MD2-complex. Microbes Infect. 2004, 6, 1361-1367. 

76. Kawai, T.; Akira, S. Innate immune recognition of viral infection. Nat. Immunol. 2006, 7, 131-
137. 

77. Saito, T.; Gale Jr, M. Principles of intracellular viral recognition. Curr. Opin. Immunol. 2007, 
19, 17-23. 

78. Hartmann, T.; Bieger, S. C.; Bruhl, B.; Tienari, P. J.; Ida, N.; Allsop, D.; Roberts, G. W.; 
Masters, C. L.; Dotti, C. G.; Unsicker, K.; Beyreuther, K. Distinct sites of intracellular 
production for Alzheimer's disease A beta40/42 amyloid peptides. Nat. Med. 1997, 3, 1016-
1020. 

218 



79. Sorensen, O. E.; Thapa, D. R.; Roupe, K. M.; Valore, E. V.; Sjobring, U.; Roberts, A. A.; 
Schmidtchen, A.; Ganz, T. Injury-induced innate immune response in human skin mediated 
by transactivation of the epidermal growth factor receptor. J. Clin. Invest. 2006, 116, 1878-
1885. 

80. Tahara, K.; Kim, H. D.; Jin, J. J.; Maxwell, J. A.; Li, L.; Fukuchi, K. Role of toll-like receptor 
signalling in Abeta uptake and clearance. Brain 2006, 129, 3006-3019. 

81. Stewart, C. R.; Stuart, L. M.; Wilkinson, K.; van Gils, J. M.; Deng, J.; Halle, A.; Rayner, K. J.; 
Boyer, L.; Zhong, R.; Frazier, W. A.; Lacy-Hulbert, A.; El Khoury, J.; Golenbock, D. T.; Moore, 
K. J. CD36 ligands promote sterile inflammation through assembly of a Toll-like receptor 4 
and 6 heterodimer. Nat. Immunol. 2010, 11, 155-161. 

82. El Khoury, J. B.; Moore, K. J.; Means, T. K.; Leung, J.; Terada, K.; Toft, M.; Freeman, M. W.; 
Luster, A. D. CD36 mediates the innate host response to beta-amyloid. J. Exp. Med. 2003, 
197, 1657-1666. 

83. Moore, K. J.; El Khoury, J.; Medeiros, L. A.; Terada, K.; Geula, C.; Luster, A. D.; Freeman, M. 
W. A CD36-initiated signaling cascade mediates inflammatory effects of beta-amyloid. J. 
Biol. Chem. 2002, 277, 47373-47379. 

84. Andreu, D.; Rivas, L. Animal antimicrobial peptides: an overview. Biopolymers 1998, 47, 
415-433. 

85. Huttner, K. M.; Bevins, C. L. Antimicrobial peptides as mediators of epithelial host defense. 
Pediatr. Res. 1999, 45, 785-794. 

86. Devine, D. A.; Hancock, R. E. Cationic peptides: distribution and mechanisms of resistance. 
Curr. Pharm. Des. 2002, 8, 703-714. 

87. Bowdish, D. M.; Davidson, D. J.; Scott, M. G.; Hancock, R. E. Immunomodulatory activities of 
small host defense peptides. Antimicrob. Agents Chemother. 2005, 49, 1727-1732. 

88. Steinstraesser, L.; Kraneburg, U.; Jacobsen, F.; Al-Benna, S. Host defense peptides and their 
antimicrobial-immunomodulatory duality. Immunobiology 2011, 216, 322-333. 

89. Bowdish, D. M.; Davidson, D. J.; Hancock, R. E. Immunomodulatory properties of defensins 
and cathelicidins. Curr. Top. Microbiol. Immunol. 2006, 306, 27-66. 

90. Kolls, J. K.; McCray, P. B.,Jr; Chan, Y. R. Cytokine-mediated regulation of antimicrobial 
proteins. Nat. Rev. Immunol. 2008, 8, 829-835. 

91. Hancock, R. E. Cationic peptides: effectors in innate immunity and novel antimicrobials. 
Lancet Infect. Dis. 2001, 1, 156-164. 

219 



92. Hancock, R. E.; Diamond, G. The role of cationic antimicrobial peptides in innate host 
defences. Trends Microbiol. 2000, 8, 402-410. 

93. Legrand, D.; Mazurier, J. A critical review of the roles of host lactoferrin in immunity. 
Biometals 2010, 23, 365-376. 

94. Bowdish, D. M.; Davidson, D. J.; Lau, Y. E.; Lee, K.; Scott, M. G.; Hancock, R. E. Impact of LL-
37 on anti-infective immunity. J. Leukoc. Biol. 2005, 77, 451-459. 

95. Braff, M. H.; Gallo, R. L. Antimicrobial peptides: an essential component of the skin 
defensive barrier. Curr. Top. Microbiol. Immunol. 2006, 306, 91-110. 

96. Bals, R.; Wilson, J. M. Cathelicidins--a family of multifunctional antimicrobial peptides. Cell 
Mol. Life Sci. 2003, 60, 711-720. 

97. Mor, A.; Nguyen, V. H.; Delfour, A.; Migliore-Samour, D.; Nicolas, P. Isolation, amino acid 
sequence, and synthesis of dermaseptin, a novel antimicrobial peptide of amphibian skin. 
Biochemistry 1991, 30, 8824-8830. 

98. Shinnar, A. E.; Butler, K. L.; Park, H. J. Cathelicidin family of antimicrobial peptides: 
proteolytic processing and protease resistance. Bioorg. Chem. 2003, 31, 425-436. 

99. Nizet, V.; Gallo, R. L. Cathelicidins and innate defense against invasive bacterial infection. 
Scand. J. Infect. Dis. 2003, 35, 670-676. 

100. Niyonsaba, F.; Hirata, M.; Ogawa, H.; Nagaoka, I. Epithelial cell-derived antibacterial 
peptides human beta-defensins and cathelicidin: multifunctional activities on mast cells. 
Curr. Drug Targets Inflamm. Allergy 2003, 2, 224-231. 

101. Nielsen, J. E.; Hansen, M. A.; Jorgensen, M.; Tanaka, M.; Almstrup, K.; Skakkebaek, N. E.; 
Leffers, H. Germ cell differentiation-dependent and stage-specific expression of LANCL1 in 
rodent testis. Eur. J. Histochem. 2003, 47, 215-222. 

102. Hao, H. N.; Zhao, J.; Lotoczky, G.; Grever, W. E.; Lyman, W. D. Induction of human beta-
defensin-2 expression in human astrocytes by lipopolysaccharide and cytokines. J. 
Neurochem. 2001, 77, 1027-1035. 

103. Zhao, X.; Wu, H.; Lu, H.; Li, G.; Huang, Q. LAMP: A Database Linking Antimicrobial Peptides. 
PLoS One 2013, 8, e66557. 

104. Verkleij, A. J.; Zwaal, R. F.; Roelofsen, B.; Comfurius, P.; Kastelijn, D.; van Deenen, L. L. The 
asymmetric distribution of phospholipids in the human red cell membrane. A combined 
study using phospholipases and freeze-etch electron microscopy. Biochim. Biophys. Acta 
1973, 323, 178-193. 

220 



105. Brewer, D.; Lajoie, G. Evaluation of the metal binding properties of the histidine-rich 
antimicrobial peptides histatin 3 and 5 by electrospray ionization mass spectrometry. Rapid 
Commun. Mass Spectrom. 2000, 14, 1736-1745. 

106. Edstrom, A. M.; Malm, J.; Frohm, B.; Martellini, J. A.; Giwercman, A.; Morgelin, M.; Cole, A. 
M.; Sorensen, O. E. The major bactericidal activity of human seminal plasma is zinc-
dependent and derived from fragmentation of the semenogelins. J. Immunol. 2008, 181, 
3413-3421. 

107. Dashper, S. G.; O'Brien-Simpson, N. M.; Cross, K. J.; Paolini, R. A.; Hoffmann, B.; Catmull, D. 
V.; Malkoski, M.; Reynolds, E. C. Divalent metal cations increase the activity of the 
antimicrobial Peptide kappacin. Antimicrob. Agents Chemother. 2005, 49, 2322-2328. 

108. Rydengard, V.; Andersson Nordahl, E.; Schmidtchen, A. Zinc potentiates the antibacterial 
effects of histidine-rich peptides against Enterococcus faecalis. FEBS J. 2006, 273, 2399-
2406. 

109. Wang, M.; Liu, L. H.; Wang, S.; Li, X.; Lu, X.; Gupta, D.; Dziarski, R. Human peptidoglycan 
recognition proteins require zinc to kill both gram-positive and gram-negative bacteria and 
are synergistic with antibacterial peptides. J. Immunol. 2007, 178, 3116-3125. 

110. Brodersen, D. E.; Nyborg, J.; Kjeldgaard, M. Zinc-binding site of an S100 protein revealed. 
Two crystal structures of Ca2+-bound human psoriasin (S100A7) in the Zn2+-loaded and 
Zn2+-free states. Biochemistry 1999, 38, 1695-1704. 

111. Hancock, R. E.; Lehrer, R. I. Cationic peptides: a new source of antibiotics. Trends 
Biotechnol. 1998, 16, 82-88. 

112. Wang, G.; Li, X.; Wang, Z. APD2: the updated antimicrobial peptide database and its 
application in peptide design. Nucleic Acids Res. 2009, 37, D933-7. 

113. Tossi, A.; Sandri, L. Molecular diversity in gene-encoded, cationic antimicrobial 
polypeptides. Curr. Pharm. Des. 2002, 8, 743-761. 

114. Piotto, S. P.; Sessa, L.; Concilio, S.; Iannelli, P. YADAMP: yet another database of 
antimicrobial peptides. Int. J. Antimicrob. Agents 2012, 39, 346-351. 

115. Wang, G. Structures of human host defense cathelicidin LL-37 and its smallest antimicrobial 
peptide KR-12 in lipid micelles. J. Biol. Chem. 2008, 283, 32637-32643. 

116. Schibli, D. J.; Hunter, H. N.; Aseyev, V.; Starner, T. D.; Wiencek, J. M.; McCray, P. B.; Tack, B. 
F.; Vogel, H. J. The Solution Structures of the Human β-Defensins Lead to a Better 
Understanding of the Potent Bactericidal Activity of HBD3 against Staphylococcus aureus. 
Journal of Biological Chemistry 2002, 277, 8279-8289. 

221 



117. Rozek, A.; Friedrich, C. L.; Hancock, R. E. Structure of the bovine antimicrobial peptide 
indolicidin bound to dodecylphosphocholine and sodium dodecyl sulfate micelles. 
Biochemistry 2000, 39, 15765-15774. 

118. Tossi, A.; Sandri, L.; Giangaspero, A. Amphipathic, alpha-helical antimicrobial peptides. 
Biopolymers 2000, 55, 4-30. 

119. Schiffer, M.; Edmundson, A. B. Use of helical wheels to represent the structures of proteins 
and to identify segments with helical potential. Biophys. J. 1967, 7, 121-135. 

120. Boman, H. G. Antibacterial peptides: basic facts and emerging concepts. J. Intern. Med. 
2003, 254, 197-215. 

121. Andersson, E.; Rydengard, V.; Sonesson, A.; Morgelin, M.; Bjorck, L.; Schmidtchen, A. 
Antimicrobial activities of heparin-binding peptides. Eur. J. Biochem. 2004, 271, 1219-1226. 

122. Lu, X.; Wang, M.; Qi, J.; Wang, H.; Li, X.; Gupta, D.; Dziarski, R. Peptidoglycan recognition 
proteins are a new class of human bactericidal proteins. J. Biol. Chem. 2006, 281, 5895-
5907. 

123. Wang, Z.; Wang, G. APD: the Antimicrobial Peptide Database. Nucleic Acids Res. 2004, 32, 
D590-2. 

124. Breukink, E.; Wiedemann, I.; van Kraaij, C.; Kuipers, O. P.; Sahl, H.; de Kruijff, B. Use of the 
cell wall precursor lipid II by a pore-forming peptide antibiotic. Science 1999, 286, 2361-
2364. 

125. Terwilliger, T. C.; Eisenberg, D. The structure of melittin. I. Structure determination and 
partial refinement. J. Biol. Chem. 1982, 257, 6010-6015. 

126. Holak, T. A.; Engstrom, A.; Kraulis, P. J.; Lindeberg, G.; Bennich, H.; Jones, T. A.; Gronenborn, 
A. M.; Clore, G. M. The solution conformation of the antibacterial peptide cecropin A: a 
nuclear magnetic resonance and dynamical simulated annealing study. Biochemistry 1988, 
27, 7620-7629. 

127. Zasloff, M. Magainins, a class of antimicrobial peptides from Xenopus skin: isolation, 
characterization of two active forms, and partial cDNA sequence of a precursor. Proc. Natl. 
Acad. Sci. U. S. A. 1987, 84, 5449-5453. 

128. Mandard, N.; Sy, D.; Maufrais, C.; Bonmatin, J. M.; Bulet, P.; Hetru, C.; Vovelle, F. 
Androctonin, a novel antimicrobial peptide from scorpion Androctonus australis: solution 
structure and molecular dynamics simulations in the presence of a lipid monolayer. J. 
Biomol. Struct. Dyn. 1999, 17, 367-380. 

222 



129. Shai, Y. Mechanism of the binding, insertion and destabilization of phospholipid bilayer 
membranes by alpha-helical antimicrobial and cell non-selective membrane-lytic peptides. 
Biochim. Biophys. Acta 1999, 1462, 55-70. 

130. Wu, M.; Maier, E.; Benz, R.; Hancock, R. E. Mechanism of interaction of different classes of 
cationic antimicrobial peptides with planar bilayers and with the cytoplasmic membrane of 
Escherichia coli. Biochemistry 1999, 38, 7235-7242. 

131. Matsuzaki, K.; Sugishita, K.; Ishibe, N.; Ueha, M.; Nakata, S.; Miyajima, K.; Epand, R. M. 
Relationship of membrane curvature to the formation of pores by magainin 2. Biochemistry 
1998, 37, 11856-11863. 

132. Oren, Z.; Shai, Y. Mode of action of linear amphipathic alpha-helical antimicrobial peptides. 
Biopolymers 1998, 47, 451-463. 

133. Bulet, P.; Hetru, C.; Dimarcq, J. L.; Hoffmann, D. Antimicrobial peptides in insects; structure 
and function. Dev. Comp. Immunol. 1999, 23, 329-344. 

134. Wade, D.; Boman, A.; Wahlin, B.; Drain, C. M.; Andreu, D.; Boman, H. G.; Merrifield, R. B. All-
D amino acid-containing channel-forming antibiotic peptides. Proc. Natl. Acad. Sci. U. S. A. 
1990, 87, 4761-4765. 

135. Merrifield, R. B.; Juvvadi, P.; Andreu, D.; Ubach, J.; Boman, A.; Boman, H. G. Retro and 
retroenantio analogs of cecropin-melittin hybrids. Proc. Natl. Acad. Sci. U. S. A. 1995, 92, 
3449-3453. 

136. Bessalle, R.; Kapitkovsky, A.; Gorea, A.; Shalit, I.; Fridkin, M. All-D-magainin: chirality, 
antimicrobial activity and proteolytic resistance. FEBS Lett. 1990, 274, 151-155. 

137. Hetru, C.; Letellier, L.; Oren, Z.; Hoffmann, J. A.; Shai, Y. Androctonin, a hydrophilic 
disulphide-bridged non-haemolytic anti-microbial peptide: a plausible mode of action. 
Biochem. J. 2000, 345 Pt 3, 653-664. 

138. Fleury, Y.; Dayem, M. A.; Montagne, J. J.; Chaboisseau, E.; Le Caer, J. P.; Nicolas, P.; Delfour, 
A. Covalent structure, synthesis, and structure-function studies of mesentericin Y 105(37), a 
defensive peptide from gram-positive bacteria Leuconostoc mesenteroides. J. Biol. Chem. 
1996, 271, 14421-14429. 

139. Cudic, M.; Otvos, L.,Jr Intracellular targets of antibacterial peptides. Curr. Drug Targets 
2002, 3, 101-106. 

140. Feder, R.; Dagan, A.; Mor, A. Structure-activity relationship study of antimicrobial 
dermaseptin S4 showing the consequences of peptide oligomerization on selective 
cytotoxicity. J. Biol. Chem. 2000, 275, 4230-4238. 

223 



141. Lehrer, R. I.; Ganz, T. Antimicrobial peptides in mammalian and insect host defence. Curr. 
Opin. Immunol. 1999, 11, 23-27. 

142. Hancock, R. E.; Rozek, A. Role of membranes in the activities of antimicrobial cationic 
peptides. FEMS Microbiol. Lett. 2002, 206, 143-149. 

143. Matsuzaki, K. Why and how are peptide–lipid interactions utilized for self-defense? 
Magainins and tachyplesins as archetypes. Biochimica et Biophysica Acta (BBA) - 
Biomembranes 1999/12/15, 1462, 1-10. 

144. Bechinger, B. The structure, dynamics and orientation of antimicrobial peptides in 
membranes by multidimensional solid-state NMR spectroscopy. Biochim. Biophys. Acta 
1999, 1462, 157-183. 

145. Shai, Y. From innate immunity to de-novo designed antimicrobial peptides. Curr. Pharm. 
Des. 2002, 8, 715-725. 

146. Brogden, K. A. Antimicrobial peptides: pore formers or metabolic inhibitors in bacteria? 
Nat. Rev. Microbiol. 2005, 3, 238-250. 

147. Huang, H. W.; Chen, F. Y.; Lee, M. T. Molecular mechanism of Peptide-induced pores in 
membranes. Phys. Rev. Lett. 2004, 92, 198304. 

148. van 't Hof, W.; Veerman, E. C.; Helmerhorst, E. J.; Amerongen, A. V. Antimicrobial peptides: 
properties and applicability. Biol. Chem. 2001, 382, 597-619. 

149. Hancock, R. E.; Chapple, D. S. Peptide antibiotics. Antimicrob. Agents Chemother. 1999, 43, 
1317-1323. 

150. Chitnis, S. N.; Prasad, K. S.; Bhargava, P. M. Isolation and characterization of autolysis-
defective mutants of Escherichia coli that are resistant to the lytic activity of 
seminalplasmin. J. Gen. Microbiol. 1990, 136, 463-469. 

151. Boman, H. G.; Agerberth, B.; Boman, A. Mechanisms of action on Escherichia coli of 
cecropin P1 and PR-39, two antibacterial peptides from pig intestine. Infect. Immun. 1993, 
61, 2978-2984. 

152. Subbalakshmi, C.; Sitaram, N. Mechanism of antimicrobial action of indolicidin. FEMS 
Microbiol. Lett. 1998, 160, 91-96. 

153. Skerlavaj, B.; Romeo, D.; Gennaro, R. Rapid membrane permeabilization and inhibition of 
vital functions of gram-negative bacteria by bactenecins. Infect. Immun. 1990, 58, 3724-
3730. 

224 



154. Xiong, Y. Q.; Yeaman, M. R.; Bayer, A. S. In vitro antibacterial activities of platelet 
microbicidal protein and neutrophil defensin against Staphylococcus aureus are influenced 
by antibiotics differing in mechanism of action. Antimicrob. Agents Chemother. 1999, 43, 
1111-1117. 

155. Lehrer, R. I.; Barton, A.; Daher, K. A.; Harwig, S. S.; Ganz, T.; Selsted, M. E. Interaction of 
human defensins with Escherichia coli. Mechanism of bactericidal activity. J. Clin. Invest. 
1989, 84, 553-561. 

156. Patrzykat, A.; Friedrich, C. L.; Zhang, L.; Mendoza, V.; Hancock, R. E. Sublethal 
concentrations of pleurocidin-derived antimicrobial peptides inhibit macromolecular 
synthesis in Escherichia coli. Antimicrob. Agents Chemother. 2002, 46, 605-614. 

157. Brotz, H.; Bierbaum, G.; Leopold, K.; Reynolds, P. E.; Sahl, H. G. The lantibiotic mersacidin 
inhibits peptidoglycan synthesis by targeting lipid II. Antimicrob. Agents Chemother. 1998, 
42, 154-160. 

158. Otvos, L.,Jr; O, I.; Rogers, M. E.; Consolvo, P. J.; Condie, B. A.; Lovas, S.; Bulet, P.; Blaszczyk-
Thurin, M. Interaction between heat shock proteins and antimicrobial peptides. 
Biochemistry 2000, 39, 14150-14159. 

159. Park, C. B.; Kim, H. S.; Kim, S. C. Mechanism of action of the antimicrobial peptide buforin II: 
buforin II kills microorganisms by penetrating the cell membrane and inhibiting cellular 
functions. Biochem. Biophys. Res. Commun. 1998, 244, 253-257. 

160. Park, C. B.; Yi, K. S.; Matsuzaki, K.; Kim, M. S.; Kim, S. C. Structure-activity analysis of buforin 
II, a histone H2A-derived antimicrobial peptide: the proline hinge is responsible for the cell-
penetrating ability of buforin II. Proc. Natl. Acad. Sci. U. S. A. 2000, 97, 8245-8250. 

161. Kobayashi, S.; Takeshima, K.; Park, C. B.; Kim, S. C.; Matsuzaki, K. Interactions of the novel 
antimicrobial peptide buforin 2 with lipid bilayers: proline as a translocation promoting 
factor. Biochemistry 2000, 39, 8648-8654. 

162. Zhang, L.; Benz, R.; Hancock, R. E. Influence of proline residues on the antibacterial and 
synergistic activities of alpha-helical peptides. Biochemistry 1999, 38, 8102-8111. 

163. Yonezawa, A.; Kuwahara, J.; Fujii, N.; Sugiura, Y. Binding of tachyplesin I to DNA revealed by 
footprinting analysis: significant contribution of secondary structure to DNA binding and 
implication for biological action. Biochemistry 1992, 31, 2998-3004. 

164. Shi, J.; Ross, C. R.; Chengappa, M. M.; Sylte, M. J.; McVey, D. S.; Blecha, F. Antibacterial 
activity of a synthetic peptide (PR-26) derived from PR-39, a proline-arginine-rich neutrophil 
antimicrobial peptide. Antimicrob. Agents Chemother. 1996, 40, 115-121. 

225 



165. Brogden, K. A.; Ackermann, M.; Huttner, K. M. Detection of anionic antimicrobial peptides 
in ovine bronchoalveolar lavage fluid and respiratory epithelium. Infect. Immun. 1998, 66, 
5948-5954. 

166. Otvos, L.,Jr Antibacterial peptides and proteins with multiple cellular targets. J. Pept. Sci. 
2005, 11, 697-706. 

167. Gusman, H.; Lendenmann, U.; Grogan, J.; Troxler, R. F.; Oppenheim, F. G. Is salivary histatin 
5 a metallopeptide? Biochim. Biophys. Acta 2001, 1545, 86-95. 

168. McEntire, J. C.; Montville, T. J.; Chikindas, M. L. Synergy between nisin and select lactates 
against Listeria monocytogenes is due to the metal cations. J. Food Prot. 2003, 66, 1631-
1636. 

169. Ramachandran, R.; Tweten, R. K.; Johnson, A. E. Membrane-dependent conformational 
changes initiate cholesterol-dependent cytolysin oligomerization and intersubunit beta-
strand alignment. Nat. Struct. Mol. Biol. 2004, 11, 697-705. 

170. Giddings, K. S.; Johnson, A. E.; Tweten, R. K. Redefining cholesterol's role in the mechanism 
of the cholesterol-dependent cytolysins. Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 11315-
11320. 

171. Prenner, E. J.; Lewis, R. N.; Jelokhani-Niaraki, M.; Hodges, R. S.; McElhaney, R. N. Cholesterol 
attenuates the interaction of the antimicrobial peptide gramicidin S with phospholipid 
bilayer membranes. Biochim. Biophys. Acta 2001, 1510, 83-92. 

172. Barman, H.; Walch, M.; Latinovic-Golic, S.; Dumrese, C.; Dolder, M.; Groscurth, P.; Ziegler, 
U. Cholesterol in negatively charged lipid bilayers modulates the effect of the antimicrobial 
protein granulysin. J. Membr. Biol. 2006, 212, 29-39. 

173. Meier-Stephenson, V. C. Quantum Medicine: Novel Applications of Computational 
Chemistry to the Treatment of Neurological Diseases, Dalhousie University, Halifax, Nova 
Scotia, 2005. 

174. Matsuzaki, K.; Murase, O.; Fujii, N.; Miyajima, K. An antimicrobial peptide, magainin 2, 
induced rapid flip-flop of phospholipids coupled with pore formation and peptide 
translocation. Biochemistry 1996, 35, 11361-11368. 

175. Zhang, L.; Rozek, A.; Hancock, R. E. Interaction of cationic antimicrobial peptides with model 
membranes. J. Biol. Chem. 2001, 276, 35714-35722. 

176. Matsuzaki, K.; Murase, O.; Fujii, N.; Miyajima, K. Translocation of a channel-forming 
antimicrobial peptide, magainin 2, across lipid bilayers by forming a pore. Biochemistry 
1995, 34, 6521-6526. 

226 



177. Yan, S. D.; Fu, J.; Soto, C.; Chen, X.; Zhu, H.; Al-Mohanna, F.; Collison, K.; Zhu, A.; Stern, E.; 
Saido, T.; Tohyama, M.; Ogawa, S.; Roher, A.; Stern, D. An intracellular protein that binds 
amyloid-beta peptide and mediates neurotoxicity in Alzheimer's disease. Nature 1997, 389, 
689-695. 

178. Abramov, A. Y.; Canevari, L.; Duchen, M. R. Beta-amyloid peptides induce mitochondrial 
dysfunction and oxidative stress in astrocytes and death of neurons through activation of 
NADPH oxidase. J. Neurosci. 2004, 24, 565-575. 

179. Huang, H. M.; Fowler, C.; Xu, H.; Zhang, H.; Gibson, G. E. Mitochondrial function in 
fibroblasts with aging in culture and/or Alzheimer's disease. Neurobiol. Aging 2005, 26, 839-
848. 

180. Canevari, L.; Abramov, A. Y.; Duchen, M. R. Toxicity of amyloid beta peptide: tales of 
calcium, mitochondria, and oxidative stress. Neurochem. Res. 2004, 29, 637-650. 

181. Casley, C. S.; Canevari, L.; Land, J. M.; Clark, J. B.; Sharpe, M. A. Beta-amyloid inhibits 
integrated mitochondrial respiration and key enzyme activities. J. Neurochem. 2002, 80, 91-
100. 

182. Bonev, B.; Watts, A.; Bokvist, M.; Gröbner, G. Electrostatic peptide–lipid interactions of 
amyloid-beta peptide and pentalysine with membrane surfaces monitored by 31P MAS 
NMR. Phys. Chem. Chem. Phys. 2001, 3, 2904-2910. 

183. Saberwal, G.; Nagaraj, R. Cell-lytic and antibacterial peptides that act by perturbing the 
barrier function of membranes: facets of their conformational features, structure-function 
correlations and membrane-perturbing abilities. Biochim. Biophys. Acta 1994, 1197, 109-
131. 

184. Levy, O. Antibiotic proteins of polymorphonuclear leukocytes. Eur. J. Haematol. 1996, 56, 
263-277. 

185. Tossi, A.; Scocchi, M.; Zanetti, M.; Storici, P.; Gennaro, R. PMAP-37, a novel antibacterial 
peptide from pig myeloid cells. cDNA cloning, chemical synthesis and activity. Eur. J. 
Biochem. 1995, 228, 941-946. 

186. Wong, H.; Bowie, J. H.; Carver, J. A. The solution structure and activity of caerin 1.1, an 
antimicrobial peptide from the Australian green tree frog, Litoria splendida. Eur. J. Biochem. 
1997, 247, 545-557. 

187. Crescenzi, O.; Tomaselli, S.; Guerrini, R.; Salvadori, S.; D'Ursi, A. M.; Temussi, P. A.; Picone, 
D. Solution structure of the Alzheimer amyloid beta-peptide (1-42) in an apolar 
microenvironment. Similarity with a virus fusion domain. Eur. J. Biochem. 2002, 269, 5642-
5648. 

227 



188. Sticht, H.; Bayer, P.; Willbold, D.; Dames, S.; Hilbich, C.; Beyreuther, K.; Frank, R. W.; Rosch, 
P. Structure of amyloid A4-(1-40)-peptide of Alzheimer's disease. Eur. J. Biochem. 1995, 233, 
293-298. 

189. Mattson, M. P.; Cheng, B.; Davis, D.; Bryant, K.; Lieberburg, I.; Rydel, R. E. beta-Amyloid 
peptides destabilize calcium homeostasis and render human cortical neurons vulnerable to 
excitotoxicity. J. Neurosci. 1992, 12, 376-389. 

190. Arispe, N.; Pollard, H. B.; Rojas, E. beta-Amyloid Ca(2+)-channel hypothesis for neuronal 
death in Alzheimer disease. Mol. Cell. Biochem. 1994, 140, 119-125. 

191. Lin, H.; Bhatia, R.; Lal, R. Amyloid beta protein forms ion channels: implications for 
Alzheimer's disease pathophysiology. FASEB J. 2001, 15, 2433-2444. 

192. Dulbecco, R.; Vogt, M. Plaque formation and isolation of pure lines with poliomyelitis 
viruses. J. Exp. Med. 1954, 99, 167-182. 

193. Fonnum, F.; Myhrer, T.; Paulsen, R. E.; Wangen, K.; Oksengard, A. R. Role of glutamate and 
glutamate receptors in memory function and Alzheimer's disease. Ann. N. Y. Acad. Sci. 
1995, 757, 475-486. 

194. Demuro, A.; Parker, I.; Stutzmann, G. E. Calcium signaling and amyloid toxicity in Alzheimer 
disease. J. Biol. Chem. 2010, 285, 12463-12468. 

195. Smith, P. K.; Krohn, R. I.; Hermanson, G. T.; Mallia, A. K.; Gartner, F. H.; Provenzano, M. D.; 
Fujimoto, E. K.; Goeke, N. M.; Olson, B. J.; Klenk, D. C. Measurement of protein using 
bicinchoninic acid. Anal. Biochem. 1985, 150, 76-85. 

196. Walker, J. M., Ed.; In The Protein Protocols Handbook; Humana Press: Totowa, NJ, USA, 
2002; pp. 1146. 

197. Akins, R. E.; Tuan, R. S. Measurement of protein in 20 seconds using a microwave BCA assay. 
BioTechniques 1992, 12, 496-499. 

198. LeVine, H.,3rd Alzheimer's beta-peptide oligomer formation at physiologic concentrations. 
Anal. Biochem. 2004, 335, 81-90. 

199. Brewer, G. J.; Torricelli, J. R.; Evege, E. K.; Price, P. J. Optimized survival of hippocampal 
neurons in B27-supplemented Neurobasal, a new serum-free medium combination. J. 
Neurosci. Res. 1993, 35, 567-576. 

200. Otvos, L.,Jr; Szendrei, G. I.; Lee, V. M.; Mantsch, H. H. Human and rodent Alzheimer beta-
amyloid peptides acquire distinct conformations in membrane-mimicking solvents. Eur. J. 
Biochem. 1993, 211, 249-257. 

228 



201. Jensen, M.; Hartmann, T.; Engvall, B.; Wang, R.; Uljon, S. N.; Sennvik, K.; Naslund, J.; 
Muehlhauser, F.; Nordstedt, C.; Beyreuther, K.; Lannfelt, L. Quantification of Alzheimer 
amyloid beta peptides ending at residues 40 and 42 by novel ELISA systems. Mol. Med. 
2000, 6, 291-302. 

202. Neumann, H.; Wekerle, H. Neuronal control of the immune response in the central nervous 
system: linking brain immunity to neurodegeneration. J. Neuropathol. Exp. Neurol. 1998, 57, 
1-9. 

203. Cho, H.; Proll, S. C.; Szretter, K. J.; Katze, M. G.; Gale, M.,Jr; Diamond, M. S. Differential 
innate immune response programs in neuronal subtypes determine susceptibility to 
infection in the brain by positive-stranded RNA viruses. Nat. Med. 2013, 19, 458-464. 

204. Hung, J.; Chansard, M.; Ousman, S. S.; Nguyen, M. D.; Colicos, M. A. Activation of microglia 
by neuronal activity: Results from a new in vitro paradigm based on neuronal-silicon 
interfacing technology. Brain Behav. Immun. 2010, 24, 31-40. 

205. Butovsky, O.; Talpalar, A. E.; Ben-Yaakov, K.; Schwartz, M. Activation of microglia by 
aggregated β-amyloid or lipopolysaccharide impairs MHC-II expression and renders them 
cytotoxic whereas IFN-γ and IL-4 render them protective. Molecular and Cellular 
Neuroscience 2005, 29, 381-393. 

206. Biber, K.; Neumann, H.; Inoue, K.; Boddeke, H. W. Neuronal 'On' and 'Off' signals control 
microglia. Trends Neurosci. 2007, 30, 596-602. 

207. Yates, C. M.; Butterworth, J.; Tennant, M. C.; Gordon, A. Enzyme activities in relation to pH 
and lactate in postmortem brain in Alzheimer-type and other dementias. J. Neurochem. 
1990, 55, 1624-1630. 

208. Clausen, T.; Khaldi, A.; Zauner, A.; Reinert, M.; Doppenberg, E.; Menzel, M.; Soukup, J.; 
Alves, O. L.; Bullock, M. R. Cerebral acid-base homeostasis after severe traumatic brain 
injury. J. Neurosurg. 2005, 103, 597-607. 

209. Timofeev, I.; Carpenter, K. L.; Nortje, J.; Al-Rawi, P. G.; O'Connell, M. T.; Czosnyka, M.; 
Smielewski, P.; Pickard, J. D.; Menon, D. K.; Kirkpatrick, P. J.; Gupta, A. K.; Hutchinson, P. J. 
Cerebral extracellular chemistry and outcome following traumatic brain injury: a 
microdialysis study of 223 patients. Brain 2011, 134, 484-494. 

210. DeSalles, A. A.; Kontos, H. A.; Becker, D. P.; Yang, M. S.; Ward, J. D.; Moulton, R.; Gruemer, 
H. D.; Lutz, H.; Maset, A. L.; Jenkins, L. Prognostic significance of ventricular CSF lactic 
acidosis in severe head injury. J. Neurosurg. 1986, 65, 615-624. 

211. Ratledge, C.; Wilkinson, S. G. Microbial lipids; Academic Press: London ; Toronto, 1988; . 

229 



212. Lehrer, R. I.; Rosenman, M.; Harwig, S. S.; Jackson, R.; Eisenhauer, P. Ultrasensitive assays 
for endogenous antimicrobial polypeptides. J. Immunol. Methods 1991, 137, 167-173. 

213. du Toit, E. A.; Rautenbach, M. A sensitive standardised micro-gel well diffusion assay for the 
determination of antimicrobial activity. Journal of Microbiological Methods 2000/10, 42, 
159-165. 

214. Patel, J. P.; Tenover, F. C.; Turnidge, J. D.; Jorgenson, J. H. In Susceptibility Test Methods - 
Dilution and Disk Diffusion Methods; Versalovic, J., Carroll, K. C., Funke, G., Jorgensen, J. H., 
Landry, M. L. and Warnock, D. W., Eds.; Manual of Clinical Microbiology; ASM Press: 
Washington, DC, USA, 2011; Vol. 1, pp. 1122-1143. 

215. Soscia, S. J.; Kirby, J. E.; Washicosky, K. J.; Tucker, S. M.; Ingelsson, M.; Hyman, B.; Burton, 
M. A.; Goldstein, L. E.; Duong, S.; Tanzi, R. E.; Moir, R. D. The Alzheimer's disease-associated 
amyloid beta-protein is an antimicrobial peptide. PLoS One 2010, 5, e9505. 

216. Anantharaman, A.; Rizvi, M. S.; Sahal, D. Synergy with rifampin and kanamycin enhances 
potency, kill kinetics, and selectivity of de novo-designed antimicrobial peptides. 
Antimicrob. Agents Chemother. 2010, 54, 1693-1699. 

217. Wang, M. S.; Boddapati, S.; Sierks, M. R. Cyclodextrins promote protein aggregation posing 
risks for therapeutic applications. Biochem. Biophys. Res. Commun. 2009, 386, 526-531. 

218. Hassall, D. G.; Graham, A. Changes in free cholesterol content, measured by filipin 
fluorescence and flow cytometry, correlate with changes in cholesterol biosynthesis in THP-
1 macrophages. Cytometry 1995, 21, 352-362. 

219. Dobson, C. B.; Itzhaki, R. F. Herpes simplex virus type 1 and Alzheimer’s disease. Neurobiol. 
Aging 1999, 20, 457-465. 

220. Gajdusek, D. C. Unconventional viruses and the origin and disappearance of kuru. Science 
1977, 197, 943-960. 

221. Heston, L. L.; Mastri, A. R. The genetics of Alzheimer's disease: associations with 
hematologic malignancy and Down's syndrome. Arch. Gen. Psychiatry 1977, 34, 976-981. 

222. Schellenberg, G. D. Early Alzheimer's disease genetics. J. Alzheimers Dis. 2006, 9, 367-372. 

223. Bertram, L.; Tanzi, R. E. The genetics of Alzheimer's disease. Prog. Mol. Biol. Transl. Sci. 
2012, 107, 79-100. 

224. Wadsworth, J. D.; Joiner, S.; Linehan, J. M.; Asante, E. A.; Brandner, S.; Collinge, J. Review. 
The origin of the prion agent of kuru: molecular and biological strain typing. Philos. Trans. R. 
Soc. Lond. B. Biol. Sci. 2008, 363, 3747-3753. 

230 



225. Wadsworth, J. D.; Joiner, S.; Linehan, J. M.; Desbruslais, M.; Fox, K.; Cooper, S.; Cronier, S.; 
Asante, E. A.; Mead, S.; Brandner, S.; Hill, A. F.; Collinge, J. Kuru prions and sporadic 
Creutzfeldt-Jakob disease prions have equivalent transmission properties in transgenic and 
wild-type mice. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 3885-3890. 

226. Ball, M. J. "Limbic predilection in Alzheimer dementia: is reactivated herpesvirus involved?". 
Can. J. Neurol. Sci. 1982, 9, 303-306. 

227. Katan, M.; Moon, Y. P.; Paik, M. C.; Sacco, R. L.; Wright, C. B.; Elkind, M. S. Infectious burden 
and cognitive function: the Northern Manhattan Study. Neurology 2013, 80, 1209-1215. 

228. Howell, M. D.; Jones, J. F.; Kisich, K. O.; Streib, J. E.; Gallo, R. L.; Leung, D. Y. Selective killing 
of vaccinia virus by LL-37: implications for eczema vaccinatum. J. Immunol. 2004, 172, 1763-
1767. 

229. Gordon, Y. J.; Huang, L. C.; Romanowski, E. G.; Yates, K. A.; Proske, R. J.; McDermott, A. M. 
Human cathelicidin (LL-37), a multifunctional peptide, is expressed by ocular surface 
epithelia and has potent antibacterial and antiviral activity. Curr. Eye Res. 2005, 30, 385-
394. 

230. Daher, K. A.; Selsted, M. E.; Lehrer, R. I. Direct inactivation of viruses by human granulocyte 
defensins. J. Virol. 1986, 60, 1068-1074. 

231. Lehrer, R. I.; Daher, K.; Ganz, T.; Selsted, M. E. Direct inactivation of viruses by MCP-1 and 
MCP-2, natural peptide antibiotics from rabbit leukocytes. J. Virol. 1985, 54, 467-472. 

232. Tamamura, H.; Murakami, T.; Masuda, M.; Otaka, A.; Takada, W.; Ibuka, T.; Nakashima, H.; 
Waki, M.; Matsumoto, A.; Yamamoto, N. Structure-activity relationships of an anti-HIV 
peptide, T22. Biochem. Biophys. Res. Commun. 1994, 205, 1729-1735. 

233. Murakami, T.; Niwa, M.; Tokunaga, F.; Miyata, T.; Iwanaga, S. Direct virus inactivation of 
tachyplesin I and its isopeptides from horseshoe crab hemocytes. Chemotherapy 1991, 37, 
327-334. 

234. Wachinger, M.; Saermark, T.; Erfle, V. Influence of amphipathic peptides on the HIV-1 
production in persistently infected T lymphoma cells. FEBS Lett. 1992, 309, 235-241. 

235. Wachinger, M.; Kleinschmidt, A.; Winder, D.; von Pechmann, N.; Ludvigsen, A.; Neumann, 
M.; Holle, R.; Salmons, B.; Erfle, V.; Brack-Werner, R. Antimicrobial peptides melittin and 
cecropin inhibit replication of human immunodeficiency virus 1 by suppressing viral gene 
expression. J. Gen. Virol. 1998, 79 (Pt. 4), 731-740. 

231 



236. Furman, P. A.; Coen, D. M.; St Clair, M. H.; Schaffer, P. A. Acyclovir-resistant mutants of 
herpes simplex virus type 1 express altered DNA polymerase or reduced acyclovir 
phosphorylating activities. J. Virol. 1981, 40, 936-941. 

237. Uribe, L. H.; Olarte, E. C.; Castillo, G. T. In vitro antiviral activity of Chamaecrista nictitans 
(Fabaceae) against herpes simplex virus: Biological characterization of mechanisms of 
action. Rev. Biol. Trop. 2004, 52, 807-816. 

238. Cummings, J. L. Alzheimer's disease clinical trials: changing the paradigm. Curr. Psychiatry 
Rep. 2011, 13, 437-442. 

239. Mullane, K.; Williams, M. Alzheimer's therapeutics: continued clinical failures question the 
validity of the amyloid hypothesis-but what lies beyond? Biochem. Pharmacol. 2013, 85, 
289-305. 

240. Schillinger, J. A.; Xu, F.; Sternberg, M. R.; Armstrong, G. L.; Lee, F. K.; Nahmias, A. J.; 
McQuillan, G. M.; Louis, M. E.; Markowitz, L. E. National seroprevalence and trends in 
herpes simplex virus type 1 in the United States, 1976-1994. Sex. Transm. Dis. 2004, 31, 
753-760. 

241. Sperling, R. A.; Aisen, P. S.; Beckett, L. A.; Bennett, D. A.; Craft, S.; Fagan, A. M.; Iwatsubo, T.; 
Jack Jr., C. R.; Kaye, J.; Montine, T. J.; Park, D. C.; Reiman, E. M.; Rowe, C. C.; Siemers, E.; 
Stern, Y.; Yaffe, K.; Carrillo, M. C.; Thies, B.; Morrison-Bogorad, M.; Wagster, M. V.; Phelps, 
C. H. Toward defining the preclinical stages of Alzheimer’s disease: Recommendations from 
the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines 
for Alzheimer's disease. Alzheimer's and Dementia 2011, 7, 280-292. 

242. Bouwman, F. H.; Schoonenboom, N. S.; Verwey, N. A.; van Elk, E. J.; Kok, A.; Blankenstein, 
M. A.; Scheltens, P.; van der Flier, W. M. CSF biomarker levels in early and late onset 
Alzheimer's disease. Neurobiol. Aging 2009, 30, 1895-1901. 

243. Bateman, R. J.; Munsell, L. Y.; Morris, J. C.; Swarm, R.; Yarasheski, K. E.; Holtzman, D. M. 
Human amyloid-beta synthesis and clearance rates as measured in cerebrospinal fluid in 
vivo. Nat. Med. 2006, 12, 856-861. 

244. Matsuzaki, K.; Sugishita, K.; Fujii, N.; Miyajima, K. Molecular basis for membrane selectivity 
of an antimicrobial peptide, magainin 2. Biochemistry 1995, 34, 3423-3429. 

245. Dathe, M.; Wieprecht, T. Structural features of helical antimicrobial peptides: their potential 
to modulate activity on model membranes and biological cells. Biochim. Biophys. Acta 1999, 
1462, 71-87. 

232 



246. Glukhov, E.; Stark, M.; Burrows, L. L.; Deber, C. M. Basis for selectivity of cationic 
antimicrobial peptides for bacterial versus mammalian membranes. J. Biol. Chem. 2005, 
280, 33960-33967. 

247. Duckworth, D. H.; Bevers, E. M.; Verkleij, A. J.; Op den Kamp, J. A.; van Deenen, L. L. Action 
of phospholipase A2 and phospholipase C on Escherichia coli. Arch. Biochem. Biophys. 1974, 
165, 379-387. 

248. Rothman, J. E.; Kennedy, E. P. Asymmetrical distribution of phospholipids in the membrane 
of Bacillus megaterium. J. Mol. Biol. 1977, 110, 603-618. 

249. Neville, F.; Cahuzac, M.; Konovalov, O.; Ishitsuka, Y.; Lee, K. Y.; Kuzmenko, I.; Kale, G. M.; 
Gidalevitz, D. Lipid headgroup discrimination by antimicrobial peptide LL-37: insight into 
mechanism of action. Biophys. J. 2006, 90, 1275-1287. 

250. Helmerhorst, E. J.; Reijnders, I. M.; van 't Hof, W.; Veerman, E. C.; Nieuw Amerongen, A. V. 
A critical comparison of the hemolytic and fungicidal activities of cationic antimicrobial 
peptides. FEBS Lett. 1999, 449, 105-110. 

251. Hong, J.; Oren, Z.; Shai, Y. Structure and organization of hemolytic and nonhemolytic 
diastereomers of antimicrobial peptides in membranes. Biochemistry 1999, 38, 16963-
16973. 

252. Tytler, E. M.; Anantharamaiah, G. M.; Walker, D. E.; Mishra, V. K.; Palgunachari, M. N.; 
Segrest, J. P. Molecular basis for prokaryotic specificity of magainin-induced lysis. 
Biochemistry 1995, 34, 4393-4401. 

253. Turner, J. D.; Rouser, G. Precise quantitative determination of human blood lipids by thin-
layer and triethylaminoethylcellulose column chromatography. I. Erythrocyte lipids. Anal. 
Biochem. 1970, 38, 423-436. 

254. Sal-Man, N.; Oren, Z.; Shai, Y. Preassembly of membrane-active peptides is an important 
factor in their selectivity toward target cells. Biochemistry 2002, 41, 11921-11930. 

255. de Kroon, A. I.; de Gier, J.; de Kruijff, B. The effect of a membrane potential on the 
interaction of mastoparan X, a mitochondrial presequence, and several regulatory peptides 
with phospholipid vesicles. Biochim. Biophys. Acta 1991, 1068, 111-124. 

256. Sansom, M. S. The biophysics of peptide models of ion channels. Prog. Biophys. Mol. Biol. 
1991, 55, 139-235. 

257. Vaz Gomes, A.; de Waal, A.; Berden, J. A.; Westerhoff, H. V. Electric potentiation, 
cooperativity, and synergism of magainin peptides in protein-free liposomes. Biochemistry 
1993, 32, 5365-5372. 

233 



258. Rink, T. J.; Hladky, S. B. In Ellory, J. C., Young, J. D., Eds.; Red Cell Membranes - A 
Methodological Approach; Academic Press: London, 1982; pp. 321-334. 

259. Laris, P. C.; Pershadsingh, H. A. Estimations of membrane potentials in Streptococcus 
faecalis by means of a fluorescent probe. Biochem. Biophys. Res. Commun. 1974, 57, 620-
626. 

260. Zilberstein, D.; Schuldiner, S.; Padan, E. Proton electrochemical gradient in Escherichia coli 
cells and its relation to active transport of lactose. Biochemistry 1979, 18, 669-673. 

261. Cruciani, R. A.; Barker, J. L.; Zasloff, M.; Chen, H. C.; Colamonici, O. Antibiotic magainins 
exert cytolytic activity against transformed cell lines through channel formation. Proc. Natl. 
Acad. Sci. U. S. A. 1991, 88, 3792-3796. 

262. Diaz-Achirica, P.; Ubach, J.; Guinea, A.; Andreu, D.; Rivas, L. The plasma membrane of 
Leishmania donovani promastigotes is the main target for CA(1-8)M(1-18), a synthetic 
cecropin A-melittin hybrid peptide. Biochem. J. 1998, 330 (Pt. 1), 453-460. 

263. Karp, G. Cell and molecular biology: concepts and experiments; J. Wiley: New York, 2002; , 
pp 785. 

264. Yankner, B. A.; Dawes, L. R.; Fisher, S.; Villa-Komaroff, L.; Oster-Granite, M. L.; Neve, R. L. 
Neurotoxicity of a fragment of the amyloid precursor associated with Alzheimer's disease. 
Science 1989, 245, 417-420. 

265. Pike, C. J.; Walencewicz, A. J.; Glabe, C. G.; Cotman, C. W. In vitro aging of beta-amyloid 
protein causes peptide aggregation and neurotoxicity. Brain Res. 1991, 563, 311-314. 

266. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: application to 
proliferation and cytotoxicity assays. J. Immunol. Methods 1983, 65, 55-63. 

267. Berridge, M. V.; Tan, A. S. Characterization of the cellular reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT): subcellular localization, 
substrate dependence, and involvement of mitochondrial electron transport in MTT 
reduction. Arch. Biochem. Biophys. 1993, 303, 474-482. 

268. Helmerhorst, E. J.; Breeuwer, P.; van't Hof, W.; Walgreen-Weterings, E.; Oomen, L. C.; 
Veerman, E. C.; Amerongen, A. V.; Abee, T. The cellular target of histatin 5 on Candida 
albicans is the energized mitochondrion. J. Biol. Chem. 1999, 274, 7286-7291. 

269. Eliassen, L. T.; Berge, G.; Leknessund, A.; Wikman, M.; Lindin, I.; Lokke, C.; Ponthan, F.; 
Johnsen, J. I.; Sveinbjornsson, B.; Kogner, P.; Flaegstad, T.; Rekdal, O. The antimicrobial 
peptide, lactoferricin B, is cytotoxic to neuroblastoma cells in vitro and inhibits xenograft 
growth in vivo. Int. J. Cancer 2006, 119, 493-500. 

234 



270. Mereschkowsky, K. Theorie der zwei Plasmaarten als Grundlage der Symbiogenesis, einer 
neuen Lehre von der Entstehung der Organismen. Biol. Centralbl. 1910, 30, 353-367. 

271. Wallin, I. E. The Mitochondria Problem. The American Naturalist 1923, 57, 255-261. 

272. Wallin, I. E. Symbionticism and the Origin of Species; The Williams & Wilkins Company: 
Baltimore, MD, U.S.A., 1927; , pp 171. 

273. Lustbader, J. W.; Cirilli, M.; Lin, C.; Xu, H. W.; Takuma, K.; Wang, N.; Caspersen, C.; Chen, X.; 
Pollak, S.; Chaney, M.; Trinchese, F.; Liu, S.; Gunn-Moore, F.; Lue, L. F.; Walker, D. G.; 
Kuppusamy, P.; Zewier, Z. L.; Arancio, O.; Stern, D.; Yan, S. S.; Wu, H. ABAD directly links 
Abeta to mitochondrial toxicity in Alzheimer's disease. Science 2004, 304, 448-452. 

274. Manczak, M.; Anekonda, T. S.; Henson, E.; Park, B. S.; Quinn, J.; Reddy, P. H. Mitochondria 
are a direct site of A beta accumulation in Alzheimer's disease neurons: implications for free 
radical generation and oxidative damage in disease progression. Hum. Mol. Genet. 2006, 15, 
1437-1449. 

275. Swerdlow, R. H.; Khan, S. M. A "mitochondrial cascade hypothesis" for sporadic Alzheimer's 
disease. Med. Hypotheses 2004, 63, 8-20. 

276. Swerdlow, R. H.; Burns, J. M.; Khan, S. M. The Alzheimer's disease mitochondrial cascade 
hypothesis. J. Alzheimers Dis. 2010, 20 Suppl 2, S265-79. 

277. Wang, X.; Perry, G.; Smith, M. A.; Zhu, X. Amyloid-beta-derived diffusible ligands cause 
impaired axonal transport of mitochondria in neurons. Neurodegener Dis. 2010, 7, 56-59. 

278. Eckert, A.; Schulz, K. L.; Rhein, V.; Gotz, J. Convergence of amyloid-beta and tau pathologies 
on mitochondria in vivo. Mol. Neurobiol. 2010, 41, 107-114. 

279. Eckert, A.; Schmitt, K.; Gotz, J. Mitochondrial dysfunction - the beginning of the end in 
Alzheimer's disease? Separate and synergistic modes of tau and amyloid-beta toxicity. 
Alzheimers Res. Ther. 2011, 3, 15. 

280. Keil, U.; Hauptmann, S.; Bonert, A.; Scherping, I.; Eckert, A.; Muller, W. E. Mitochondrial 
dysfunction induced by disease relevant AbetaPP and tau protein mutations. J. Alzheimers 
Dis. 2006, 9, 139-146. 

281. Atamna, H.; Frey, W. H.,2nd Mechanisms of mitochondrial dysfunction and energy 
deficiency in Alzheimer's disease. Mitochondrion 2007, 7, 297-310. 

282. Davis, J. N.; Hunnicutt Jr, E. J.; Chisholm, J. C. A mitochondrial bottleneck hypothesis of 
Alzheimer's disease. Mol. Med. Today 1995, 1, 240-247. 

235 



283. Gibson, G. E.; Starkov, A.; Blass, J. P.; Ratan, R. R.; Beal, M. F. Cause and consequence: 
Mitochondrial dysfunction initiates and propagates neuronal dysfunction, neuronal death 
and behavioral abnormalities in age-associated neurodegenerative diseases. Biochimica et 
Biophysica Acta (BBA) - Molecular Basis of Disease 2010, 1802, 122-134. 

284. Dragicevic, N.; Mamcarz, M.; Zhu, Y.; Buzzeo, R.; Tan, J.; Arendash, G. W.; Bradshaw, P. C. 
Mitochondrial amyloid-beta levels are associated with the extent of mitochondrial 
dysfunction in different brain regions and the degree of cognitive impairment in Alzheimer's 
transgenic mice. J. Alzheimers Dis. 2010, 20 Suppl 2, S535-50. 

285. Hsu, M. J.; Sheu, J. R.; Lin, C. H.; Shen, M. Y.; Hsu, C. Y. Mitochondrial mechanisms in 
amyloid beta peptide-induced cerebrovascular degeneration. Biochim. Biophys. Acta 2010, 
1800, 290-296. 

286. Riemer, J.; Kins, S. Axonal Transport and Mitochondrial Dysfunction in Alzheimer's Disease. 
Neurodegener Dis. 2012. 

287. Ceron, J. M.; Contreras-Moreno, J.; Puertollano, E.; de Cienfuegos, G. A.; Puertollano, M. A.; 
de Pablo, M. A. The antimicrobial peptide cecropin A induces caspase-independent cell 
death in human promyelocytic leukemia cells. Peptides 2010, 31, 1494-1503. 

288. Hoskin, D. W.; Ramamoorthy, A. Studies on anticancer activities of antimicrobial peptides. 
Biochim. Biophys. Acta 2008, 1778, 357-375. 

289. Schweizer, F. Cationic amphiphilic peptides with cancer-selective toxicity. Eur. J. Pharmacol. 
2009, 625, 190-194. 

290. Bhutia, S. K.; Maiti, T. K. Targeting tumors with peptides from natural sources. Trends 
Biotechnol. 2008, 26, 210-217. 

291. Han, S. I.; Kim, Y. S.; Kim, T. H. Role of apoptotic and necrotic cell death under physiologic 
conditions. BMB Rep. 2008, 41, 1-10. 

292. Wiechelman, K. J.; Braun, R. D.; Fitzpatrick, J. D. Investigation of the bicinchoninic acid 
protein assay: identification of the groups responsible for color formation. Anal. Biochem. 
1988, 175, 231-237. 

293. Ray, S. D.; Mehendale, H. M. In Apoptosis; Editor-in-Chief:   Philip Wexler, Ed.; Encyclopedia 
of Toxicology (Second Edition); Elsevier: New York, 2005; pp. 153-167. 

294. Behl, C.; Davis, J. B.; Klier, F. G.; Schubert, D. Amyloid beta peptide induces necrosis rather 
than apoptosis. Brain Res. 1994, 645, 253-264. 

236 



295. Loo, D. T.; Copani, A.; Pike, C. J.; Whittemore, E. R.; Walencewicz, A. J.; Cotman, C. W. 
Apoptosis is induced by beta-amyloid in cultured central nervous system neurons. Proc. 
Natl. Acad. Sci. U. S. A. 1993, 90, 7951-7955. 

296. LaFerla, F. M.; Tinkle, B. T.; Bieberich, C. J.; Haudenschild, C. C.; Jay, G. The Alzheimer's A 
beta peptide induces neurodegeneration and apoptotic cell death in transgenic mice. Nat. 
Genet. 1995, 9, 21-30. 

297. Kienlen-Campard, P.; Miolet, S.; Tasiaux, B.; Octave, J. N. Intracellular amyloid-beta 1-42, 
but not extracellular soluble amyloid-beta peptides, induces neuronal apoptosis. J. Biol. 
Chem. 2002, 277, 15666-15670. 

298. Cha, M. Y.; Han, S. H.; Son, S. M.; Hong, H. S.; Choi, Y. J.; Byun, J.; Mook-Jung, I. 
Mitochondria-specific accumulation of amyloid beta induces mitochondrial dysfunction 
leading to apoptotic cell death. PLoS One 2012, 7, e34929. 

299. Yanagisawa, K.; Odaka, A.; Suzuki, N.; Ihara, Y. GM1 ganglioside-bound amyloid beta-protein 
(A beta): a possible form of preamyloid in Alzheimer's disease. Nat. Med. 1995, 1, 1062-
1066. 

300. Yanagisawa, K. GM1 ganglioside and the seeding of amyloid in Alzheimer's disease: 
endogenous seed for Alzheimer amyloid. Neuroscientist 2005, 11, 250-260. 

301. Pakkenberg, B.; Gundersen, H. J. Neocortical neuron number in humans: effect of sex and 
age. J. Comp. Neurol. 1997, 384, 312-320. 

302. Pakkenberg, B.; Pelvig, D.; Marner, L.; Bundgaard, M. J.; Gundersen, H. J.; Nyengaard, J. R.; 
Regeur, L. Aging and the human neocortex. Exp. Gerontol. 2003, 38, 95-99. 

303. Chudler, E. H. Brain Facts and Figures. http://faculty.washington.edu/chudler/facts.html 
(accessed 02/08, 2014). 

304. Farfara, D.; Lifshitz, V.; Frenkel, D. Neuroprotective and Neurotoxic Properties of Glial Cells 
in the Pathogenesis of Alzheimer's Disease. J. Cell. Mol. Med. 2008, 12, 762-780. 

305. LaFerla, F. M.; Green, K. N.; Oddo, S. Intracellular amyloid-beta in Alzheimer's disease. Nat. 
Rev. Neurosci. 2007, 8, 499-509. 

306. Vina, J.; Lloret, A.; Valles, S. L.; Borras, C.; Badia, M. C.; Pallardo, F. V.; Sastre, J.; Alonso, M. 
D. Effect of gender on mitochondrial toxicity of Alzheimer's Abeta peptide. Antioxid. Redox 
Signal. 2007, 9, 1677-1690. 

307. Tang, Y.; Nyengaard, J. R.; De Groot, D. M.; Gundersen, H. J. Total regional and global 
number of synapses in the human brain neocortex. Synapse 2001, 41, 258-273. 

237 

http://faculty.washington.edu/chudler/facts.html


308. Alvarez-Buylla, A.; Lim, D. A. For the long run: maintaining germinal niches in the adult 
brain. Neuron 2004, 41, 683-686. 

309. Alvarez-Buylla, A.; Seri, B.; Doetsch, F. Identification of neural stem cells in the adult 
vertebrate brain. Brain Res. Bull. 2002, 57, 751-758. 

310. Zhao, C.; Deng, W.; Gage, F. H. Mechanisms and Functional Implications of Adult 
Neurogenesis. Cell 2008, 132, 645-660. 

311. Demars, M.; Hu, Y. S.; Gadadhar, A.; Lazarov, O. Impaired neurogenesis is an early event in 
the etiology of familial Alzheimer's disease in transgenic mice. J. Neurosci. Res. 2010, 88, 
2103-2117. 

312. Trouche, S.; Bontempi, B.; Roullet, P.; Rampon, C. Recruitment of adult-generated neurons 
into functional hippocampal networks contributes to updating and strengthening of spatial 
memory. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 5919-5924. 

313. Aimone, J. B.; Wiles, J.; Gage, F. H. Potential role for adult neurogenesis in the encoding of 
time in new memories. Nat. Neurosci. 2006, 9, 723-727. 

314. Haughey, N. J.; Nath, A.; Chan, S. L.; Borchard, A. C.; Rao, M. S.; Mattson, M. P. Disruption of 
neurogenesis by amyloid beta-peptide, and perturbed neural progenitor cell homeostasis, 
in models of Alzheimer's disease. J. Neurochem. 2002, 83, 1509-1524. 

315. Millet, P.; Lages, C. S.; Haik, S.; Nowak, E.; Allemand, I.; Granotier, C.; Boussin, F. D. Amyloid-
beta peptide triggers Fas-independent apoptosis and differentiation of neural progenitor 
cells. Neurobiol. Dis. 2005, 19, 57-65. 

316. McLaurin, J.; Chakrabartty, A. Membrane disruption by Alzheimer beta-amyloid peptides 
mediated through specific binding to either phospholipids or gangliosides. Implications for 
neurotoxicity. J. Biol. Chem. 1996, 271, 26482-26489. 

317. Lopez-Toledano, M. A.; Shelanski, M. L. Neurogenic effect of beta-amyloid peptide in the 
development of neural stem cells. J. Neurosci. 2004, 24, 5439-5444. 

318. Lazarov, O.; Marr, R. A. Neurogenesis and Alzheimer's disease: At the crossroads. Exp. 
Neurol. 2010, 223, 267-281. 

319. Estus, S.; Tucker, H. M.; van Rooyen, C.; Wright, S.; Brigham, E. F.; Wogulis, M.; Rydel, R. E. 
Aggregated amyloid-beta protein induces cortical neuronal apoptosis and concomitant 
"apoptotic" pattern of gene induction. J. Neurosci. 1997, 17, 7736-7745. 

320. Waldner, H. The role of innate immune responses in autoimmune disease development. 
Autoimmun. Rev. 2009, 8, 400-404. 

238 



321. Witebsky, E.; Rose, N. R.; Terplan, K.; Paine, J. R.; Egan, R. W. Chronic thyroiditis and 
autoimmunization. J. Am. Med. Assoc. 1957, 164, 1439-1447. 

322. Rose, N. R.; Bona, C. Defining criteria for autoimmune diseases (Witebsky's postulates 
revisited). Immunol. Today 1993, 14, 426-430. 

323. Zagorski, M. G.; Yang, J.; Shao, H.; Ma, K.; Zeng, H.; Hong, A. Methodological and chemical 
factors affecting amyloid beta peptide amyloidogenicity. Methods Enzymol. 1999, 309, 189-
204. 

324. Christian, A. E.; Haynes, M. P.; Phillips, M. C.; Rothblat, G. H. Use of cyclodextrins for 
manipulating cellular cholesterol content. J. Lipid Res. 1997, 38, 2264-2272. 

325. Zidovetzki, R.; Levitan, I. Use of cyclodextrins to manipulate plasma membrane cholesterol 
content: Evidence, misconceptions and control strategies. Biochim. Biophys. Acta - 
Biomembranes 2007, 1768, 1311-1324. 

 

239 



CHAPTER III. 
 

PENICILLIN AS A RISK FACTOR FOR 
ALZHEIMER’S DISEASE 

 

 

1. Introduction 

The incidence and prevalence of Alzheimer’s Disease has continued to increase over the 

past 60-70 years.  Interestingly, whether causal or coincidental, this is approximately the same 

time frame as the discovery and introduction of many new medications.  In this chapter it is 

explored whether the introduction of penicillin may have a role to play in the increased 

incidence of AD over the course of the 20th century. 

Penicillin was first introduced in the 1940’s, after discovery in the laboratory of Sir 

Alexander Fleming.  Since that time, penicillin and its derivatives have undergone widespread 

use, saving innumerable lives and preventing significant morbidity.  The drug itself acts to inhibit 

cell wall synthesis through binding of penicillin-binding proteins (PBPs) to prevent the formation 

of the stabilizing cross-linking reaction in the peptidoglycan layer (1).  This is ultimately lethal to 

the bacterium, causing it to lyse. 

By virtue of their mechanism, penicillin and other antibiotics that act to disrupt and 

fragment the bacterial cell wall also expose the hosts’ cells to toxic fragments released from the 

lysed bacterial wall, namely the bacterial endotoxins (2).  Lipopolysaccharide (LPS) is released in 

the case of Gram-negative bacteria (3, 4), and lipoteichoic acid (LTA), or peptideoglycan in the 
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case of Gram-positive bacteria (5-7).  These endotoxins stimulate the body’s immune system and 

inflammatory response (8-11), which may lead to sepsis, and in extreme cases death through 

septic shock (2, 12).  Release of endotoxins caused by treatment with antibiotics has been 

identified as one factor that might aggravate these serious effects of a systemic infection (2, 7, 

13-15).  However, even if the patient survives because of these antibiotics, their use may have 

unanticipated long-term effects.   

In the previous chapter, the role of Aβ was described as an antimicrobial peptide with 

capabilities of killing bacteria through membrane disruption and how the release of bacterial 

membrane components can result in the formation of neurotoxic Aβ species that are the root 

cause of Alzheimer’s Disease.   

Here, we pose an interesting, albeit provocative question:  If an antibiotic, such as 

penicillin, that kills bacteria by membrane destruction was given to a patient, could this in turn 

set the Vicious Cycle of AD into motion?  Could the use of penicillin be an unrecognized risk 

factor for Alzheimer’s Disease?  

 

 

2. Penicillin as a Risk Factor for AD 

2.1. Classes of Antibiotics and their Mechanism of Action 

Since the introduction of penicillin into the general medical practice in the early 1940s, 

new antibiotic classes had to be developed to overcome resistance by various bacterial strains.  

Because several different antibiotics were used in the experiments described in this chapter, a 

brief summary of the different antibiotic classes and their mechanisms are described — namely, 

the β-lactams, sulfonamides, quinolones, macrolides, tetracyclines, aminoglycosides, and 
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glycopeptides.  The chemical structures of used antibiotics are given in Figure III-1.  Information 

was obtained from the Manual of Clinical Microbiology (16) unless otherwise referenced. 

 

2.1.1. β-Lactam Antibiotics 

Penicillin is the prototype of a class of antibiotics containing a β-lactam ring; these include 

the penicillins, cephalosporins, monobactams, carbapenems, and β-lactamase inhibitors.  

Typically, this class of bactericidal antibiotics acts by inhibiting a number of bacterial enzymes 

called penicillin-binding proteins (PBPs) that are essential for synthesis of peptidoglycans, 

components of the bacterial cell wall.  Binding of PBPs triggers membrane-associated autolytic 

enzymes that destroy the cell wall.  Other, minor mechanisms include the inhibition of bacterial 

endopeptidases and glycosidases.  Their activity spectrum includes most Gram-positive, and 

many Gram-negative and anaerobic organisms. 

 

2.1.2. Sulfonamides & Trimethoprim 

Sulfonamides are folate synthesis inhibitors.  They inhibit bacterial modification of 

p-aminobenzoic acid into dihydrofolate by competitively binding to the enzyme dihydropteroate 

synthetase; trimethoprim (TMP) inhibits bacterial dihydrofolate reductase. This sequential 

inhibition of folate metabolism ultimately prevents the synthesis of bacterial DNA.  Since 

mammalian cells do not synthesize folic acid, human purine synthesis is not affected significantly 

by sulfonamides or TMP.  They are inhibitory to a variety of Gram-positive and Gram-negative 

bacteria, fungi and parasites. 
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2.1.3. Quinolones 

Quinolones are a bactericidal class of antibiotic.  Their primary bacterial target is DNA 

gyrase, a type II DNA topoisomerase enzyme essential for DNA replication, recombination and 

repair; some newer quinolones also inhibit Topoisomerase IV, thus inhibiting DNA replication 

and transcription.  Their activity spectrum varies widely, with first generation compounds being 

inactive against Gram-positive cocci, while the latest generation shows extended activity against 

both Gram-negative and Gram-positive bacteria.   

 

2.1.4. Macrolides 

Macrolides inhibit RNA-dependent bacterial protein synthesis by binding reversibly to the 

23S rRNA of the 50S ribosomal subunits of susceptible organisms, thereby blocking the 

translocation reaction of peptidyl tRNA.  The reversible nature of this interaction renders them 

bacteriostatic rather than bactericidal.  Their activity spectrum includes Gram-positive and some 

Gram-negative bacteria, mycoplasmas, chlamydiae, treponemes, and rickettsiae. 

 

2.1.5. Tetracyclines & Glycylcyclines 

Tetracyclines are bacteriostatic antibiotics with broad spectrum activity.  They enter 

bacteria by an energy-dependent process and inhibit bacterial protein synthesis by binding 

reversibly to the 30S ribosomal subunit, thus preventing the attachment of aminoacyl-tRNA to 

the ribosomal acceptor A-site in the RNA-ribosome complex.  Their activity spectrum includes 

many Gram-positive and Gram-negative bacteria, mycoplasmas, chlamydiae, rickettsiae, as well 

as some protozoa. 
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2.1.6. Aminoglycosides & Aminocyclitols 

Aminoglycosides are another bactericidal class of antibiotics.  They inhibit bacterial protein 

synthesis by binding irreversibly to the bacterial 30S ribosomal subunit, which becomes 

unavailable for the translation of mRNA during protein synthesis.  They can also cause 

misreading of the genetic code leading to production of nonsense proteins.  An aerobic energy-

dependent process is necessary for penetration of the bacterial inner cell membrane.  Their 

activity spectrum is primarily aerobic, Gram-negative bacilli, and S. aureus. 

Aminocyclitols inhibit bacterial protein synthesis through the same route, however, they 

are not bactericidal, and do not cause misreading of mRNA. 

 

2.1.7. Glycopeptides 

Glycopeptides inhibit peptidoglycan synthesis of Gram-positive strains in the bacterial cell 

wall by complexing with the D-alanyl-D-alanine portion of the cell wall precursor.  They are active 

mainly against aerobic and anaerobic Gram-positive species. 
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Figure III-1  Chemical structures of used antibiotics. 
The chemical structures of the antibiotics used in this chapter are given.  They include the β-lactam 
antibiotics penicillin G, ampicillin, and oxacillin; the sulfonamide sulfacetamide; the aminoglycosides 
streptomycin and kanamycin; tetracycline; the quinolone ciprofloxacin; the macrolide erythromycin; and 
the glycopeptide vancomycin. 
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2.2. Materials 

2.2.1. Biological Materials 

2.2.1.1. Bacteria 

The following, previously described bacterial strains were used in these experiments.   

Gram-negative strains: 

• Escherichia coli BL21; ATCC #BAA-1025; (E. coli); Risk Group: 1   

 

Gram-positive strains: 

• methicillin-susceptible Staphylococcus aureus (MSSA); clinical isolate; Risk Group: 

1   

 

2.2.1.2. Mammalian Cells 

The following mammalian cell line was used: 

• SK-N-AS, human neuroblastoma, ATCC # CRL-2137, Risk Group: 1 (American Type 

Culture Collection (ATCC), Manassas, VA, USA) 

 

2.2.2. Chemicals 

Some experiments also required use of specially prepared solutions and other chemicals 

including the following:   

Ampicillin; Kanamycin; Penicillin G; Tetracycline; Oxacillin (all Sigma-Aldrich); 

Sulfacetamide; Vancomycin (both Alfa-Aesar); Ciprofloxacin (Enzo Life Sciences, Inc.); 

Erythromycin; Streptomycin (Amresco, LLC). 
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2.3. Methods 

2.3.1. Killing bacteria 

Bacterial cell cultures were grown as described in Chapter II, Section 2.7.3.4. 

In preliminary experiments, bacteria were killed through different means.  The methods 

and agents for killing bacteria selected for this series of experiments are either established 

methods of sterilisation (γ-radiation, autoclave), antibiotics in clinical use (penicillin, ampicillin, 

kanamycin), or used to break bacterial cell walls in order to allow isolation of cytosolic proteins 

(French press).  Therefore, one would expect total or at the very least high bacteria killing 

efficacies.   

These different approaches could be divided into methods that either cause cell wall 

damage – i.e., an 18-h incubation with antibiotic classes like β-lactams or glycopeptides 

(penicillin, vancomycin, etc.), autoclaving for 45 min at 121°C, and one pass-through with a 

French press; or left it intact — i.e., incubation with antibiotic classes like aminoglycosides or 

quinolones (kanamycin, ciprofloxacin, etc.), and γ-irradiation.  Subsequently, killing success was 

checked by plating samples on agar plates.  Dead bacteria or bacterial fragments were isolated 

by centrifugation for 10 minutes at 3,716 × g and washing once with PBS; the growth medium 

(supernatant) and wash solution were saved.   

For the last experiment (see section 2.4.1.4), E. coli and MSSA bacterial cultures were 

incubated with dilution series of penicillin, kanamycin, or sulfacetamide (final concentration: 

100/10/1/0 µg/mL) for 24 hours.  Then, bacterial fragments were again isolated by 

centrifugation for 10 minutes at 3,716 × g and washing once with PBS; the supernatant and wash 

solution were saved.  Bacterial fragments were re-suspended in PBS (original volume) for 

incubation with neuroblastoma cell cultures.   

247 



2.3.2. Resazurin Cell Viability Assay 

To further test the effect on bacterial viability of the different treatments described above, 

the Resazurin Cell Viability Assay was used (17-19) (Figure III-2).  Resazurin (see Figure III-2 has a 

number of advantages over MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide); see Chapter II, Section 3.4.3.1).  Firstly, the formazan formed by reduction (resorufin) 

is water-soluble, thus avoiding washing and extraction steps necessary with MTT.  Secondly, its 

redox potential (E0 = +380 mV (pH 7.0/25°C)) allows it to be reduced by cytochromes (typically 

E0 = +290 - +80 mV (pH 7.0/25°C)), whereas MTT (E0 = -110 mV (pH 7.0/25°C)) is not; this 

prevents possible interference with the flow of electrons through the electron transport chain 

and blockage of the respiratory chain.  And thirdly, its reduction can be detected by both, 

fluorescence- and absorbance-based methods. 

Figure III-2  Resazurin and related compounds. 
Reduction of the non-fluorescent, blue resazurin in metabolically active cells yields the fluorescent red 
resorufin, which may be further reduced to the non-fluorescent, uncoloured dihydroresorufin (19). 

 

For the assay, a 100 × resazurin stock solution (5 mg/mL in HPLC-grade water) was diluted 

1:10 and a volume equal to 10% of the well content was added to the wells.  Bacterial cultures in 

96-well plates were then incubated directly in the microplate reader at 37°C, with a reading of 

the OD595 taken every 10 minutes for one hour. 
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2.3.3. Testing the Hypothesis 

In order to evaluate the hypothesis that penicillin may be a risk factor for AD, 

neuroblastoma cells were seeded at 10,000 cells/well into 96-well plates and incubated for 

24 hours until confluency was reached (as described in Chapter II, Section 2.7.3.7).  Then, used 

growth medium was replaced with 180 µL/well fresh growth medium.  20 µL/well of the 

supernatant of bacteria killed by different means as described in section 2.3.1 were added 

immediately (24 h sample), after 16 hours (8 h sample), and after 24 hours (0 h sample).  

Immediately after the last addition of killed bacteria (0 h sample), supernatant and cell lysate 

samples were taken as described in Chapter II, Section 2.7.3.10.  Finally, Aβ production by 

neuroblastoma cells induced by incubation with these different samples was determined by 

ELISA as described in Chapter II, Section 2.7.3.3 (b) with 6E10 capture antibody and bio4G8 

detection antibody. 

In order to estimate effects of antibiotic-treated bacteria on the growth and proliferation 

of the neuroblastoma cells, total protein content of SK-N-AS cells that had been incubated for 

24 hours with the supernatant of MSSA bacteria treated for 24 hours with a dilution series (100 / 

50 / 25 / 10 / 5 / 0 µg/mL) of ten different antibiotics (Ampicillin, Ciprofloxacin, Erythromycin, 

Kanamycin, Oxacillin, Penicillin G, Streptomycin, Sulfacetamide, Tetracycline, Vancomycin) was 

determined with the BCA Assay as described in Chapter II, Section 2.7.3.2 (b).   

 

 

2.4. Results & Discussion 

Since this is an ongoing project that is still in the early stages, only preliminary results can 

be presented in some instances, and some experiments will need to be repeated with optimised 

conditions. 
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2.4.1. Preliminary Experiments 

Originally, it was planned to incubate the neuroblastoma cells directly with suspensions of 

dead bacteria (to avoid losses of any potentially active component); however, after considering 

problems encountered previously during co-incubation of “killed” bacteria1 with mammalian cell 

cultures (see Chapter II, Section 2.7.3.6), it was decided to first check the killing efficacy of the 

methods utilised here.   

 

2.4.1.1. Bacteria killing efficacy 

With the concern that the antibiotics may not give complete killing of the culture, it was 

planned to γ-irradiate the bacteria samples if they were to still show growth after antibiotic 

treatment.  γ-Irradiation was chosen because it does not damage the bacterial cell walls thus 

preventing alteration of the nature of the respective samples. 

To establish the bacteria killing efficacy of γ-irradiation, E. coli and MSSA bacterial cultures 

were grown until they reached the log phase (OD595 ~0.5); 1 mL of sample were then irradiated 

with γ-radiation from a Co-60 source (located in the Tupper Building, Dalhousie University) for 

10 minutes (= 100 Gy2).  Plating of the γ-irradiated sample proved that this radiation dose was 

not sufficient to achieve complete killing of the bacteria.  Irradiation for 6 hours (= 1500 Gy) was 

enough to kill 100 % of E. coli bacteria, however, MSSA samples had to be diluted at least 1:6 to 

achieve complete killing with that dose of radiation.   

Following these first experiments, the other killing methods were tested; results are 

summarised in Table III-1.  None of the antibiotics achieved total killing, the autoclaving 

1 100% killing is required for co-incubation (longer than a couple of hours) of bacteria with 
mammalian cell cultures in order to avoid that the bacteria overgrown the culture. 

2 Gy = gray: SI derived unit of absorbed dose of ionising radiation; defined as absorption of 1 J of 
such energy per 1 kg of matter (20). 
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conditions established earlier (see Chapter II, Section 2.7.3.6) were repeated to confirm them.  

One pass-through with the French press of the samples did not completely kill the bacteria; 

however, for protein isolation, typically at least three pass-throughs are performed to achieve 

efficient lysis.   

 

Table III-1  Comparison of the efficacy of methods to kill bacteria. 

Bacteria treatment 
E. coli 

(Gram-negative) 
MSSA 

(Gram-positive) 
Compromise of 

cell wall integrity 

γ-Radiation 
(1500 Gy / 6 hours) 

+ + N 

Ampicillin 
(50 µg/mL) 

- - Y 

Kanamycin 
(10 g/mL) 

- - N 

Penicillin 
(100 IU/mL) 

- - Y 

Autoclave 
(121°C / 45 min) 

+ + Y 

French Press 
(1 pass-through) 

- - Y 

 

 

In a related experiment, the bacterial toxicity of six antibiotics — penicillin, kanamycin, 

sulfacetamide, tetracycline, ampicillin, and vancomycin — was determined.  E. coli was 

incubated with a dilution series of each of these antibiotics (100 / 50 / 10 / 5 / 1 µg/mL), and 

bacterial viability was determined after 30 and 60 minutes by the Resazurin assay (see 

Figure III-3).   

As expected, penicillin and vancomycin exhibited little to no activity against E. coli, a 

Gram-negative rod-shaped bacterium, while kanamycin, sulfacetamide, tetracycline, and 

ampicillin were more active.  A curious observation for all antibiotics is that the activity, after 

reaching a maximum at 5 – 10 µg/mL, seems to decrease again with increasing antibiotic 
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concentration.  Furthermore, that activity seems to decrease with longer incubation, possibly an 

artifact of bacterial cultures with lower than standard dilutions for the experiment. 

Figure III-3  Bacterial toxicity of antibiotics. 
To determine the bacterial toxicity of six antibiotics (Penicillin, Kanamycin, Sulfacetamide, Tetracycline, 
Ampicillin, Vancomycin), E. coli was incubated with a dilution series of each of these antibiotics (100 / 50 / 
10 / 5 / 1 μg/mL); bacterial viability was determined by the Resazurin assay after 30 and 60 minutes.  The 
relative bacterial viability is calculated in relation to incubation of bacteria without antibiotics (control, red 
line; note the error bars on either side).  Error Bars: ± S.E.M.; *: P < 0.05, **: P < 0.01 (two-tailed Student’s 
t-test), n = 2, for control n = 16. 
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2.4.1.2. production induced by bacterial fragments and medium 

To find out whether the active agents (supposedly LPS and LTA) that induce 

in the neuroblastoma cells are released into the growth medium or stay in the membrane 

fragments, SK-N-AS neuroblastoma cells were incubated for 18 hours with fragments and 

medium of E. coli and MSSA bacteria killed by autoclaving.  Subsequently,  the 

supernatant and cell lysate was determined by ELISA.   

Inspection of the results (see Figure III-4) reveals a clear difference; while incubation with 

the bacterial growth medium did not cause production of appreciable 

the lowest standard), incubation with bacterial fragments did.  Furthermore, for both E. coli and 

significantly higher than control, 

but not the amount found in the cell lysate. 

 

Figure III-4  -N-AS neuroblastoma cells induced by incubation with bacterial 
medium and fragments. 
SK-N-AS neuroblastoma cells were incubated with the medium and fragments of E. coli and MSSA bacteria 
killed by autoclaving.   in the supernatant and cell lysate was determined by ELISA.  The red 

standard (266 pM; nominally 187.5 pM).  Error Bars: ± 
S.E.M.; *: P < 0.05, **: P < 0.01 (compared to Control); n = 3; two-tailed Student’s t-test. 
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2.4.1.3.

-irradiation and autoclaving 

In a next step, it was investigated what difference the bacteria killing method and the 

incubation time makes for E. coli and MSSA bacteria were killed by 

-irradiation and autoclaving, and fragments were isolated; SK-N-AS neuroblastoma cell cultures 

were incubated with the isolated bacterial fragments for 3 or 24 hours

supernatant was determined by ELISA.   

 

Figure III-5  -N-AS neuroblastoma cells induced by incubation with fragments of 
bacteria -irradiation or autoclaving. 
SK-N-AS neuroblastoma cells were incubated for 3 or 24 hours with the fragments of E. coli and MSSA 

-irradiation or autoclaving.  the supernatant was 
determined by ELISA.  Error Bars: ± S.E.M.; $: P < 0.05, $$: P < 0.01 (comparing killing methods); *: P < 0.05, 
**: P < 0.01 (comparing bacterial strains); &: P < 0.05, &&: P < 0.01 (comparing incubation times); n = 8; 
two-tailed Student’s t-test. 

 

As can be seen in Figure III-5, for both bacterial strains, both killing methods led to 

fragments from b -irradiation 

inducing a significantly higher production 
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MSSA fragments caused in most cases a significantly higher Aβ production than E. coli fragments, 

as did a longer incubation time. 

The result that samples from γ-irradiated bacteria induce a higher production of Aβ 

compared to those obtained by autoclaving is somewhat unexpected.  It was thought that 

γ-radiation would leave the cell wall of the bacteria intact, whereas autoclaving would destroy it, 

thus leading to a higher Aβ production induced by the active compound released from the 

compromised cell wall.  One explanation might be that the heat from the autoclaving process 

inactivated some of the active compounds thereby leading to a reduced response by the 

neuroblastoma cells.   

 

2.4.1.4. Aβ production induced by bacterial fragments obtained through 

treatment with antibiotics 

Initially, experiments were performed using three antibiotics.  Cultures of E. coli and MSSA 

were incubated with ampicillin (50 µg/mL), penicillin (100 IU/mL), and kanamycin (10 µg/mL) for 

5 hours.  Supernatants were isolated; then, SK-N-AS neuroblastoma cells cultures were 

incubated with 20 µL/ well (total volume: 200 µL/ well) of these supernatants for 3 hours.  This 

short incubation time was chosen to prevent bacteria that had not been killed by the antibiotic 

from overpowering the cell culture.  γ-Irradiation had not been performed since the previous 

experiment did not show conclusively that it would not have an influence on the induced Aβ 

production.  Furthermore, time series experiments with LPS and LTA had shown a significantly 

increased Aβ production already after 1 hour (see Chapter II, Section 2.7.4).   

The results show an increased Aβ production upon incubation with the bacterial 

supernatants (see Figure III-6), however, since it did not reach statistical significance, not much 

can be said about any trends or comparisons.  In a repeat experiment, longer incubation time 
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and more samples per conditio

order to reach statistical significance. 

 

Figure III-6  -N-AS neuroblastoma cells induced by incubation with fragments of 
bacteria killed by different antibiotics. 
SK-N-AS neuroblastoma cells were incubated for 3 hours with the fragments of E. coli (E) and MSSA (M) 
bacteria obtained through treatment with different antibiotics (A: ampicillin; P: penicillin; K: kanamycin).  

 production in the supernatant was determined by ELISA.  Error Bars: ± S.E.M.; *: P < 0.05 (compared to 
respective controls (CE & CM)); n = 4; two-tailed Student’s t-test. 

 

In order to estimate effects of antibiotic-treated bacteria on the growth and proliferation 

of the neuroblastoma cells, total protein content of SK-N-AS cells that had been incubated for 

24 hours with the supernatant of MSSA bacteria treated for 24 hours with a dilution series (100 / 

50 / 25 / 10 / 5 / 0 μg/mL) of ten different antibiotics (Ampicillin, Ciprofloxacin, Erythromycin, 

Kanamycin, Oxacillin, Penicillin G, Streptomycin, Sulfacetamide, Tetracycline, Vancomycin) was 

determined with the BCA Assay (see Figure III-7).   
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Figure III-7  Effect of antibiotic-treated MSSA on total protein production by SK-N-AS neuroblastoma 
cells. 
SK-N-AS neuroblastoma cells were incubated with the supernatant of MSSA treated with a dilution series 
of 10 different antibiotics.  Total protein production was determined by BCA assay.  Control was 
incubation of antibiotic and bacteria without SK-N-AS.  Error Bars: ± S.E.M.; n = 2.   

 

Unfortunately, results were not interpretable due to the large error bars.  A repetition of 

this experiment might be able to show some differences caused by the different classes of 

antibiotics.  It should also include controls for the effect of the antibiotic alone on protein 
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production by the SK-N-AS cells, since the antibiotics are still present, albeit diluted, in the 

supernatant of the bacteria added to the growth medium of the neuroblastoma cells. 

 

Finally, a large experiment was conducted, where SK-N-AS neuroblastoma cells were 

incubated for different time intervals (0 / 8 / 24 hours) with supernatants from E. coli and MSSA 

treated with dilution series (0 / 1 / 10 / 100 µg/mL) of three antibiotics (kanamycin, penicillin, 

sulfacetamide); then Aβ production in the supernatant and cell lysate was determined by ELISA 

(Figure III-8 and Figure III-9).   

Again, due to large error bars for most samples interpretation of the data was practically 

impossible.  For E. coli, no trends were discernible and most values were at or below controls.  

For MSSA, Aβ production in the supernatant generally seemed to be higher than in the cell 

lysate.  In a repeat experiment, care should be taken with pipetting to reduce the size of the 

error bars.  Along the same line, the number of samples per condition should be increased.   
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Figure III-8  -N-AS induced by incubation with E. coli fragments. 
SK-N-AS neuroblastoma cells were incubated for 0, 8, and 24 hours with the supernatants of E. coli treated 

supernatant and lysate of the cells was then determined by ELISA.  Values are average of two independent 
experiments determined in duplicate; error bars: ± S.E.M.; n = 2.    
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Figure III-9  -N-AS induced by incubation with MSSA fragments. 
SK-N-AS neuroblastoma cells were incubated for 0, 8, and 24 hours with the supernatants of MSSA treated 

supernatant and lysate of the cells was then determined by ELISA.  Values are average of two independent 
experiments determined in duplicate; error bars: ± S.E.M.; n = 2.    
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3. Conclusion & Future Work 

Bacterial cell components can be potent stimulators of the immune system.  As shown in 

the previous chapter, their specific membrane lipids are able to bind with Aβ to form the toxic 

form that initiates and enters the Vicious Cycle of AD.  We provide evidence here that bacteria 

killed by cell wall/cell membrane-active agents can induce the production of Aβ.  This then raises 

the possibility of an antibiotic’s link with the development of Alzheimer’s disease. 

 

While the experiments performed here certainly provide plausibility to this hypothesis, it 

would be necessary to do further research into this area to draw more definitive conclusions.  

Besides repetition of some of these experiments as mentioned in the discussion, some 

suggested experiments would include incubations with antibiotics of other classes; determining 

cell wall integrity after killing bacteria, e.g., by Trypan Blue or Live/Dead® stain; quantitating how 

much LPS or LTA is released by each killing method using mass spectrometry or ELISA; test 

dilution series of LPS/LTA and bacterial fragments for concentration dependence of the induced 

Aβ production; and determining the influence of added Aβ12-17 (VHHQKL  BBXB is binding 

motif for LPS (LTA?)) on the induced Aβ production. 

An animal trial is in the planning stage pending the outcome of further in vitro test results. 

Performed by Kurt Stover, a Ph.D. student working under the supervision of Dr. Richard Brown at 

Dalhousie’s Department of Psychology, it is intended to infect AD transgenic mice with bacteria, 

treat them with different antibiotics, and determine behaviour and brain pathology changes (in 

particular plaque load) over a time period of about six months in order to evaluate the influence 

that different classes of antibiotics may have on the progression of AD. 
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CHAPTER IV.  
 

Microwave-Assisted Solid-Phase Peptide 
Synthesis 

 

 

1. Introduction 

Peptides and proteins are involved in virtually every biological process.  Consequently, 

research in this field has grown enormously in recent years, producing over 20,000 publications 

annually (1).  It has been established that peptides are involved in as diverse biochemical 

processes as cell-cell communication, metabolism, immune response and reproduction.  As well, 

their functions as hormones and neurotransmitters are extensively documented.  With their 

importance in so many biochemical and physiological processes, peptides have also received 

considerable attention as potential drug candidates.  Although there are definite problems 

associated with peptide drugs, some advancement has been made in terms of peptidic drug 

delivery systems, such as PEGylation, and pulmonary delivery (2, 3).  Furthermore, because facile 

ways for their syntheses are available, they can be used as prototype for the development of 

small molecule drugs.   

Chemical synthesis has several advantages over the recombinant production of peptides 

and proteins.  Firstly, it enables site-specific control of backbone and side-chain modifications 

that are not available through recombinant methods.  Secondly, it offers rapid synthesis of a 

product that is free from DNA impurities or endotoxins that may be produced during 
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recombinant synthesis.  To date, small proteins with up to 200 amino acid residues have been 

produced by a combination of different chemical synthetic strategies.   

However, there are also a few disadvantages connected with the chemical synthesis 

approach.  This strategy requires the use of toxic reagents, as well as significant amounts of 

expensive chemicals.  It also often suffers from incomplete reactions leading to reduced final 

product purity and yield.   

Solution-phase, solid-phase and combination strategies have been developed for the 

chemical synthesis of peptides.  For large-scale preparations, solution-phase has been the 

preferred strategy; however, recently some solid-phase methods were developed for this 

application.  For small-scale syntheses of peptides with a chain length of up to 50 amino acid 

residues, solid-phase peptide synthesis (SPPS) (4) has superseded solution-phase methods.   
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2. Solid-Phase Peptide Synthesis 

2.1. Principles of Solid-Phase Peptide Synthesis 

The problems associated with classical solution-phase peptide synthesis (SPPS), namely 

the extremely time consuming purification and characterization at each step, fuelled the search 

for an alternative method.  In 1963, Merrifield developed a method based on the use of solid 

resin beads as an anchor for the growing peptide chain (5).  Unlike the natural enzymatic peptide 

synthesis, which is performed from the N- to the C-terminus, in Merrifield’s method the peptide 

is assembled starting from the C-terminus and growing the peptide chain towards the 

N-terminus (see Figure IV-1).  The carboxylate group of the C-terminal amino acid is attached to 

the resin via a linker.  The N-terminus carries a temporary protecting group, while side chains are 

protected permanently if necessary.  After removal of the N-α-protecting group, the second 

amino acid (with N-α- and side chain protecting groups) is added to the reaction in excess, and 

the C-terminus is activated in situ to generate an activated ester thus enabling amide bond 

formation.  Excess reagents and side products are removed by filtration, followed by multiple 

washing steps with solvent.  The N-terminal protecting group of the dipeptide, which is attached 

to the resin, is removed subsequently to start the next cycle.  This procedure is repeated until 

the desired peptide is assembled.  Once the last amino acid (the peptide’s N-terminus) is 

attached, its N-α-protecting group is removed, and simultaneously the peptide is cleaved from 

the resin and the permanent side chain protecting groups are removed.   

Some excellent reviews and books are available discussing in detail the intricacies of SPPS, 

e.g., Refs. (6-8).  
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Figure IV-1  General reaction scheme of SPPS.   
To begin, the first, N-terminally protected amino acid (C-terminus) is attached via the linker to the resin.  
After deprotection, it is reacted with the second, (in situ) activated amino acid.  Deprotection of the last 
attached amino acid, C-activation of the next amino acid, and coupling are repeated until the sequence is 
completed.  After N-deprotection of the last amino acid (N-terminus), side chains are deprotected 
simultaneously with cleavage of the peptide from the resin.  Red hexagon: N-terminal protecting group; 
yellow triangle: side-chain protecting group; blue circle: polymer support. 
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2.2. Principles of Microwave-Assisted Organic Synthesis 

2.2.1. Background 

The use of microwaves for the purpose of heating was discovered in the 1940s by Percy 

Spencer (9); the first commercial microwave ovens became available shortly after (in 1947).  

Microwave ovens have since found widespread use in industrial as well as in domestic settings.  

In organic synthesis, however, microwave heating was first applied only in the mid-1980s (10, 

11), but quickly received widespread attention in the scientific community with over 2,500 

publications to date.   

 

2.2.2. Microwaves

Microwaves are a form of electromagnetic radiation that is located between radio and IR 

frequencies  = 1cm - 1m) (see Figure IV-2).  Virtually all 

commercially available microwave ovens (domestic and laboratory) operate at a frequency of 

 = 2.45  = 12.25 cm), one of the five ISM frequencies assigned for the use in industrial, 

scientific, and medical microwave ovens.  

 

Figure IV-2  The 
electromagnetic 
spectrum.   
Wavelength, energy and 
frequency of the 
electromagnetic 
spectrum are given.  The 
range for microwaves is 
highlighted in grey, with 
the approximate location 
of the frequency of the 
used instrument 
indicated by blue arrows. 
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As becomes evident from comparing the data in Table IV-1, the energy of a microwave 

photon is too small to cleave any molecular bonds, and is even lower than Brownian motion.  

Thus, as opposed to ultraviolet and visible radiation, microwaves cannot induce a chemical 

reaction by direct absorption of their electromagnetic energy.  However, microwave dielectric 

heating was found to be an efficient way of heating reaction mixtures. 

Table IV-1  Comparison of frequency and quantum energy of a range of radiation types with the bond 
energy of select bond types (12-14).   

Radiation Type Frequency 
(MHz) 

Quantum energy 
(eV) 

Bond type Bond energy 
(eV) 

γ rays 3.0 x 1014 1.24 x 106 C-C single bond 3.61 
X-rays 3.0 x 1013 1.24 x 105 C=C double bond 6.35 
Ultraviolet 1.0 x 109 4.1 C-O single bond 3.74 
Visible light 6.0 x 108 2.5 C=O double bond 7.71 
Infrared light 3.0 x 106 0.012 C-H bond 4.28 
Microwaves 2450 0.0016 O-H bond 4.80 
Radiofrequencies 1 4.0 x 10-9 Hydrogen bond 0.04 – 0.44 
     
Brownian motion  0.017 (200K)   

 

2.2.3. Microwave Dielectric Heating 

Microwave dielectric heating effects are the basis for the efficient heating of materials.  

They depend on the ability of a material (solvent, reagent, catalyst) to absorb microwave energy 

and convert it into heat.  Of the two components of electromagnetic microwave radiation (see 

Figure IV-3), the electric component is the most important for the interaction of microwaves 

with matter.  It causes heating by two main mechanisms, dipolar polarization and ionic 

conduction.  Possession of a dipole moment is the prerequisite for a substance to be able to 

generate heat when irradiated with microwaves.  Microwave radiation causes the dipoles to 

align in the applied electric field.  Since the electric field of the microwaves oscillates, the dipole 

field attempts to realign itself with the alternating electric field thereby converting 

electromagnetic energy into heat through molecular friction and dielectric loss.   
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Figure IV-3  Electric and magnetic 
field components in microwaves.   
(From: 
http://www2.astro.psu.edu/users/cpa
lma/astro10/class5.html).   

 

 

The amount of heat generated is directly related to ability of the matrix molecules to align 

themselves with the frequency of the applied field.  No heating occurs in high frequency fields, 

where the dipoles do not have enough time to realign themselves with the external electric field, 

as well as in low-frequency fields where they reorient too quickly.  In medium-frequency fields, 

dipoles have enough time to align with the field, but not to follow the alternating field precisely.  

This creates a phase difference between the orientation of the field and that of the dipole, which 

leads to loss of energy from the dipole by molecular friction and collisions resulting in dielectric 

heating.  It has to be emphasized that in the condensed phase, this interaction is not a quantum 

mechanical resonance phenomenon.  There, transitions between rotational quantum excitation 

states are not involved, i.e., the energy transfer is not a property of individual molecules, but 

rather the result of a collective phenomenon involving the bulk (15, 16).  Furthermore, it should 

be mentioned that gases cannot be heated by microwaves.  In the gas phase, the rotation of 

molecules is quantized (which allows for microwave spectroscopy), but since the mean free 

paths between individual molecules are too big for molecular friction to occur, heating of gases 

by microwave radiation cannot be achieved.  On the other end of the scale, e.g., ice is (nearly) 

microwave transparent, since the water dipoles are constraint in the crystal lattice and cannot 

move as freely as in solution.   
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During ionic conduction the ions dissolved in a sample oscillate back and forth under the 

influence of the microwave field and collide with neighboring atoms or molecules ultimately 

creating heat.  For that reason, tap water for example, heats up much faster than distilled water 

because of the dissolved ions.   

Comparing these two effects with regards to their heat-generating capacity, ionic 

conduction displays a much stronger effect than the dipolar rotation mechanism.   

 

2.2.4. Dielectric Properties 

The heating characteristics of a material under microwave irradiation depend on its 

dielectric properties and are determined by the loss factor, or loss-tangent, tan δ 

(Equation (IV-1))   

 𝒕𝒂𝒏 𝜹 =  
𝒆′′

𝒆′
 (IV-1) 

 

where ε” is the dielectric loss (a measure for efficiency with which electromagnetic radiation is 

converted into heat), and ε’ is the dielectric constant (a description of the polarizability of the 

molecules in an electric field).  A high tan δ is required for efficient absorption which leads to 

rapid heating, however, materials with a high dielectric constant ε’ may not necessarily also have 

a high tan δ value (Table IV-2).  Typically, solvents are classified as high (tan δ > 0.5), medium 

(tan δ = 0.1-0.5), or low microwave-absorbing (tan δ < 0.1) media.   

Other common organic solvents without a permanent dipole moment, such as benzene, 

carbon tetrachloride, or dioxane, are more or less microwave transparent; however, this fact 

does not preclude their use in microwave-heated reactions.  In most cases, as long as the 

substrate or at least some of the reagents or catalysts are polar, sufficient heating by 
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microwaves can be attained.  Another option would be the use of polar additives like alcohols or 

ionic liquids in order to increase the capacity of the medium to absorb microwave radiation. 

 

Table IV-2 Dielectric constants, dielectric losses and loss tangent (tan δ) of various solvents 
(2.45 GHz, 20°C) (17, 18).   

Solvent ε' ε'' tan δ Solvent ε' ε'' tan δ 

Ethylene glycol 37.0 49.950 1.350 
N,N-dimethyl-
formamide (DMF) 

37.7 6.070 0.161 

Ethanol 24.3 22.866 0.941 1,2-dichloroethane 10.3 1.308 0.127 
Dimethyl sulfoxide 45.0 37.125 0.825 Water 80.4 9.889 0.123 
2-propanol 20.2 16.124 0.799 Chlorobenzene 5.6 0.566 0.101 
Formic acid 58.5 42.237 0.722 Chloroform 4.8 0.437 0.091 
Methanol 32.6 21.483 0.659 Acetonitrile 37.5 2.325 0.062 
Nitrobenzene 34.8 20.497 0.589 Ethyl acetate 6.0 0.324 0.059 
1-butanol 17.8 10.164 0.571 Acetone 20.7 1.118 0.054 
2-butanol 17.3 7.733 0.447 Tetrahydrofuran 7.4 0.348 0.047 
1,2-dichlorobenzene 9.9 2.772 0.280 Dichloromethane 9.1 0.382 0.042 
1-methyl-2-
pyrrolidone (NMP) 

32.2 8.855 0.275 Toluene 2.4 0.096 0.040 

Acetic acid 6.2 1.079 0.174 Hexane 2.0 0.040 0.020 
 

The penetration depth of microwave radiation is per definitionem the point in the medium 

where 1/e (~37 %) of the initially applied microwave power is still present (Equation (IV-2))   

 𝑫𝒑 ∝  �𝒆′ 𝒆′′�  (IV-2) 

 

where Dp is the penetration depth, and λ0 the wavelength of microwave radiation.  Since the 

penetration depth is inversely proportional to the loss tangent it is critically dependent on 

factors such as the frequency of the microwave radiation and the temperature of the reaction 

medium.   
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2.2.5. Conventional vs. Microwave Heating 

Conventional heating is typically carried out by conductive heating with an external heat 

source such as an oil bath or a heating mantle.  Since it depends mainly on convective currents 

and the thermal conductivity of the various materials that must be penetrated it leads to the 

temperature of the reaction vessel walls being higher than that of the reaction mixture.  As well, 

a temperature gradient can develop within the sample and local overheating may result in 

decomposition of substrate, catalyst, reagent or product.  Microwave radiation, on the other 

hand, produces internal heating within the core of the sample rather leading to an inverted 

temperature gradient (Figure IV-4) (19).  Because microwave dielectric heating and conventional 

thermal heating by convection are totally different processes, any comparison of results 

acquired by these two methods is inherently difficult and has to be thoroughly validated. 

 

Figure IV-4  Modelling of inverted temperature gradients in microwave versus normal in oil-bath 
heating.   
Temperature profiles (obtained by finite element modeling) after 1 min as affected by microwave 
irradiation (left) compared to treatment in an oil bath (right).  Microwave irradiation raises the 
temperature of the whole volume simultaneously (bulk heating), whereas in the oil-heated tube the 
reaction mixture in contact with the vessel wall is heated first.  (Reproduced with permission from 
Ref. (19)).   
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2.2.6. Microwave Effects 

Currently, the exact mechanisms by which microwaves enhance chemical reactions are still 

not completely understood.  Several groups proposed the existence of so-called ‘microwave 

effects’ which are thought to be the consequence of specific wave-material interactions.  

Orientation effects of polar species in an electromagnetic field could decrease the activation 

energy or increase in the pre-exponential factor in the Arrhenius law (20, 21).  However, other 

researchers dismiss the idea of the existence of non-thermal effects and reason that all rate 

enhancements are the result of rapid heating and the high temperatures that are achieved in 

microwave-heated chemical reactions (22, 23), the formation of microscopic or macroscopic 

hotspots, or the selective heating of a specific component in the reaction mixture (24).  Three 

possibilities have been put forward for the rationalization of the rate enhancements that are 

observed in microwave-assisted chemical reactions, thermal (kinetic) effects, specific microwave 

effects, and non-thermal (athermal) microwave effects (25).   

 

2.2.6.1. Thermal Effects (Kinetics) 

In many cases the observed rate enhancements can be ascribed to purely thermal/kinetic 

effects, i.e., they are a result of the high reaction temperatures, which can rapidly be attained 

when polar materials are irradiated in a microwave field (22, 23).  Even solvents that absorb 

microwave radiation only moderately, e.g., dichlorobenzene (Table IV-2) can be heated very 

rapidly in a microwave reactor.   

Under sealed-vessel conditions in a single-mode microwave (high power density) a rapid 

increase in temperature leading to super-heating can be achieved.  When using media with 

extreme loss tangents, such as ionic liquids, temperature jumps of 200 K within a few seconds 
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are not uncommon.  Obviously, it is very difficult, or even not at all possible to reproduce such 

temperature profiles by conventional thermal heating.  This fact, of course, reduces the 

comparability of results obtained by those two methods.   

 

2.2.6.2. Specific Microwave Effects 

The term 'specific microwave effects' is used to describe microwave effects that are 

caused by the unique nature of the microwave dielectric heating mechanism.  These effects are 

defined as “[…] accelerations of chemical transformations in a microwave field that cannot be 

achieved or duplicated by conventional heating, but essentially are still thermal effects” (26).  

One example for such an effect is superheating of solvents at atmospheric pressure (27-29).  

Since both the rate of evaporation and the temperature at the interface of vapor and liquid 

strongly depend on the experimental conditions (22, 23) microwave-heated liquids can boil at 

temperatures above the equilibrium boiling point at atmospheric pressure (27, 28).  This effect 

occurs, because the microwave power is dissipated over the whole volume of the solvent, which 

may allow some solvents to reach temperatures up to 40 K above the classical boiling point (29).  

For a heated solvent the most significant way to lose excess thermal energy is by boiling.  

However, while in a thermally heated solvent boiling typically occurs at nucleation points on the 

hot glass reactor surface, in microwave heated solvents it will occur only at the existing liquid-

gas interfaces (27).  In addition, Chemat and co-workers found that the kinetics of homogeneous 

organic reactions show Arrhenius behaviour extended into the superheated temperature region 

(29).  Therefore, reaction rate enhancements of the order of 10-100 may be achieved, which is 

normally only possible under increased pressure.   

Wall effects that occur in conventional heating are eliminated due to the inverted 

temperature gradient that results from the unique mechanism of microwave heating 
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(Figure IV-4, left).  The reactor material is generally not heated but rather the energy is 

dissipated inside the bulk liquid.  It can be assumed that while in a conventional oil-bath 

experiment (Figure IV-4, right) temperature-sensitive species, for example catalysts, may 

decompose at the hot reactor surface (wall effects), the elimination of such a hot surface when 

using microwave heating will increase the lifetime of the catalyst and therefore will lead to 

better conversions in a microwave-heated as compared to a conventionally heated process.   

In the end, all rate enhancements falling under the category of specific microwave effects 

are essentially still a result of thermal effects, i.e., an increased heating rate and a change in the 

temperature profile compared to heating by standard convection methods.   

 

2.2.6.3. Non-Thermal Microwave Effects 

In contrast to the specific microwave effects described in the previous section, some 

authors have proposed the existence of non-thermal microwave effects (also referred to as 

athermal effects).  These were defined as “[…] accelerations of chemical transformations in a 

microwave field that cannot be rationalized in terms of either purely thermal/kinetic or specific 

microwave effects” (26).  They were thought to result from a proposed direct interaction of the 

microwave electric field with specific molecules in the reaction medium.  One conception was, 

for example that the presence of an electric field would lead to orientation effects of dipolar 

molecules thus changing the pre-exponential factor A (30-32) or the activation energy Ea 

(entropy term) (33, 34) in the Arrhenius equation (Equation (IV-3)) 

 𝒌 = 𝑨 ∗  𝒆�
−𝑬𝒂
𝒌∗𝑻� (IV-3) 

 

where k is the rate constant, A the pre-exponential factor, Ea the activation energy (kJ/mol), k 

the Boltzmann constant (k = 1.38×10−23 J/K), and T the absolute temperature (K).  Moreover, a 
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comparable effect should be observed for polar reaction mechanisms, where the polarity is 

increased on going from the ground state to the transition state, resulting in an enhanced 

reactivity by decreasing the activation energy.   

However, other scientists denounce the existence of such dipolar orientation effects in the 

electric fields, arguing that disorientation phenomena such as thermal agitation, would 

supersede those effects and thus prevent any statistically significant orientation of dipolar 

molecules (14, 17, 22, 23).   

Regardless of the rationalization, in many cases one can observe a change in selectivity 

(chemo-, regio-, and stereoselectivity) when comparing microwave irradiation to conventional 

heating (35).  However, currently microwave effects are still the subject of considerable debate 

and controversy in the scientific community, and there is no agreement on the role that they 

might play in chemical reactions. 

 

 

2.3. Microwaves in SPPS 

Concerns about side-reactions and the lack of proper tools prohibited the use of 

microwaves in SPPS for another two decades after their introduction to organic synthesis.  

Several side-reactions are known to occur in SPPS, e.g., aspartimide and oxazolone formation, 

and racemisation.  Since microwaves have been shown to increase reaction rates, microwave 

heating was expected to accelerate these side-reactions, as well.  A few publications reported 

the use of domestic microwave ovens for the enhancement of the deprotection.  However, it 

was not until 2003 that the first synthesis of a decameric peptide (ACP65-74), was performed 

exclusively in a single-mode microwave generator (36, 37).  Since deprotection was completed in 

2 minutes and coupling in 3 minutes, the complete synthesis took only 4.5 hours.  Furthermore, 
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it also resulted in higher product purity compared to conventional automated SPPS.  Since then, 

the number of reports mentioning microwave-assisted SPPS is steadily increasing.   

Microwaves are thought to influence the reaction rate mainly in two ways.  Firstly, the 

solvents commonly used all absorb microwaves, thus leading to an increased temperature 

causing acceleration of the reaction.  And secondly, since both the N-terminal amine group and 

the backbone of the peptide chain are polar, they constantly try to align with the alternating 

electric field of the microwave.  This motion can help break up chain aggregation (another 

problem known to occur in SPPS), thus enabling better solvation and easier access of reagents to 

the growing peptide chain.  This becomes particularly important in the synthesis of longer or 

difficult sequences.   

A few reports show improved reaction rates, when the reaction was cooled 

simultaneously with microwave irradiation (38-40).  This strategy allowed greater amounts of 

microwave energy to be delivered to the reaction vessel while reducing the temperature of the 

bulk solution.   
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3. Peptide Synthesis and Purification 

3.1. Background 

As detailed in the previous section, the use of microwaves in SPPS offers a number of 

advantages over conventional methods, namely faster reaction times, and often higher purity of 

the products.  Since this research project involved a number of different peptides involved in AD, 

it was decided to synthesise them on the automated synthesiser available in this laboratory, a 

CEM Liberty Microwave peptide synthesiser.   

 

 

3.2. Materials 

For the synthesis of peptides, the following chemicals were used: N,N-dimethylformamide 

(DMF); dichloromethane; trifluoroacetic acid (TFA) (all EMD Chemicals, Gibbstown, NJ, USA); 

Wang resins with the first Fmoc-protected amino acid residue already attached; Fmoc-protected 

amino acid residues (both SynBioSci, Livermore, CA, USA & Novabiochem, Läufelfingen, 

Switzerland); N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate 

(HBTU); 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU) (both Aroz Technologies, Cincinnati, OH, USA); 

diisopropylethylamine (DIEA); N-methyl-pyrrolidone (NMP); piperidine; 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU); triisopropylsilane (TIS) (all Alfa Aesar, Ward Hill, MA, 

USA); HOBt; piperazine; t-butyl-methyl ether, acetic anhydride (all Sigma-Aldrich, St. Louis, MO, 

USA); Chemicals, Gibbstown, NJ, USA); ultrapurified water (Millipore, Billerica, MA, USA); diethyl 
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ether (Fisher Scientific, Fair Lawn, NJ, USA & EMD Chemicals, Gibbstown, NJ, USA); molecular 

trap with amine scavenger (Biolytic Lab Performance, Inc., Fremont, CA, USA). 

 

 

3.3. Methods 

3.3.1. Peptide Synthesis Instrumentation 

For peptide synthesis, the CEM Liberty system was employed.  It enables the automated 

sequential synthesis of up to twelve peptides at a time in a microwave reactor.  The standard 

reaction vessel allows synthesis scales of 0.1-1.0 mmol; additionally, a large reaction vessel is 

available for syntheses of up to 5.0 mmol of peptide.  The system uses nitrogen pressure for 

transfer of all reagents and to provide an inert environment during synthesis.  Nitrogen-bubbling 

is used for the mixing during deprotection, coupling and cleavage reactions.  Metered sample 

loops are employed for precise delivery of all amino acid, activator and cleavage solutions.  The 

polymer support resin is typically weighed into a 50 mL centrifuge tube, which is attached to one 

of the twelve ports of resin tube manifold.  To collect the final product, the same type of tube is 

attached to the respective port of the product tube manifold.  A 20 L liquid level-controlled 

carboy serves as waste container.   

 

3.3.2. Peptide Synthesis Methods 

The automated synthesis of a peptide on the CEM Liberty is performed by consecutive 

execution of a number of protocols termed ‘cycles’.  These typically include a resin cycle, 

multiple repetitions of amino acid cycles, followed by the final deprotection cycle and if desired 
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the cleavage cycle.  Each cycle consists of multiple steps and includes the appropriate microwave 

and washing (with DMF) steps.  Examples for each of the cycles are given in Appendix E.   

The resin cycle consists of transfer of the resin from the resin tube to the reaction vessel, 

and swelling of the resin.  The first step is optional; if only one peptide is synthesized, the resin 

may be weighed in directly into the reaction vessel to avoid any losses.  Swelling of the resin is 

necessary to ensure optimal access of all reagents to the functionalized sites on the resin 

surface; for Wang-resins, which were used in the majority of syntheses, it was being done in a 

1:1 mixture of DMF and dichloromethane.   

The amino acid cycle includes the deprotection, as well as the addition and in situ 

activation of the amino acid residue and the subsequent coupling.  The cycle in Appendix E is for 

the coupling of a non-problematic amino acid at a 0.1 mM scale.  Special cycles are available for 

amino acid residues that are prone to side reactions, as well as for amino acids that are known 

to react slowly.  Coupling of the amino acid residues (Cys, His) is performed at 50°C; for slow 

reacting amino acid residues (Arg), a double-coupling is performed, where addition of the 

residue, activation and coupling is repeated after a washing step and without prior deprotection.  

Fmoc-protected amino acids were used as 0.2 M solutions in DMF.  The standard activator was 

0.5 M HBTU in DMF, although for some syntheses of the full length Aβ the stronger HATU was 

employed instead.  To avoid side-reactions of the activator before addition to the amino acid, 

the activator base was prepared separately and added immediately prior to the reaction step 

into the reaction vessel.  The standard activator base solution was 2 M DIEA in NMP.  Originally, 

the deprotection solution used was 20 % piperidine in DMF containing 0.1 M HOBt; however, 

problems with the availability, as well as with the purity of some peptides led to the decision to 

switch to a solution of 5% piperazine in DMF with 0.1 M HOBt (41).  Later on, a solution of 2% 

DBU in DMF was also employed in the synthesis of full-length Aβ (42, 43).   
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After the last amino acid residue has been attached, its Fmoc protecting group has to be 

removed in a final deprotection cycle to avoid problems in the subsequent cleavage and 

side-chain deprotection.   

In one instance, the last amino acid of a peptide (BBXB IL_4b) had to be acetylated in order 

to prevent cyclisation.  This was achieved by including a capping reaction using neat acetic 

anhydride in the final deprotection cycle.   

The cleavage cycle allows for the automated cleavage of the final product from the resin 

after which the product is transferred to the product tube followed by neutralization and 

cleaning of the reaction vessel to prepare it for the synthesis of the next peptide.  This last cycle 

may be omitted; the resin with the attached peptide is then transferred to the original resin tube 

instead of the product tube.  After a number of problems and on recommendation of the service 

technician, this step was being skipped and cleavage was performed manually in the fume hood 

(see 3.3.3).  In both instances, washing of the resin-attached peptide before cleavage was done 

with dichloromethane.  The used cleavage cocktail consisted of 95 % TFA, 2.5 % TIS, and 2.5 % 

ultrapurified water.  Ice-cold diethyl ether or t-butyl-methyl ether were used for precipitation of 

the crude peptides. 

 

3.3.3. Manual Peptide Cleavage 

Manual cleavage of the peptide from the resin was performed in a fume hood.  The 

contents of the resin tube (resin suspension in DMF/dichloromethane) were poured into a 

cleavage filter (see Figure IV-5) to wash the resin.  The cleavage filter had been designed to have 

a minimal dead volume below the glass frit to reduce the needed volume of cleavage cocktail; it 

was custom-made by Jürgen Müller (Chemistry Department, Dalhousie University).  A water-jet 
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vacuum pump was used to remove the solvents under vacuum.  The resin was washed 5 × with 

the appropriate volume of dichloromethane (see Table IV-3). 

 

Figure IV-5  Manual peptide cleavage filter.
The manual peptide cleavage filter was designed to have a minimal dead volume below the glass frit (see 
zoom-in, (A)) to reduce the needed volume of cleavage cocktail; it was hand-made by Jürgen Müller 
(Chemistry Department, Dalhousie University).  (B) shows it attached to the PTFE centrifuge tube adapter, 
which was made to avoid transfer of the cleaved and filtered peptide from a round-bottom flask to a 
centrifuge tube thus reducing peptide loss. 

 

Table IV-3  Volume chart for the different steps of manual peptide cleavage. 

Peptide Synthesis Scale (mM) 0.1 0.25 0.5 1.0 
Wash Solvent Volume (mL) 5-7 13-18 25-30 50-60 

Cleavage Cocktail Volume (mL) 10 15 20 30 
Ether Precipitation Volume (mL) 40 80 160 320 

# of 50 mL Centrifuge Tubes 1 2 4 8 
mL Ether / tube 40 40 40 40 
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After closing the filter stopcock, the cleavage cocktail was added to the resin (see 

Table IV-3).  The vessel was covered with parafilm and the left to react for 3-4 hours at RT.  The 

reaction mixture was swirled intermittently, about once every hour. 

Subsequently, the cleavage filter was inserted into the PTFE centrifuge tube adapter, 

which itself was inserted into a 50 mL polypropylene centrifuge tube.  After removal of the 

parafilm, the cleavage reaction mixture was filtered with the help of a water-jet vacuum pump 

into the centrifuge tube.  Finally, the resin was washed 2 × with a small amount of cleavage 

cocktail.  The filtered cleavage reaction solution was aliquoted into the appropriate number of 

tubes (see Table IV-3) and the appropriate volume of ice-cold (~ -20°C) diethyl ether or 

t-butylmethyl ether (see Table IV-3) was added to the solution in the centrifuge tube and mixed.  

The tubes were centrifuged for 5 minutes at 3,716 × g to precipitate the peptide. 

After decanting off the solution into a round-bottom flask, the precipitates were washed 

one more time with the same volume of ice-cold ether and centrifuged as before.  The ether was 

again decanted into the same flask.  Finally, the peptide was either analyzed directly or 

lyophilized to obtain a dry powder form.  To recover more of the crude peptide, the decanted 

ether/TFA solution was evaporated to dryness in a rotary evaporator. 

 

3.3.4. Peptide Purification Instrumentation and Materials 

Purification of the crude peptides can be a major challenge in the process of peptide 

synthesis.  Particularly peptides with longer sequences may contain a multitude of more or less 

easily detectable and separable side-products.  Due to its unsurpassed flexibility provided by the 

wide range of stationary and mobile phases available, high-pressure liquid chromatography 

(HPLC) has become the standard method for this task.   
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The separation station used was comprised of the following modules, Dionex Ultimate 

LPG-3400A Analytical Pump (quaternary low-pressure gradient, pressures: ≤400 bars 

(4.00 x 107 Pa), flow rates: ≤10 mL/min); Dionex Ultimate HPG-3200P Semipreparative Pump 

(binary high-pressure gradient; pressures: ≤150 bars (3.5 x 107 Pa); flow rates: ≤50 mL/min, with 

double flow ≤100 mL/min; manual injector, injection loops available: 20 μL, 100 μL, 500 μL, 

1 mL); Dionex Ultimate WPS-3000TSL, Analytical Autosampler (temperature-range: 4-45°C; 

injection volume: ≤100 μL); Dionex Ultimate TCC-3100, 6P Column Compartment (temperature 

range: 4-85°C; 6-port-2-position switching valve; capacity: 4 columns); Dionex Ultimate 

VWD-3400 Variable Wavelength UV/Vis detector (detects 4 different wavelengths 

simultaneously; wavelength range: 190-900 nm); Dionex RF-2000 Fluorescence Detector 

(excitation & emission wavelength range: 200-900 nm); Teledyne Isco Foxy Jr.® Fraction 

Collector; and Dionex UCI-50 Universal Chromatography Interface.  Analytical runs were 

performed on a Dionex Acclaim® 120 reversed-phase column (C-18, 5 μm, 120 Å, 4.6 x 150 mm), 

semipreparative runs on a Restek Ultra C18 reversed-phase column (C-18, 5 μm, 100 Å, 

21.2 x 150 mm). 

Initially, the gradient for peptide purification consisted of the following mobile phases, A: 

ultrapurified water containing 0.05 % TFA, B: acetonitrile (MeCN) containing 0.05 % TFA.  Mobile 

phases were degassed by applying ultrasound for 10 minutes.  On recommendation from the 

service technician, they were switched to A: ultrapurified water containing 5% MeCN and 0.05% 

TFA (v/v/v), and B: MeCN containing 5% ultrapurified water and 0.05 % TFA (v/v/v); HPLC 

methods were switched to reflect the changed concentrations.  Because the price for MeCN 

increased about five-fold partway through this project (in 2009), it was substituted for MeOH.  

Conversion of the gradients to reflect the eluotropic differences between MeOH and MeCN was 
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based on data obtained from Ref. (44) (Table IV-4), which was fitted in Microsoft Excel® with a 

second order polynomial curve given in Equation (IV-4)). 

 

Table IV-4  Equal solvent strength mixtures of MeOH/H2O and MeCN/H2O.  Data from Ref. (44). 

% MeOH in H2O 
(v/v) 

% MeCN in H2O 
(v/v) 

0 0 
10 5 
20 14 
30 22 
40 32 
50 40 
60 50 
70 60 
80 73 
90 86 

100 100 
 

 % 𝐌𝐞𝐎𝐇 𝐢𝐧 𝐇𝟐𝐎 =  −𝟎.𝟎𝟎𝟑𝟕𝟓𝟔𝐱𝟐 +  𝟏.𝟑𝟓𝟗𝟏𝟑𝟒𝐱 +  𝟏.𝟑𝟏𝟐𝟎𝟖𝟑 (IV-4) 

 

with x being the % MeCN in H2O in the previously used gradients.  After the prices for 

acetonitrile decreased about one year later, MeCN was used again as the solvent of choice for 

the organic modifier. 

 

3.3.5. Peptide Purification Conditions 

Crude peptides were initially analyzed with the following gradient on the analytical column 

at a flow rate of 1 mL/min and at 23°C: 0-2 min: 5 % B, 30 min: 95 % B (linear), 32 min: 95 % B, 

34 min: 5 % B, 40 min: 5 % B.  Based on the chromatogram, the conditions for each peptide were 

individually optimized by adjusting gradient steepness and temperature.  Scale-up conditions for 

semipreparative purification of the peptides were calculated with the Waters Prep Calculator 
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software (Waters, Milford, MA, USA).  The required flow rate was calculated to be 

21.24 mL/min.   

 

3.3.6. Mass Spectrometry 

Samples were submitted to Dalhousie’s mass spectrometry facility; analysis was 

performed by Mr. Xiao Feng on a Bruker microTOF with an attached electrospray ion source in 

positive ion mode. 

 

 

3.4. Results & Discussion 

A number of peptides have been synthesized to date.  In the following section they are put 

into the context of this project and a few details about their synthesis are given.  The respective 

HPLC chromatograms and mass spectra are compiled in Appendix F.   

 

3.4.1. β-Amyloid-related peptides 

3.4.1.1. Aβ1-40 

Aβ1-40 is one of the two major forms of Aβ involved in AD.  Many researches prefer to use 

it in their assays over Aβ1-42 because of its slower aggregation kinetics.  Since many experiments 

for this project required Aβ1-40, and because Aβ1-40 is quite expensive (~200 $US/mg) it was 

attempted to develop a protocol enabling the reliable synthesis of Aβ1-40. 

Full-length Aβ1-40 is known to be a problematic peptide to synthesize, the major issue 

being its propensity to aggregate.  To avoid these problems, two pseudoproline dipeptides (45, 
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46) (see Figure IV-6) were incorporated in the sequence, where pseudoproline 1 substituted an 

Asp-Ser dipeptide, and pseudoproline 2 a Gly-Ser dipeptide (highlighted in blue): 

DAEFRH1GYEVHHQKLVFFAEDV2NKGAIIGLMVGGVV 

 

 
Figure IV-6  Pseudoproline dipeptides for difficult Aβ1-40/42 synthesis. 
The pseudoproline bridge is highlighted in blue. 

 

Since further study of the literature revealed that these pseudoproline dipeptides are 

most effective when spaced 5 – 6 residues apart in regions with mainly nonpolar amino acid 

residues (47), pseudoproline 1 was omitted in the synthesis of batch #3.  Furthermore, to 

improve the purity and overall yield of the final product, 1,8-Diazabicyclo[5.4.0]undec-7-ene 

(DBU) was used as the base for the deprotection cocktail (2% DBU/0.1M HOBt in 90% 

dichloromethane/10%DMF) up to residue Ser8; piperazine (5% piperazine/0.1M HOBt in 90% 

dichloromethane/10%DMF) was then used for the synthesis of the remainder of the sequence 

(42, 43). 

 

Mavg
1 = 4,329.8646 g/mol, Mmono = 4,327.1483 g/mol 

1 Molecular weights (Mavg) and monoisotopic masses (Mmono) of all peptides mentioned in this section 
were calculated with the script available at: http://immweb.vet.uu.nl/P&P_fac/pepcalc.htm (accessed: Jan 
20 & 21, 2014) 
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Table IV-5  Synthesis of Aβ1-40. 

Batch # Synthesis 
Scale 

(mmol) 

Theoretical 
Yield 
(mg) 

Crude 
Yield 
(mg) 

Crude 
Yield 
(%) 

Pure 
Yield 
(mg) 

Pure 
Yield 
(%) 

MS ID 
Base Peak 

m/z 
theor. m/z 

Ion 
1 0.1 433.0 275.3 63.6 N/D N/D 1083.3 1082.7948 

[M+4H]4+ 
2a 1.0 4,329.8 628.0 14.5 75.0 1.7 1083.2925 

 
1082.7948 
[M+4H]4+ 

3b 1.0 4,329.8 503.4 11.6 28.0c 4.3c 
(0.6) 

1083.2931 
 

866.8306d 

1082.7948 
[M+4H]4+ 
866.4374 
[M+5H]5+ 

a synthesis was interrupted a number of times due to instrument failure.   
b: some tubes containing the collected fractions broke in the freezer; recovery was only partially 

successful.   
c: not the entire batch was purified; pure yield relative to crude was calculated for 5 semiprep HPLC runs 

(3.75 mL @ 50.875 mg/mL  190.8 mg crude, 8.3 mg yield = 4.35%); in parentheses the overall yield 
(rel. to theoretical) is given.   

d: base peaks vary, probably due to slightly different acidity of the samples which causes different 
protonation states to be dominant. 

 

Despite the use of microwave irradiation and a number of other measures to address the 

difficulties associated with the synthesis of Aβ1-40, results were not as successful as anticipated.  

Although purity of the crude seemed to be somewhat improved by the use of DBU as base in the 

deprotection cocktail, in particular the yield was lower than desired.  One factor that reduced 

the yield was the automated fraction collection, since the collector would redirect the flow to 

waste when moving the drop head from one tube to the next one.  Another one might be that 

delays caused by instrument failure led to degradation of reagents or the unfinished peptide 

thus causing decreased yields of the desired product.  And a third reason might be the potential 

presence of amines in the DMF used as solvent for most reagents and as main washing solvent 

(it had not been of 'peptide synthesis grade').  Only towards the end of the project, the pouches 

containing molecular trap with amine scavenger mentioned in the Materials section were used, 

however no new batch of Aβ1-40 (or any other previously synthesised peptide) had been 

synthesised since, precluding conclusions about their effectiveness.   
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On the other hand, material costs for synthesis and purification of a 1 mmol batch of 

Aβ1-40 were calculated to be about $1,300 CAD (based on the cost of raw materials and solvents 

at the time of synthesis).  Therefore, even a very moderate yield of 28 mg would provide 

considerable savings compared to the commercial product (~$5,600 US). 

Comparison of the yields achieved here to literature values is more difficult than one 

would expect, since these values are often completely omitted or rather vague.  For example, 

Tickler et al. state in regards to their synthesis of Aβ1-40 and Aβ1-42 using DBU for the 

deprotection step that “[B]oth peptides could be readily purified by conventional RP-HPLC in 

overall yields of 24 and 17%, respectively, relative to starting crude peptide” (43), however, 

without mentioning at all the amount of crude obtained or yield relative to the theoretical 

amount (scale: 0.1 mmol). 

Furthermore, it should be noted in hindsight that yields actually should have been based 

on results from amino acid analysis.  This was realised only after most of these peptides were 

synthesised (and used up in experiments), and after information was provided from Anaspec 

about the peptide content of their products (see Chapter II), typically ranging anywhere from 

60 - 80%.  According to communication with their technical service, the rest is made up primarily 

of water and TFA.   

In the end, the Aβ1-40 that had been obtained was used in some of the experiments related 

to the antimicrobial activity of Aβ (see Chapter II), and also by other members of this research 

group in their experiments.   
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3.4.1.2. Aβ1-42  

Aβ1-42 is the other of the two main forms of Aβ implicated in AD.  Considering that Aβ1-42 is 

even more expensive than Aβ1-40
 (~230 $US/mg), it was attempted to develop a protocol for its 

reliable synthesis, as well.   

The full-length Aβ1-42 is even more prone to aggregation than Aβ1-40 and also known to be 

a problematic peptide to synthesize.  To avoid these problems, again a pseudoproline dipeptide 

(45, 46) (see Figure IV-6) was incorporated in the sequence; pseudoproline 2 being a Gly-Ser 

dipeptide (highlighted in blue): 

DAEFRHDSGYEVHHQKLVFFAEDV2NKGAIIGLMVGGVVIA 

 

As for the later batches of Aβ1-40, up to Ser8 the deprotection cocktail contained DBU, while 

piperazine was used for synthesis of the remainder of the sequence. 

 

Mavg = 4,514.1029 g/mol, Mmono = 4,511.2694 g/mol 

Table IV-6  Synthesis of Aβ1-4 2. 

Batch # Synthesis 
Scale 

(mmol) 

Theoretical 
Yield 
(mg) 

Crude 
Yield 
(mg) 

Crude 
Yield 
(%) 

Pure 
Yield 
(mg) 

Pure 
Yield 
(%) 

MS ID 
Base Peak 

m/z 
theor. m/z 

Ion 
1 0.5 2,257.1 275.3 63.6 N/D N/D N/D N/D 

 

Both, yield and purity of this synthesis were insufficient to warrant efforts for purification.  

Rather it was intended to resynthesize this peptide under optimised conditions, a plan that 

never materialised. 
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3.4.1.3. Aβ1-40 K28A Mutant 

This Aβ mutant was synthesized to help in experimentally validating a computational 

model of the formation of Aβ oligomers developed in this laboratory.  Alanine mutations or 

alanine scans are common tools to determine key residues in a sequence.  Unlike glycine, they 

preserve the stereochemistry, but introduce an only marginally larger (than a hydrogen) 

nonpolar methyl residue.  Since the same problem of aggregation as in the native Aβ1-40 was 

expected, both pseudoprolines were incorporated (pseudoprolines in blue, mutation in green):   

DAEFRH1GYEVHHQKLVFFAEDV2NAGAIIGLMVGGVV 

 

Mavg = 4,272.7692 g/mol, Mmono = 4,270.0904 g/mol 

Table IV-7  Synthesis of Aβ1-40 K28A mutant. 

Batch # Synthesis 
Scale 

(mmol) 

Theoretical 
Yield 
(mg) 

Crude 
Yield 
(mg) 

Crude 
Yield 
(%) 

Pure 
Yield 
(mg) 

Pure 
Yield 
(%) 

MS ID 
Base Peak 

m/z 
theor. m/z 

Ion 
1 0.1 427.3 418.5 97.9 10.0a 10.2a 

(2.3) 
1069.0391 1068.5299 

[M+4H]4+ 
a: not the entire batch was purified; pure yield calculated for 4 semiprep HPLC runs (92.6 mg crude 

peptide). 
 

Although the yield was not high, the amount obtained was enough to perform the 

experiments needed for the evaluation of the computational model (done by Michael Carter, a 

former postdoctoral fellow in this lab); results are not included in this thesis. 

 

3.4.1.4. Aβ12-17  

The HHQK motif in Aβ has been identified as a key sequence for the interaction with a 

multitude of molecules, e.g., metal ions (48-50), lipids (51, 52), and glycosaminoglycans (53).  In 

order to study the importance of this motif for the interaction of Aβ with other molecules, it was 
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decided to synthesis Aβ12-17, the Aβ fragment that contains the HHQK motif plus one more 

residue on either end.   

The sequence of Aβ12-17 (VHHQKL) does not contain any synthetically challenging residues.  

However, the analysis of the crude product of the first batch showed a number of deletion side-

products, notably HHQKL and HQKL (Appendix F).  Therefore in subsequent syntheses, the 

coupling of the second His (from the C-terminus) and of the Val residue were performed with a 

double coupling cycle. 

 

Mavg = 760.8947 g/mol; Mmono = 760.4343 g/mol 

Table IV-8  Synthesis of Aβ12-17. 

Batch # Synthesis 
Scale 

(mmol) 

Theoretical 
Yield 
(mg) 

Crude 
Yield 
(mg) 

Crude 
Yield 
(%) 

Pure 
Yield 
(mg) 

Pure 
Yield 
(%) 

MS ID 

Base Peak 
m/z 

theor. m/z 
Ion 

1 0.25 190.2 40.2 21.1 N/D N/D 381.2215 381.2250 
[M+2H]2+ 

2a 1.0 760.9 688.9 90.5 180.3 23.7 761.4404 761.4422 
[M+H]+ 

a: Identity was confirmed by 1H-NMR and DOSY-NMR; see Appendix F.4.2. 

 

It had been planned to crystallise this Aβ fragment alone and in presence of nicotinic acid 

and nicotinamide in order to obtain a crystal structure of that part of Aβ, which is thought to 

play a key role in many of its interactions with other molecules.  It was also meant to guide the 

development of Aβ antiaggregants by other researchers in this group.  Efforts to obtain any 

crystals were unsuccessful, so far, and are not included in this thesis. 

Some of this product was used by Gordon Simms, a doctoral student in this research 

group, in his project about the interaction of anthranilates with Aβ. 
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3.4.1.5. VHHQKLAAAA 

In order to investigate the binding of small molecules to the HHQK motif of Aβ, the 

VHHQKLAAAA peptide was designed.  The idea behind this design was to immobilise the HHQK 

motif — with one more residue on either side and four alanine residues as spacer— onto a resin 

or silica gel particles, thus enabling the determination of parameters related to the binding of 

these small molecules to the HHQK motif.  Upon proof of concept, it was planned to synthesise 

two more peptides — KLVFFAAAAA, which includes the LVFF motif (Aβ17-20), another potential 

drug binding site of Aβ, and GAIIGLAAAA (GAIIGL motif, Aβ29-34) as negative control. 

 

Mavg = 1,045.2099 g/mol, Mmono = 1,044.5828 g/mol 

Table IV-9  Synthesis of VHHQKLAAAA. 

Batch # Synthesis 
Scale 

(mmol) 

Theoretical 
Yield 
(mg) 

Crude 
Yield 
(mg) 

Crude 
Yield 
(%) 

Pure 
Yield 
(mg) 

Pure 
Yield 
(%) 

MS ID 
Base Peak 

m/z 
theor. m/z 

Ion 
1 0.1 104.5 522.9 500 0 a 0 a   

a: the intended product was undetectable in any of the fractions of the crude peptide analysed (see 
Appendix F). 

 

Since none of the peptide could be isolated, this project lost its priority status and 

unfortunately was never completed due to time issues.  Suggested improvements would be the 

use of a different resin, in particular the HMPB-ChemMatrix resin, which has shown superior 

results in the synthesis of difficult peptides (54, 55).  Furthermore, it allows cleavage of the 

peptide from the resin without prior deprotection of the side chains, thus avoiding an extra step 

to re-protect side chains and N-terminus for the attachment to the solid matrix.   
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3.4.2. BBXB Series 

VC Meier-Stephenson identified the BBXB motif — where ‘B’ is any basic amino acid 

residue and ‘X’ any non-basic residue — as common receptor of a large number of proteins 

implicated in AD (56).  It was planned to experimentally investigate commonalities between 

these different peptides.  To make the problem at hand more manageable, it was decided to 

synthesize decameric fragments centered on the BBXB motif of the respective protein (see 

Table IV-11).  Upon examination of the sequences it became obvious that some proteins contain 

more than one BBXB motif, and furthermore, in some proteins these motifs overlap.  In the 

latter case, the fragment was chosen that contains all overlapping BBXB motifs plus three amino 

acid residues on either side.  For example, in ApoE4 there are three BBXB/BXBB motifs, HLKR, 

RKLR and KLRK which all overlap with each other.  Therefore the fragment chosen for synthesis 

was LASHLRKLRKRLL, with LAS added at the N-terminus of the overlapping HLRKLRK, and RLL 

added at the C-terminus.  Furthermore, in cases where the BBXB motif was too close to either 

end of the sequence, the decamer that comes closest to this concept was chosen.  A complete 

list of the peptides included in this series is shown in Table IV-11.  Nine of these were selected 

and synthesized on a scale of 0.25 mM (see Table IV-12).   

 

Table IV-10  BBXB series peptides. 

Original Protein PDB IDa 
BBXB / 
BXBB 

Position in 
sequenceb 

decamer x-mer to synthesise 

Aβ 1IYT HHQK 13 YEVHHQKLVF YEVHHQKLVF 
Tau Ref. (57) KKAK 141 SDDKKAKGAD SDDKKAKGAD 
S100β 1MQ1  (A Chain) HKLK 25 GDKHKLKKSE GDKHKLKKSEL 
   KLKK 26 DKHKLKKSEL -- 
C1qA 1PK6  (A Chain) KKGH 111 KDPKKGHIYQ KDPKKGHIYQ 
IFN-γ 1FYH  (A Chain) KKKR 87 & 211d NSNKKKRDDF NSNKKKRDDF 
   KRKR 253 KTGKRKRSQM KTGKRKRSQM 
AChE 1EEA RFRR 44 GNMRFRRPEP GNMRFRRPEP 
ApoE4 1B68 HLRK 140 LASHLRKLRK LASHLRKLRKRLL 
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Original Protein PDB IDa 
BBXB / 
BXBB 

Position in 
sequenceb 

decamer x-mer to synthesise 

  RKLR 142 SHLRKLRKRL  
   KLRK 143 HLRKLRKRLL -- 
IL-1R1 1ITB  (B chain) HQHK 58 SRIHQHKEKL SRIHQHKEKLWF 
  HKEK 60 IHQHKEKLWF  
IL-1βCE 1BMQ  (B chain) KKAH 3 AIKKAHIEKD AIKKAHIEKD 
   RKVR 55 EIFRKVRFSF EIFRKVRFSF 
IL3c 1JLI HHLK 12 EIIHHLKRPP EIIHHLKRPPN 
   HLKR 13 IIHHLKRPPN -- 
IL4 1ITI HHEK 62 FYSHHEKDTR FYSHHEKDTR 
   HRHK 78 QQFHRHKQLI QQFHRHKQLI 
IL6 1P9M  (B Chain) KKAK 130 FLQKKAKNLD FLQKKAKNLD 
IL-6Rß 1P9M  (A Chain) KKMR 118 NEGKKMRCEW NEGKKMRCEW 
IL-6Rß  KAKR 151 ADCKAKRDTP ADCKAKRDTP 
Continued on next page. 

Original Protein PDB IDa 
BBXB / 
BXBB 

Position in 
sequenceb 

decamer x-mer to synthesise 

IL-10R1 α Chain 1LQS  (R & S 
Chains) 

KKVK 162 FTHKKVKHEQ FTHKKVKHEQF 
 KVKH 163 THKKVKHEQF -- 
IL-10 like protein 
(HHV-5) 

1LQS  (L & M 
Chains) 

HRVK 36 VTFHRVKPTL VTFHRVKPTL 

IL-12 subunit ß 3HMX  (A Chain) HKLK 194 DAVHKLKYEN DAVHKLKYEN 
  KSKR 258 VQGKSKREKK VQGKSKREKKDRVFT 
   KREK 260 GKSKREKKDR  
   REKK 261 KSKREKKDRV -- 
   KKDR 263 KREKKDRVFT -- 
IL13 1IJZ HLKK 102 LLLHLKKLFR LLLHLKKLFR 
α1-ACT 2ACH  (A Chain) KRWR 274 ETLKRWRDSL ETLKRWRDSL 
BHMT 1LT8  (A Chain) RARK 346 VRARARKEYW VRARARKEYW 
B7-1 1I8L  (A Chain) KREH 93 DAFKREHLAE DAFKREHLAE 

ICAM-1 
1IC1  (A & B 

Chains, identical) 
RRDH 149 VLVRRDHHGA VLVRRDHHGAN 

  1IC1 RDHH 150 LVRRDHHGAN -- 

MIP-1α 
3H44  (C & D 

Chains) 
KRSR 45 FLTKRSRQVC FLTKRSRQVC 

MIP-1β 1JE4 KRSK 45 FQTKRSKQVC FQTKRSKQVC 
SDF-1 1SDF KHLK 24 ANVKHLKILN ANVKHLKILN 
Neprilysin 1R1H KKLR 470 KQLKKLREKV KQLKKLREKV 
  HCRK 680 EAFHCRKNSY EAFHCRKNSY 
   KKCR 691 MNPEKKCRVW MNPEKKCRVW 
Transferrin 1D3K RGKK 111 NQLRGKKSCH NQLRGKKSCH 

RANTES 
1HRJ  (A & B 

Chains, identical) 
RKNR 44 FVTRKNRQVC FVTRKNRQVC 
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Original Protein PDB IDa 
BBXB / 
BXBB 

Position in 
sequenceb 

decamer x-mer to synthesise 

HFE 1A6Z HKIR 150 WERHKIRARQ WERHKIRARQ 
MHC(CII) 1FNG (A Chain) RKFH 146 HLFRKFHYLT HLFRKFHYLT 
a Protein Data Bank ID, obtained from: http://www.rcsb.org/pdb/home/home.do 
b designates position within  complete protein sequence of the first B of the respective BBXB/BXBB motif 
c mutated form of IL3: Del(1-13), V14A, N18I, T25H, Q29R, L32N, F37P, G42S, Q45M, N51R, R55T, E59L, 

N62V, S67H, Q69E, Del(126-133)  native form does not contain a BBXB/BXBB motif 
d: identical decamers 
HHV-5: Human Herpesvirus 5 

 

 

 

 

Table IV-11  Synthesized BBXB series peptides. 

Protein 
Synthesis 

Scale 
(mM) 

Avg. Mol. 
Mass 

(g/mol) 

Theoretical 
Yield 
(mg) 

Crude 
Yield 
(mg) 

Crude 
Yield 
(%) 

Pure 
Yield 
(mg) 

MS ID 
Peak m/z theor. m/z 

Ion 

Aβ 0.25 1299.476 324.8 240.9 74.2 N/D 1299.6929a 1299.6844 
[M+H]+ 

Tau 0.25 1034.073 258.5 331.6 128.3 N/D N/D N/D 

S100β 0.25 1282.487 320.5 443.4 138.3 N/D 1282.7493a 1282.7478 
[M+H]+ 

C1qA 0.25 1213.383 303.3 268.7 88.6 N/D 1213.6722a 1213.6688 
[M+H]+ 

IL4_a 0.25 1319.380 329.8 265.5 80.5 N/D 660.3138b 660.3100 
[M+2H]2+ 

IL4_b§ 0.25 1376.565 344.3 475.1 138.0 N/D N/D N/D 
IL6_a 0.25 1204.417 301.0 283.1 94.1 N/D N/D N/D 
IL6_b 0.25 1104.232 276.0 150.2 54.4 N/D N/D N/D 
IL6_c 0.25 1280.471 320.0 228.8 71.5 N/D N/D N/D 

§: Q at N-terminus was acetylated after final deprotection to prevent cyclization. 
a: accurate mass for base peak was not determined 
b: base peak 

 

 

3.4.2.1. BBXB Aβ  

BBXB Aβ was obtained in good purity; however two contaminants — deletion peptides 

missing the last residue (ΔY) and the two last residues (ΔYE), respectively — overlapped with the 

product peak and could not be removed.  One way to avoid or remove these contaminants may 
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be the use of capping agents in the synthesis of this peptide.  An intriguing method was 

published by Montanari and Kumar (57), which prevents formation of deletion peptides by 

capping in the coupling step unreacted N-termini of the growing peptide chain and allows 

removal of essentially all unwanted shorter fragments by the use of specially designed fluorous 

capping agents (57). 

 

3.4.2.2. BBXB Tau 

For BBXB Tau, the purity seemed quite good in the first chromatograms; however, even an 

isocratic run at only 5% organic modifier did not move the main peak away from the injection 

peak (although they revealed a major peak that came out with the column cleaning ramp).  The 

fact that there were still some (small) peaks overlapping meant that separation could not be 

achieved by reversed-phase HPLC.  Since normal phase semiprep HPLC was not available, this 

peptide was put to the back of the list and in the end never purified. 

 

3.4.2.3. BBXB S100β, BBXB C1qA, BBXB IL4_a & BBXB IL6_a 

All of BBXB S100β, BBXB C1qA, BBXB IL4_a, and BBXB IL6_a were purified and identified by 

mass spectrometry.  Unfortunately, after purification and lyophilisation all tubes were lost in an 

accident; no product could be recovered. 

 

3.4.2.4. BBXB IL4_b, BBXB IL6_b & BBXB IL6_c 

BBXB IL4_b, BBXB IL6_b, and BBXB IL6_c were all deemed too 'dirty' to warrant efforts to 

purify them; it was rather planned to optimise conditions for their synthesise, but that was never 

accomplished due to time restrictions. 
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4. Conclusions 

Despite the use of microwave irradiation and a number of other measures undertaken to 

address the difficulties associated with the synthesis of Aβ1-40, Aβ1-42, and other peptides 

produced here, production of these peptides is still not a trivial task and each one needs careful 

consideration of the specific issues that arise for each one of them.  Individual optimisation of 

reaction conditions is mostly required.  In the majority of cases purity of the crude peptide was 

at acceptable levels; however, overall yields were in general quite low.  A number of issues 

related to these low yields were identified; in addition to well-known 'difficult sequences’ as in 

Aβ1-42 and Aβ1-40 (58), the automated fraction collection, instrument failure causing lengthy 

interruptions that could possibly lead to degradation of used reactants, and potential presence 

of amines in the used DMF. 

The peptides that were successfully isolated and purified were used in experiments related 

to this thesis and the work of other members of this research group.   

In going forward, two things that would make peptide synthesis a more accessible part of 

research for this group would be easy access to LC-MS equipment (ideally also coupled to the 

semiprep HPLC), and adoption of amino acid analysis protocols for the HPLC already present or 

access to a dedicated instrument.  The former would accelerate the optimisation of gradients for 

the purification tremendously; the latter would enable taking quality control of the produced 

peptides to the next level. 
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CHAPTER V. 
 

β-Amyloid Interaction Assays 
 

 

1. Introduction 

Aβ has been shown to interact with many different classes of molecules and ions, like 

peptides/proteins (including itself) (1-10), metal cations (11-19), GAGs(20-24), membrane lipids 

(25-29), and others (30-35) (see Chapter I, Section 1.4).  These interactions are not only 

problematic, being implicated in the disease process of AD, but may also be utilised to one’s 

advantage, e.g., for Aβ analysis (ELISA, ThT assay (see 3.4.5)).  Herein, a number of projects are 

combined that are based on the interaction of Aβ with itself or other molecules.  
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2. Peptide binding to sample vessels 

2.1. Background 

Because peptide content has been a persistent problem throughout the course of this 

research programme, it was decided to investigate another possible source of peptide loss, 

binding of peptide to the walls of vessels commonly used in the preparation and execution of an 

assay, like microcentrifuge tubes, 96-well plates, or glass vials.   

 

2.2. Materials 

For the experiments, the following materials were used: 

Aβ1-42 (Anaspec), QuantiPro BCA Assay Kit (Sigma-Aldrich). 

 

The following sample vessels were tested: 

• 1.5 mL Microcentrifuge Tubes (Axygen; Clear Homo-Polymer, Boil Proof Tubes); 
VWR Cat #: 10011-700 

• 2.0 mL Eppendorf Protein LoBind Tube (Cat #: 022431102) 
• 0.5 mL Fisherbrand Microcentrifuge tubes, polypropylene (PP) (Cat #: 02681248) 
• 0.5 mL Fisherbrand Microcentrifuge tubes, PP; blocked with 1% BSA in PBS 

overnight, washed with PBS, blown dry with compressed air 
• 0.5 mL Fisherbrand Microcentrifuge tubes, PP; blocked with 

dichlorodimethylsilane 
• 96 Well Suspension Culture Plate, sterile U-bottom, with lid (CellStar DNase, RNase 

free, Cat #: 650 185) 
• 96 Well Falcon Microtest Flat Bottom Polystyrene Plate (sterile); BD Falcon Cat #: 

353072 
• 96-well black Costar plate, Corning; Fisher Cat #: 07-200-590 
• 96-well black Costar half-area plate, Corning; Fisher Cat #: 7-200-340  
• 384-well Greiner Plate, clear; Greiner Cat #: M3311 
• Fisherbrand screw cap Glass Sample Vial (Cat#: 03-338-E) 
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2.3. Methods 

2.3.1. Coating glassware and plasticware 

2.3.1.1. Silanisation 

Silanisation is a common method to prevent binding of hydrophilic compounds to sample 

vials, e.g., in HPLC.  Based on protocols found in References (36, 37), the following method was 

employed: 

In a fume hood, a 50 mL beaker filled with 5 mL 50% dichlorodimethylsilane in chloroform 

was placed in the bottom of a large dessicator.  The grate was inserted and the plasticware to be 

silanised was loosely stacked on top.  After closing the dessicator, a vacuum was applied for 

~5 minutes until the dimethylsilane solution started to boil; the connection to the pump was 

closed, and the dessicator left under vacuum until the liquid was completely evaporated 

(~3 - 4 hours).  Then, the dessicator was opened in the fumehood and left uncovered for 

~5 minutes to allow the vapors to disperse.  Finally, the plasticware was thoroughly washed with 

ultrapurified water and air-dried overnight. 

 

2.3.1.2. Blocking with BSA 

Blocking of plastic surfaces with bovine serum albumin (BSA) is a commonly employed 

method to prevent unwanted binding of proteins.  BSA binds well to most plastics used in 

biochemical applications, but shows only low binding of other proteins, which makes it ideal in 

biochemical assays, such as ELISAs, where it prevents nonspecific binding of the antibodies thus 

reducing the background signal (38). 
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Here, sample vessels were filled completely with 1% BSA in PBS and incubated overnight at 

room temperature.  The following day, the BSA solution was discarded, and tubes and plates 

were washed with PBS and air-dried. 

 

2.3.2. Determination of protein binding 

To determine protein binding to the sample vessels, the BSA protein standard contained in 

the BCA Assay Kit was diluted to 20 µg/mL (the concentration range of the kit is 0.5 – 30 µg/mL).  

50 µL aliquots were added to each tested sample vessel; after the specified incubation time 

(30 minute or 24 hours), 40 µL aliquots of the samples and fresh standard were transferred into 

a 384-well plate, and the protein concentration determined with the BCA kit according to the 

manufacturer’s instructions.  To prepare the Working Reagent, 25 parts of Reagent QA were 

mixed with 25 parts Reagent QB, then 1 part of Reagent QC was added and the solution mixed 

until homogeneous.  40 µL of Working Reagent were added to each sample in the 384-well plate 

and mixed, followed by incubation for 1 hour at 60°C in a dry-bath.  Finally, after cooling to room 

temperature, absorbance was read in a plate reader at 540 nm.  Each plate was read three times 

and the averages for each well were used in subsequent calculations. 

 

 

2.4. Results and Discussion 

2.4.1. Time dependence of protein binding 

In the first set of experiments, the time dependence of the binding of BSA was explored 

(see Table V-1 and Figure V-1).  Sample vessels were incubated with BSA (20 µg/mL) for 

30 minutes (at room temperature) or 24 hours (at 4°C); then, the BSA concentration was 
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determined with the BCA Assay.  The experiment was repeated independently three times for 

each incubation time with samples determined in quintuplicate.  

 

Table V-1  Recovery of BSA (20 µg/mL) after incubation for 30 minutes and 24 hours. 

Type of Sample Vessel 
Recovery of BSA 

BSA / 30 min 
(RT) 

BSA / 24 h 
(4°C) 

1.5 mL Microcentrifuge Tube - Axygen 92.3% 80.1% 
2.0 mL Protein LoBind Tube - Eppendorf  104.9% 102.5% 
0.5 mL Microcentrifuge Tube - Fisher 93.5% 85.7% 
0.5 mL Microcentrifuge Tube/BSA - Fisher 97.1% 97.9% 
0.5 mL Microcentrifuge Tube/silanised - Fisher 92.4% 83.0% 
96-well Suspension Culture Plate - CellStar 94.0% 74.7% 
96-well Microtest Plate - Falcon  90.5% 77.5% 
96-well Plate, black - Corning  89.6% 78.8% 
96-well Plate, half-area, black - Corning 91.3% 87.9% 
384-well Plate - Greiner 87.4% 80.4% 
Glass Sample Vial - Fisher 
 

68.6% 51.2% 
 

As expected, the recovery was equal or smaller for all samples after incubation for 

24 hours compared to 30 minutes.  Best results were seen with the Protein LoBind 

microcentrifuge tubes manufactured by Eppendorf, which afforded complete recovery of the 

protein, followed by PP tubes previously blocked with BSA (about 90% recovery after 24 hours).  

The glass sample vial had the lowest recovery, reduced to about half after 24 hours.  This result 

that may be explained by the presence of hydrophilic silyl groups at the glass surface, and is the 

reason why surface treatment of glass and plastic ware is recommended for a range of 

biochemical (hydrophilic) analytes (36, 37).  The other sample vessels all allow recovery of about 

80% of BSA protein after 24 hours incubation.  Interestingly, and contrary to common 

conception (39), silanisation of polypropylene tubes did not improve protein recovery; an 

observation made previously by Goebel-Stengel, et al. (40).  One reason might be the use of 

different silanes for the coating of the sample vessels.  A reason for the differences between 

309 



uncoated PP vessels (Protein LoBind vs. 0.5 mL Microcentrifuge Tube Fisher) might be different 

grades of PP used in the production of the microcentrifuge tubes (41). 

Figure V-1  Recovery of BSA after incubation for 30 minutes and 24 hours. 
Sample vessels were incubated with BSA (20 µg/mL) for 30 minutes at RT (red bars) or 24 hours at 4°C 
(blue bars); then, the BSA concentration was determined with the BCA Assay.  The assay was repeated 
independently three times for each incubation time with samples determined in quintuplicate.  Here, 
results for one representative experiment are shown.  Error Bars: ± S.E.M. (n = 5); *: P < 0.05; **: P < 0.01 
(compared to respective control; two-tailed Student’s t-test); §: P < 0.05; §§: P < 0.01 (comparison 30 min 
vs. 24 h; two-tailed Student’s t-test). 

 

2.4.2. Concentration dependence of protein binding 

Next, the concentration dependence of the protein binding was investigated.  Sample 

vessels were incubated with BSA (2 µg/mL) for 30 minutes; then, the BSA concentration was 

determined with the BCA Assay.  The experiment was again repeated independently three times 

for each incubation time with samples determined in quintuplicate.  Results were compared to 
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Figure V-2  Recovery of protein after incubation of different concentrations of BSA (2 and 20 μg/mL) for 
30 minutes. 
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96-well plates (about 90% recovery at 2µg/mL).  Silanisation did again not hold its promise of 

reducing protein binding showing recovery values only marginally better than the untreated 

tubes (~50% vs. ~43% recovery at 2µg/mL).   

 

Table V-2  Recovery of protein after incubation of different concentrations of BSA (2 µg/mL and 
20 µg/mL) for 30 minutes. 

Type of Sample Vessel 
Recovery of BSA 

BSA 2 µg/mL 
30 min 

BSA 20 µg/mL 
30 min 

1.5 mL Microcentrifuge Tube - Axygen 51.1% 92.3% 
2.0 mL Protein LoBind Tube - Eppendorf  111.1% 104.9% 
0.5 mL Microcentrifuge Tube - Fisher 42.5% 93.5% 
0.5 mL Microcentrifuge Tube/BSA - Fisher 93.8% 97.1% 
0.5 mL Microcentrifuge Tube/silanised - Fisher 49.5% 92.4% 
96-well Suspension Culture Plate - CellStar 47.9% 94.0% 
96-well Microtest Plate - Falcon  45.2% 90.5% 
96-well Plate, black - Corning  43.7% 89.6% 
96-well Plate, half-area, black - Corning 89.9% 91.3% 
384-well Plate - Greiner 52.4% 87.4% 
Glass Sample Vial - Fisher 66.2% 68.6% 

 

 

2.4.3. Dependence of protein binding on type of protein 

Finally, the dependence of protein binding on the type of protein was probed.  Since Aβ is 

being used in many experiments in this research group, Aβ1-42 samples (5 µg/mL) were incubated 

for 30 minutes in the examined sample vessels, and protein recovery determined with the BCA 

Assay (see Table V-3 and Figure V-3).  This experiment was performed only once; samples were 

analysed in quintuplicate.   
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Table V-3  Recovery of protein after incubation of -  (5 μg/mL) samples for 30 minutes. 

Type of Sample Vessel 1-42 
1-42 5 μg/mL 30 min 

-   
-  

-   
-   

-   
96- -   
96- -   
96- -   
96- - -   

- -  
-   

 

Figure V-3  1-42 (5 μg/mL) for 30 minutes. 
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Results obtained here indicate that Aβ1-42 shows higher recovery than BSA.  Again, the 

Protein LoBind tubes gave the best results allowing complete recovery of Aβ, with the BSA-

blocked tubes coming in second.  A truly quantitative comparison is difficult, since unfortunately 

not the same concentrations were used.  Taking the concentration effect found in the previous 

section into account, one would expect the recovery of Aβ (5 µg/mL) to be closer to the values 

for 2 µg/mL BSA than those for 20 µg/mL BSA; however, for most samples the opposite is true 

with some variation depending on the sample vessel.  One may speculate about the reasons for 

the different adsorption properties; a few coming to mind are obviously the large difference in 

size and hence molecular weight, and the different pI values (see Table V-4). 

 

Table V-4  Comparison of physical parameters for Aβ1-42 and BSA. 

Parameter Aβ1-42 BSA 
# of AA residues 42 583 
MW 4514.1 g/mol 66,463 g/mol 
Size 0.9 ± 0.1 nm 

(hydrodynamic radius) (42) 
3.48 nm 

(Stokes radius rS) (43) 
Dimensions n/d 140 × 40 × 40 Å³ (44) 
pI (isoelectric point) 5.2 – 5.6 1 4.7 (in water at 25°C) (45) 

 

Furthermore, the molar concentration differences might play a role, as well (Aβ1-42: 

5 µg/mL = 1.1 µM; BSA: 2 µg/mL = 0.03 µM; 20 µg/mL = 0.3 µM). 

 

One issue regarding comparison of different sample vessel that has to be considered is the 

different surface area exposed to a sample of equal volume; a conical microcentrifuge tube will 

1 Calculated with different scripts available online; e.g., 
http://www.bioinformatics.org/JaMBW//3/1/6/index.html, http://mobyle.pasteur.fr/cgi-
bin/MobylePortal/portal.py?form=pepstats, http://www.scripps.edu/cgi-bin/cdputnam/protcalc3, 
http://ca.expasy.org/tools/pi_tool.html 
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have a different wetted surface area, than a 96-well plate and a glass vial.  This might be one 

explanation for the low recovery values found for the glass sample vials. 

 

 

2.5. Summary 

Protein binding to sample vessels may have a significant influence on the outcome of an 

experiment.  Here, depending on the type of vessel, protein recovery was reduced by > 50%.  

Essentially complete recovery in all experiments was only found for the Protein LoBind 

microcentrifuge tubes manufactured by Eppendorf.  Factors determining the protein binding 

were incubation time (longer incubation reduced recovery), protein concentration (lower 

concentration led to lower recovery), and type of protein. 
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3. GM1 Assay 

3.1. Background 

3.1.1. Current Aggregation Assays 

Long before characterisation of its amino acid sequence, binding of Aβ to certain 

benzothiazole dyes, in particular Thioflavin S and Thioflavin T (6, 46-48), had been used in 

histopathology to image the Aβ fibrils that are one of the hallmarks of AD.  Today, Thioflavin T 

(ThT) and the diazobenzidine sulfonate dye Congo Red (CR) (see Figure V-4) are probably the 

most commonly used dyes to assess activity of Aβ antiaggregants.  Both, ThT and CR, experience 

characteristic spectral changes upon binding to a variety of amyloid fibrils (not just Aβ), which 

are not seen for interactions with the precursor peptides, monomers or amorphous aggregates 

(49-51).   

However, a number of problems with these two (and other similar) dyes have been 

noticed over the years.  Both, ThT and CR bind competitively to growing Aβ fibrils, thus causing 

an antiaggregant effect themselves (52-57); in fact, both have been used as leads for the 

development of dedicated antiaggregants (58, 59).  In addition, binding of the dye to a tested 

compound may also interfere with these assays (60).  Quenching of the fluorescence signal by 

tested molecules is another concern, especially with some highly coloured compounds (60).  

Since generally rather high concentrations of Aβ are needed in the aggregation assays to obtain 

a sufficient fluorescence signal (~25 - 50 µM), cost becomes an issue, too, considering the 

commercial price of Aβ (~$200-$250 US/mg peptide).  And finally, batch-to-batch variability of 

the Aβ peptide leads to variations in its aggregation behaviour, sometimes even necessitating 

repetition of an experiment.   
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Figure V-4  Chemical structures of Thioflavin T and Congo Red. 
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Figure V-5  Chemical structure of monosialoganglioside GM1. 
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3.2. GM1 Assay Principle 
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Figure V-6  Schematic of the GM1 Assay principle.   
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3.3. Materials 

The following materials were used in the development and application of the GM1 Assay: 

black, flat-bottom 96-well plates, regular and half area (Corning); Protein LoBind microcentrifuge 

tubes (Eppendorf); monosialoganglioside GM1 (GenWay Biotech); cholesterol; bovine serum 

albumin (BSA); Tween-20; Thioflavin T (ThT); Ultra-low Range Molecular Weight Marker (all 

Sigma-Aldrich); Sphingomyelin (SM) (Enzo Life Sciences); Methanol (MeOH), HPLC grade (EMD); 

PBS tablets (Amresco); FAM-Aβ1-40 (AnaSpec, Cat. # 23513-05); FAM-Aβ1-42 (AnaSpec, Cat. # 

23525-05); CuCl2; ZnCl2; resveratrol; curcumin; HFIP; Cholera toxin subunit B, HRP conjugate 

(CtxB-HRP) (Invitrogen); TMB Substrate (Sigma); Tris(2,2’-bipyridyl)dichlororuthenium(II) 

hexahydrate ([Ru(Bpy)3]Cl2 · 6 H2O) (Sigma-Aldrich); ammonium persulfate (APS); dithiothreitol 

(DTT); SDS-PAGE sample buffer (Invitrogen); tricine; sodium dodecyl sulfate (SDS); 10-20% Tris-

Tricine gradient gel (NuSep, Cat.# NH31-1020); AcquaStain (D-Mark Biosciences); methanol; 

acetic acid; sodium thiosulfate ; silver nitrate; formaldehyde; sodium carbonate; Aβ 

antiaggregants NCE-105, NCE-164, NCE-217; NCE-238; NCE-276; NCE-370; NCE-371; NCE-1027; 

NCE-1140 (for structures see Figure V-20).   

 

 

3.4. Methods 

3.4.1. Preparation of GM1 Assay 96-well plates 

A black, flat-bottom 96-well plate (‘Assay Plate’) was coated with GM1/cholesterol/SM 

(ratio 4:3:3; most commonly used were 0.01/0.0075/0.0075 nmol/well) by adding 10 μL/well of 

an appropriately concentrated solution (here: 1/0.75/0.75 μM) in MeOH.  After evaporation of 

the MeOH in a BSC or fume hood (~ 0.5 h), the plate was blocked by addition of 200 μL/well of 
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0.1% BSA in PBST (0.01M PBS, pH 7.4; 0.05 % Tween-20), followed by incubation for 2 h at room 

temperature, or overnight at 4°C.  Subsequent to washing the plate 3 × with 200 μL/well PBS, an 

appropriate volume of compound to be tested was added, followed by addition of an 

appropriate volume of fluorescently labeled Aβ (typically FAM-Aβ1-40 or FAM-Aβ1-42) to bring 

the total volume to 50 μL/well (a BSA-blocked pipetting trough was used for steps involving 

multichannel pipettes).  After incubation for the desired time (typically overnight, ca. 18 h) in the 

dark (wrapped in aluminum foil), 25 μL/well of supernatant were transferred to a new BSA-

blocked 96-well plate (‘Supernatant Plate’) and 25 μL/well PBST were added to the Supernatant 

Plate.  The remaining solution was removed from the Assay Plate; it was washed 3 × with PBS, 

and 50 μL/well of PBS were added to the Assay Plate.  Finally, the fluorescence intensity of both 

plates was read at 535 nm with excitation at 485 nm in a plate reader. 

 

3.4.2. FAM-Aβ Preparation 

Since fluorescently labelled Aβ species are light-sensitive, exposure to light was minimised 

by covering vials and tubes with aluminum foil.  To prepare fluorescently labelled Aβ for the 

GM1 Assay, in the original vial the purchased peptide was dissolved in distilled HFIP at a 

concentration of nominally 1 mg/mL, vortexed for 30 s, sonicated for 15 min, and then 

incubated in HFIP for at least 1 hour.  Subsequently, aliquots were transferred into 0.5 mL 

Eppendorf Protein LoBind tubes, and the HFIP removed under high vacuum in a dessicator for 

>= 1 h; aliquots were stored at -80 °C in a chest freezer.   

To reconstitute aliquots, 1 % NH4OH was added to obtain a concentration of 80 μL/mg 

using the NH4OH that was provided with the peptide.  The peptide was immediately diluted with 

10 mM PBS to the desired stock concentration.   
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3.4.1. GM1 Coating Variability 

In order to investigate the variability of the GM1 coating of the 96-well plates, a protocol 

for the (semi-quantitative) determination of amount of GM1 bound to microplate was 

developed, based on a procedure published by Dawson (67).  It relies on the specific binding of 

GM1 to the non-toxic subunit B of cholera toxin (CtxB). 

All incubations for this assay were performed at room temperature (~21°C). 

A 96-well plate was coated with a dilution series of GM1 (0.05/0.01/0.005/0.001/0 

nmol/well); samples were pipetted in quintuplicate in a randomised pattern covering the full 

plate.  Randomisation was done to minimise the influence of non-random effects like uneven 

heating of the plate.  To achieve a random distribution of samples, in Microsoft Excel column A 

was filled with 96 random numbers generated with the built-in formula ("RAND()"); these values 

were then copied to column B.  Column C was filled with five values (quintuplicate) for each of 

the five GM1 concentrations, as well as five times 'no CtxB'; the remaining cells were filled with 

'x' for empty wells.  Columns B and C were sorted in ascending order of Column B, and Column D 

was filled with the well labels (A1, A2, A3, … , H11, H12).  Finally, values were transferred to a 12 

× 8 matrix (plate layout) to facilitate pipetting of the samples.  After pipetting the samples 

according to the random layout and evaporation of the methanol, the plate was washed 3 × with 

200 μL/well PBST and then incubated with 300 μL/well blocking buffer for 1 hour.  After again 

washing 3 × with 200 μL/well PBST, the appropriate wells were incubated with 100 μL/well of 

Ctx B-HRP (100 ng/mL; diluted immediately prior to assay with PBST from stock (0.5 mg/ml in 

0.01 M Na-phosphate, pH 7.5)) for 2 hours in the dark with gentle shaking.  After washing 3 × 

with 200 μL/well PBST, and 1 × with 200 μL/well ultra-purified water, 100 μL/well TMB substrate 

solution were added and development of the assay was monitored by reading the absorbance at 
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620 nm in 2.5 minute intervals for 17.5 minutes.  Finally, 50 μL/well Stop Solution were added 

and after 5 minutes absorbance was read at 450 nm.   

 

3.4.2. Limits of Detection and Quantitation of FAM-Aβ 

In order to determine the limit of detection (LoD) and limit of quantitation (LoQ) for FAM-

Aβ, a black 96-well plate was blocked overnight with 1% BSA in PBS at 4°C in the fridge.  After 

washing the plate 5 × with PBS, 100 µL/well of dilution series of FAM-Aβ1-40 and FAM-Aβ1-42 (10 / 

3.16 / 1 / 0.316 / 0.1 / 0.0316 / 0.01 / 0.00316 / 0.001 / 0.000316 / 0.0001 µM, which 

corresponds to 1 / 0.316 / 0.1 / 0.0316 / 0.01 / 0.00316 / 0.001 / 0.000316 / 0.0001 / 0.0000316 

/ 0.00001 nmol/well) were added to the plate in triplicate, as well as 30 control samples (PBS).  

Finally, the fluorescence signal was read at 535 nm with excitation at 485 nm in a plate reader.  

The gain factor, a parameter for the sensitivity of the instrument’s detector, was initially set to 

'optimal', for the second reading to '50', and then increased in intervals of 20 units up to '150'; in 

addition, the gain factor '100' was included, as well. 

The Limit of Detection (LoD) was calculated according to Equation (V-1): 

 𝑳𝒐𝑫 =  𝒙 � + 𝟑 ∗ 𝒔𝟐  (V-1) 

 

where x ̅is the average fluorescence intensity of the control samples and s2 their standard 

deviation. 

Since there are generally two accepted levels for the Limit of Quantitation (LoQ), both 

were calculated according to the following equations (V-2) and (V-3): 

 𝐋𝐨𝐐𝟔 =  𝐱 � + 𝟔 ∗ 𝐬𝟐 (V-2) 

 

and 
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 𝐋𝐨𝐐𝟏𝟎 =  𝐱 � + 𝟏𝟎 ∗ 𝐬𝟐 (V-3) 

 

 

3.4.3. Plate Washing and Sensitivity 

One part of developing a ligand binding assay is to determine how many washing steps are 

necessary to minimise non-specific binding and therefore background signal, while also avoiding 

signal reduction due to excessive washing.  Another part is to establish the sensitivity of the 

assay.  To that end, the first 6 columns of a 96-well plate were coated with a GM1 dilution series 

(0.1 / 0.0316 / 0.01 / 0.00316 / 0.001 / 0.000316 / 0.0001 nmol/well) as described previously; 

subsequently, the full plate and three additional plates were blocked overnight with BSA.  After 

washing 5 × with PBS and drying, the GM1-coated wells were incubated with 40 µL/well of 

FAM-Aβ1-40 (columns 1-3) and FAM-Aβ1-42 (columns 4-6) dilution series (0.1 / 0.0316 / 0.01 / 

0.00316 / 0.001 / 0.000316 / 0.0001 nmol/well = 2.5 / 0.79 / 0.25 / 0.079 / 0.025 / 0.0079 / 

0.0025 µM) for 18 hours at 4°C in the dark.  Then, 25 µL/well were transferred to the first 

blocked 96-well plate (in columns 1-6), and brought to 50 µL/well with PBS.   

To determine the sensitivity of the assay, the assay plate was completely emptied by 

blotting, and the fluorescence intensity of the dry plate was read at 535 nm with 

excitation at 485 nm in a plate reader.  After addition of 250 µL/well PBS and gentle shaking 

for about 30 seconds, samples (50 µL/well) of the washing buffer were transferred to the 

remaining wells of the first blocked 96-well plate (columns 7-12).  Washing and fluorescence 

reading of the dry assay plate was repeated four more times, with transfer of washing buffer 

samples to the remaining two blocked 96-well plates.  Finally, the fluorescence intensity of the 

96-well plates was read at 535 nm with excitation at 485 nm in a plate reader.  As a last step for 
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the assay plate, 50 µL/well PBS were added and the fluorescence intensity read one more time, 

to see if there is a difference between a dry and a liquid-filled plate. 

 

To confirm the optimal number of washing steps, in a second experiment, a 96-well plate 

was coated with GM1 (0.01 nmol/well; 3 columns), and, along with two uncoated plates, 

blocked with BSA (0.1 % in PBST) overnight.  After washing 5 × with PBST (instead of PBS as in 

the first experiment) and drying, the GM1-coated wells were incubated with 100 µL/well of 

FAM-Aβ1-40 dilution series samples (2.5 / 1.25 / 0.625 / 0.313 / 0.156 / 0.078 / 0.039 µM) for 

18 hours at 4°C in the dark.  Then, 50 µL/well were transferred to the first supernatant plate (in 

columns 1 - 3).  The assay plate was completely emptied by blotting, and 50 µL/well PBS were 

added.   

To determine the sensitivity of the assay, the fluorescence intensity of the assay plate was 

read at 535 nm with excitation at 485 nm in a plate reader; then, an additional 150 µL/well PBS 

were added to the plate.  After gently shaking for about 30 seconds, samples (50 µL/well) of the 

washing buffer were transferred to the first supernatant plate (columns 4-6).  Washing and 

reading of the assay plate was repeated six more times, with transfer of washing buffer samples 

to the remaining supernatant plates.  Finally, the fluorescence intensity of the supernatant 

plates was read at 535 nm with excitation at 485 nm in a plate reader.   

To evaluate the use of half-area plates, the last experiment was repeated in a half-area 

plate with reduced volumes, 25 µL/well FAM-Aβ1-40, 75 µL/well PBS (since the PBST washes 

showed considerable losses; see results) for washing, and 25 µL/well for plate reading.   
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3.4.4. Competitive Binding Assays 

For competitive binding experiments, 96-well plates were coated with 0.1 nmol/well GM1 

as described previously that were then incubated with FAM-Aβ in presence of a number of 

competitors, e.g., metal cations (Cu2+, Zn2+), or Aβ aggregation inhibitors in a range of 

appropriate conditions.   

 

3.4.5. Thioflavin T Assay 

In order to evaluate results from the GM1 Assay for the antiaggregant activity of tested 

compounds with a standard assay, they were compared to results obtained with the Thioflavin T 

(ThT) assay.  HFIP-pretreated Aβ1-40 was dissolved in Tris base (20 mM), pH-adjusted to 7.4 with 

conc. HCl, filtered through a 0.2 μm PVDF membrane filter and the volume adjusted to the 

desired concentration. This solution was mixed 1:1 (v/v) with ThT buffer (8 μM ThT, 20 mM Tris, 

0.3 M NaCl, pH 7.4) and pipetted into a black 96-well half-area plate.  Finally, the anti-aggregants 

dissolved in DMSO were added to the plate and the ThT signal was followed by reading its 

fluorescence emission at 480 nm with excitation at 450 nm in 15 minute time intervals.   

 

3.4.6. PICUP Assay 

To perform a PICUP assay, Aβ samples in the concentration range of 20 – 100 µM were 

treated as required for the experiment; then, 18 µL were transferred into a clear 0.5 mL PCR 

tube or a 1 mm pathlength quartz microcuvette.  After addition of 1 µL of [Ru(Bpy)3]2+ (typically 

at a concentration to achieve a 2:1 molar ratio to Aβ; in 10 mM sodium phosphate buffer, pH 

7.4) and 1 µL APS (at a concentration to achieve a 20:1 molar ratio to [Ru(Bpy)3]2+), the mixture 

was homogenised by aspiration and expelling from a pipette tip and irradiated in the LED 

irradiator described below (3.5.5) for an appropriate time interval.  Finally, excess reagents were 
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quenched by the addition of DTT (1 M in ultrapurified water) or β-mercaptoethanol (4% (v/v) in 

tricine sample buffer). 

 

3.4.7. Tricine-SDS-PAGE 

To analyse samples obtained through PICUP, Tricine-SDS-PAGE (Tricine – sodium dodecyl 

sulfate – polyacrylamide gel electrophoresis) was employed, a method developed by Schägger 

and von Jagow for the separation of smaller proteins in the mass range 1 – 100 kDa (68, 69).  

Samples were mixed 1:1 (v/v) with SDS-PAGE sample buffer and heated in a boiling water bath 

to ~95°C for 5 minutes.  After cooling to room temperature, 10 µL samples were loaded onto a 

10 – 20% Tris-Tricine gradient gel.  The gel was run on a Protean II vertical gel electrophoresis 

system (Bio-Rad) placed inside a tub filled with ice-water at 100 V for 1 – 1.5 hours; cathode 

buffer was 0.1 M Tris, 0.0225 M HCl in ultrapurified water, pH adjusted to 8.9; anode buffer was 

0.1 M Tris, 0.1 M tricine, 1.0% SDS in ultrapurified water, pH ~8.25 (not adjusted). 

After development, the gel was stained either with AcquaStain for 30 minutes, followed by 

three 10 minute washes in 50 mL ultrapurified water, or with a silver stain.  For silver staining, 

the gel was first fixed for 1 hour in 50% methanol, 10% acetic acid, 100 mM ammonium acetate 

dissolved in ultrapurified water, followed by two washes in ultrapurified water for 1 hour each.  

Then, the gel was sensitised by incubation in 0.005% sodium thiosulfate for 1 hour, and stained 

in 0.1 %silver nitrate (in ultrapurified water) for 1 hour.  After a short wash with ultrapurified 

water (a few seconds), the stain was developed by incubation in developer (0.036% 

formaldehyde, 2% sodium carbonate) for about 1 – 2 minutes.  The developing was stopped by 

incubation in 50 mM EDTA for 1 hour, followed by two more washes in ultrapurified water.   
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3.5. Results and Discussion 

In the process of developing this assay a number of parameters were determined to 

optimise several of the key steps involved. 

 

3.5.1. Limits of Detection and Quantitation of FAM-Aβ 

In a first step, the Limit of Detection and the Limit of Quantitation were determined to 

establish a concentration and amount range for the assay.  Fluorescence intensity of dilution 

series samples of FAM-Aβ1-40 and FAM-Aβ1-42 along with Control samples was read in a plate 

reader at different gain factor settings.  Results for three gain factor settings are displayed in 

Figure V-7.   

Since the dilution series spanned five orders of magnitude starting at a relatively high 

amount of 1 nmol/well, the 'optimal' gain factor setting determined automatically by the 

instrument was quite low at a value of '37' (range: 1 – 150).  When the instrument determines 

the optimal gain factor setting, it first scans the entire plate and then adjusts the gain factor such 

that the highest reading is within its scale (<65,000 a.u.).  Increasing the gain factor setting yields 

higher fluorescence intensity values for the lower amounts of Aβ, but also pushes the highest 

values off the scale.  It also increases the background noise, leading to higher absolute 

fluorescence intensity values for the LoD and LoQ.  Besides the first read with the 'optimal' gain 

factor setting, which is optimised for the maximum fluorescence intensity values (but not the 

small values, which are relevant for LoD/LoQ), Aβ amounts down to 0.1 pmol/well were above 

the LoQ10, the more conservative of the commonly accepted limits of quantitation.  

Furthermore, for gain factor settings of '50' and higher, all fluorescence intensity values were 

above the respective LoD.  Table V-5 summarises the results for LoD, LoQ6, and LoQ10 for both 
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Figure V-7  Limit of Detection and Limit of Quantitation for FAM-  
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Table V-5  Limit of Detection and Limit of Quantitation for FAM-Aβ.   
The fluorescence intensity (F.I.) values for the Limit of Detection (LoD) and Limit of Quantitation (LoQ) 
were determined as described in the text.  The LoD and LoQ for FAM-Aβ were calculated based on linear 
regressions for the dilution series of FAM-Aβ1-40 and FAM-Aβ1-42.  a.u. = arbitrary units; n/d: not 
determined, since there were too few points in the calibration curves (dilution series). 

Gain 
Factor 
Setting 

LoD LoQ6 LoQ10 
F.I. 

(a.u.) 
FAM-
Aβ1-40 

FAM-
Aβ1-42 

F.I. 
(a.u.) 

FAM-
Aβ1-40 

FAM-
Aβ1-42 

F.I. 
(a.u.) 

FAM-
Aβ1-40 

FAM-
Aβ1-42 

Optimal 
(37) 

3.8 1.3E-2 1.0E-2 6.7 1.4E-2 1.0E-2 10.7 1.4E-2 1.2E-2 

50 14.8 1.1E-2 2.2E-3 20.5 1.1E-2 2.2E-3 28.1 1.1E-2 2.3E-3 
70 135.6 -2.9E-3 3.0E-4 184.1 -2.7E-3 3.5E-4 248.8 -2.4E-3 4.3E-4 
90 783.4 -1.7E-3 -2.4E-4 1066 -1.5E-3 -1.6E-4 1443 -1.2E-3 -5.3E-5 

100 1,659 -2.5E-3 -3.5E-4 2,257 -2.2E-3 -2.6E-4 3,055 -1.9E-3 -1.3E-4 
110 3,339 -2.4E-3 -3.5E-4 4,541 -2.2E-3 -2.6E-4 6,143 -1.9E-3 -1.4E-4 
130 11,950 -1.3E-4 -2.5E-4 16,310 -8.3E-5 -1.5E-4 22,130 -2.3E-5 -7.6E-6 
150 37,350 n/d n/d 50,970 n/d n/d 69,130 n/d n/d 

 

 

3.5.1. GM1 Coating Variability 

To assess the variability of coating of 96-well plates with GM1, the amount of GM1 

attached to the plate was determined by an assay that is based on the specific binding of the 

non-toxic choleratoxin subunit B to GM1.  In order to minimise the influence of non-random 

effects like uneven heating of the plate, distribution of the samples was randomised over the 

entire plate. 

Inspection of the results (see Figure V-8 and Table V-6) first of all revealed a dose-

dependent detection of the binding of CtxB to GM1, which also confirmed a dose-dependent 

immobilisation of GM1 on the 96-well plates, i.e., the validity of the GM1 Assay principle. 

In terms of variability of the GM1 plate coating, besides the highest GM1 amount (S.E.M.: 

8.7%), standard errors were below 2%, i.e., well within an acceptable range for such an assay.   
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Figure V-8  GM1 plate coating variability. 
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Table V-6  GM1 plate coating variability. 
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3.5.2. Plate Washing 
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Figure V-9  GM1 Assay plate washing study – experiment 1.   
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FAM-Aβ1-42 had a higher peptide content than the FAM-Aβ1-40.  According to the supplier 

(Anaspec), it is not possible to determine the peptide content of a fluorescently labeled peptide 

by amino acid analysis, the gold standard to determine peptide content of a sample.  Therefore, 

the amounts and concentrations given here are only nominal values.  A low FAM-Aβ1-40 

concentration may not only exhibit a lower fluorescence intensity due to the lower 

concentration to begin with, but may also lead to considerable depletion, where the majority of 

the peptide is bound to the GM1, and therefore to a lower than expected signal.   

In regards to the optimal number of washes, after 4 washes the fluorescence intensity of 

all samples except the highest concentration reaches essentially base levels, indicative of 

absence of free peptide to be washed away.  Therefore, three washes were deemed optimal and 

used in all subsequent experiments.   

 

For the second washing experiment, the plates were coated with 0.01 nmol/well of GM1, 

the optimum amount determined in the first sensitivity test (see Section 3.5.3 below); only the 

FAM-Aβ amount was varied.   

This second experiment confirmed that three washes are sufficient to remove any free 

FAM-Aβ1-40 from the assay plate (see Figure V-10); actually here already the third wash showed 

no signal significantly higher than the background.  One reason might be that in the second 

experiment with the regular plates a detergent, the non-ionic Tween-20, was included in the 

washing buffer (PBST).  Comparing the results of the regular to the half-area plate, the effect of 

the missing detergent (in the half-area plate washes) can be seen in the more gradual decline of 

the signal with consecutive washes, in particular for the higher FAM-Aβ1-40 concentrations.   

Another observation is the lower fluorescence signal for the half-area plate as indicated by 

the higher Gain Factor setting ('80' vs. '101').  One explanation may be that the material of the 
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Figure V-10  GM1 Assay plate washing study – experiment 2.   
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3.5.3. Sensitivity 
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Figure V-11  Sensitivity of the GM1 Assay - experiment 1 – supernatant.   
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As already mentioned in the previous section, the two forms of FAM-Aβ show very 

different fluorescence intensity levels in the supernatant (see Figure V-9 and Figure V-11).  One 

possible reason mentioned was different actual peptide contents of the two FAM-Aβ forms.  

However, comparing the fluorescence signals from the assay plates, they differ only by a factor 

of about two (see Figure V-12).  Taken together, this might imply a higher affinity of FAM-Aβ1-40 

to GM1 compared with FAM-Aβ1-42; however, affinities for binding of diethylaminocoumarin-3-

carbonyl-labeled Aβ1-40 and Aβ1-42 to liposomes (GM1 : cholesterol : SM = 1 : 1 : 1) were reported 

to be very similar for both forms (70).   

Furthermore, comparison of the intensities of supernatant and assay plates shows a higher 

signal for the supernatant (Gain Factor settings are '80' and '120' for supernatant and assay 

plate, respectively), indicating that most of the FAM-Aβ is not bound to GM1 (molar ratio of 

added FAM-Aβ : GM1 = 1 : 1). 

Inspection of the graphs in Figure V-12 reveals that each washing step reduces the signal, 

although in most cases not statistically significant.  This result is also reflected in the graphs for 

the washing solutions (see Figure V-9) where subsequently lower fluorescence signals are 

detected with each washing step.   

The lower limit of sensitivity for FAM-Aβ1-40 is 0.0316 nmol/well, since the fluorescence 

intensity for that amount is, after three washes, statistically significant larger than the next one 

(0.01 nmol/well), which is not statistically significant larger than all of the following amounts.  

For FAM-Aβ1-42, the lower limit of sensitivity is 0.00316 nmol/well.   

Finally, addition of PBS enhanced the fluorescence signal by up to over 100%; however, 

this enhancement seemed to depend on the concentration in a non-linear fashion with a smaller 

effect at lower amounts of FAM-Aβ.  Furthermore, samples generally showed a larger absolute 

as well as relative error.   
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Figure V-12  Sensitivity of the GM1 Assay - experiment 1 – assay plate.   
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Figure V-13  Sensitivity of the GM1 Assay - experiment 2 – assay plate.   
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In the second experiment (see Figure V-13), again the fluorescence intensity decreases 

with each consecutive washing step until it reached background levels.  The limit of sensitivity 

was 0.625 µM for the regular plate, and 0.313 µM for the half-area plate.   

 

In subsequent experiments requiring only one GM1 concentration, in order to allow 

detecting a fluorescence signal decrease caused by an investigated sample treatment without 

getting too close to the sensitivity limit, plates were coated with 0.1 nmol/well GM1.   

 

 

3.5.4. Competitive Binding Assays 

In order to showcase the utility of the GM1 Assay, the influence of a number of different 

competitors on the binding and aggregation of FAM-Aβ on GM1 were investigated. 

 

3.5.4.1. Influence of Metal Ions 

Since copper and zinc ions had been shown to bind to Aβ (in the same region as GM1) and 

to modulate the aggregation of Aβ, their influence on the fluorescence signal of the GM1 Assay 

was determined.  GM1-coated plates (0.1 nmol/well) were incubated with FAM-Aβ1-40 and 

FAM-Aβ1-42 (0.25 and 2.5 µM) in presence of a dilution series of Cu2+ and Zn2+ (0.1 / 1 / 10 / 100 / 

316 / 1000 µM in PBS) overnight (for 15.5 hours).  Supernatant and assay plates were treated 

and read in a plate reader as described previously; results for FAM-Aβ1-40 are shown in 

Figure V-14, those for FAM-Aβ1-42 in Figure V-15.   
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Figure V-14  Influence of Cu2+ and Zn2+ on GM1 – 1-40 binding and aggregation. 
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Figure V-15  Influence of Cu2+ and Zn2+ on GM1 – 1-42 binding and aggregation. 
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Figure V-16  Influence of Zn2+ on GM1 – 1-42 binding and aggregation. 
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One explanation for this effect may be that at lower concentrations, Zn2+ just increases the 

aggregation of Aβ onto the pre-existing GM1 – Aβ seeds, however, at higher concentrations, it 

also promotes the formation of seeds within the supernatant thus decreasing the amount of Aβ 

that is available to attach to GM1 or grow GM1-bound aggregates.   

 

3.5.4.2. Time Dependence of Zinc Effect 

To further investigate this effect, a time series experiment was performed, where a GM1-

coated plate (0.1 nmol/well) was incubated with 2.5 µM FAM-Aβ1-42 in the presence of a dilution 

series of Zn2+ (0.1 / 1 / 10 / 31.6 / 100 / 1000 µM in PBS) for 0.5 h, 2 h, 4 h, and 18 h (see 

Figure V-17). 

The results clearly show a time-dependent pattern of the zinc effect.  At 0.5 hours, the 

amount of GM1-bound FAM-Aβ1-42 only slightly increased with increasing Zn2+ concentration, 

but already after 2 hours a 'bump' appeared with a maximum at 31.6 µM Zn2+ (this data point 

was included, to allow more accurate determination of the Zn2+ concentration with maximal 

effect compared to the previous experiment).  This maximum increased further through the next 

two time points.  In the supernatant, a 'dip' (the inverse of a 'bump') was detectable only after 

4 hours, with the minimum at 31.6 µM Zn2+, and increasing values at 100 and 1000 µM Zn2+ upon 

further incubation.  For the 18 hour experiment, the intersections of the straight lines drawn 

through the increasing (0.1 – 31.6 µM Zn2+) and decreasing (31.6 – 1000 µM Zn2+) portions of the 

graphs were at 15.6 µM Zn2+, and at 20.5 µM Zn2+ for bound and free FAM-Aβ, respectively, i.e., 

at values again quite close to each other, as well as close to the results from the previous 

experiment.   
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Figure V-17  Time dependence of zinc effect. 
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18 hours).  Assay plates were treated and read in a plate reader as described previously; results 

are shown in Figure V-18 and Figure V-19; IC50 values are compiled in Table V-7.  Chemical 

structures for the Aβ aggregation inhibitors can be found in Figure V-20 (see p. 349). 

Inspection of the results reveals a number of trends.  For Aβ1-40, increasing concentrations 

of Cu2+ caused a decrease in the amount of bound FAM-Aβ; this effect was consistent for all 

inhibitor concentrations.  Zn2+ had an opposite effect with increasing amounts of FAM-Aβ bound 

at higher concentrations of metal ion; however, this difference disappeared for higher 

concentrations of inhibitor.  For Aβ1-42, the effect of Cu2+ was stronger; Zn2+ on the other hand 

showed no effect.  The results obtained here agree with those obtained earlier for Cu2+ (see 

Section 3.5.4.1), however, for Zn2+ one would have expected a higher amount of bound Aβ at 

31.6 µM than at 0 and 1000 µM. 

Another effect the metal ions exerted was on the elevation of the bottom plateau of the 

binding curves, i.e., the maximum inhibition of Aβ aggregation by an antiaggregant.  This effect 

was particularly pronounced for the influence of Cu2+ on the activity of NCE-370 and NCE-371 

against GM1-binding of FAM-Aβ1-42, where an increase in the Cu2+ concentration led to an 

increase in the maximum aggregation inhibition by these antiaggregants.  As this effect was not 

seen for all compounds it must be dependent on the chemical structure of the respective 

inhibitor and may involve binding of the metal ion to the antiaggregant.   
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Figure V-18  -binding by FAM- 1-40. 
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Figure V-19  -binding by FAM- 1-42. 
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Table V-7  GM1 Assay IC50 values for FAM-Aβ1-40 and FAM-Aβ1-42 of NCE-217, NCE-370 and NCE-371 in 
presence of Cu2+ and Zn2+. 
IC50 values for the data displayed in Figure V-18 and Figure V-19. 

Incubation 
Additives 

IC50 (µM) for FAM-Aβ1-40 IC50 (µM) for FAM-Aβ1-42 
NCE-217 NCE-370 NCE-371 NCE-217 NCE-370 NCE-371 

Cu2+, 0 µM 0.76 8.82* 2.83* 0.73 5.88* 3.21 
Cu2+, 31.6 µM 0.89 1.94 1.37 0.49 1.31 2.21 
Cu2+, 1000 µM 2.56 0.81 0.81 0.51 1.58 2.19 
Zn2+, 0 µM 2.40 24.35* 2.65* 0.77 3.90* 4.04 
Zn2+, 31.6 µM 0.78 23.21 0.72* 0.56 3.09 3.30 
Zn2+, 1000 µM 0.77 14.23* 0.77 0.79 6.32 1.12 

*: Curves seem to not have reached the bottom plateau, thus increasing the uncertainty in the 
calculated IC50 values. 

 

 

At first glance, one of the conditions is singled out with IC50 values considerably elevated 

compared to the rest — co-incubation of Zn2+ and NCE-370 with FAM-Aβ1-42.  However, upon 

closer inspection of the binding curves, it becomes obvious that these (and a few others) did not 

reach the bottom plateau and therefore bear an increased uncertainty in the calculated IC50 

values.  Otherwise, there were no major changes of the IC50 values caused by addition of metal 

ions. 

 

(b) Aβ Aggregation Inhibitors 

Finally, a number of Aβ aggregation inhibitors (see Figure V-20) developed in this lab were 

tested in the GM1 Assay to allow comparison to the standard ThT assay.  As the ThT assay and 

the GM1 Assay are based on different mechanisms of detecting aggregation, and capture 

different pools of aggregated species, comparison of values obtained with these two assays 

might yield further insight not available through testing by ThT assay alone.   
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Figure V-20   
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The compounds were chosen from two drug compound series that are based on different 

molecular scaffolds and Aβ binding sites; the bisindole series compounds were modelled to bind 

to the HHQK motif of Aβ (residues 12-17), whereas the biaromatics were designed to bind to the 

LVFF motif (residues 18-21).  Furthermore, two natural products (resveratrol and curcumin) 

were included, because they had been implicated in protection from dementia and their Aβ anti-

amyloidogenic activity had been reported (71-74). 

GM1-coated plates (0.1 nmol/well) were incubated with FAM-Aβ1-40 (2.5 µM) in presence 

of a dilution series of Aβ antiaggregants (0.0005 / 0.05 / 0.158 / 0.5 / 1.58 / 5 / 15.8 / 50 µM) for 

18 hours; then the amount of GM1-bound FAM-Aβ1-40 was determined as described previously.  

Sigmoidal curves (solid lines) were fitted with a full 4-parameter fit to the data (markers) as 

described previously (see Chapter II, Section 2.7.4.4); fitting included the values for 0 µM 

inhibitor, which could not be displayed on the logarithmically scaled x-axis, but were typically 

very close to the 0.001 µM inhibitor values.  Binding curves are displayed in Figure V-21; 

calculated IC50 values are compiled in Table V-8.   

Inspection of the graphs shows a range of activities for the different compounds.  These 

compounds were chosen deliberately with widely varying activity (based on ThT assay results) to 

see whether the GM1 assay can discriminate between them and if there are differences 

compared to the ThT assay.   

A closer look reveals that the computer-generated values for the fitting parameters for 

three of the compounds (NCE-244, NCE-1027, resveratrol) did not yield realistic results due to 

the lack of data for the bottom plateau.  Manually adjusting the parameters with an assumed 

bottom plateau at 0.008 nmol/well of GM1-bound FAM-Aβ1-40 (the background signal) gave 

binding curves (dashed lines) that appear more realistic; however, thus obtained IC50 values still 

carry a considerable degree of uncertainty, since they assume total aggregation inhibition by 
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Figure V-21  Dose- nhibitors determined by GM1 Assay. 
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values for the bisindoles were in general closer to the IC50 (ThT) values than those for the 

biaromatics, with bisindoles IC50 (GM1) values being about 2 – 5 times larger than IC50 (ThT) 

values, and biaromatics IC50 (GM1) values being about 10 – 20 times larger.  One reason may be 

the different (putative) binding sites of these two compound series.  As mentioned previously, 

the bisindoles were modelled to bind to the HHQK motif of Aβ (residues 12-17) and would thus 

compete with GM1 binding of Aβ (which involves H-13) as well as Aβ aggregation, whereas the 

biaromatics were designed to bind to the neighbouring LVFF motif (residues 18-21), thus only 

preventing aggregation of Aβ but not its binding to GM1.   

Table V-8  ThT assay and GM1 Assay IC50 values for three series of Aβ aggregation inhibitors. 
Inhibitor 

Series 
Compound IC50 (ThT) 

Qual. Result 
(ThT) 

IC50 (GM1) 
Qual. Result 

(GM1) 
Bisindoles 

NCE-105 50.4 ± 7.3 - 
** 

(>100) 
- 

NCE-164 3.0 ± 1.6 + 5.82 + 
NCE-217 7.5 ± 1.2 + 24.67 o 

NCE-238 20.9 ± 8.1 o 
** 

(>100) 
- 

NCE-244 5.6 ± 0.1 + 
16.75§ 

(32) 
+ 

(o) 

NCE-276 16.5 ± 6.9 + 
65.72§ 

(50) 
- 

NCE-289 n/d (+) * 8.83 + 
Biaromatics 

NCE-1027 0.85 ± 0.12 + 
17.36§ 

(65) 
+ 
(-) 

NCE-1140 3.09 ± 0.21 + 35.48 o 
Natural 

Products 
Resveratrol 32.1 ± 6.6 o 

** 
(>100) 

- 

Curcumin n/d n/d 31.37 o 
Qualitative results were classified as follows: + (IC50 < 20 µM); o (20 µM ≤ IC50 < 50 µM); - (IC50 
> 50 µM).  Values in parentheses were obtained from manually adjusted fitting of curve 
parameters.  n/d: not determined. 
*: from ThT assay with too few concentrations to calculate an IC50 value.  **: Iteration did not 
converge to a consistent value due to the lack of values for the sloped portion and the bottom 
plateau of the curve.  §: Iteration did not yield realistic IC50 values due to the lack of data for the 
bottom plateau.  Values given in parentheses were obtained by manually adjusting parameters to 
fit the sigmoidal curve to the data; the bottom plateau was set to a value of 0.008 nmol/well (the 
background signal). 
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The results presented here clearly show the potential of the GM1 Assay in the evaluation 

of drug candidate molecules.  However, in future work a number of issues should be addressed 

in order to completely validate the assay and realise its full potential. 

A number of parameters related to the kinetic and thermodynamic characteristics of the 

GM1 Assay should be determined.  Examples include association and dissociation rate constants 

(kon and koff) for the former, and the binding constant (affinity constant, K, or dissociation 

constant Kd) and the specificity of the GM1-Aβ binding for the latter (75).  In the literature, a 

range of different systems and detection methods have already been used to obtain some of 

these values (64, 70, 76, 77); however, since none used the exact setup described and used here, 

one may expect some deviation in the results obtained through a different method.  One may 

also want to investigate the differences for these constants between the initial binding of Aβ to 

GM1, i.e., the seed formation, and the subsequent attachment of further Aβ monomers as the 

oligomers grow in size. 

Another aspect of the GM1 assay that should be investigated is the question of 

distinguishing a drug that prevents the initial binding of Aβ to GM1 from one that prevents Aβ 

aggregation, as both would lower the signal measured in the assay.  One idea to address this 

question is to employ photo-induced cross-linking of unmodified proteins (PICUP) to determine 

the Aβ species (monomers or oligomers) bound to the assay plate and present in the 

supernatant as described in the next section.   

 

3.5.5. PICUP Assay 

One method that has been proven useful in the analysis of Aβ oligomers is the photo-

induced cross-linking of unmodified proteins (PICUP) (78).  This method was originally developed 

to resolve a number of problems associated with the chemical cross-linking of proteins (79, 80), 
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which had been used previously to investigate protein - protein interactions.  The idea behind 

cross-linking of closely associated proteins is to introduce a covalent bond between these 

proteins that can withstand denaturing conditions used in analytical methods, such as SDS-PAGE 

(sodium dodecyl sulfate – polyacrylamide gel electrophoresis).  The problems related to the 

chemical cross-linking of proteins are inherent to the method, where typically bifunctional 

crosslinkers comprised of two electrophiles connected by a linker arm are used to cross-link 

closely associated proteins.  Most of these crosslinkers are inherently reactive and cannot be 

“switched on” to react at a certain time.  Furthermore, some unintended modifications of 

nucleophilic side chains, like the acylation of lysines, on surface residues occurring during the 

prolonged incubation times often necessary for these reagents have been connected to 

artifactual results caused by structural destabilisation.   

The PICUP process is based on the photolysis of certain metal complexes, e.g., tris-

bipyridylruthenium(II) dication, with visible light in the presence of an electron acceptor, such as 

ammonium persulfate, and the proteins of interest.  Besides avoiding use of a linker through 

direct cross-linking of proteins, use of visible instead of UV light in the PICUP process also 

reduces the chance of damage to proteins and other biomolecules that may be inflicted by UV 

light.  Another advantage, particularly in relation to the study of oligomers with their short 

lifetimes and dynamic equilibria, is its short irradiation time of at the most a few seconds as 

compared to classical biophysical approaches, which may require up to 30 minutes.   

A number of research groups have used PICUP successfully to investigate Aβ oligomers 

(81-85).  However, their experimental setup has never left the initial stages where an SLR camera 

body is used to control the sample irradiation time (see Figure V-22).   
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Figure V-22  Experimental configurations for the PICUP assay and [Ru(Bpy)3]2+ absorbance spectrum. 
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Figure V-23  The new PICUP LED Irradiator. 
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Figure V-24  Tris-Tricine SDS-PAGE gel of PICUP assay. 
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Figure V-25  The PICUP Multiplex LED Irradiator.   
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provided to each well; they provide a maximum of 2.5 lumens at 450 nm.  With the plate holder 

fixing the 96-well plate, the guide holes and guides allow precise positioning of the irradiator 

module on top of the 96-well plate to irradiate two columns at a time; the distance of the LEDs 

from the top of the 96-well plate is about 2 mm.   

The software for the controller allows setting of irradiation time from 0 – 99 s with a 

resolution of 0.025 s, and adjusting of LED power in 64 steps (0 – 63).  Furthermore, a well 

profile can be defined, which allows modulation of the amount of radiation applied to each well.  

The amount of radiation is controlled via the exposure time, which is multiplied by the 

modulation factor (range: 0.000 – 1.000) to deliver the desired amount of radiation to each well.  

The modulation factor can be set for individual columns or rows, or an operator-specified range 

of wells.   

To perform an irradiation, the operator enters the desired settings for exposure time, LED 

power, and well profile (modulation factor) and starts the exposure routine.  After the 

irradiation of the first set of columns is completed, the operator is prompted to move the 

irradiator module to the next position and start the next irradiation.  This process is repeated 

until the entire plate (or selected range) has been irradiated.   

Considering that exposure times are typically only a few seconds long, one full 96-well 

plate can easily be irradiated in less than a minute.  With these capabilities in hand, other 

processes in the PICUP assay become the rate-limiting step, most notably sample analysis.  Most 

researchers use SDS-PAGE to analyse samples obtained through PICUP (78, 81, 83, 84), although 

other methods have been tried (85).  However, SDS-PAGE is quite time-consuming, in particular 

for quantitative analyses, since visualisation of protein bands requires additional steps for 

staining or Western blots.   
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Here, the intent was to make use of the capability of the HPLC autosampler to take 

samples directly from a 96-well plate for injection onto the column since this would considerably 

reduce the hands-on time for the assay.  However, due to time constraints, unfortunately this 

project did not advance past a few initial experiments and could not be completed.   

A number of future experiments shall be suggested.  Starting with FAM-Aβ (unlabeled Aβ 

proved undetectable by UV-Vis at the concentrations tried in the initial experiments (20 – 

35 µM)) and fluorescence detection, irradiation conditions should be optimised for the detection 

of oligomers.  In a next step, unlabelled Aβ may be used in conjunction with pre-column 

derivatisation (e.g., with o-phthalaldehyde (OPA), an established derivatisation reagent; 

protocols are available to do this automatically with the autosampler) in order to reduce the cost 

of the assay.  Subsequently, PICUP could be used to analyse samples obtained from the GM1 

Assay as mentioned earlier.  And finally, it may be attempted to develop a protocol that allows 

analysis of these samples by mass spectrometry.   

 

 

3.6. Summary 

The GM1 Assay was developed as an alternative to the well-established ThT aggregation 

assay, to assess the inhibitory effect of drug candidate molecules on the aggregation of Aβ.  It 

avoids a number of issues associated with the ThT assay, namely the effect that the ThT dye 

itself has on the aggregation and on the binding of the tested compound, as well as possible 

quenching of the ThT fluorescence signal.  Furthermore, it uses considerably lower amounts of 

Aβ, albeit of a more expensive (fluorescently labelled) form.   

Competitive binding experiments with a number of Aβ antiaggregants showed comparable 

trends for IC50 values obtained by the GM1 Assay and ThT assay, although at a higher level for 

360 



the former.  While Cu2+ generally decreased the amount of GM1-bound Aβ in presence of Aβ 

antiaggregants, Zn2+ had a smaller opposite or no effect. 

Two LED-based irradiators for the PICUP assay were designed and built; one for single 

samples, the other one for 96-well plates.  Unfortunately, time constraints did not allow rigorous 

testing.   
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4. Conclusions 

Aβ has been shown to interact with many different classes of molecules and ions; here, 

two aspects were investigated.  First, the non-specific binding of Aβ to commonly used sample 

and reaction vessels was quantified in a range of conditions with the goal to identify measures to 

minimise sample loss in the handling of this expensive peptide.  Losses of over 50% were 

observed for some vessels (glass), while one product consistently stood out with only minimal 

protein binding, the Eppendorf Protein LoBind microcentrifuge tubes.  Second, the GM1 Assay 

was developed as an alternative to the ThT assay to determine the efficacy of Aβ antiaggregants.  

Experiments in this section actually covered a number of different interactions of Aβ; the 

interaction with GM1, which leads to seed formation for its aggregation (i.e., its interaction with 

itself), interaction with metal ions (Cu2+, Zn2+), and interaction with small molecule 

antiaggregants.  Finally, two LED irradiators were designed and built (one for single samples, the 

other for 96-well plates), to facilitate study of Aβ aggregation by photo-induced cross-linking of 

unmodified proteins (PICUP). 
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CHAPTER VI. 
 

Conclusions and Future Directions 
 

 

1. Conclusions 

Alzheimer’s disease is a chronic, progressive condition.  Attempts to understand its 

underlying mechanisms have only been able to detail smaller components of the process 

without tying all aspects together; AD cannot be explained by a simple linear model such as the 

β-amyloid cascade.   

This work integrates new experimental evidence with data from numerous research 

groups across multiple branches of science to challenge our previous thinking of AD.  

Traditionally, AD was considered a type of protein folding disorder.  Here, the concept of AD as 

autoimmune disease — one of the innate immune system (1) for which autoimmunity has not 

been previously described — pioneers a new direction in AD research.  The chapters of this 

thesis provide experimental data in support of this new hypothesis.  Chapter II addressed some 

of the shortcomings of current AD hypotheses and provided solutions for unanswered questions 

about AD.  Based on its structural similarity to established antimicrobial peptides (AMPs), as well 

as experiments demonstrating its increased production induced by (simulated) infection and its 

antibacterial and antiviral activity, it is proposed that the physiologic role of Aβ is as an AMP.  In 

comparing several properties of different cell membranes, similarities between neuronal and 

bacterial cell membranes were identified as possible drivers for the attack of Aβ on neurons.  

After reproducing toxicity of Aβ against neuroblastoma and rat primary neuronal cells, 
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mitochondrial toxicity of Aβ was identified as another possible mechanism — besides its 

membrane destructing activity — for its neurotoxicity seen in AD.  It is suggested that this 

mitochondrial toxicity is due to the similarity of bacteria with mitochondria, which may be 

explained by the evolutionary origin of mitochondria described in the endosymbiont theory as 

symbiotic bacteria that were engulfed by early eukaryotic cells.  In reversing the concept of Aβ 

being an AMP, similarity of other AMPs to Aβ was shown by establishing neurotoxic activity of 

LL-37 and cecropin A against neuroblastoma and rat primary neuronal cells.  It was shown that 

necrotic cell death caused by Aβ, but not apoptotic cell death, may spread to adjacent neurons.  

In conjunction with literature reports that Aβ prevents neurogenesis it was posited that Aβ thus 

may be responsible for the chronic and progressive character of AD.  These findings were 

interpreted such that the processes involved in AD are not linear, as implied in the β-amyloid 

cascade, but are rather characterised by a positive feedback loop, which was termed the 'Vicious 

Cycle of Alzheimer’s Disease '.  Integrating published data and research with results obtained 

through this work, a diagram was developed which shows the connections and feedback loops 

involved in the Vicious Cycle of Alzheimer’s Disease.   

Bacterial cell components can be potent stimulators of the immune system; gangliosides, 

and in particular GM1, are able to bind Aβ to form the toxic species that initiates and enters the 

Vicious Cycle of AD.  In Chapter III, a question borne from Aβ’s activity as an AMP and its central 

role in the Vicious Cycle of AD was investigated: do antibiotics, such as penicillin, that cause 

release of bacterial endotoxins due to their mechanism of action, trigger the Vicious Cycle of AD 

and thus lead to the development of AD?  Preliminary evidence supporting this notion was 

presented. 

The synthesis by microwave-assisted solid-phase peptide synthesis of a number of 

peptides related to AD is described in Chapter IV.  Problems occurring during the synthesis and 
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suggested solutions were discussed.  The peptides that were successfully isolated and purified 

were used in experiments related to this thesis and the work of other members of this research 

group.   

Aβ has been shown to interact with many different classes of molecules and ions; in 

Chapter V, two aspects were investigated.  First, the non-specific binding of Aβ to commonly 

used sample and reaction vessels and resultant peptide loss was quantified in a range of 

conditions with the goal to identify measures to minimise sample loss in the handling of this 

expensive peptide.  Losses of over 50% were observed for some vessels (glass), while one 

product consistently stood out with only minimal protein binding, the Eppendorf Protein LoBind 

microcentrifuge tubes.  And second, the GM1 Assay was developed as an alternative to the ThT 

and Congo Red assays to determine the efficacy of Aβ antiaggregants.  Experiments in this 

section actually covered a number of different interactions of Aβ; the interaction with GM1, 

which leads to seed formation for its aggregation (i.e. its interaction with itself), interaction with 

metal ions (Cu2+, Zn2+), and interaction with small molecule antiaggregants.  Finally, two LED 

irradiators were designed and built (one for single samples, the other for 96-well plates), to 

facilitate study of Aβ aggregation by photo-induced cross-linking of unmodified proteins (PICUP), 

a technique that has been employed successfully in the analysis of Aβ aggregation. 
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2. Future Directions 

As often encountered in research, obtaining answers to one question leads to more 

questions not previously considered.  Currently underway is research investigating the 

immunomodulatory role of Aβ and its connections to the Vicious Cycle of AD.  qPCR experiments 

aimed at understanding the signalling pathways between different brain cells (neurons, 

microglia, astrocytes) involved in AD are being performed.  One task with a high impact on many 

future experiments would be to improve current protocols for the preparation of Aβ and for 

'quality control' of starting solutions in assays using Aβ.  This might include finding a new 

standard for the Aβ quantitation in the BCA assay, as BSA has been shown to have a different 

response than Aβ in this assay (possibly due to the large difference in size and different relative 

abundance of amino acid residues).  Scrambled Aβ may be a good candidate, since it has exactly 

the same amino acid residues as the native Aβ, and it has been shown not to aggregate.  Other 

experiments that should be performed include obtaining a dose-response curve for Aβ 

production by cells upon incubation with LPS and LTA; repeating antibacterial assays with an 

improved formulation of Aβ; obtaining a dose-response curve for the addition of cholesterol to 

the bacterial growth medium; determining the insertion of cholesterol into the bacterial 

membrane; determining the mechanism of action of Aβ against viruses and extending the 

spectrum of viruses tested; confirming that a viral infection can stimulate expression of Aβ; and 

finally, using an AD-transgenic mouse model to find out whether a viral infection leads to earlier 

or increased symptoms of AD.   

 

In regards to penicillin as a risk factor for AD, a number of experiments should be repeated 

to obtain better statistics.  Additionally, some suggested experiments would include incubations 
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with antibiotics of other classes; determining cell wall integrity after killing bacteria, e.g. by 

Trypan Blue or Live/Dead® stain; quantifying how much LPS or LTA is actually released by each 

killing method using mass spectrometry or ELISA; testing dilution series of LPS/LTA and bacterial 

fragments for concentration dependence of the induced Aβ production; and determining the 

influence of added Aβ12-17 (VHHQKL, since BBXB is a possible binding motif for LPS and LTA) on 

the induced Aβ production.  

An animal trial is in the planning stage pending the outcome of further in vitro test results. 

Performed by Kurt Stover, a Ph.D. student working under the supervision of Dr. Richard Brown at 

Dalhousie’s Department of Psychology, it is intended to infect AD transgenic mice with bacteria, 

treat them with different antibiotics, and determine behaviour and brain pathology changes (in 

particular plaque load) over a time period of about six months in order to evaluate the influence 

that different classes of antibiotics may have on the progression of AD.   

 

A number of peptides synthesised as part of this project should be resynthesized with 

improved protocols based on the results obtained here, e.g. Aβ1-40, Aβ1-42, Aβ12-17, and 

VHHQKLAAAA.  Other peptides of interest might include scrambled Aβ1-40/42, KLVFFAAAAA and 

GAIIGLAAAA, FAM-Aβ1-40/42, and BHQ-10-Aβ1-40/42.  BHQ-10 (Biosearch Technologies, Novato, CA, 

USA) is a quencher for FAM fluorescence in Förster Resonance Energy Transfer (FRET), a 

technique used to investigate the distance between certain residues in a peptide.  Here it is 

suggested to use mixed solutions of FAM-Aβ and BHQ-10-Aβ to investigate the aggregation of 

Aβ, and maybe utilise it to develop a new Aβ aggregation assay.   

Suggested improvements for the peptide synthesis would be the use of a different resin, in 

particular the HMPB-ChemMatrix® resin, which has shown superior results in the synthesis of 

difficult peptides (2, 3).  Another advantage, specifically in regards to the VHHQKLAAAA project, 
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would be that it allows cleavage of the peptide from the resin without prior deprotection of the 

side chains, thus avoiding an extra step to re-protect side chains and N-terminus for the 

attachment to the solid matrix.  One way to avoid or remove peptide contaminants, such as 

deletion peptides seen in the synthesis of BBXB Aβ, may be the use of capping agents in the 

synthesis of this peptide.  An intriguing method was published by Montanari and Kumar (4), 

which prevents formation of deletion peptides by capping in the coupling step unreacted N-

termini of the growing peptide chain and allows removal of essentially all unwanted shorter 

fragments by the use of specially designed fluorous capping agents (4).   

Another recommendation would be the introduction of routine amino acid analysis as a 

means of quality control for the synthesised and purified peptides. 

 

The analysis of peptide/protein loss due to adsorption should be extended to include 

other low-binding tubes and plates, as well. 

In regards to the GM1 Assay, a number of future experiments shall be suggested.  Starting 

with FAM-Aβ (unlabeled Aβ proved undetectable by UV-Vis at the concentrations tried in the 

initial experiments (20 – 35 µM)) and fluorescence detection, irradiation conditions should be 

optimised for the detection of oligomers.  In a next step, unlabelled Aβ may be used in 

conjunction with pre-column derivatisation (e.g. with o-phthalaldehyde (OPA), an established 

derivatisation reagent; protocols are available to do this automatically with the autosampler) in 

order to reduce the cost of the assay.  Subsequently, PICUP could be used to analyse samples 

obtained from the GM1 Assay as mentioned earlier.  And finally, it may be attempted to develop 

a protocol that allows analysis of these samples by mass spectrometry. 
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APPENDIX A. 

The sequence for 1-40 was entered into the APD Prediction Tool (accessed: May 15, 

2008) (http://aps.unmc.edu/AP/prediction/prediction_main.php), which returned the results 

shown in Figure A-1.  Since the publication of work by Soscia et al. (1) in 2010 demonstrating the 

t a number of bacterial strains 1-40 1-42 have 

been entered into the database with the ID numbers AP01675 and AP01676, respectively.   

Figure A-1  Results for 1-40 from APD Prediction Tool (2). 
Screenshots of the r 1-40 from the APD Prediction Tool {{1714}} (accessed: May 15, 2008; 
http://aps.unmc.edu/AP/prediction/prediction_main.php) showing general information about the peptide 
in (A), and detailed structural information in (B) incuding the prediction that 1-40 "has a chance to be an 
antimicrobial peptide". 
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APPENDIX B. 
RADIAL DIFFUSION ASSAY 

In order to facilitate a more thorough evaluation of the radial diffusion assay (RDA), here 

three tables are given looking at the same data in different ways.  In Table B-1, the differences 

for all possible permutation of the samples were calculated for incubation without cholesterol, 

along with the corresponding statistical parameters; Table B-2 shows the respective results for 

incubation with cholesterol.  In Table B-3, the influence of cholesterol and pH are determined.  

The colour coding scheme is as follows, red fill in the 't Stat' columns highlights negative values 

for the difference; green fill in the 'P(t<=T)' columns marks statistical significance below the 0.05 

level, blue fill below the 0.01 level; '*' in the 'Significance' column stand for statistical 

significance below the 0.05 level, '**' below the 0.01 level, while a green fill is used for positive 

differences, and an orange fill for negative differences.   
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Table B-1  Results for incubation without cholesterol. 
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Table B-2  Results for incubation with cholesterol. 
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Table B-3  Results for influence of cholesterol and pH. 
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APPENDIX C. 
THE GROWTH CURVE ASSAY 

C.1. Parameter Selection 
For the Growth Curve Assay (GCA), ten parameters had been identified that might help in 

characterising a bacterial growth curve and identifying factors that influence different aspects 

related to bacterial growth.  To facilitate displaying the results in a clear manner, it was decided 

to select six of those parameters based on their average correlation and mechanistic 

considerations. 

For each parameter, the correlation coefficient, r, for the correlation with all other 

parameters was determined for each bacterial strain according to Equation (C-1):  

 r =
∑ xy

�∑ x2 ∑ y2
 (C-1) 

 

where  

 � xy =  �(Xi −  X�)(Yi −  Y�)
n

i=1

 (C-2) 

 

and, 

 � x2 =  �(Xi −  X�)2 (C-3) 

 � y2 =  �(Yi −  Y�)2 (C-4) 
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with X and Y as the independent variables that are being subjected to correlation analysis (in this 

case, two of the different parameters), i as the sample number, and n as the total number of 

samples.  Then, the average correlation coefficient, ravg, was calculated for each parameter 

(Equation (C-5)): 

 r =  rm  (C-5) 

 

with j being the parameter number , and m the total number of parameters.  Results are shown 

in Table C-1 - Table C-5; Table C-6 shows for each parameter pair the averages of the absolute 

correlation coefficients of all five bacterial strains.  Values are colour-coded by their absolute 

correlation coefficient |r|:   

r = 0 – 0.2: red (very low correlation) 

r = >0.2 – 0.4: orange (low correlation) 

r = >0.4 – 0.6: yellow (medium correlation) 

r = >0.6 – 0.8: light green (high correlation) 

r = >0.8 – 1.0: dark green (very high correlation) 

 

Table C-1  Correlation coefficients (r), average correlation coefficients (ravg) and their ranking for 
E. coli. 
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Table C-2  Correlation coefficients (r), average correlation coefficients (ravg) and their ranking for 
 marcescens. 

 

Table C-3  Correlation coefficients (r), average correlation coefficients (ravg) and their ranking for 
K. pneumoniae. 

 

Table C-4  Correlation coefficients (r), average correlation coefficients (ravg) and their ranking for 
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Table C-5  Correlation coefficients (r), average correlation coefficients (ravg) and their ranking for 
 

 

Table C-6  Averages of the absolute correlation coefficients, |r| of all five bacerial strains. 

 

Finally, avg, the global average correlation coefficient over all bacterial strains was 

calculated for each parameter using Equation (C-6): 

 r =  r ,o  (C-6) 

 

with k being the bacterial strain number, and o the total number of bacterial strains.  The data is 

displayed in Table C-7, which is sorted in ascending order of the parameters’ global average 

correlation coefficient, avg; ultimately selected parameters are marked light green. 
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Table C-7  avg) of all parameters 
Parameter ravg avg

E. coli  K. pneumoniae   Avg.  

max 0.3501 0.5020 0.3218 0.5936 0.3127 0.4160 0.0560 
t2x 0.4408 0.6757 0.7613 0.3047 0.3993 0.5164 0.0865 

final 0.3605 0.6629 0.7127 0.5690 0.3242 0.5259 0.0786 
tODmax 0.6671 0.6376 0.7269 0.4155 0.2822 0.5458 0.0844 

OD 0.6108 0.6463 0.7881 0.4738 0.3997 0.5837 0.0680 
OD12h 0.7122 0.8270 0.8404 0.2513 0.3465 0.5955 0.1240 
tonset 0.5495 0.8263 0.8174 0.4744 0.3388 0.6013 0.0962 

max 0.6124 0.7816 0.8115 0.5550 0.2578 0.6037 0.0992 
ODmax 0.6090 0.8000 0.8333 0.5169 0.4031 0.6325 0.0821 

t  0.6112 0.8356 0.8216 0.5183 0.4762 0.6526 0.0751 
 

Figure C-1  Global Average Correlation Coefficients 
Global Average Correlation Coefficients were calculated for each parameter using Equations (C-1) - (C-6); 
parameters were ranked from lowest to highest coefficient (seeTable C-7).  Parameters chosen for display 
(green bars) were selected based on this ranking and mechanistic considerations (see text for details).  
Error bars: ± S.E.M. *: P < 0.05; (n = 5; one-tailed Student’s t-test). 

 

The Global Average Correlation Coefficients were calculated to determine which 

parameters show the lowest correlation.  Selecting parameters with low correlation would 

supposedly allow the identification and differentiation of factors and assay conditions that affect 

bacterial growth through distinct mechanisms.  As can be seen in Figure C-1, only the first 

paramet max, is different from most of the other parameters; all the other ones have 
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overlapping error bars and are not significantly different from each other.  It was therefore 

decided to additionally base the selection of parameters on mechanistic considerations. 

tonset was chosen over tSlopemax and OD12h (all three are highly or very highly correlated) as a 

parameter that is influenced by the initial number of bacteria, as well as bacterial processes that 

occur during the lag time.  tODmax was not included, since it can be derived from tonset and Δtmax; 

furthermore, ODmax is included as parameter related to factors that prevent growth or 

accelerate bacterial death.  Although ΔOD final shows one of the lowest global average correlation 

coefficients, it was excluded since for this project factors that accelerate death after the 

stationary phase were not of high priority.   
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C.2. Results 
Tables containing the results used to produce the graphs shown in the main part (see 

Chapter II, Section 2.8.4.3) are presented here ( Table C-8 - Table C-12).  For each bacterial 

strain, the table stretches over four pages to include all the data.  The tables combine the results 

of two microplates each, one without cholesterol, and the second one with cholesterol.  They 

first give the conditions (pH, presence of Aβ/Cu2+/Zn2+/cholesterol), and then the results for each 

of the ten parameters mentioned above; the value and standard error, followed by the 

difference of the samples without and with Aβ, with H2O and with Cu2+ or Zn2+, respectively, and 

without and with cholesterol.  The error for each of those differences was calculated according 

to the general equation for error propagation (Equation (C-8); given for the example of 

Slopemax): 

 ∆Slopemax =  Slopemax,1 −  Slopemax,2 (C-7) 

 ±Error (∆Slopemax) =  ��S. E. M. �Slopemax,1��
2

+  �S. E. M. �Slopemax,2��
2
 (C-8) 
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C.2.1. Incubation of E. coli 

 Table C-8  Incubation of E. coli 1-40 in presence of Cu2+, Zn2+ and cholesterol. 
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 Table C-8  (cont’d)  Incubation of E. coli 1-40 in presence of Cu2+, Zn2+ and cholesterol. 
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 Table C-8  (cont’d)  Incubation of E. coli 1-40 in presence of Cu2+, Zn2+ and cholesterol. 
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 Table C-8  (cont’d)    Incubation of E. coli 1-40 in presence of Cu2+, Zn2+ and cholesterol. 
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C.2.2. Incubation of S. marcescens 

 Table C-9  Incubation of S. marcescens 1-40 in presence of Cu2+, Zn2+ and cholesterol. 
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 Table C-9  (cont’d)  Incubation of S. marcescens 1-40 in presence of Cu2+, Zn2+ and 
cholesterol. 
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 Table C-9  (cont’d)  Incubation of S. marcescens 1-40 in presence of Cu2+, Zn2+ and 
cholesterol. 
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 Table C-9  (cont’d)  Incubation of S. marcescens 1-40 in presence of Cu2+, Zn2+ and 
cholesterol. 
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C.2.3. Incubation of K. pneumoniae 

 Table C-10  Incubation of K. pneumoniae 1-40 in presence of Cu2+, Zn2+ and cholesterol. 
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 Table C-10  (cont’d)  Incubation of K. pneumoniae 1-40 in presence of Cu2+, Zn2+ and 
cholesterol. 
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 Table C-10  (cont’d)  Incubation of K. pneumoniae 1-40 in presence of Cu2+, Zn2+ and 
cholesterol. 
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 Table C-10  (cont’d)  Incubation of K. pneumoniae 1-40 in presence of Cu2+, Zn2+ and 
cholesterol. 
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C.2.4. Incubation of methicillin-resistant S. aureus  

 Table C-11  Incubation of methicillin-resistant S. aureus  1-40 in presence of Cu2+, 
Zn2+ and cholesterol. 
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 Table C-11  (cont’d)  Incubation of methicillin-resistant S. aureus  1-40 in 
presence of Cu2+, Zn2+ and cholesterol. 
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 Table C-11  (cont’d)  Incubation of methicillin-resistant S. aureus  1-40 in 
presence of Cu2+, Zn2+ and cholesterol. 
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 Table C-11  (cont’d)  Incubation of methicillin-resistant S. aureus  1-40 in 
presence of Cu2+, Zn2+ and cholesterol. 
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C.2.5. Incubation of methicillin-susceptible S. aureus  

 Table C-12  Incubation of methicillin-susceptible S. aureus  1-40 in presence of 
Cu2+, Zn2+ and cholesterol. 
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 Table C-12  (cont’d)  Incubation of methicillin-susceptible S. aureus  1-40 in 
presence of Cu2+, Zn2+ and cholesterol. 
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 Table C-12  (cont’d)  Incubation of methicillin- 1-40 in 
presence of Cu2+, Zn2+ and cholesterol. 
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 Table C-12  (cont’d)  Incubation of methicillin-  1-40 in 
presence of Cu2+, Zn2+ and cholesterol. 
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APPENDIX D. 
AMINO ACIDS 

Table D-1  Symbols, structures and masses of amino acids and protected residues. 
Residue 

3- & 1-Letter 
Code 

 
Short Name of 

protected 
residues 

Structure of amino acid Structure of protected amino acid residue 

Mass of 
amino 
acid/ 

(-H2O)/ 
protected 

residue 
(g/mol) 

L-Alanine 
Ala, A 

 
Fmoc-Ala-OH 

• H2O  

 

89.095/ 
71.079/ 
329.3 

L-Arginine 
Arg, R 

 
Fmoc-

Arg(Pbf)-OH 

 

 

174.204/ 
156.189/ 

648.8 

L-Asparagine 
Asn, N 

 
Fmoc-

Asn(Trt)-OH 
 

 

132.120/ 
114.105/ 

596.7 
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Residue 
3- & 1-Letter 

Code 
 

Short Name of 
protected 
residues 

Structure of amino acid Structure of protected amino acid residue 

Mass of 
amino 
acid/ 

(-H2O)/ 
protected 

residue 
(g/mol) 

L-Aspartic 
Acid 

Asp, D 
 

Fmoc-
Asp(OtBu)-OH   

133.105/ 
115.089/ 

411.5 

L-Cysteine 
Cys, C 

 
Fmoc-Cys(Trt)-

OH  

 

121.159/ 
103.145/ 

585.7 

L-Glutamine 
Gln, Q 

 
Fmoc-Gln(Trt)-

OH 
 

 

146.147/ 
128.132/ 

610.7 

L-Glutamic 
Acid 

Glu, E 
 

Fmoc-
Glu(OtBu)-OH   

147.132/ 
129.116/ 

425.5 
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Residue 
3- & 1-Letter 

Code 
 

Short Name of 
protected 
residues 

Structure of amino acid Structure of protected amino acid residue 

Mass of 
amino 
acid/ 

(-H2O)/ 
protected 

residue 
(g/mol) 

Glycine 
Gly, G 

 
Fmoc-Gly-OH  

 

75.068/ 
57.052/ 
297.3 

L-Histidine 
His, H 

 
Fmoc-His(Trt)-

OH 
 

 

155.158/ 
137.142/ 

619.7 

L-Isoleucine 
Ile, I 

 
Fmoc-Ile-OH 

  

131.176/ 
113.161/ 

353.4 

L-Leucine 
Leu, L 

 
Fmoc-Leu-OH 

  

131.176/ 
113.161/ 

353.4 
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Residue 
3- & 1-Letter 

Code 
 

Short Name of 
protected 
residues 

Structure of amino acid Structure of protected amino acid residue 

Mass of 
amino 
acid/ 

(-H2O)/ 
protected 

residue 
(g/mol) 

L-Lysine 
Lys, K 

 
Fmoc-

Lys(Boc)-OH 

 
 

146.191/ 
128.175/ 

468.5 

L-Methionine 
Met, M 

 
Fmoc-Met-OH 

  

149.213/ 
131.198/ 

371.5 

L-Phenyl-
alanine 
Phe, F 

 
Fmoc-Phe-OH 

  

165.194/ 
147.178/ 

387.4 

L-Proline 
Pro, P 

 
Fmoc-Pro-OH  

 

115.133/ 
97.118/ 
337.4 
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Residue 
3- & 1-Letter 

Code 
 

Short Name of 
protected 
residues 

Structure of amino acid Structure of protected amino acid residue 

Mass of 
amino 
acid/ 

(-H2O)/ 
protected 

residue 
(g/mol) 

L-Serine 
Ser, S 

 
Fmoc-

Ser(tBu)-OH  

 

105.094/ 
87.079/ 
383.4 

L-Threonine 
Thr, T 

 
Fmoc-

Thr(tBu)-OH  
 

119.121/ 
101.106/ 

397.5 

L-Tryptophan 
Trp, W 

 
Fmoc-

Trp(Boc)-OH 

  

204.230/ 
186.215/ 

526.6 

L-Tyrosine 
Tyr, Y 

 
Fmoc-

Tyr(tBu)-OH 
  

181.193/ 
163.178/ 

459.6 

L-Valine 
Val, V 

 
Fmoc-Val-OH 

 
 

117.149/ 
99.134/ 
339.4 
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APPENDIX E. 
PEPTIDE SYNTHESIS CYCLES 

Table E-1  Liberty ‘Standard – Resin’ cycle. 
Step Operation Parameter Volume Drain Cycles Pause 

1 
Clean Reaction Vessel – 
Unfiltered 

 10 √ 1  

2 Add DMF to Resin  7  1  
3 Add dichloromethane to Resin  7  1  
4 Transfer Resin to Reaction Vessel  10 √ 1  
5 Add DMF to Resin  7  1  
6 Add dichloromethane to Resin  7  1  
7 Transfer Resin to Reaction Vessel  10 √ 1  
8 Add DMF to Resin  7  1  
9 Add dichloromethane to Resin  7  1  

10 Transfer Resin to Reaction Vessel  10 √ 1  
11 Add Reagent Main Wash (DMF) 5  1  

12 Add Reagent 
Secondary Wash 
(dichloromethane) 

5  1  

13 Wait State  900  1  
14 Drain - Filtered   √ 1  

 

Table E-2  Liberty ‘0.10 – Single’ amino acid cycle. 
Step Operation Parameter Volume Drain Cycles Pause 

1 Clean Resin Dip Tube Main Wash (DMF)  √ 1  
2 Wash - Top Main Wash (DMF) 7 √ 1  
3 Add Deprotection 20% Piperidine w/ 0.1M HOBt 7  1  
4 Microwave Method Initial Deprotection  √ 1  
5 Clean Resin Dip Tube Main Wash (DMF)  √ 1  
6 Add Deprotection 20% Piperidine w/ 0.1M HOBt 7  1  
7 Microwave Method Deprotection  √ 1  
8 Wash - Top Main Wash (DMF) 7 √ 1  
9 Wash - Bottom Main Wash (DMF) 7 √ 1  

10 Wash - Top Main Wash (DMF) 7 √ 1  
11 Clean Resin Dip Tube Main Wash (DMF)  √ 1  
12 Wash - Top Main Wash (DMF) 7 √ 1  
13 Add Amino Acid  2.5  1  
14 Add Activator HBTU 1  1  
15 Add Activator Base DIEA 0.5  1  
16 Microwave Method Coupling  √ 1  

Table continued on next page. 
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Step Operation Parameter Volume Drain Cycles Pause 
17 Wash - Top Main Wash (DMF) 7 √ 1  
18 Wash - Bottom Main Wash (DMF) 7 √ 1  
19 Wash - Top Main Wash (DMF) 7 √ 1  

 

Table E-3  Liberty ‘0.10’ final deprotection cycle. 
Step Operation Parameter Volume Drain Cycles Pause 

1 Clean Resin Dip Tube Main Wash (DMF)  √ 1  
2 Wash - Top Main Wash (DMF) 7 √ 1  
3 Add Deprotection 20% Piperidine w/ 0.1M HOBt 7  1  
4 Microwave Method Initial Deprotection  √ 1  
5 Clean Resin Dip Tube Main Wash (DMF)  √ 1  
6 Add Deprotection 20% Piperidine w/ 0.1M HOBt 7  1  
7 Microwave Method Deprotection  √ 1  
8 Wash - Top Main Wash (DMF) 7 √ 1  
9 Wash - Bottom Main Wash (DMF) 7 √ 1  

10 Wash - Top Main Wash (DMF) 7 √ 1  
 

Table E-4  Liberty ‘0.10 – Cleavage’ cycle 
Step Operation Parameter Volume Drain Cycles Pause 

1 Wash - Top Secondary Wash (dichloromethane) 7 √ 4  
2 Wash - Bottom Secondary Wash (dichloromethane) 7 √ 1  
3 Clean Resin Dip Tube Secondary Wash (dichloromethane)  √ 1  
4 Wash - Top Secondary Wash (dichloromethane) 7 √ 1  

5 
Add Cleavage (TFA) 
– Sample Loop 

TFA/TIS/H2O 8  1  

6 Microwave Method Cleaving 35min   1  

7 
Transfer Product 
Cleaved 

   1  

8 Add Reagent Secondary Wash (dichloromethane) 5  1  

9 
Transfer Product 
Cleaved 

   1  

10 Add Reagent Secondary Wash (dichloromethane) 5  1  

11 
Transfer Product 
Cleaved 

   1  

12 
Clean Reaction 
Vessel - Unfiltered 

 10  3  

13 
Reaction Vessel 
Neutralization 

 10  3  

14 Wash - Top Secondary Wash (dichloromethane) 7 √ 2  
  

417 
 



APPENDIX F. 
ANALYSIS AND PURIFICATION OF 

SYNTHESISED PEPTIDES 

F.1. Aβ1-40  

F.1.1. Batch 1 

 

Figure F-1  Purification of Aβ1-40 (Batch 1). 
Mass spectrum of the first fraction of purified peptide. 
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F.1.2. Batch 2 

Figure F-2  Analysis and purification of Aβ1-40 (Batch 2). 
Crude peptide was dissolved at 50.3 mg/mL in ultrapurified water and purified by semipreparative HPLC 
(A): flow rate: 21.240 mL/min, 500 µL injection volume; gradient (A: ultrapurified water with 0.05% TFA, B: 
MeCN with 0.05% TFA): 5% B for 2 min, increase to 40% B over 20 min, ramp up to 100% B in 2 min, keep 
constant for 4 min, ramp down to 5% B in 2 min, equilibrate for 2 min.  Green areas indicate collected 
fractions; vertical lines inside green areas indicate tube changes, with tube #s labelled in parentheses 
above peaks.  Tubes #85 and #111 were analysed by MS (see B & C).  Figure continued on next page.   
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Figure F-2  Analysis and purification of Aβ1-40 (Batch 2); continued. 
Mass Spectra of tubes #85 (B) and #111 (C); tube #85 shows mainly product in the spectrum, whereas 
tube #111 has a considerably larger background.   
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F.1.3. Batch 3 

Figure F-3  1-40 (Batch 3). 
An unknown amount of crude peptide (tip of spatula of wet precipitate) was dissolved in 1:1 
MeCN : ultrapurified water (with 0.025% TFA) and analysed by analytical HPLC (A): flow rate: 1 mL/min, 
5 μL injection volume; gradient (A: ultrapurified water with 0.05% TFA, B: acetonitrile with 0.05% TFA): 
5% B for 2 min, increase to 25% B over 20 min, ramp up to 95% B in 2 min, keep constant for 4 min, ramp 
down to 5% B in 2 min, equilibrate for 2 min.  Black trace shows background (H2O), blue trace the peptide.  
For purification, lyophilised crude peptide was dissolved at 50.875 mg/mL in DMSO and purified by 
semiprep HPLC (B): flow rate: 21.240 mL/min, 500 μL injection volume; the same mobile phases and 
gradient as for the analytical run were used.  Green areas indicate collected fractions; vertical lines inside 
green areas indicate tube changes, with tube #s labelled in parentheses above peaks.  Tubes #79 & #80 
were submitted for MS analysis (C & D).  Figure continued on next page.   
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Figure F-3  Analysis and purification of Aβ1-40 (Batch 3); continued. 
Mass Spectra of tubes #79 (C) and #80 (D); both tubes shows mainly product in the spectrum, however, 
tube #79 has more contaminants.   
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F.2. Aβ1-42  

Figure F-4  Purification of Aβ1-42. 
Crude peptide was dissolved at 50.0 mg/mL in ultrapurified water and purified by semipreparative HPLC 
(A): flow rate: 21.240 mL/min, 500 µL injection volume; gradient (A: ultrapurified water with 0.05% TFA, B: 
MeCN with 0.05% TFA): 5% B for 2 min, increase to 40% B over 20 min, ramp up to 100% B in 2 min, keep 
constant for 4 min, ramp down to 5% B in 2 min, equilibrate for 2 min.  Green areas indicate collected 
fractions; vertical lines inside green areas indicate tube changes, with tube #s labelled in parentheses 
above peaks.   
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F.3. Aβ1-40 K28A 

Figure F-5  Purification of Aβ1-40 K28A.   
Crude peptide was dissolved at 30.7 mg/mL in DMSO and analysed by analytical HPLC (A): flow rate: 
1 mL/min, 20 µL injection volume; gradient (A: ultrapurified water with 0.05% TFA, B: acetonitrile with 
0.05% TFA): 5% B for 2 min, increase to 25% B over 18 min, ramp up to 95% B in 2 min, keep constant for 
4 min, ramp down to 5% B in 2 min, equilibrate for 2 min.  Black trace shows background (H2O), blue trace 
the peptide.  For purification, lyophilised crude peptide was dissolved at 30.7 mg/mL in DMSO and purified 
by semiprep HPLC (B): flow rate: 21.240 mL/min, 500 µL injection volume; the same mobile phases and 
gradient as for the analytical run were used.  Green areas indicate collected fractions; vertical lines inside 
green areas indicate tube changes, with tube #s labelled in parentheses above peaks.  Tubes #79 & #80 
were submitted for MS analysis (C & D).  Figure continued on next page.   
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Figure F-5  Purification of Aβ1-40 K28A; continued.   
Mass Spectra of tubes #62 (C) and #63 (D); both tubes shows mainly product in the spectrum, however, 
tube #62 has more contaminants.   
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F.4. Aβ12-17  

F.4.1. Batch 1 

Figure F-6  Abeta12-17 (Batch 1) 
Mass spectrum of th crude (A), and the purified peptide (B) are shown; identified peaks are labelled in 
blue with ion formula and their respective theoretical monoisotopic mass.  .   
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F.4.2. Batch 2 

Figure F-7  Purification of Aβ12-17 (Batch 2). 
Lyophilised crude peptide was dissolved at 5 mg/mL in ultrapurified water and analysed by analytical HPLC 
(A): flow rate: 1 mL/min, 5 µL injection volume; gradient (A: ultrapurified water with 0.05% TFA, B: 
acetonitrile with 0.05% TFA): 5% B for 2 min, increase to 25% B over 20 min, ramp up to 95% B in 2 min, 
keep constant for 4 min, ramp down to 5% B in 2 min, equilibrate for 2 min.  Black trace shows 
background (H2O), blue trace the peptide.  For purification, crude peptide was dissolved at 55.0 mg/mL in 
ultrapurified water and purified by semiprep HPLC (B): flow rate: 21.240 mL/min, 500 µL injection volume; 
the same mobile phases and gradient as for the analytical run were used.  Green areas indicate collected 
fractions; vertical lines inside green areas indicate tube changes, with tube #s labelled in parentheses 
above peaks.  Tubes #27 - #30 were lyophilised and re-analysed by HPLC (C) as well as submitted for MS 
analysis (D).  Figure continued on next page.   
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Figure F-7  Purification of Aβ12-17 (Batch 2); continued. 
HPLC chromatogram for the re-analysis of tube #27 (C); conditions were the same as in A.  The 
corresponding mass spectrum for tube #27 is shown in (D); identified peaks are labelled in blue with ion 
formula and their respective theoretical monoisotopic mass.  Chromatograms and mass spectra for tubes 
#28 - #30 looked essentially identical to panels C and D, respectively. 
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Figure F-8  1H-NMR to confirm identity of Aβ12-17 (3 mM in D2O, pH 7.4, 500 MHz). 
See Table F-1 below for peak assignment. 
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Figure F-9  DOSY-NMR to confirm identity of Aβ12-17 (3 mM in D2O, pH 7.4, 500 MHz). 
See Table F-1 below for peak assignment. 
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Table F-1  1H-NMR of Aβ12-17 (3 mM in D2O, pH 7.4, 500 MHz). 
Amino 
Acid Parameter Hα Hβ Hγ Hδ Hε 

Total 
Integration 

Valine Shift (ppm) 3.38 - 
1.80-
1.97 

0.73-
0.80 - - 

 
  Integration 1.03 - 

*3.21 
(1) 

*12.00 
(6) - - 8 

  Spliting Pattern d - m m - - 
 Histidine 

(2×) Shift 
#4.44-
4.47 #4.53 

2.86-
2.97 - 6.83 7.59 

 
  Integration #1.13 #1.17 

*6.09 
(4) - 1.97 1.96 10‡ 

  Spliting Pattern #m #t m - d dd 
 

Glutamine Shift 
4.15-
4.23 - 

1.80-
1.97 2.18 - - 

 
  Integration 

*2.29 
(1) - 

*3.21 
(2) 1.95 - - 5 

  Spliting Pattern m - m t - - 
 

Lysine Shift 
4.15-
4.23 - 

1.63-
1.79 

1.29-
1.37 1.58 2.86-2.97 

 
  Integration 

*2.29 
(1) - 2.16 1.98 2.17 *6.09 (2) 9 

  Spliting Pattern m - m m qn m 
 

Leucine Shift 
4.08-
4.12 - 

1.45-
1.49 

1.45-
1.49 

0.73-
0.80 - 

 
  Integration 1.00 - 

*3.15 
(2) 

*3.15 
(1) 

*12.00 
(6) - 10 

  Spliting Pattern m - m m m - 
 Total integration of peptide: 42 

Notes:  
Run in D2O (a proton-exchangable solvent)  signals from carboxylic acids, amines, aromatic amines and 

amides are not observed. 
Shifts are given in ppm at the center points of well defined signals (m, d, dd, etc.), ranges are given for 

multiplets (ie. ppm-ppm) 
Splitting pattern legend: m: multiplet, d: doublet, dd: doublet of doublets, t: triplet, qn: quintet 
*overlaps with another signal (number inside bracket denotes the proton's contribution to total 

intergration) 
#Hα are not equivaltent for two histidines  two individual signals 
‡ total integration for both histidines 
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F.5. VHHQKLAAAA 

Figure F-10  Purification of VHHQKLAAAA. 
Crude peptide was dissolved at 100.0 mg/mL in ultrapurified water and purified by semipreparative HPLC: 
flow rate: 21.240 mL/min, 165 µL injection volume; gradient (A: ultrapurified water with 5% MeCN and 
0.05% TFA, B: MeCN with 5 % ultrapurified water and 0.05% TFA): 0% B for 2 min, increase to 40% B over 
22 min, ramp up to 100% B in 2 min, keep constant for 4 min, ramp down to 5% B in 2 min, equilibrate for 
2 min.  Green areas indicate collected fractions; vertical lines inside green areas indicate tube changes, 
with tube #s labelled in parentheses above peaks.  Tubes #70, #72 - #76, #79 - #81, #86 - #90 were 
submitted to MS analysis, but no ions related to the desired product could be identified. 
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F.6. BBXB Peptides 

F.6.1. BBXB Aβ (YEVHHQKLVF) 

Figure F-11 Purification of BBXB Aβ. 
Crude peptide was dissolved at 50.0 mg/mL in ultrapurified water and analysed by analytical HPLC (A): 
flow rate: 1 mL/min, 5 µL injection volume; gradient (A: ultrapurified water with 5% MeCN and 0.05% TFA, 
B: MeCN with 5% ultrapurified water and 0.05% TFA): 0% B for 2 min, increase to 40% B over 22 min, ramp 
up to 100% B in 2 min, keep constant for 4 min, ramp down to 0% B in 2 min, equilibrate for 2 min.  Black 
trace shows background (H2O), blue trace the peptide.  For isolation, the same solution was purified by 
semiprep HPLC (B): flow rate: 21.240 mL/min, 500 µL injection volume; the same mobile phases as for the 
analytical run were used, the gradient was increased to 40 minutes.  Green areas indicate collected 
fractions; vertical lines inside green areas indicate tube changes, with tube #s labelled in parentheses 
above peaks.  Tubes #124 - #129 were submitted for MS analysis (C & D).  Figure continued on next page.   
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Figure F-11  Purification of BBXB Aβ; continued.   
Mass Spectra of tubes #124 (C) and #129 (D); both tubes predominantly show ions related to the product; 
identified contaminants are deletion peptides missing the last residue (ΔY) and the two last residues (ΔYE), 
respectively.   
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F.6.2. BBXB Tau (SDDKKAKGAD) 

Figure F-12 Purification of BBXB Tau. 
Crude peptide was dissolved at 50.0 mg/mL in ultrapurified water and analysed by analytical HPLC: flow 
rate: 1 mL/min, 5 µL injection volume; gradient (A: ultrapurified water with 5% MeCN and 0.05% TFA, B: 
MeCN with 5% ultrapurified water and 0.05% TFA) for (A): 0% B for 2 min, increase to 40% B over 23 min, 
ramp up to 100% B in 2 min, keep constant for 4 min, ramp down to 0% B in 2 min, equilibrate for 2 min; 
(B) was run isocratically for 25 min at 5% B followed with a ramp to clean the column.  Black trace shows 
background (H2O), blue trace the peptide.    
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F.6.3. BBXB S100β (GDKHKLKKSEL) 

Figure F-13  Purification of BBXB S100β. 
Crude peptide was dissolved at 50.0 mg/mL in ultrapurified water and analysed by analytical HPLC (A): 
flow rate: 1 mL/min, 5 µL injection volume; gradient (A: ultrapurified water with 5% MeCN and 0.05% TFA, 
B: MeCN with 5% ultrapurified water and 0.05% TFA): 0% B for 2 min, increase to 40% B over 22 min, ramp 
up to 100% B in 2 min, keep constant for 4 min, ramp down to 0% B in 2 min, equilibrate for 2 min.  Black 
trace shows background (H2O), blue trace the peptide.  For isolation, the same solution was purified by 
semiprep HPLC (B): flow rate: 21.240 mL/min, 500 µL injection volume; the same mobile phases as for the 
analytical run were used, the gradient was decreased to 20 minutes.  Green areas indicate collected 
fractions; vertical lines inside green areas indicate tube changes, with tube #s labelled in parentheses 
above peaks.  Tubes #94 - #96 were submitted for MS analysis (C & D).  Figure continued on next page.   
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Figure F-13   
Mass Spectra of tubes #94 (C) and #96 (D); both tubes show predominantly ions related to the product 
with only minor contaminant peaks; the spectrum for tube #95 looked essentially identical.   
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F.6.4. BBXB C1qA (KDPKKGHIYQ) 

Figure F-14  Purification of BBXB C1qA. 
Crude peptide was dissolved at 50.0 mg/mL in ultrapurified water and analysed by analytical HPLC (A): 
flow rate: 1 mL/min, 5 µL injection volume; gradient (A: ultrapurified water with 5% MeCN and 0.05% TFA, 
B: MeCN with 5% ultrapurified water and 0.05% TFA): 0% B for 2 min, increase to 40% B over 23 min, ramp 
up to 100% B in 2 min, keep constant for 4 min, ramp down to 0% B in 2 min, equilibrate for 2 min.  Black 
trace shows background (H2O), blue trace the peptide.  For isolation, the same solution was purified by 
semiprep HPLC (B): flow rate: 21.240 mL/min, 500 µL injection volume; the same mobile phases as for the 
analytical run were used, the gradient was decreased to 20 minutes.  Green areas indicate collected 
fractions; vertical lines inside green areas indicate tube changes, with tube #s labelled in parentheses 
above peaks.  Tubes #33 - #35, and #50 were submitted for MS analysis (C & D).  Figure continued on next 
page.   

438 
 



Figure F-14  Purification of BBXB C1qA; continued. 
Mass Spectra of tubes #33 (C) and #50 (D); tube #33 shows predominantly ions related to the product with 
only minor contaminant peaks; the spectra for tubes #34 & #35 looked essentially identical.  Tube #50 
didn’t show any ions related to the product. 
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F.6.5.  

Figure F-15  Purification of BBXB IL4_a. 
Crude peptide was dissolved at 50.0 mg/mL in ultrapurified water and analysed by analytical HPLC (A): 
flow rate: 1 mL/min, 5 μL injection volume; gradient (A: ultrapurified water with 5% MeCN and 0.05% TFA, 
B: MeCN with 5% ultrapurified water and 0.05% TFA): 0% B for 2 min, increase to 40% B over 23 min, ramp 
up to 100% B in 2 min, keep constant for 4 min, ramp down to 0% B in 2 min, equilibrate for 2 min.  Black 
trace shows background (H2O), blue trace the peptide.  For isolation, the same solution was purified by 
semiprep HPLC (B): flow rate: 21.240 mL/min, 500 μL injection volume; the same mobile phases as for the 
analytical run were used, the gradient was increased to 42 minutes.  Green areas indicate collected 
fractions; vertical lines inside green areas indicate tube changes, with tube #s labelled in parentheses 
above peaks.   
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Figure F-15  Purification of BBXB IL4_a; continued. 
The mass spectrum of BBXB IL4_a shows predominantly ions related to the product with only minor 
contaminant peaks. 
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F.6.6. BBXB IL4_b (Ac-QQFHRHKQLI) 

Figure F-16  Analysis of BBXB IL4_b. 
Crude peptide was dissolved at 50.0 mg/mL in ultrapurified water and analysed by analytical HPLC: flow 
rate: 1 mL/min, 5 µL injection volume; gradient (A: ultrapurified water with 5% MeCN and 0.05% TFA, B: 
MeCN with 5% ultrapurified water and 0.05% TFA): 0% B for 2 min, increase to 40% B over 23 min, ramp 
up to 100% B in 2 min, keep constant for 4 min, ramp down to 0% B in 2 min, equilibrate for 2 min.   
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F.6.7. BBXB IL6_a (FLQKKAKNLD) 

Figure F-17  Purification of BBXB IL6_a. 
Crude peptide was dissolved at 50.0 mg/mL in ultrapurified water and analysed by analytical HPLC (A): 
flow rate: 1 mL/min, 5 μL injection volume; gradient (A: ultrapurified water with 5% MeCN and 0.05% TFA, 
B: MeCN with 5% ultrapurified water and 0.05% TFA): 0% B for 2 min, increase to 40% B over 23 min, ramp 
up to 100% B in 2 min, keep constant for 4 min, ramp down to 0% B in 2 min, equilibrate for 2 min.  Black 
trace shows background (H2O), blue trace the peptide.  For isolation, the same solution was purified by 
semiprep HPLC (B): flow rate: 21.240 mL/min, 500 μL injection volume; the same mobile phases as for the 
analytical run were used, the gradient was increased to 40 minutes.  Green areas indicate collected 
fractions; vertical lines inside green areas indicate tube changes, with tube #s labelled in parentheses 
above peaks.    
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F.6.8.  

Figure F-18 Purification of BBXB IL6_b. 
Crude peptide was dissolved at 25.0 mg/mL in ultrapurified water and analysed by analytical HPLC (A): 
flow rate: 1 mL/min, 5 μL injection volume; gradient (A: ultrapurified water with 5% MeCN and 0.05% TFA, 
B: MeCN with 5% ultrapurified water and 0.05% TFA): 0% B for 2 min, increase to 40% B over 23 min, ramp 
up to 100% B in 2 min, keep constant for 4 min, ramp down to 0% B in 2 min, equilibrate for 2 min.  Black 
trace shows background (H2O), blue trace the peptide.  For isolation, the same solution was purified by 
semiprep HPLC (B): flow rate: 21.240 mL/min, 500 μL injection volume; the same mobile phases and 
gradient as for the analytical run were used.  Green areas indicate collected fractions; vertical lines inside 
green areas indicate tube changes, with tube #s labelled in parentheses above peaks.    
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F.6.9. BBXB IL6_c (ADCKAKRDTP) 

Figure F-19  Analysis of BBXB IL6_c. 
Crude peptide was dissolved at 50.0 mg/mL in ultrapurified water and analysed by analytical HPLC: flow 
rate: 1 mL/min, 5 µL injection volume; gradient (A: ultrapurified water with 5% MeCN and 0.05% TFA, B: 
MeCN with 5% ultrapurified water and 0.05% TFA): 0% B for 2 min, increase to 40% B over 23 min, ramp 
up to 100% B in 2 min, keep constant for 4 min, ramp down to 0% B in 2 min, equilibrate for 2 min.   
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APPENDIX G. 
PERMISSIONS 

G.1. Permission for Figure I-1 
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G.2. Permission for Figures I-2 & I-3 
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G.3. Permission for Figure I-6 
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G.4. Permission for Figure I-7 
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G.5. Permission for Figure I-8 
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G.6. Permission for Figure I-9 
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G.7. Permission for Figures II-7, II-8 & II-9 
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G.8. Permission for Figure IV-4 
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G.9. Permission for Figure V-22A 
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G.10. Permission for Figure V-22B 
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