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Alzheimer’s disease (AD) is a devastating neurodegenerative disorder affecting millions of 

people worldwide and the number is projected to rapidly increase in the coming years. AD 

severely impairs an individual’s memory, cognitive abilities leading to dementia and neuronal 

death. Although a large body of research work has gone into understanding AD in the past couple 

of decades, there is still no clear consensus on the molecular nature of the disease progression 

and thus, no cure or robust treatment methodologies have been found. The molecular hallmark 

of AD is the presence of extracellular, lesion-like deposits of a protein called    Amyloid-β (Aβ). 
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The amyloid hypothesis argues that the presence of these extracellular deposits of Aβ triggers a 

neuropathological cascade of events which lead to the death of the neuron. The amyloid ion 

channel hypothesis suggests that Aβ is capable of forming high conductance, cation selective 

channels leading to calcium dyshomeostasis in neurons, leading to neuronal death. This 

dissertation investigates the biophysical, structural, and functional properties of full length Aβ 

and its various truncated and post translationally modified forms. We show that Aβ isoforms are 

also capable of causing ion flux in lipid bilayers, thus adding additional support to the amyloid 

channel-based neurotoxicity. As the exact structure and morphology of Aβ oligomers involved in 

the cytotoxicity are poorly characterized until now, we introduce single molecule force 

spectroscopy techniques that shed new light on the morphological characteristics of Aβ 

oligomeric species. The technique also helps uncover mechano-biological coupling involved in 

the process of protein-membrane structural organization. Finally, we describe the development 

and implementation of a combined atomic force microscopy and total internal reflection 

fluorescence (AFM-TIRF) microscopy system for high spatiotemporal and multiparametric studies 

of membrane-protein interactions. AD is a multifactorial disease and studies involving the 

convergence of bio -physical, -chemical, and -mechanical aspects of membrane-protein 

interactions and their structure-function relationships provides additional insights into the 

molecular nature of Aβ, and the probable mechanisms involved in the AD cascade. The 

understanding of molecular landscape of Aβ interactions is critical to the development of 

therapeutic interventions to arrest the progression of AD and reverse cognitive decline. 
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Chapter 1 
 

Introduction  
 

1.1 Alzheimer’s Disease 
 

Alzheimer’s disease (AD) is a progressive neurodegenerative condition that leads to 

cognitive decline, dementia, neuronal death, and brain atrophy. According to CDC estimates, in 

2020, worldwide there were approximately 50 million people with AD and 5.8 million Americans 

aged 65 years or older had AD or AD related dementia and the number is expected to grow by 3x 

by 2060 [1]. With growing life expectancy across the globe, AD or related dementia are regarded 

as the major mortality threats to the aging population. AD and related forms of dementia have 

been a major cause of concern to healthcare systems in developed countries and have also put a 

major strain in the management of the disease from a caregiver’s perspective. 

The first practical diagnosis and observation of AD was performed by the German 

psychiatrist Alois Alzheimer in 1901 [2], after whom the disease was named few years down the 

line. Since then, immense body of scientific literature has shed some light on the pathophysiology 

of the disease. However, till date there is no clear understanding about the molecular mechanism 

of disease causation, the exact timeline of disease progression, which has subsequently stunted 

the development of a definitive cure for the disease. To add to the complexity, it can take 

anywhere from 10-15 years for the disease to start at a molecular or cellular level and the 

apparent symptoms of the disease to occur. Until now, a definitive diagnosis of AD can only be 

made postmortem, while a ‘probable’ diagnosis can be made with a fair degree of certainty after 
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differentially excluding other forms of dementia via brain imaging techniques such as computed 

tomography (CT), positron emission tomography (PET) or magnetic resonance imaging (MRI) [3]. 

Additional behavioral and cognition tests can also help in tracking the progression of the disease.  

The characteristic neuropathological hallmark of AD present in the form of extracellular 

deposits called ‘senile plaques’, intracellular tangles of a particular protein termed as 

‘neurofibrillary tangles’, severe neuronal synaptic loss, and reduction in brain mass (Figure 1.1) 

[4]. Senile plaques are composed of fibrillar aggregates of proteinaceous material, in which a 

protein called ‘Amyloid Beta’ (Aβ) is the major constituent. Intracellular neurofibrillary tangles 

(NFTs) are composed of a hyperphosphorylated variant of a microtubule associated protein 

called ‘Tau’. The Tau protein’s main role is stabilization of the microtubule structure in healthy 

neurons [4]. These extra- and intracellular aggregates of proteins start forming in the regions of 

brain associated with memory recall, which over time worsens, leading to synaptic loss and 

impedes with other brain functions associated with cognition, communication, personality, 

reasoning etc. [5] [6]. Even though age matched controls of healthy individuals without AD also 

show extracellular amyloid beta plaques in the brain, their relative levels are comparatively lower 

and the same can be said about brain mass loss. Compared to healthy individuals, its also found 

that in individuals with AD, the blood brain barrier (BBB) is severely disrupted which results in 

higher extent of brain inflammation. It has also been proposed that sustained brain inflammation 

in the case of AD can create a negative feedback loop that can exacerbate amyloid beta and tau 

pathologies [7].  
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Some of the early population specific research on AD hinted towards genetic changes or 

abnormalities as the main risk factor of the disease. Indeed, it was found that in a minority of 

cases where people aged lesser than 60 years showed symptoms of AD that were strikingly 

similar to people above the age of 65 who were living with AD. Abnormalities in an allele (ε4) of 

a gene called Apolipoprotein E (APOE), which is normally involved in cholesterol processing in the 

brain, was found to be involved in the cascade of AD in these cases. Two other genes called 

Presenilin 1 & 2 (P1, P2) and Amyloid Precursor Protein (APP) were also implicated as the risk 

factors for AD [4]. This led to a unique classification of pathology into early onset AD (EOAD) and 

Figure 1.1 - Comparison of healthy brain vs AD affected brain and their underlying neuropathological hallmarks 
(neurofibrillary Tau tangles, Amyloid β plaques). Reprinted from “Pathology of Alzheimer’s Disease 2”, by 
BioRender.com (2023). Retrieved from https://app.biorender.com 



4 
 

late onset AD (LOAD). A small percentage of EOAD cases where mutations in the P1 & P2 gene 

and APP gene lead to a sub-class of AD known as familial AD (FAD) where the disease progression 

begins in mid-30s – mid-40s and the disease fully develops by age 60 with full severity. In the case 

of late onset AD (LOAD), also known as sporadic AD which major symptoms begin after age 60, 

the progression of the disease can be comparatively slower. Its now known that in the overall 

population of AD, ~95% of the cases are of LOAD (sporadic) nature and the remaining ~5% can 

be ascribed to EOAD (or FAD) [8]. Interestingly, whatever maybe the classification of the disease 

(EOAD vs LOAD), the type of pathophysiological events and the nature of disease unfolding has 

been found to be similar in both cases. 

1.2 Hypotheses for AD  
 

1.2.1 Cholinergic hypothesis 

 

Acetylcholine (ACh) is one of the important neurotransmitters required for optimal 

functioning of neurons and cognitive functions of the brain. The cholinergic hypothesis of AD 

states that a reduction in the production of acetylcholine in the brain is the causative mechanism 

of AD. The rationale for this hypothesis comes from the fact that examined brains of patients 

with AD had significantly lower levels of the enzyme acetyltransferase (ChAT) which is 

responsible for the production of the neurotransmitter ACh. Further reports suggested lower 

levels of choline (an essential nutrient) and the degeneration of cholinergic neurons in the brain 

of AD patients. It was thus proposed that a combination of the above-mentioned factors lead to 

AD pathogenesis [4] [9]. The cholinergic hypothesis was proposed around 1970s and a few drugs 

which were designed with the hypothesis as the main driving factor were tested. However, none 
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of these drugs showed any improvements in the pathology of AD and were often plagued by 

extreme side effects. More recent studies suggest that ACh depletion may accompany AD 

pathology, but they may not be the causative factors of the disease [9]. 

1.2.2 Amyloid Hypothesis 
 

One of the dominant and critically analyzed hypothesis put forward in the AD field is the   

Amyloid hypothesis. The amyloid hypothesis suggests that the deposition of plaques of the 

protein amyloid-β (Aβ) , formed after the proteolytic cleavage of amyloid precursor protein (APP) 

is the central event and thus the causative factor of the disease [10] [11]. Irregular clearance of 

these extracellular plaques from the brain progressively worsens the condition, leading to 

neurotoxicity. The rationale of the amyloid hypothesis stems from the fact that, in Down’s 

syndrome (another type of genetic dementia) which is caused by an extra chromosome at 

location 21, also leads to deposition of extracellular plaques. After FAD cases of AD were 

recognized and their gene sequenced, it was found that mutations linked to APP gene expression 

are also in the same gene region as Down’s syndrome and also lead to deposition of plaques 

made of the protein amyloid-β, a typical characteristic in AD pathology [10] [12]. Its also well 

known that, the pathology of patients diagnosed with Down’s syndrome converges with AD 

pathology as they age. The amyloid hypothesis also suggests that other parts of the pathology 

(neurofibrillary tangles, synaptic loss etc) are a direct consequence of the plaque deposition, 

however exact molecular mechanism of how Aβ goes about causing these effects is still unknown 

[12] [13].  
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Since the first proposal of amyloid cascade hypothesis in 1991, intense investigations by 

multiple groups found that the fibrillar plaque cores of Aβ and their relative concentrations did 

not correlate well with neurotoxicity [14] [15]. It was later argued that plaques, mainly composed 

of insoluble fibrillar aggregates of Aβ may not be directly involved in the disease cascade, but 

smaller, soluble aggregates called ‘oligomers’ (n-mer stands for ‘n’ associations of a peptide or 

protein monomer molecule) may be more neurotoxically active [14] [16] [17]. In-vitro and in-vivo 

studies with soluble, lower order aggregates also bolstered the idea that Aβ oligomers and their 

interaction with cellular membranes are the main causative factors of the disease [18], [19]. It is 

now generally accepted in the AD field, that lower order soluble oligomers are responsible, 

however, the exact configuration of the oligomer, its structural features and the exact 

mechanism of oligomer induced toxicity is not well understood. 

1.2.3 Tau Hypothesis 
 

Even though the amyloid hypothesis explains some of the pathophysiological aspects of 

AD, exact mechanism by which the amyloid peptide (Aβ) affects the downstream 

pathophysiology is unclear. Clinical data has suggested that the timeline of progression and 

cognition decline is more in line with the appearance and burden of NFTs of Tau protein [20] [21]. 

This is also supported by the fact that in all cases of AD, the presence of Tau pathology correlates 

strongly with diseased conditions and in some cases may also precede Aβ associated pathology 

[22] [23]. There is some evidence to suggest that the presence of Aβ plaques (absence of Tau 

NFTs) may not correlate strongly with dementia [23]. Tau is a microtubule associated protein 

(Figure 1.1). Its role is understood to be stabilizing the structure of microtubules, thus indirectly 

stabilizing the axonal compartment of the neuron. Hyperphosphorylation (a type of protein post-
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translational modification) of Tau protein, causes them to unbind from microtubules and 

aggregate forming NFTs [24]. Considering the above ideas, the Tau hypothesis suggests that 

formation of NFTs causes a cascade of events which leads to neuronal dyshomeostasis and death 

[25] [26] [27]. In support of Tau hypothesis, it was found in the case of Fronto-Temporal Dementia 

(FTD, another prevalent form of dementia) mutations in the Tau gene were mainly responsible 

for the observed pathology. FTD shares many aspects of the pathology with AD, hence the Tau 

hypothesis seems to hold promising ground in unraveling the mechanism of AD progression. As 

stated with the amyloid hypothesis, the tau hypothesis also faces similar problems; not every 

aspect of the disease cascade is explained by the hypothesis and the exact interplay between 

Tau, Aβ and neuronal death is also unclear.  

1.2.4 Other Hypotheses 

 

In addition to the two major hypotheses analyzed in the AD field, there have been a few 

other hypotheses put forward to explain some aspects of AD. The inflammatory hypothesis posits 

that microglia, astrocytes and to a relatively lesser extent, neurons are involved in a continuous 

state of neuroinflammation in the case of AD, which may or may not be caused due to levels of 

Aβ and Tau. This creates negative feedback of continuous inflammation, which in turn develops 

into more advanced cascade of AD [28]. The oxidative stress hypothesis suggests that in cases of 

AD, reactive oxygen species (ROS) are generated in cellular compartments at abnormal levels due 

to mitochondrial dysfunction. AD affected brains are known to have lesser antioxidants 

compared to normal brains and the progressive buildup of ROS and incomplete reduction of ROS 

causes the formation of toxic radicals which eventually cause neuronal death [29]. The infectious 

disease hypothesis of AD puts forward the idea that certain bacterial or viral infections may have 
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been the starting points of the AD cascade. The support for this hypothesis comes from the fact 

that in patients with AD, certain bacterial infections (ex. Herpesvirus) were commonly found. This 

hypothesis is also partially supported by the inflammatory hypothesis as inflammation would be 

a common response to any bacterial infection [28] [30]. The transition metal ion theory of AD 

proposes that dyshomeostasis of transition metal ions in the brain as a major causative event in 

the AD cascade. There is some evidence that claims the ability of the brain to maintain transition 

metal (Zn, Cu) homeostasis is severely impaired in AD brains and as a consequence, protein 

aggregation catalyzed by metal ions could be accelerated [31] [32].  

 

1.3 Amyloid-β – production and biomolecular properties 
 

The peptide at the heart of the amyloid cascade hypothesis for AD is the Amyloid-β 

peptide. It is formed by the sequential proteolytic cleavage of a bigger, transmembrane protein, 

the Amyloid Precursor Protein (APP). APP is a 100-140 kDa transmembrane protein that is broadly 

involved in important neuronal functions such as synaptic formation, neuronal repair and 

neuronal transport. Its exact molecular involvement in AD, other than production of Aβ is not 

well understood [33].  

Amyloid- β and its various isoforms are produced by the proteolytic cleavage of APP at 2 

sites [33]. The cleavage site and the specificity of the enzymes lead to 2 main pathways of Aβ 

generation termed as the amyloidogenic pathway and the non-amyloidogenic pathway (Figure 

1.2). In the non-amyloidogenic pathway (Figure 1.2, right), the first APP cleavage is mediated by 

a membrane associated enzyme called α-secretase on the N-terminal side, which leads to 
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secretion of sAPPα into the extracellular space. The remaining, membrane inserted fragment of 

APP (termed C99) gets cleaved the second time, this time on the C-terminal side via a membrane 

embedded enzyme complex γ-secretase, which releases a fragment Aβ17-42 (also termed p3) and 

a cytoplasmic fragment termed Amyloid Intracellular Domain (AICD). In the amyloidogenic 

pathway (Figure 2, left), APP is cleaved first by plasma membrane associated enzyme β-secretase 

(BACE 1), releasing the N-terminal fragment sAPPβ into the extracellular space. The membrane 

inserted portion of APP (termed C83 in this case) gets cleaved once more via the membrane 

embedded enzyme complex γ-secretase, which leads to production of a 37-43 amino acid peptide 

fragment Aβ, the most abundant of which are Aβ1-40  (40 amino acids long) and Aβ1-42 (42 amino 

acids long). In both pathways, the second cleavage by γ-secretase and release of AICD into the 

cytoplasm are common mechanisms. In the case of non-amyloidogenic pathway, the extracellular 

secreted fragment sAPPα is shown to have neurotrophic behavior. In both cases, the AICD 

fragment is shown to bind to different proteins inside the cytoplasm modulating cytoskeletal 

dynamics and also control gene expression [34] [35] [36]. 
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Figure 1.2 - Schematic depicting Amyloid precursor protein (APP) processing via amyloidogenic (left side) and non-
amyloidogenic (right side) pathways to generate Aβ peptides (not to scale). The Aβ domain is shown in green color 
with 42 amino acids marked. 

The 40-42 amino acids long generated Aβ peptides have interesting biochemical and 

biophysical properties. The Aβ1-42 peptide has a molecular weight of 4514.10 g/mol (4.5kDa) and 

has a net negative charge at pH 7.4. The amino acid makeup and properties of individual amino 

acids are shown in Figure 1.3. Overall, the 42 amino acid sequence can be divided into 3 sections, 

N-terminal segment (amino acids 1-14), central segment (amino acids 15-28) and the C-terminal 

fragment (amino acids 29-42). The N-terminal segment contains a significant amount of charged 

amino acids. The central segment contains higher proportion of hydrophobic amino acids, and 

the C-terminal fragment is almost completely dominated by hydrophobic residues [33]. 
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Figure 1.3 - Amino acid composition of Aβ1-42 peptide with residues assigned from electrical charge, polarity and 
hydropathicity standpoint. 

The other commonly found Aβ peptide in the brain is Aβ1-40, has 2 lesser amino acids in 

the C-terminal (residue 41 and 42 from full length Aβ1-42) which makes it less hydrophobic (more 

hydrophilic) compared full length Aβ1-42. Although Aβ1-42 and Aβ1-40 are the most abundant Aβ 

species found in patient brains, several N-terminal and C-terminal truncated forms of Aβ have 

also been reported. Among N-terminal truncations, Aβ2-x (missing the first amino acid of Aβ1-42), 

AβpE3-x (missing the first 2 residues, plus subsequent pyroglutamylation of the 3rd residue),  

Aβ4-x (missing the first 3 residues) , Aβ11-x (missing first 10 residues) are the predominant fractions. 

The x- notation indicates that these truncations can occur in both Aβ1-42 and Aβ1-40. Aβ4-42 and 

AβpE3-42, especially are found in large quantities in patients with advanced progression of AD.  N-

terminal truncations mainly lose the charged amino acids in the N-terminal segment of the full 

length Aβ1-42 which changes the biophysical properties of Aβ peptides, which can indirectly affect 

aggregation propensity and cytotoxic properties of the peptide.  

Among the C-terminal truncations, Aβ1-34, Aβ1-24, Aβ1-37, Aβ1-38  are the commonly found 

variants. As with N-terminal truncations, peptides truncated at the C-terminal lose mainly 

hydrophobic amino acids in the C-terminal segment. This can have major consequences in terms 

of the biophysical characteristics due to the loss of hydrophobic residues at the C-terminal. The 

C-terminal segment with a high concentration of hydrophobic residues is widely known to 

accelerate the aggregation process of the peptides [33]. It comes as no surprise that the initial 

therapeutics developed in the AD field targeted the regulation (secretase inhibitors) of cellular 
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proteolytic enzymes that are involved in the truncation of peptides, indirectly controlling the 

relative population pools of the peptides that tend to aggregate and form amyloid plaques [37] 

[38].  

1.4 Amyloid-β – oligomerization & fibrillization  
 

As stated in section 1.1, one of the hallmarks of AD is the presence of insoluble aggregates 

of Aβ proteins called plaques. At the microscale, these aggregates consist of regular, stacked 

arrangement of Aβ protein forming highly stable fibrillar structures. These structures are formed 

by hydrophobicity mediated protein-protein interactions [39]. Evidence from multiple lines of 

studies have implicated the C-terminal hydrophobic segment as the aggregation driving domain 

of the peptide [33] [40]. In the case of Aβ, monomers which are intrinsically disordered (lacking 

particular secondary structures) or partially folded, self-associate to form transient, 

heterogenous structures called oligomers. These oligomers can range in heterogeneity from a 

dimer (containing 2 monomers) to few tens of monomers (‘n’-mer) and they can spontaneously 

transition from one form to another in response to changes in environmental factors [38]. Its also 

possible that the secondary and tertiary structure of the oligomeric species formed may be non-

uniform. These lower order oligomers can further associate to form nanoscopic linearized 

structures called protofibrils. At some point during the lifecycle of oligomerization, some lower 

order oligomers and protofibrils serve as nucleation substrates (Figure 1.4). These nuclei are 

highly energetic, unstable states that allow rapid association of monomers and growth of the 

initially formed protofibrils into elongated, regular and energetically equilibrated structures 

called amyloid fibrils [41] (Figure 1.4).  
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Figure 1.4 - Amyloid beta oligomerization pathways and interconvertible states. Adapted from [41], under creative 
commons license. 

In some cases, the parts of the fibril or the surfaces of fibrils can serve as secondary 

nucleation sites which allows branching out of the fibrils and further depletion of monomers [41] 

[42]. Macroscale clustering of amyloid fibrils with other biomolecules (lipids, cellular debris etc) 

forms amyloid plaques. In the case of Aβ, the monomer is known to be partially disordered[33]. 

As the monomer traverses further in the oligomerization cascade, it acquires a β-strand rich 
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secondary structure. This β-strand structure further morphs into a hydrogen bonded, 

parallel/antiparallel cross-β folded tertiary structure found at the core of amyloid fibrils [43].  

1.4.1 Structure of amyloid-β fibrils 
 

The parallel/antiparallel cross-β sheet molecular structure of amyloid- β fibrils is shared 

by many  proteins/peptides implicated in other amyloid associated conditions such as Parkinson’s 

disease (α-synuclein protein), Type 2 diabetes (islet amyloid polypeptide IAPP), Prion disorders 

(HET-S,  PrPSc Prion protein), Tau protein(AD, FTD and other tauopathys) etc. This has led to the 

coining of the term ‘amyloid fold’ which describes the common structural features of the fibrils 

formed by these proteins which don’t share a strong sequence homology (Figure 1.5).  The 

amyloid fold structure of the fibril consists of a linear stack of the planar cross-β sheet motif 

oriented perpendicular to the fibril growth axis [44]. X-ray diffraction, High resolution TEM, and 

cryo-EM imaging have revealed a 4.7 – 4.8 Å inter-plane spacing arising from hydrogen bonding 

of one cross - β subunit plane to another. Intra-strand spacing between the β -strands is about 

10-11 Å. On a larger length scale, amyloid fibrils also show hierarchical organization and 

similarities in the form of helical twists along the length of the fiber with regular periodicity, 

which can vary from one protein amyloid type to another [44] [45].  

 The fibrillar core of Aβ1-42 and Aβ1-40 show a dimeric unit as the structure that repeats 

through the fibril axis. In the case of Aβ1-40, approximately, amino acid residues 17-40 of each 

monomer of the dimeric unit adopts a U-shaped conformation with 2 beta sheets forming the  
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Figure 1.5 - Space filling representation of near-atomically resolved amyloid fibril structures formed by different 
amyloidogenic proteins. a) HET-S, b) Two polymorphs of Aβ1-42 formed under different growth conditions, c) Two 
polymorphic structures of Aβ1-40 formed under different seeding conditions, d) Two polymorphic structures of Tau 
and e) structure of α-synuclein. Reprinted with permission from [45]   

 

arms of the U-shape and residues in between form the loop or turn (Figure 1.5c). This is 

commonly referred to as β-strand-turn-β-strand motif [46] [47]. In the case of Aβ1-42 , similar 

dimeric association at the core of the fibril can be found, however instead of a U-shaped motif, a 

characteristic S-shaped motif is resolvable (Figure 1.5b). Due to the 2 extra hydrophobic residues 

in Aβ1-42 , a greater degree of core stabilization is evident in the high resolution atomic structure 

[48] [49]. Other hierarchical organizations common to amyloid fibrils is maintained, albeit with 

different helix periodicity over the length of the fibril. One of the major characteristics exhibited 
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by Aβ fibrillar structures is structural polymorphism [50]. With the same amyloid core (cross-β 

sheet stacking), variable hierarchical organization has been reported, mainly a trimeric core 

instead of a dimeric one [50]. Variability in the number of protofibril filaments making up a larger 

fibril is also not uncommon and has been reported in multiple high resolution structural 

characterization studies [51] [52].  Amyloid polymorphs are highly susceptible to even minute 

changes in sourcing of the sample, processing conditions (temperature, pH, ionic strength etc) 

and cross-seeding based fibril growth.  Even though recent studies and the overall consensus in 

the AD field have implicated lower order oligomers as the neurotoxic species (originally fibrils 

were thought to be the neurotoxic species), understanding the molecular structure of the 

amyloid core can provide useful insights in further elucidating the core structure of oligomeric 

species [53] [54] [55].  

 1.5 Amyloid- β pathology as a membrane-protein interaction disorder 
 

With the emergence of studies implicating Aβ oligomers as the major species that induce 

neurotoxicity, the next question that naturally arises – what is the exact mechanism by which 

these oligomers cause the cascade of activities that eventually lead to neuronal death? Multiple 

lines of thought have proposed that after the formation of Aβ by the proteolytic cleavage of APP, 

in the early stages of oligomerization, dynamic, energetically metastable nuclei formed interact 

with cellular membranes through a myriad of mechanisms (intermolecular forces mediated, 

hydrophobicity interactions mediated or active mechanisms involving molecular chaperone 

machineries, cell surface receptors etc). These Aβ-membrane interactions are not just happening 
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at the plasma membrane interface, but also with membranes of intracellular compartments such 

as mitochondria, endosomal membranes, lysosomal compartments etc.  

 

Figure 1.6 - Possible modes of Aβ-Membrane interactions  

 

Monomers and oligomers of Aβ can interact with membranes via multiple mechanisms 

and pathways. The interactions are further modulated by lipid specificity in the membrane, 

membrane properties (such as membrane ordering, packing density, curvature) cholesterol 

content, environmental factors such as temperature, pH etc. Aβ – membrane interactions can 

also differ based on the type, structural features, and relative concentration of the oligomeric 
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species. Among the type of Aβ-membrane interactions studied in the AD field, some of the 

commonly reported ones include (Figure 1.6) i) carpeting effect, where in the oligomeric species 

of Aβ form a 2-D planar layer on lipid membranes and exert indirect localized stress on the 

membrane [56], ii) detergent effect, analogous to a surfactant’s behavior, the oligomeric Aβ 

species sequester lipid molecules from the membranes, thereby destabilizing the membrane 

which in turn could trigger other modes of cell death [57], iii) amyloid pore/ion channel formation 

– preformed oligomeric complexes resembling annular pore like structures  or membrane 

assisted oligomerization of Aβ can form pore like structures in the membrane that act as 

unregulated ion flux conduits disturbing the ionic homeostasis of cells and cause cell death [58] 

[59], iv) monomers and oligomers of Aβ can act as ligands to cell surface receptors which can 

activate/deactivate important cellular functions served by the receptors or the ligand-receptor 

interaction can activate signaling mechanisms inside the cell, causing an indirect cascade of 

events that lead to cell death [60]. 

As with amyloid fibrils, the oligomeric species of Aβ show structural (atomic level 

secondary and tertiary structures for lower order oligomeric species are not yet fully resolved) 

and morphological polymorphism. It’s not uncommon in biophysical and structural studies of Aβ-

membrane interactions, the same starting peptide can form a wide variety of structures ranging 

from few n-mer linear, annular, and primitive protofibrils to large amorphous aggregate 

assemblies. The complexity is increased even more when all of these polymorphic structures also 

show a concentration, micro-environment, and membrane specificity-based dependencies 

(Figure 1.6). From a thermodynamic standpoint, these polymorphic structures and aggregates 

can be thought of as the native protein traversing through all possible conformations down the 
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protein folding energy well [61]. The oligomeric and structural intermediates (along the pathway 

of an Aβ oligomer forming a fibril structure) are thus thought to be local energy minima in the  

Figure 1.7 - Protein folding energy landscape and its relevance in amyloid formation. Adapted from [61]. Reprinted 
with permission from AAAS. 

 

protein folding energy landscape (Figure 1.7). Amyloid fibrils are stable structures that form as 

the end point of the folding cascade and thus found at the global minima of the energy landscape. 

Thus, oligomers and some folding intermediates can be thought of as kinetically trapped 

structures which are different than the native conformation of the protein [44]. This has also led 

to AD and Aβ pathology being labeled as a ‘protein misfolding’ disorder. Hence, understanding 
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the structural features of the cytotoxic oligomeric intermediate and its interaction with the 

membrane seems to be the key to understanding Aβ pathology. 

1.6 Amyloid Ion Channel/Pore Hypothesis 
 

With the oligomer hypothesis gaining ground over the years, the focus is now to pinpoint 

which oligomeric type, conformation and mechanism is actually involved in pathological cascade 

of AD. The amyloid ion channel/pore hypothesis proposes that Aβ, either through direct 

interaction of pre-formed oligomeric complex with the membrane or oligomerization in the 

membrane environment, leads to the formation of structures which behave as ion 

channels/pores. These ion channels/pores are unregulated in nature, weakly cation selective and 

induce unregulated Ca2+ ionic flux into neurons leading to Calcium dyshomeostasis and putting 

the cell in the path of death. The evidence for this hypothesis mainly stems from 

electrophysiological studies of Aβ peptides in planar bilayers and patch clamp recordings, atomic 

force microscopy (AFM) imaging and Electron Microscopy (EM) of Aβ structures in synthetic and 

natural cell membranes alike.  Arispe et al, in 1993, were the first to show that Aβ1-42 forms cation 

selective, multi-conductance level channels in membrane-mimetic environments [59] [62]. 

Interestingly, this conductance could be blocked by Zn2+ ions and dyes such as Congo red. 

Subsequent, similar studies by multiple groups have also confirmed the ionic flux created by Aβ1-

42 can be due to some form of oligomeric structure in the membrane that can behave as an 

unregulated ion pore [63] [64] [65]. Morphological imaging data from AFM and EM confirmed 

the presence of annular donut like structures in the membrane with a central pore that resembles 

an ion-channel structure with a tetrameric or hexameric subunit morphology[58] [66] [67].  The 



21 
 

sizes of these annular channel-like morphologies were reported to be in the range of 6-15nm, 

with the central pore 0.8 – 2nm in size. Molecular Dynamics (MD) simulations have also shown 

the possibility of a stable 4 - 6 subunit morphologies in the membrane which can contain between 

16 – 36 monomers of Aβ [68] [69] [70].  

1.7 Biomechanical aspects of membrane-protein interactions 
 

With a multitude of biological and biochemical factors directly involved in modulating 

membrane-protein interactions, new lines of studies have also shown the possibilities of 

biomechanical factors directly affecting the process. Cell membranes with their underlying 

cytoskeleton and biomimetic lipid bilayers on flat substrates serve as mechano-biological 

matrices which tightly modulate protein function at the nanoscale [71]. One of the widely 

understood systems in this category are mechanosensitive ion channels whose activity is 

precisely controlled by stress experienced by the membrane environment they are in. Macro 

scale factors such as touch, vibration etc can act to cause mechanical stress on the membranes 

of the cells involved and the resultant mechanical stress can activate/deactivate some on the ion 

channels present on the membrane. Most commonly, membrane tension is known to directly 

influence the electrophysiological activity of MscM, MscS and MscL ion channels (mechano-

sensitive ion channels of mini, small and large conductance activity) which in-turn can regulate 

osmotic pressure difference between the inside and the outside of the cell [72] [73]. These 

regulatory functions can also be controlled by the lipidic makeup of the membrane, modifications 

to lipids, cholesterol content and degree of membrane crowding [74] [75]. Notably, lipid phase 

separated domains on the cell membrane (called lipid rafts) are known to sequester certain 
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proteins into localized domains and thereby regulate functions of proteins [76] [77]. Lipidic 

factors such as chemical nature of lipids, charge and mechanical properties of the membranes 

formed also control protein-protein interactions happening on or in the membrane environment. 

In the case of Aβ, it has been extensively reported that membrane factors can affect the 

probability of a particular polymorph being favored and the concentration and type of oligomers 

being formed [56][68]. The amyloid ion channel hypothesis doesn’t directly suggest any mode of 

ion channel regulation activity via membrane factors, however the possibility of lipidic factors 

affecting channel properties such as conductance, gating and kinetics should be a part of future 

experimental designs to validate the ion channel hypothesis. The amphiphilic membrane 

environment is quintessential for proper folding of membrane proteins. Thus, any changes to 

membrane mechanics can also alter protein-folding behavior and indirectly the function of the 

protein [61]. 

 Cell membranes specifically, and their biomechanical properties control large scale 

cellular functions such as cell division, motility, cell-cell adhesion, nutrient and foreign material 

uptake and expulsion via processes such as endo- and exocytosis etc., [78] [79] [80] Particularly 

in endo and exocytosis mechanisms, special proteins are recruited at the membrane interface 

which actively help in remodeling of the plasma membrane to engulf the incoming cargo and 

transport it further into or out of the cell respectively. This process is energy intensive and 

membrane specific factors such as membrane tension, curvature, membrane fluidity etc.,[80] 

[81] can heavily influence the outcome of these processes. The role of mechanobiological factors 

in etiology and progression of few diseases have been well documented and, in some cases, 

forms the molecular basis of disease causation [82]. Hence, a high degree of mechano-biological 
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coupling has to be considered in understanding the overall landscape of membrane-protein 

interactions.  

1.8 Atomic Force Microscopy 
 

Atomic Force Microscopy (AFM) is a high-resolution, extremely sensitive, scanning probe-

based surface imaging and force measurement technique, widely used for imaging at the micro- 

and nanoscale. After the invention and demonstration of Scanning Tunneling Microscopy (STM) 

in 1982-1986 by Gerd Binnig and Heinrich Rohrer [83] [84], it was quickly realized that STM was 

severely limited to the study of conductive samples in vacuum conditions. As all biological 

samples do not meet this requirement, AFM was born out of the necessity for observing 

biological molecules and processes in their native environments [85]. For a long time and to this 

day, fluorescence microscopy has been the go-to method for the visualization of the biological 

world, offering a wide range of specific fluorescent probes which can be bound/tagged to the 

biological molecule of interest. However, in conventional fluorescence microscopy, the 

resolution is limited by the diffraction limit (~200nm). Even though very detailed images could be 

gathered for large feature sizes, most of the active biomolecules of interest such as proteins, 

DNA, intracellular compartments etc are well within the 200nm limit and cannot be observed 

with fine details through fluorescence microscopy. Additionally, there is always an uncertainty of 

the behavior and dynamics of the biological system being disturbed from its native configuration 

due to sample preparation requirements and in some cases chemical cross-linking of fluorophore 

molecules. Electron Microscopy (EM) such as Scanning Electron Microscopy (SEM) and 

Transmission Electron Microscopy (TEM) offer X-Y resolution of ~10nm and ~1nm respectively, 
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however are severely limited by the vacuum conditions used for imaging. AFM overcomes all of 

these difficulties and offers the flexibility of imaging biomolecules in their native environment 

without any modifications to the sample. The X-Y resolution in AFM is limited by the probe shape, 

but in special cases, resolutions of ~1nm have been demonstrated (typical resolution of 10nm 

can be expected in routine imaging). One of the most attractive features of AFM is the z-

resolution, which can reach up to 100pm (limited by thermal noise) [85] [86].  
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Figure 1.8 - Concepts in AFM. A) Schematic describing the mechanism of AFM imaging, B) AFM probe-sample 
interaction force dependence on distance, C) Practical implementation of AFM machinery and electronics. The 
schematic displays ‘sample scanning’ type of AFM, wherein the probe is held stationary, and the sample is moved. 

In AFM, a sharp microcantilever probe vertically deflects from its equilibrium position 

when its brought into close proximity to the sample (Figure 1.8A). Under the influence of 

intermolecular Van der Waals attractive force and repulsive forces due to coulombic and 

exclusion forces, the cantilever undergoes vertical deflection at each point of the scanned area 



26 
 

(Figure 1.8, B). As the probe is scanned on the surface of the sample in a raster pattern, the 

deflection of the probe at each point on the sample is monitored using a laser beam reflected 

from the back face of the cantilever (Figure 1.8, A and C). With the deflection of the probe 

proportional to surface topography, a one-to-one topographic height map of the surface can be 

reconstructed. AFM can be operated in air or native fluid/buffered environments with minimal 

force applied, making sure the morphology is undisturbed.  

Figure 1.8C shows the schematic of a commercially available AFM instrumentation setup. 

Sample movement in X,Y and Z is controlled by piezoelectric crystals (tube piezo in this case). The 

cantilever is mounted onto a holder and a laser light bounces off the back of the cantilever, which 

responds to changes in deflection by vertical translation of the reflected laser beam spot on the 

quadrant photodiode (Optical Beam Deflection (OBD) method).  The signal from the photodiode 

is compared against a ‘setpoint’ voltage input by the user (the setpoint value controls the 

magnitude of force imparted by the probe to the sample) and a control signal is generated by the 

controller that modulates the Z-piezo behavior in response to changes in surface topography. 

Monitoring the Z-piezo modulation voltage also gives a one-to-one signal which is proportional 

to the surface height changes. This is the basis of working of most modern AFMs. The very first 

AFMs worked in a type of AFM imaging mode called the contact mode, in which the probe comes 

into contact with the sample. However, in some situations, such as soft biological materials, this 

can be problematic due to sample damage and as such advanced non-contact modes of AFM 

were developed. One such mode is called Tapping mode in which the cantilever is vibrated at its 

resonance frequency. When the vibrating probe is brought closer to the sample surface, the 

probe-sample force modulates the amplitude of vibration of the cantilever and this change in 
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amplitude is also proportional to surface topography. Thus, sample damage is minimal to non-

existent as the probe doesn’t come into contact with the sample [87].  

 AFM started out as a sensitive imaging technique. However, the principle of working of 

AFM is from a surface force measurement standpoint, which makes it an ideal tool to measure 

very small forces which are involved in nanoscale interactions of biological molecules. AFM has a 

force sensitivity in the ~1-10pN range and thus is ideally suited in measurement of forces involved 

in ligand-receptor binding kinetics, energetics of surfaces, forces that hold a protein in a 3D 

conformation etc [84] [88]. As AFM is a probe-based technique, it’s also capable of applying pico-

Newtons to micro-Newtons levels of forces to deform the sample and quantify the mechanical 

properties of samples. All of these are collectively put under the category of ‘AFM Force 

Spectroscopy’ [89].  AFM has also been used as a ‘nanomanipulator’ to precisely construct and 

manipulate features at nanoscale (dip-pen lithography), thus acting as an alternate 

nanolithography approach for bottom-up design of nanoscale structures [90].  

 Although AFM is an ideal technique to study biological interfaces at nanoscale, the 

technique does suffer from a few drawbacks, one of the major being the speed of acquisition of 

frames. As it’s a raster technique and used with tube piezos, limitations on the speed of 

acquisitions are placed due to mechanical constraints on the piezo scanners. Another major issue 

with AFM is that the lateral resolution is limited by the shape and radius of curvature of the 

probe. When trying to image a feature smaller than the radius of curvature of the probe, the 

dimensions of the feature in the lateral direction tend to be overestimated. This is called tip-

broadening or tip-convolution effect. However, recent developments in AFM electronics have led 

to high-speed AFM (HS-AFM) which can acquire 10s or 100s of frames per second, enabling 
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dynamic processes to be monitored by AFM [91]. Algorithms that account for the tip broadening 

effect have been developed, which can improve the accuracy of measurements [92].  

1.9 Voltage Clamp Electrophysiology and Black lipid membranes 
 

 One of the widely used techniques to understand the electrical behavior of biological 

systems is the patch clamp current recording [93] [94]. Pioneered by Neher and Sakmann, the 

technique consists of creating a gigaOhm seal with the plasma membrane of cells using 

micropipettes, forming a small area (‘the patch’) which can contain ion channels expressed on 

the surface of cells. Two electrodes, one through the micropipette and another submerged in the 

bath electrolyte solution containing the cells, can be used to provide a voltage bias to the patch 

and the resulting currents from the applied voltage can be recorded. From the recorded currents, 

the kinetic behavior and electrical characteristics of the ion channel can be deduced.  

 As an extension and simplification of the original patch clamp technique, planar lipid 

bilayer recordings can be performed [95], wherein a lipid bilayer is formed on a circular aperture 

(typical diameter of the aperture can range from 50µm to 300µm) created on the vertical wall of 

a cuvette chamber (typically made of inert low energy materials such as Teflon, Delrin etc). 

Another cuvette chamber is mechanically connected to the first chamber, forming a 2-cell 

recording system (Figure 1.9). Ag/AgCl reference electrodes are positioned in each of the 

cuvettes that can record currents passing from one chamber to another, depending on the 

voltage bias provided. The electrode system is connected via a head stage (operational amplifier 
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circuit) to the high gain voltage clamp amplifier which can measure currents in the 10s of fA 

(femtoampere) to nA (nanoampere) range [96].  

Figure 1.9 - Experimental setup of voltage clamp electrophysiology of ion channels in planar lipid bilayers. The inset 
to the right shows one ion channel molecule embedded in the lipid bilayer formed on the aperture, which is 
submerged in a buffered electrolyte solution (commonly a buffer + KCl). 

 

In a typical planar lipid bilayer electrophysiology experiment the lipid bilayer is formed by 

via one of 2 methods – i) ‘painting’ method, wherein lipids dissolved in organic solvents such as 

heptane, decane or squalene are painted on the aperture using a paint brush and bilayer 

formation is spontaneously induced by adding a high ion strength recording solution (also known 

as black lipid membranes due to their optical opacity in the apertures, ii) Montal-Mueller method, 

wherein lipids dissolved in organic solvent is added to each of the cuvette which have small 

amounts of recording solution whose levels are initially below the aperture height. As the organic 

solvent starts evaporating, a fluid perfusion setup starts raising the level of the solution in 
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cuvettes above the aperture level, which causes individual leaflet of lipids to fuse in the aperture 

forming a bilayer. The lipid bilayers formed have capacitances of 0.8-1uF/cm2  and resistances of 

1-10 GΩ. Once a bilayer is formed, ion channel peptides/proteins can be directly added to the 

cuvettes or a proteoliposomes containing the protein can be fused with the formed bilayer, 

incorporating the ion channel into the planar bilayer. Any kind of molecules (agonists and 

antagonists) that can have an effect on the behavior of the ion channel, environmental factors 

can also be changed and the kinetics of the ion channel under these conditions can also be 

studied. One of the major advantages of using this approach lies in its sensitivity and dynamic 

range of the experimental setup. These voltage clamp amplifiers can measure currents even from 

an individual ion channel (displaying currents in the lower pA range) [96].  

2.0 Summary of the Dissertation 
 

 This dissertation can be divided mainly into three sections. The first part focuses on the 

biophysical and biochemical characterization of distinct Aβ peptide species in lipid bilayer and 

cell membrane environments through a combination of biophysical techniques such 

Spectroscopy, AFM imaging and voltage clamp electrophysiology. These studies help shed some 

light on the prospective mechanisms of AD progression. The second part focuses on 

understanding the structural features and unfolding behavior of Aβ oligomers via AFM based 

single molecule force spectroscopy. The third part consists of design and implementation of a 

combined AFM and TIRF microscopy system for future studies of membrane-interaction at high 

spatio-temporal resolution. In chapter 2, we show the dependence of amino acid sequence and 

readability dependence on amyloid formation from a fundamental biophysical and biochemical 
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standpoint. In chapter 3, we show the structural characteristics and functional behaviors of N- 

and C-terminally truncated Aβ species. In chapter 4, we focus on an in-depth structural and 

functional characterization of full length Aβ1-42, Aβ1-40 and their pyroglutamylated variants AβpE3-

42 and AβpE3-40 in biologically relevant membrane systems to elucidate the role of post-

translational modifications in AD progression. In chapter 5, we focus on characterizing the protein 

unfolding behavior of Aβ1-42 oligomers in different membrane environments. In chapter 6, we 

show the development of AFM-TIRF combined microscopy modality for high spatiotemporal 

resolution structure and function imaging.  
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Chapter 2  
 

Amino acid sequence and readability dependence in Aβ-membrane 

interactions 
 

2.1 Introduction 
 

Neurodegenerative diseases are a group of conditions that involve the progressive loss of 

neurons in the brain and spinal cord, cognitive and motor function decline, dementia, and death. 

One of the major modes of neurodegeneration of interest is due to the accumulation of 

misfolded proteins, which can lead to the formation of aggregates known as amyloids [4][5]. 

Amyloid beta (Aβ) is one such protein that has been implicated in Alzheimer’s Disease (AD) [33]. 

Aβ peptide is produced by cellular membrane metabolic processes which involve cleavage of 

amyloid precursor protein (APP) by successive activity of β-secretase and γ-secretase [11]. In 

Alzheimer's disease and other neurodegenerative diseases, Aβ aggregates and accumulates in 

the brain, leading to the formation of extracellular amyloid plaques [4]. This forms the basis of 

the amyloid hypothesis of AD, which states that the deposition of Aβ as plaques, triggers a series 

of events, some of which ultimately lead to synaptic loss and neuronal death [12] [41]. 

Of the different variants of Aβ, Aβ1-42, a 42 amino acid long peptide, and Aβ1-40 are the 

predominant isoforms found in the amyloid plaques that are characteristic of AD [97]. Multiple 

research studies and clinical trials have focused on developing therapeutics targeting clearance 

of amyloid plaques from brain matter [98] [99] [100]. Oligopeptides, small molecule Aβ 

moderators such as Anle-138B [101], AmyP53 [102] and , monoclonal antibody [100] based 

immunotherapies are being continuously investigated in the AD field to find the best possible 
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therapeutic solution to halt AD progression and reverse the cognitive decline. Success of these 

therapeutics rely on interaction of these molecules with different conformational states of Aβ, 

or Aβ aggregates, and its complex with the lipid membrane.  It is well known that the amino acid 

sequence of a protein/peptide plays a critical role in determining its structure and function. 

Although, only the primary structure of a protein is genetically encoded, the functional tertiary 

and quaternary structures of proteins are formed from the amino acid sequence in conjunction 

with environmental variables such as pH, ionic strength, temperature etc. To a degree, the 

sequence of the protein determines its interfacial interactions with other molecules and surfaces 

and these interactions in turn decide the final folded structure of the protein. This would 

naturally imply that disturbing the native sequence should lead to changes in interfacial 

interactions and the final structure, sometimes even leading to loss of a definitive structure. 

Amyloids, which are highly organized and regular aggregates of proteins, are thermodynamically 

stable species formed by self-association of the peptides. Initial understanding of the biochemical 

properties of amyloid forming proteins held the notion that only certain proteins/peptides are 

capable of forming amyloids and amyloid formation is mainly driven by reserved sequences of 

amino acids with high propensity for aggregation [103]. However, this understanding has now 

evolved and it’s the consensus that almost >90% of known proteins or some domains in those 

proteins are capable of forming amyloids, with atleast 50 proteins directly linked to diseases [45]. 

Hence, there seem to be universal principles governing the amyloid formation and the 

mechanism maybe evolutionarily conserved. Therefore, it is highly essential to understand the 

role of amino acid sequence, the relative content of hydrophobic amino acids in the evolution of 

Aβ structures, its interaction with membrane, cellular toxicity, and how changes in its amino acid 
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sequence can affect its propensity to form amyloid fibrils and its toxicity to neurons. These 

fundamental studies might further lead us to better understand the interaction of therapeutic 

molecules and explore the rationale behind its success or plausible failure. Most of the research 

in the field have majorly focused on understanding amyloid fibrillation and aggregate mediated 

neural toxicity, with more recent studies focusing on oligomeric species of Aβ as neurotoxic 

agents. Even then, a clear molecular understanding of the mechanism of Aβ mediated cascade of 

neurotoxic effects has not fully emerged. Systematic studies exploring the link between amino 

acid sequence, hydrophobic amino acid levels, and their interaction with the membrane under a 

single framework have been very limited [104] [105]. This is why it is interesting to study the 

effects of changes to Aβ1-42 from an amino acid sequence perspective. Modifications such as 

reversing the amino acid sequences and scrambling of the sequence can provide valuable insights 

into the role of the amino acid sequence, its arrangement and global amino acid content (within 

the sequence) in amyloid formation. Comparing the properties of these Aβ variants with the 

normal sequence of Aβ1-42, can provide a better understanding of the specific amino acids and 

structural features that are critical for amyloid formation and toxicity. 

To understand the role of amino acid sequence and readability in Aβ1-42 structure, and 

function, we performed computational analysis to predict amyloid forming propensity using web 

server for prediction of amyloid structural aggregation, PASTA 2.0 [106]. The amyloid growth 

kinetic analysis was performed by Thioflavin-T assay and evolution of sequence specific protein 

hydrophobicity using ANS binding mediated fluorescence. The sequence specific variation in 

protein secondary structure was analyzed by circular dichroism analysis. Morphology of amyloids 

were observed by atomic force microscopy. Further, we also analyzed the structural changes 
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mediated propensity of peptide toward proteinase-K digestion by SDS-PAGE analysis. Voltage 

clamp electrophysiology was performed to analyze the interaction of peptides with lipid 

membrane both in presence and absence of Zinc ion, an amyloid ion channel blocker. Finally, we 

also performed cell viability studies and fluorescence imaging-based quantification of calcium 

uptake by B103 neuroblastoma cells to elucidate the role of aa-sequence in cellular toxicity and 

membrane interaction. 

2.2 Materials and Methods 
 

2.2.1 Materials: Aβ1-42 - normal, reverse and scrambled variants were purchased from Anaspec, 

Inc. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),1,2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC) lipids were purchased from Avanti Polar Lipids. 1-Anilinonaphthalene-

8-Sulfonic Acid (ANS) was purchased from Cayman Chemicals. 4-20% TGX Mini-Protean precast 

polyacrylamide gels and Precision Plus Dual Xtra protein standards were purchased from BioRad 

Laboratories. ProteinaseK was purchased from New England Biolabs. 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was purchased from Biotium and Fluo4-AM 

calcium detection dye was purchased from Invitrogen. Throughout the manuscript, we have 

adopted the following naming convention for the peptides - Aβ1-42 is referred to as Aβ-N, the 

reverse variant  Aβ42-1 is referred to as Aβ-R and the scrambled variant is referred to as Aβ-S. Their 

respective sequences are as follows: 
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Table 1.1 : Amino acid sequence of the 3 Aβ peptides 

Peptide Sequence 

Aβ-N  
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA  

Aβ-R  
AIVVGGVMLGIIAGKNSGVDEAFFVLKQHHVEYGSDHRFEAD 

Aβ-S  
AIAEGDSHVLKEGAYMEIFDVQGHVFGGKIFRVVDLGSHNVA 

 

Methods 

2.2.2 Amyloid Propensity Prediction using PASTA 2.0 web server 
 

In order to predict the aggregation propensity, disorder and the supposed secondary 

structure acquired by the 3 different variants of the Aβ1-42 purely on sequence-based properties, 

we used the PASTA 2.0 web server (http://old.protein.bio.unipd.it/pasta2/about.html, [106]). 

PASTA 2.0 uses segment pairwise statistical energy function minimization approach to predict 

amyloidogenic regions (regions of the sequence with high propensity to aggregate). The 

algorithm has also been trained using available PDB data to predict secondary structure and 

intrinsic disorder in the peptides. We used default parameters to run the predictions - energy 

threshold of -5.96 Kcal/mol, TPR (sensitivity) of 43.6% and FPR(1-specificity) of 5.1%. 

2.2.3 8-Anilinonapthalene-1-sulfonic acid (ANS) hydrophobicity assay 
 

In order to assess how exposed the hydrophobic cores of the 3 peptides were in solution, 

we performed ANS exclusion assay at 0 hrs (freshly solubilized) and after 24hrs in fibrillization 
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conditions. Stock solution of ANS was prepared by dissolving ANS at a concentration of 20 mg/ml 

in DMSO and thereafter diluted in 1xPBS to 1 mg/ml. The diluted ANS solution was mixed with 

10 uM of peptide solution and incubated for 30 min at room temperature. Fluorescence emission 

intensity was scanned between 400-700 nm with excitation at 350 nm in a spectrofluorometer 

(Tecan Infinite M200 Pro, Tecan Instruments, Belgium). From the recorded spectra, we evaluated 

the amplitude of fluorescence emission and wavelength blue shift of the peptide spectra with 

respect to ANS only emission peak (approximately at 535 nm).  

2.2.4 Circular Dichroism Spectroscopy 
 

Circular Dichroism spectroscopy was performed to assess the secondary structure of the 

3 peptides at 2 time points: freshly solubilized and after 24 hrs under fibrillization conditions 

(incubated at 37C in PBS 1X buffer) according to standard procedure [107]. The peptide 

concentration used was 10uM. Aviv 202 spectropolarimeter (Aviv Biomedical, Lakewood, NJ) was 

used in the wavelength scan range of 200-300 nm (bandwidth of 1 nm), at a temperature setpoint 

of 25°C. Three scans were performed for each peptide and the data were averaged. The raw data 

were then converted and expressed in mean residue ellipticity [θ]mrw 

2.2.5 Amyloid stability assay & gel electrophoresis 
 

In order to probe the biochemical stability of the 3 peptides and their relative resistance 

to degradation by proteolytic cleavage, we performed a ProteinaseK digestion assay on the 

freshly solubilized peptides. The products of proteolytic cleavage were analyzed by SDS-PAGE gel 

electrophoresis. The peptides were divided into 2 groups: control (no ProteinaseK added) and 

test (ProteinaseK added). Briefly, test group peptides at concentrations of 100uM were mixed 
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with 170uM of ProteinaseK solution and incubated at 37°C for 10 minutes. To stop the proteolysis 

reaction, the mixture was placed in a boiling water bath for 60 seconds. Next, the control and 

test groups were mixed with 5% SDS solution and incubated for 5 minutes at room temperature. 

The peptide mixture with SDS was then loaded onto individual lanes of a 4-20% gradient 

polyacrylamide gel at 10ug peptide per lane (TGX Mini-Protean precast polyacrylamide gels) with 

Precision plus protein molecular weight standards in 2 separate lanes. The loaded gel plates were 

then assembled in an electrophoresis system (Mini Protean tetra cell, BioRad) with a gel loading 

buffer (SDS-Glycine). Electrophoresis was performed at a constant voltage of 80V (20-30mA 

current) until the peptide products were fully resolved.  

2.2.6 ThioflavinT (ThT) fibrillization assay 
 

In order to assess the hydrophobicity driven aggregation (fibrillization) of the 3 peptides, 

we performed a ThioflavinT kinetics assay using standard techniques [108]. Briefly, peptides were 

mixed at a final concentration of 10uM, 20uM ThT (stock solution prepared in 1X PBS) and PBS 

1X to a final volume of 100ul. Triplicate samples were aliquoted in 96-well plate and fibrillization 

kinetics were monitored over 24 hours at 37C in a spectrofluorometer (Tecan Infinite M200 Pro). 

Fluorescence intensity readings were taken every 5 minutes (excitation - 440 nm, emission-488 

nm) with 1s shaking before taking fluorescent intensity reading. Data are expressed in normalized 

fluorescence units. In order to calculate the kinetic constant (k) and lag time, the data (after 

buffer subtraction) were fit using the following equation 2.1: 

                                                         𝐹(𝑡)  =  𝐹0 +  
𝑎

(1+𝑒
−𝑘(𝑡−𝑡1/2)

)
                                               (2.1) 
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Where, F is the fluorescence intensity at time t, F0 is the fluorescence intensity at t=0, a is the 

maximum fluorescence intensity, t1/2 is the time taken to reach half maximal fluorescence and k 

is the rate constant (units = hr -1). After fitting the data with the above equation, the lag time (tlag) 

was calculated with equation 2.2: 

                                                          𝑡𝑙𝑎𝑔 =  𝑡1/2  − 
2

𝑘
                                                                 (2.2) 

2.2.7 Voltage Clamp Electrophysiology 
 

The electrophysiological activity of the 3 peptides were probed using voltage clamp 

bilayer electrophysiology setup [66] [108]. Bilayers were formed by the lipid painting method on 

250um diameter apertures carved out in Delrin cuvettes [109]. Briefly, dried lipids were dissolved 

in decane to a final concentration of 25-35 mg/ml. The lipids in decane solution were then 

painted (priming) on the apertures using the fine bristles of a paint brush. The painted apertures 

were then left to dry for >4 hours. After drying the cuvettes were assembled in a conventional 2-

well set up. Recording buffer (10mM Hepes, 1M KCl, pH 7.4) was then added to each of the wells 

to submerge the aperture. To aid in spontaneous bilayer formation via thinning, a glass blob 

terminated pasteur pipette was gently brushed on the aperture and bilayer formation was 

monitored by real-time capacitance changes. We set a threshold of >90pF for optimal bilayer 

formation. In all the experiments, the typical capacitance of the bilayer was 110-180pF. The 

voltage clamp setup consisted of a high gain electrophysiology amplifier (Warner Instruments 

BC-535) connected to a resistive feedback headstage with telegraphed gain connections. All the 

data were collected at a sampling frequency of 10kHz and passed through an integrated 8-pole 

Bessel filter in the amplifier, with a cutoff frequency of 1kHz. All the data were digitized through 
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an analog-to-digital converter (Digidata 1440A, Axon Instruments) which was in turn connected 

to a workstation computer running the Clampex data acquisition software (v10.6, Axon 

Instruments). All subsequent data analysis was carried out in Clampfit software (v10.6, Axon 

Instruments). The data collection protocol consisted of applying a hold potential (voltage clamp) 

from -100mV to 100mV in 50mV increments. Data was collected for 2-3 minutes at each of the 

hold potential. Bilayer capacitance was monitored every few minutes for the whole duration of 

the recording to ensure bilayer stability. After bilayer stability was ensured, peptides were 

directly added to the trans side of the setup at final concentration of 1uM and stirred using micro 

stirbars (total volume in each well was 1ml). For zinc blocking experiments, after 

electrophysiological activity was visually apparent at a particular clamp voltage, zinc chloride 

solution was added to one of the recording chambers (trans side) in increments of 5mM, until 

the activity visually subsided and the current returned to I=0pA baseline (wherever applicable). 

Electrophysiology Data Analysis 

All the raw traces collected were transferred to the Clampfit analysis environment. First, 

offset correction was performed by subtracting the current at 0mV applied potential from the 

whole trace (typically 2-3pA of current offset). Then, a manual baseline correction was performed 

in the cases where a baseline drift was apparent.  In order to remove 60Hz noise from the traces, 

a digital low pass filter with a cutoff frequency of 50Hz was applied on the traces. For visualization 

purposes, we chose snippets of the recording of time duration 150-300s and histograms of these 

traces were also generated.  
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2.2.8 Atomic Force Microscopy (AFM) Imaging  
 

The size distributions of the peptides devoid of membrane and their morphologies in the 

membrane were investigated by AFM imaging. Freshly solubilized peptides and peptides that 

were put under fibrillization conditions were imaged directly on mica. Briefly, peptides were 

diluted to 1uM final concentration and deposited and incubated on a freshly cleaved piece of 

mica for 5 mins and washed 3x with imaging buffer (10mM HEPES, 300mM KCl, pH 7.4). For 

imaging peptide interactions with membranes, we chose to image only freshly solubilized 

peptides. Briefly, dried lipids were hydrated for 20 mins at room temperature in imaging buffer 

containing 3mM CaCl2 and sonicated in a bath sonicator for 20 minutes to form small unilamellar 

vesicles (SUVs). Aβ peptides were then added to the vesicle solution at a final concentration of 

1-2uM (lipid:peptide relative concentration of 500:1 molar ratio) and further sonicated for 2 mins 

to form proteoliposomes. A 20ul solution of the proteoliposome solution was then drop casted 

on a freshly cleaved piece of mica and incubated for 15 minutes at room temperature and washed 

3x with the imaging buffer. In all cases, the imaging was performed under fluid conditions in 

imaging buffer.   

AFM imaging was performed with a Multimode V AFM connected to a Nanoscope V 

controller in ScanAsyst or PFQNM mode (Bruker, Billerica, MA). The cantilevers used had a spring 

constant of 0.1-0.3 N/m (SNL-10, Bruker). New cantilevers were used for each peptide to avoid 

cross contamination. All collected images were analyzed in Nanoscope Analysis software (v1.5, 

Bruker) or Gwyddion. All images were line flattened (1st or 2nd order) and an in-built particle 

counting feature was used for particle distributions (wherever applicable).  
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2.2.9 MTT Cell viability 
 

In order to assess the relative cytotoxicities of the Aβ peptides, we performed a MTT cell 

viability assay. Briefly, B103 cells were cultured in DMEM culture media with 10% FBS and 0.5% 

Penicillin/Streptomycin. After the cells reached 80% confluence, we transferred the cells to 96-

well plates at 10000 cells/well density (100ul well volume). After 6 hours of transferring, we 

added Aβ peptides at concentrations of 100nm, 1uM and 10uM (diluted in 1X PBS) in triplicates 

for each of the peptides. A similar volume of 1X PBS without any peptide added was used as the 

control. Cells were incubated with the peptides for 20 hours in a 37C, 5% CO2 incubator. Next, 

10ul of MTT solution (diluted in 1X PBS) was added to the wells and incubated for 3 hours at 37C. 

After 3 hours of incubation with MTT, 180ul of DMSO was added to each of the wells and mixed 

thoroughly to dissolve the formazan crystals formed (with 10 minute shaking on an orbital 

shaker) after the metabolic breakdown of MTT by cells. MTT absorbance was measured at 570nm 

with 630nm background absorbance subtracted (Tecan Infinite M200 Pro spectrofluorometer). 

Cell viability is expressed as the ratio of MTT absorbance of test wells (with peptide added) to 

control wells (no peptide added). 

2.2.10 Fluo-4 Calcium uptake assay 
 

We also analyzed the ability of Aβ peptides to induce intracellular calcium flux in B103 

cells, with the procedure developed in [66]. Cells were plated on a 35mm coverslip bottom petri 

dish (MatTek) at 20,000 cells and grown overnight. Fluo-4 AM calcium sensitive dye (Excitation - 

488nm, Emission - 517nm) was pre dissolved in DMSO and diluted to 5uM final concentration in 

culture media. The media in the petri dish were replaced with Fluo-4 containing media and 
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incubated for 35-40 mins at 37C and 10 minutes at room temperature. The cells were washed 

with Fluo-4 imaging buffer (1X HBSS, 20mM HEPES, 5mM CaCl2) and resuspended in the same 

buffer. The petri dishes were placed in a 37C imaging incubator mounted on an inverted widefield 

fluorescence microscope (Olympus IX71, Hamamatsu ImageEM EMCCD camera). Images were 

acquired in a time-lapse fashion for 15 minutes (2 images per minute) after the addition of the 

peptide, with a 40X objective lens. The acquired images were background subtracted and regions 

of interest were drawn on cells displaying healthy morphology. The mean grayscale intensity of 

the ROIs was tracked for the imaging duration.  

2.3 Results and Discussion 
 

2.3.1 Computational analysis of Amyloid formation propensity  
 

The full length Aβ1-42 can be segmented into 3 parts (Residues: NH2- 1-14, 15-29 and 30-

42-COOH). The C-terminal 1/3rd of the residue is highly hydrophobic in nature and is the 

aggregation driving domain.  
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Figure 2.1 - Secondary structure, aggregation propensity and disorder prediction of Aβ peptides using PASTA 2.0: A) 
Aβ-N, B) Aβ-R, C) Aβ-S and D) peptide intrinsic structural disorder probability (all 3 peptides shown in the same plot) 

 

Secondary structure prediction using PASTA 2.0 server suggests that Aβ-N (normal 

peptide) shows high propensity to form amyloids driven by residues 31-41 (Figure 2.1, A, red 

curve). In the case of Aβ-R (reverse peptide), we observed similar aggregation propensity as the 

normal peptide, but with the trend reversed (residues 2-12 showing higher propensity for 

aggregation), corresponding to N and C terminal switching of the peptide (Figure 2.1, B). 

Interestingly, in the case of the scrambled variant, even though the scrambling is pseudo-random 
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in nature, we observed non-zero aggregation propensity in the 18-34 residue range with residues 

30-34 exhibiting propensities that are comparable to the normal and reverse variants (Figure 2.1, 

C).   

Table 1.2: Secondary structure data extracted from PASTA 2.0 

Peptide %ɑ-helix %β-strand %coil 

Aβ-N 0 57.14 42.86 

Aβ-R 11.9 40.48 47.62 

Aβ-S 0 47.62 52.38 

 

Next, we looked at the secondary structure of the peptides predicted by PASTA 2.0. Table 

1.2 shows the relative percentages of ɑ-helix, β strand and random coil conformations of the 

peptides in solution. In case of Aβ-N a high percentage of beta strand conformations is observed 

with the remaining designated as random coil structures. Figure 2.1A also shows this trend in a 

residue specific manner. According to the prediction algorithm, alpha helix conformation had 

very low probabilities throughout the peptide length. 

  In the case of Aβ-R, the relative percentage of beta strand was comparatively lower, and 

a small percentage of the residues show alpha helix content, and the remaining residues display 

random coil structures similar to Aβ-N (Figure 2.1B). Interestingly, Aβ-S also displays a significant 

percentage of beta strand content while the majority of the residues are predicted to be in 

random coil conformation (Figure 2.1C).  The algorithm also predicted intrinsic disorder of 
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28.57%, 19.04% and 26.19% for Aβ-N, Aβ-R and Aβ-S respectively. Residue specific assignment 

of intrinsic disorder is shown in Figure 2.1D.  

For Aβ-N, the intrinsic disorder is localized to the first 1/3rd of the sequence and for Aβ-R, 

a mirror image trend of Aβ-N is visible. Aβ-S however exhibits intrinsic disorder on both the N- 

and C-terminal sides, with the center region of the sequence displaying little to no intrinsic 

disorder. These further warrants verification by experimental methods such as Thioflavin-T assay 

to quantify amyloid, secondary structure analysis methods such as circular dichroism. 

2.3.2 ThioflavinT fibrillation assay 
 

ThioflavinT is an amyloid β-sheet backbone binding dye that indicates the relative 

fibrillization levels of Aβ peptides [110]. We performed ThT kinetics assay over 24 hours under 

fibrillization conditions. Fibril growth via primary nucleation and monomer addition follows 

sigmoidal growth kinetics. In sigmoidal growth, there is a ‘lag phase’ where monomers and 

oligomeric species formed are under the critical nucleation barrier limit. Once the critical barrier 

is reached, fibril elongation starts via monomer addition and the kinetics enters the ‘log phase’ 

of exponential growth [110]. After remaining monomers have been added to the fibril, an 

equilibrium is reached (saturation phase). All three peptides showed a sigmoidal growth trend 

over the period of 24 hours, characteristics of primary nucleation-based fibril growth, however 

with different kinetic behavior (Figure 2.2 and Table 1.3). 
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Figure 2.2 - Normalized ThioflavinT fluorescence intensity tracked over 24 hours under fibrillization conditions. Blue 
- Aβ-N, Red - Aβ-R and Green - Aβ-S. The shaded bands above and below the mean curve represent the standard 
deviation of the triplicate samples. 

 

Table 1.3: Kinetic parameters derived from ThT curve fitting. 

Peptide T_lag (hrs) k (hr-1) 

Aβ-N 4.09±0.37 0.488 

Aβ-R 1.81±0.48 0.203 

Aβ-S 2.90±0.66 0.464 

 

The lag phase for Aβ-N was the highest, followed by Aβ-S and Aβ-R. The rate constant (k) 

also followed a similar trend (Table 1.3). Aβ-N and Aβ-S readily form amyloid fibrils, with Aβ-R 

displaying mostly higher order oligomeric structures (AFM imaging section).  ThT dye-binding 

based kinetic analysis showed comparative propensity of all the tested Aβ sequences to form 
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amyloid with variable lag phase, which might be due to evolution of sequence specific different 

nucleation structure in the initial state of the amyloid formation.  

2.3.3 Secondary Structure Analysis by Circular Dichroism 
 

In order to understand the secondary structure of the peptides under freshly solubilized 

and fibrillization conditions, we performed circular dichroism measurements in the far-UV range. 

The measured spectra for freshly solubilized Aβ-N displays a negative peak in the 216nm range 

(Figure 2.3A). 

    

Figure 2.3 - Circular Dichroism spectra of the peptides at 0 hr and after 24 hrs under fibrillization conditions: A) Aβ-
N, B) Aβ-R and C) Aβ-S. The blue curves indicate spectra at 0hr and the orange curve indicates spectra at 24hrs. D) 
Relative shift in mean residue residue ellipticity calculated with respect to the 24hr sample. The spectra are 
expressed as mean residue ellipticity [𝛉]mrw deg cm2 mol-1 
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Under fibrillization conditions (24 hrs) the negative peak of the spectra is found at 217nm 

(Figure 2.3A). The peaks in the spectra around the 218nm range are typically ascribed to β-sheet 

dominated secondary structures. In the case of Aβ-R, the measured CD spectra shows similar 

behavior wherein, under freshly solubilized conditions, the negative minima peak is observed at 

214nm, and under fibrillization conditions, the minima is found to be at 217nm (Figure 2.3B). 

Interestingly, in the case of Aβ-S, the negative peak is found at 206nm and 218nm under similar 

conditions, respectively (Figure 2.3C). 

The magnitude of the characteristic negative peak at ~218nm is directly proportional to 

the β-sheet content in the peptides. Thus, the shift in the magnitude of the negative peak of the 

spectra can be ascribed to changes in the secondary structure of the peptides subject to different 

environmental conditions (ex. fibrillization). Figure 2.3D shows the relative change in magnitude 

of the spectra for the 3 peptides. Aβ-N displays highest change in ellipticity followed by Aβ-R, 

both displaying an increase in the β-sheet content under fibrillization conditions. In contrast, Aβ-

S displays a decrease in the β-sheet content under similar change in conditions.  

In the case of Aβ-N and Aβ-R, the 0hr spectra shows β-sheet characteristic peaks close to 

215nm indicating the presence of oligomeric entities with β-sheet content. Under fibrillization 

conditions, both spectra indicate a red shift to 218nm and the β-sheet content increases in both 

peptides (Aβ-N = 47.90% increase and Aβ-R = 18.09% increase). This is consistent with the 

understanding that as oligomeric intermediates form fibrils over time, the β-sheet content 

increases as the amyloid fibril core is majorly composed of parallel/antiparallel β-sheets stacked 

along the fibril axis [43] [52]. However, Aβ-S does not show a characteristic negative peak in the 

218nm range (the peak is found at 206nm which can be loosely ascribed to unordered state) at 
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0 hours and tends to move towards a negative peak at 218nm after 24 hours of incubation in 

fibrillization conditions. This indicates that Aβ-S transitions from an unordered state to a β-sheet 

rich state under fibrillization conditions.  Our 0h and 24h analysis of secondary structure further 

verifies the variable lag phase in amyloid formation is caused by variability initial starting 

structure of Aβ species. It is highly interesting to further analyze, how the initial variability in the 

structure influence the evolution of different amyloid morphologies. 

2.3.4 ANS Hydrophobicity Assay 
 

It is well established that levels of hydrophobic amino acids of peptides play an important 

role in peptide aggregation and peptide-peptide assembly [111]. To investigate how 

hydrophobicity evolves during aggregation, we analyzed this using ANS assay.    

 

Figure 2.4 - Fluorescence Intensity spectra of the peptides incubated with ANS dye A) Freshly solubilized peptides 
(0hr) mixed with ANS, B) peptides after fibrillization (24 hrs) mixed with ANS. All the data were collected in the 400-
700nm visible wavelength range with excitation wavelength of 350nm. 

 

ANS is a fluorescent molecular probe which is composed of an aniline ring, a naphthalene 

group and a sulfonate moiety that is negatively charged. Due to the aromatic groups, the dye is 
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hydrophobic and tends to localize itself in pockets/clefts of protein residues which are 

hydrophobic in nature. Interestingly, due to the negative charge on the sulfonate group, the dye 

has also been shown to bind to positively charged amino acids [112]. Thus, the localization of the 

dye is very high in regions where positively charged amino acids and hydrophobic amino acids 

are in close proximity, which is generally the case in folded proteins (as compared to unstructured 

or denatured proteins). Upon strong binding to the peptide/protein, the peak fluorescence 

intensity of ANS increases drastically (proportional to the extent of strong binding) and the 

fluorescence spectra also undergoes a blue shift, which can indicate the relative levels of 

hydrophobicities [112] [113].  We performed ANS exclusion assay to understand how the 3 

peptides would differ in terms of their dye binding capability, which would in turn hint at their 

relative hydrophobicities. In the case of freshly solubilized peptides (0 hrs, Figure 2.4A), Aβ-N 

shows the highest increase in peak fluorescence intensity (3.17x), followed by Aβ-R (2.69x) and 

AB-S (2.49x). Their blue shifts in wavelength of free ANS vs peptide bound ANS in the case of the 

3 peptides were 36nm, 38nm and 40nm respectively. Relative increase in peak fluorescence 

intensity in the case of Aβ-N being the highest suggests that the dye was more strongly bound to 

regions of the peptide which contained both hydrophobic and charged amino acid residues in the 

core. This effect of the dye binding was observed to a lesser degree in the case of Aβ-R and Aβ-

S. This further indicates that amino acid sequence; directionality of amino acid sequence and 

neighboring amino acid play important role in variable initial structure and subsequent ANS 

binding.   

In the case of peptides that were incubated for 24 hours in fibrillization conditions, (Figure 

2.4B), similar trends were observed, with some interesting characteristics. Aβ-N showed a 2.94x 
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increase in peak fluorescence intensity, followed by 2.03x for Aβ-R and 1.98x for Aβ-S. The blue 

shift in wavelength however changed significantly with AB-N showing a 38nm shift, followed by 

a 24nm shift for Aβ-R and 22nm shift for Aβ-S respectively. This suggests that Aβ-N contains 

fibrillation products which are more hydrophobic in nature compared to Aβ-R and Aβ-S. 

2.3.5 Morphology analysis by AFM Imaging 
 

We performed AFM imaging to quantify the morphological variation among these Aβ 

peptides. First, we imaged only the peptides immobilized on mica at two different time points – 

freshly solubilized condition and after incubating the peptides under amyloidogenic fibril forming 

conditions (24 hours at 37°C in 10mM HEPES, 300mM KCl buffer). Under freshly solubilized 

conditions, we observed mostly globular oligomeric structures. Aβ-N mostly displayed lower 

order oligomers in the 1-3nm height range (average 1.65±1.22nm, section profile below Figure 

2.5A), with small percentage of population showing aggregates bigger in size (>5nm height). Aβ-

R shows oligomeric species in 2-4nm range (average 2.87±1.03nm, section profile below Figure 

2.5B). Interestingly, Aβ-S also displayed globular morphology, with heights in the range of 1-5nm 
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(average 2.77±2.35nm, section profile below Figure 2.5C). The number density of aggregates with 

bigger diameters were also observed to be higher in the case of Aβ-S.   

 

The results observed for peptides under fibrillation conditions were slightly more 

interesting. As expected, Aβ-N showed linear elongated, untangled fibril structures (Figure 2.5D). 

In some imaging areas, the fibrils were found to be loosely associated with each other in a parallel 

Figure 2.5 - AFM Height images of Aβ peptides at two time points - freshly solubilized (0 hrs) - A)Aβ-N, B)Aβ-R, 
C)Aβ-S (Scan sizes for panels A, B and C are 1um X 1um, z-scale = 0-5nm) and under fibrillization conditions (24 
hrs) - D) Aβ-N, E) Aβ-R, F) Aβ-S (Scan sizes for panel D is 4.5um X 4.5um, E and F are 3.5um X 3.5um, z- scale for all 
panels is 0-20nm). For panels A, B and C the height section profile (white horizontal line) is displayed below the 
image. 
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fibril-like morphology i.e., the fibrils are aligned through fibril-to-fibril interactions through the 

side chains. We did not observe fibril branching and growth from preformed fibrils, thus the fibril 

growth could be happening from a primary nucleation behavior. The section profile of Aβ-N fibrils 

showed a height of 9.76±1.36nm. Aβ-R also displayed fibril-like morphology, however, the 

density of fibrils seen on the surface of mica were much lower compared to Aβ-N (Figure 2.5E). 

The Aβ-R fibrils show a section height of 10.23±1.78nm. In the case of Aβ-R, the fibrils observed 

show a paired morphology where atleast 2-3 fibrils were found to be tightly linked to each other 

through side chain interactions and the fibrils were not as well separated as in the case of Aβ-N. 

The most perplexing observation was made in the case of Aβ-S, which also displayed high density 

of fibril morphology (Figure 2.5F). Aβ-S displayed highly tangled, branched fibril morphology with 

sectional height of fibrils ranging from 5.64nm to 8.43nm. The fibrils were also observed to be 

growing in random fashion with some imaging areas showing highly parallel arrangement of 

fibrils, some areas showing a crisscross arrangement and some areas showing densely packed 

amorphous aggregates of fibrils. We also measured the periodicity (helical turn-to-turn distance) 

of the fibril units along the direction of fibril growth. In the case of Aβ-N we found a periodicity 

of ~45nm between one resolvable unit of the fibril to another. In the case of Aβ-R, we were able 

to resolve a fibril unit-to-unit periodicity of ~100nm. In Aβ-S, as the fibril density was very high, 

we measured the periodicity in a small region of the fiber and found a periodicity of ~110 to 

~130nm.  

Next, we analyzed the distribution of these peptides in lipid bilayers. Aβ peptides were 

reconstituted in DOPC lipid bilayers at 1000:1 or 500:1 (lipid:peptide) molar ratios. Height images 

from Aβ-N show that Aβ-N is fairly uniformly distributed across the bilayer area (Figure 2.6A). 
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The structures found had a wide distribution in terms of the height and diameter. Excluding the 

obviously large aggregates, the heights of the intermediate or small oligomeric structures above 

the bilayer plane ranged from 0.8nm to 2.1nm in some cases. The diameter of these structures 

were found to be fairly uniform ranging from 11nm to 35nm. A small population of oligomeric 

structures in the <20nm outer diameter range exhibited globular topology with some of them 

showing a subunit like topography. However, we could not fully resolve the subunit organization 

due to imaging issues. It was also noticed that some of the oligomers appear to exclusively 

localize into the edges of the lipid bilayer or even in the defects found in the bilayer. This maybe 

due to higher energies created by line tension near the edges. In the case of Aβ-R, the distribution 

of the oligomers was found to be clustered with small pocketed areas showing higher distribution 

(Figure 2.6B). The height of the oligomers above the bilayer plane was found to be ranging from 

1.67nm to 5.34nm, considerable higher than the ones found for Aβ-N. The diameter of these 

oligomeric complexes were also found to be significantly higher (ranging from 15nm to 50nm). 

The oligomer edge localization effect could be observed in the case of Aβ-R as well, however not 

as strongly as Aβ-N.  

 

Figure 2.6 - AFM height images of Aβ peptides reconstituted in DOPC lipid bilayers at 1000:1 or 500:1 (lipid:peptide 
molar ratio). A) Aβ-N (scan size 1.1um X 1.1um, z-scale=0-5nm), B) Aβ-R (scan size 1.6um X 1.6um, z-scale=0-10nm), 
C) Aβ-S (scan size 900nm X 900nm, z-scale=0-18nm). In all images, the darkest color-coded part of the image 
corresponds to the plane of mica support. 
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In the case of Aβ-S, the oligomer distribution was highly irregular and in a lot of cases, 

even after careful imaging, globular structures were hard to observe (Figure 2.6C). Aβ-S mostly 

showed structures of a highly irregular nature, with irregular distribution throughout the 

samples. The heights of these structures were in the 5-10nm range with large aggregates/clusters 

of the peptide visible in all conditions. The dimensions of the Aβ oligomers reported here in all 

cases are very similar to the ones reported in literature [107] [108]. 

2.3.6 Proteinase-K Amyloid Stability Assay  
 

 

Figure 2.7 - Gel Electrophoresis intensity analysis of proteolytic digestion products of freshly solubilized peptides A) 
Snapshot of the gel(lane 1 – Aβ-S-PK, 2- Aβ-S-Ctrl, 3-Aβ-R-PK, 4-Aβ-R-Ctrl, 5-Aβ-N-PK, 6-Aβ-N-Ctrl, 7-Protein ladder 
standards), B) Aβ-N,  C) Aβ-R,  D) Aβ-S - grayscale intensity distribution of the respective lane plotted against the 
lane length (For all the plots, the legend is as follows - blue - Control (no PK added), orange-test(PK added), grey – 
vertical lines - protein ladder standards) 
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 Amyloid aggregates of proteins are considered to be highly stable structures from a 

thermodynamic standpoint. They could be thought of as the structures lying in the global energy 

minima of a protein’s folding pathway. Thus, understanding the stability of oligomeric 

intermediates which are involved in the amyloidogenic pathway could shed light into the nature 

of Aβ oligomer landscape. One of the major biochemical aspects of amyloids is resistance to 

protease degradation [114]. As such, we performed ProteinaseK (PK) proteolysis assay to 

understand the relative propensities of the three peptides to degradation and formation of other 

structural intermediates. PK is a broad-spectrum  serine protease enzyme that cleaves peptide 

bonds next to the carboxyl group of either aromatic or aliphatic amino acid residues [115]. 

However, recent reports have claimed that PK’s specificity may not be restricted to hydrophobic 

amino acids, and it may include other amino acids as well, with the exception of amino acid 

Proline.  

After incubating peptides with PK, we probed the products of proteolysis reaction using 

SDS-PAGE gel electrophoresis (Figure  2.7A). In all the gel lanes used for peptides treated with PK 

(lanes with PK indicated next to the peptide’s name), a common band can be seen just above the 

25kDa band, which corresponds to the signature of PK, whose molecular weight is ~29kDa. Aβ-N 

control (not treated with PK) shows a very strong band in the 2kDa - ~7kDa band which means 

Aβ-N starts out predominantly as monomers or dimers. After treatment with PK, the products of 

proteolysis lie mainly in the 2-18kDa range, with a high intensity band spanning 8-13kDa (Figure 

2.7B). Aβ-R control shows a slightly complex behavior with intensity bands observed at ~4kDa, 

~9kDa, ~18kDa, ~37kDa and ~50kDa. This indicates that Aβ-R approximately starts out as a 

mixture of monomers, dimers, tetramers, 9-mers and 12-mers. After treatment with PK, these 



58 
 

higher order structures seem to be broken down into products in the ~3kDa to ~17kDa, with an 

strong intensity band observed in 8-15kDa region. Aβ-S control, interestingly, starts out as a 

mixture of monomers, dimers, tetramers and pentamers with bands observed in the 3-8kDa 

range, and 2 clear bands observed near ~14kDa and ~17kDa.  After treatment with PK, this 

distribution predominantly shifts into an intense band near 8-14kDa range, with an additional 

less intense band at ~16kDa (Figure 2.7C).  

2.3.7 Electrophysiology of Aβ peptides 
 

In order to understand the biophysical behavior of the Aβ peptides in membranes, we 

probed the electrophysiological currents induced by the peptides through DPhPC bilayers. 

Voltage clamp electrophysiology data indicate that all 3 peptides induced currents through the 

lipid bilayer suggesting a pore formation or membrane destabilization activity, albeit with 

different characteristics. When 100mV potential was applied to the experimental system, in the 

case of Aβ-N we observed that the current would jump to a macro-conductance level, and at that 

macro- conductance level, we observed ion conductance currents with a combination of step-

like and quick transitioning burst-like behavior (Figure 2.8A). With time, we often observed that 

the baseline would change to a different macro-conductance level and electrical activity 

(combination of step and burst) would resume in that state. This behavior was consistent 

throughout the duration of the recording at all tested hold voltages (~60mins). Due to the 

heterogeneity in the conductance behavior, in combination with the effect of changing baseline 

with time, the conductance spanned a range 0-230pS (Figure 2.8D). 
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The currents induced by Aβ-R were intermittent, separated by long periods of zero 

conductance and infrequent bursts (Figure 2.8B). Occasionally, upon applying 100mV hold 

voltage, the conductance was observed to jump to a macro conductance level in a step-like 

fashion, which persisted for 20-30s (initial part of Figure 2.8B) and the type of activity further at 

the same hold voltage would revert to mostly burst-like. The conductance spanned in the range 

of 0-370pS, with ‘levels’ that are clearly distinguishable from each other (Figure 2.8E, peaks in 

the histogram). Figure 2.8C shows the currents induced by Aβ-S under similar conditions. The 

Figure 2.8 - Voltage clamp electrophysiology current traces of the Aβ peptides in DPhPC bilayers at 100mV hold 
voltage. A) Aβ-N, B) Aβ-R and C) Aβ-S. D), E) and F) display the same data in A, B and C converted to a conductance 
histogram plot (blue bars - conventional histogram, orange curve - cumulative histogram (0-100%)). The conductance 
was calculated by dividing each point of the current trace with the applied voltage. 
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trend of currents induced are fully dominated by high-frequency, burst-like events throughout 

the duration of the recording. Unlike Aβ-N and Aβ-R, no step-like transitions in currents were 

observed for Aβ-S. Due to the nature of continuously induced currents, the conductance spanned 

over a wide range from 0-2200pS, with no clear specificity towards any conductance level (Figure 

2.8F). 

Even though some of the electrophysiological characteristics may have been common 

among the three peptides (quick transitioning, burst-like events), there seem to be a few 

contrasting differences as well. Firstly, as observed for Aβ-N, upon application of voltage, a 

macro-conductance level was achieved and sustained throughout the duration of the recording 

(~12pA mean at 100mV, this effect was observed in 3 out of 5 independent recordings). This 

could possibly indicate that after the application of voltage, multiple pores/ion channels may 

open, leading to establishment of a macro-conductance level and transitions seen at that level 

are from other channel-like structures in the membrane, exhibiting conformational transitions, 

which are evident as high frequency burst-like events. This behavior was absent for the remaining 

2 peptides. For Aβ-R, after the application of voltage, a small duration of the curve shows a 

macro-conductance level, which quickly returns back to I=0pA baseline conductance and only 

shows infrequent burst-like behavior thereon. Aβ-S however, never seems to jump to any macro-

conductance level, but only shows variable, quick transitioning, burst-like events with respect to 

the I=0pA baseline. In all cases, for all peptides, a voltage dependence could not be firmly 

established.  

Among the 3 peptides, Aβ-N seems to have a stable conductance behavior with a 

combination of step-like and burst-like events, followed by Aβ-R and the least stable behavior is 
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shown by Aβ-S. It is possible that Aβ-N and Aβ-R may insert into the bilayer and adopt 

comparatively stable conformations (although the possibility of these conformations changing 

over time cannot be fully ruled out due to dynamic oligomeric states). This is also supported by 

the fact that between Aβ-N and Aβ-R, only the readability of the sequence has been reversed, 

but the hydrophobic amyloidogenic region is still preserved, which may insert into the lipid 

bilayer and achieve a relatively stable configuration when compared to Aβ-S. The nature of the 

currents induced by Aβ-S hints at an unstable conformation which may be associated with the 

membrane and damage the membrane through non-specific membrane damage mechanisms. 

This can explain the wide range of conductance seen in the case of Aβ-S, without a bias towards 

any particular conductance level. 

2.3.8 Zinc Blocking of Aβ ion channels 
 

Aβ channels/pores formed in the membrane are conventionally known to be blocked by 

Zn2+ ions in the recording solution. We tested the ability of Zn2+ ions to block the conductance 

activity under these conditions [65].  We added Zinc chloride solution (in increments of 5mM) 

directly to the trans chamber and recorded currents at 100mV hold voltage. When Zn2+ ions were 

added to Aβ-N, the current was fully blocked after ~120s (Figure 2.9A). Similar behavior was 

observed for Aβ-R, wherein the conductance fully reverted to I=0pA baseline roughly ~60s after 

the addition of Zinc chloride (Figure 2.9B). Interestingly, in the case of Aβ-S, the conductance 

could not be blocked even after double addition of zinc (final concentration of ZnCl2 = 10mM, 

additions are spaced ~180s apart, Figure 2.9C).  
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Figure 2.9 - Zn2+ ion blocking of Aβ peptides at 100mV hold voltage: A) Aβ-N, B) Aβ-R and C) Aβ-S. Zinc Chloride was 
added to the trans chamber at time points indicated by arrows. Each Zinc addition was done in 5mM increments. 

 

It has been theorized and supported by experimental and molecular models that Aβ 

channels/pores formed in the membrane (via direct oligomeric conformation insertion or 

through monomer insertion and further oligomerization in the membrane) have histidine amino 

acid residues lining the mouth of the pore. Zn2+ ions have high binding affinity towards histidine 

residues, which has been proposed as the mode of conductance blocking in Aβ pores [116]. In 

our studies, this effect seems to be very pronounced, wherein the conductance can be fully 

blocked for Aβ-N and Aβ-R, but not for Aβ-S. This indicates that Aβ-N and Aβ-R may have formed 

ion channels/pores with a similar conformational makeup, exposing the pore mouth lining 

histidine residues to the recording solution where Zn2+ ions could easily bind and block the 

conductance. Aβ-S, however, seems to have a different conformational makeup or is exhibiting 
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non-specific membrane damage/permeabilization effects which could not be blocked even after 

dual addition of Zinc.  

2.3.9 MTT Cell viability assay and Calcium uptake 
 

 

Figure 2.10 - A) MTT cell viability analysis of B103 cells exposed to different concentrations (100nM, 1uM, 10uM) of 
Aβ peptides. Data are expressed as the ratio of MTT absorbance of test (peptides added to media) to absorbance of 
control (10ul of 1X PBS added, without peptides). Error bars represent the standard deviation of the absorbance 
intensity of triplicate wells. B) Fluo-4 calcium uptake analysis of B103 cells exposed to 10uM Aβ peptides. The error 
bars represent standard deviations of the fluorescence intensity of the regions of interest selected in fluorescence 
images of cells (Fluo4 - excitation 488nm, emission 515nm) 

In order to assess the relative cytotoxicities of the Aβ peptides, we performed a MTT 

cytotoxicity assay by adding 3 different concentrations of the peptides into the culture media. 

B103 neuroblastoma cells devoid of endogenously expressed APP (Amyloid Precursor Protein) 

were used such that the cytotoxic effects are majorly from exogenously added Aβ peptides. 

Figure 2.10A displays the relative toxicities of the Aβ peptides in a dose dependent manner. 

Higher concentrations (10uM) of the peptides show the highest cytotoxicity, with Aβ-R displaying 

slightly higher toxicity than Aβ-N and Aβ-S. A significant difference in toxicity at a particular 

concentration could not be established.  
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Next, we analyzed the calcium uptake behavior of B103 cells upon exposure to Aβ 

peptides. The ion channel hypothesis of AD proposes that Aβ peptides form cation permeable 

ion channels. Multiple studies have shown that in cell cultures, these Aβ ion channels cause 

unregulated calcium flux into the cells, leading to calcium dyshomeostasis, which triggers a 

cascade of events that put the cells in the pathway of death [66] [117] . With this hypothesis in 

mind, we tested the possibility of the Aβ peptides in this study to create calcium flux in B103 

cells. Fluo-4 is a calcium sensitive fluorescent dye that is commonly used to quantify calcium 

uptake in cell studies. Through fluorescence microscopy, we quantified the intensity of 

fluorescence over a time period of 15 minutes after exposure of the cells to the peptides. Over 

the 15-minute time period of observation, Aβ-N showed an approximate 8.5% increase in 

fluorescence. In contrast Aβ-R showed an increase in fluorescence of ~22% and Aβ-S showed an 

increase of ~17% from the baseline reading at time zero (Figure 2.10 B).  

The results of calcium uptake are surprising, but somewhat in line with results from 

electrophysiology studies. Aβ-N shows the least increase in calcium uptake in cells and in 

electrophysiological studies, the conductance levels exhibited by Aβ-N is confined to a small 

range. In the case of Aβ-R which displays the highest calcium uptake in B103 cells, the 

electrophysiological current traces indicate that Aβ-R is capable of causing sudden increase in 

conductance by jumping to various macro conductance levels. Finally, in the case of Aβ-S, through 

electrophysiology we found that Aβ-S is capable of causing large ionic conductances through non-

specific mechanisms, and possibly not through ion channel formation.  

Most of the biochemical and biophysical studies focusing on Aβ behavior have been 

performed under certain experimental conditions through which experimental variability could 
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be introduced. Studies which analyze the structural, functional, and cytotoxic behavior of 

peptides through the lens of multiple, parallel, biophysical, and biochemical experiments have 

been only handful. Although some of these studies have probed the sequence and readability 

dependence in amyloid formation from a structural analysis standpoint, studies focusing on the 

interaction of Aβ peptides with biological membranes from a functional standpoint, under the 

same comparative framework is lacking [104][105]. Given the lack of fundamental molecular 

understanding of the behavior of Aβ, we found it fruitful to perform these studies to uncover 

universal mechanisms in amyloid formation and their functional effects in relevant systems. The 

fundamental question of whether the sequence of amino acids in Aβ, or their readability, or just 

the presence of particular amino acids in close vicinity of each other is the deciding factor, has 

far reaching consequences in terms of understanding the molecular mechanism of 

pathophysiology and subsequent therapeutics development.  

Computational analyses of amyloid formation using protein structure prediction 

algorithms is a useful way of de novo analysis of peptide-peptide interactions and can also help 

in designing/modifying peptides which do not go into the amyloid pathway. In this study, the 

amyloid prediction algorithm PASTA 2.0 indicated that Aβ-N and Aβ-R have high propensity for 

amyloid formation, particularly the C-terminal segment of the peptide (reversed in the case of 

Aβ-R). To PASTA 2.0’s credit, Aβ-S was shown to have non-zero aggregation propensity and 

amyloid formation capacity, mostly due to the arrangement of amino acids in the central 

segment of Aβ-S. In one of the similar studies on Aβ1-42, the scrambled variant’s amyloid 

propensity was shown to be non-existent [105]. However, in our studies the prediction agreed 

well with the observations. ThioflavinT fibrillation assay and secondary structure analysis via 
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Circular Dichroism proved that in addition to Aβ-N and Aβ-R forming β-sheet secondary structure 

enriched fibrils under physiological conditions, Aβ-S also seems to follow a similar pattern and 

forms amyloidogenic fibrillar structures. AFM imaging confirmed these observations, although 

strong morphological differences in the makeup of these fibrils are evident. This hints at the 

possibility that amyloid formation maybe driven favorably by the presence and relative 

percentages of hydrophobic amino acids in the sequence and the readability of the sequence 

maybe a second order effect. An important point that has to be emphasized is that the Aβ-S used 

in our study, coincidentally, may also have been uniquely suited to amyloid formation, even 

though the sequence is generated from pseudorandom scrambling of the original Aβ sequence.  

Further, functional studies using voltage clamp bilayer electrophysiology, MTT cell 

viability and calcium uptake assays suggest that all Aβ peptides in the study are capable of causing 

ionic conductance in bilayers and calcium flux in cells. Interestingly, Aβ-S shows relatively high 

degree of ionic conductance in both bilayer system and cell cultures, although with mechanisms 

that seem to be significantly different than the ones by Aβ-N and Aβ-R. In the case of Aβ-N and 

Aβ-R, step like conductance changes, which are conventionally characteristics of well-formed ion 

channels seem to be the major mode of interaction with the membrane, in good agreement with 

previous studies of ionic conductance behavior of Aβ [58][108]. In the case of Aβ-S, the ionic flux 

is highly variable and burst-like, which could indicate that Aβ-S may not form ion channels directly 

but may induce ionic flux through non-specific mechanisms (applying local stress on the 

membranes causing them to deform or a membrane-thinning effect). This is also substantiated 

by CD spectroscopy findings which indicate high β-sheet content for Aβ-N and Aβ-R under freshly 

solubilized conditions (which are akin to the conditions used in electrophysiology) and 
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comparatively lower for Aβ-S, although Aβ-S transitions to high β-sheet content over time. 

Amyloid pores are known to have high β-sheet content [33][50], which can explain the different 

behaviors of ionic conductivity observed in our studies, coupled with the fact that Aβ-S 

conductivity could not be blocked by zinc ions.  The cell viability changes with concentration of 

the peptides; however, it does not show significant specificity towards the type of the peptide. 

Calcium uptake data suggest that Aβ-R and Aβ-S display higher calcium influx compared to Aβ-N. 

Although Aβ-R and Aβ-S are not naturally found in cells or bodies of animals, this mode of calcium 

influx further supports the notion that the particular pool of amino acids, through multiple 

cooperative, molecular mechanisms acquire some structural conformation that leads to 

cytotoxicity. We also note that cellular uptake of peptides or interaction of the peptides with cells 

could involve multiple other factors, with the possibility of these peptides acting as ligands to cell 

surface receptors and triggering intracellular signaling cascades [60]. From a cytotoxicity 

standpoint, studies which probe the mode and mechanism of cytotoxity have to be carefully 

considered and especially with Aβ system, the exact oligomeric intermediates interacting with 

cells have to be tightly controlled [118]. Thus, combination studies presented above can gather 

critical sequence specific information which can help in advancing our thinking about therapeutic 

interventions focusing on disrupting the cooperative mechanisms that lead to amyloid formation. 

Conclusion 
 

In Chapter 2, we discuss the propensity of amyloid formation from the fundamental 

standpoint of primary sequence of the peptide, its readability and overall amino acid content-

based modulation of amyloid-membrane interactions. Understanding the core ideas about what 
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drives amyloid formation can offer deep insights into the development of alternate and efficient 

therapeutic measures. 

 Chapter 2, in part, is a manuscript in preparation with Karkisaval A.G.; Ban D.K.; Nguyen 

A, Balster B.; and Lal R.; titled ‘Amino acid sequence and readability dependence in Aβ-

membrane interactions and relevance to Alzheimer’s disease’. The dissertation author was the 

primary author of the manuscript.  
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Chapter 3  
 

Ion channel formation by N-terminally truncated Aβ (4–42): relevance 

for the pathogenesis of Alzheimer's disease 
 

3.1 Abstract  

 

Aβ deposition is a pathological hallmark of Alzheimer's disease (AD). Besides the full-

length amyloid forming peptides (Aβ1–40 and Aβ1–42), biochemical analyses of brain deposits have 

identified a variety of N- and C-terminally truncated Aβ variants in sporadic and familial AD 

patients. However, their relevance for AD pathogenesis remains largely understudied. We 

demonstrate that Aβ4–42 exhibits a high tendency to form β-sheet structures leading to fast self-

aggregation and formation of oligomeric assemblies. Atomic force microscopy and 

electrophysiological studies reveal that Aβ4–42 forms highly stable ion channels in lipid 

membranes. These channels are blocked by monoclonal antibodies specifically recognizing the 

N-terminus of Aβ4–42. An Aβ variant with a double truncation at phenylalanine-4 and leucine 34, 

(Aβ4–34), exhibits unstable channel formation capability. Taken together the results presented 

herein highlight the potential benefit of C-terminal proteolytic cleavage and further support an 

important pathogenic role for N-truncated Aβ species in AD pathophysiology. 

3.2 Introduction  
 

Alzheimer's disease (AD), the most common form of dementia in the world, is a 

progressive neurodegenerative disorder neuropathologically characterized by the presence of 

extracellular parenchymal and vascular Aβ amyloid deposits as well as intracellular neurofibrillary 
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tangles composed of hyperphosphorylated versions of tau, a microtubule accessory protein. 

Parenchymal amyloid lesions adopt different morphological characteristics presenting as dense 

core neuritic plaques or diffuse deposits [119]. Irrespective of their dissimilar morphology, both 

lesions are populated by relatively short Aβ peptides cleaved from the much larger membrane 

spanning amyloid precursor protein (APP) [120]. Whereas compact plaques and vascular deposits 

are rich in β-sheet structures responsible for their characteristic green birefringence under 

polarized light after Congo red staining, and exhibit fibrillar appearance under electron 

microscopy (EM), diffuse plaques are non-fibrillar and Congo red negative, likely representing 

early phases in the development of compact plaques [121]. Multiple lines of investigation 

implicate amyloid peptides in the pathogenesis of Alzheimer's disease. Individuals with Down's 

syndrome – trisomy 21 harbor similar lesions and develop early AD-like pathology, typically by 

middle age [121]. Furthermore, familial mutations in the APP gene in the long arm of 

chromosome 21 are associated with early onset hereditary forms of AD. In addition, animal 

models overexpressing human APP or transgenic for familial APP mutations exhibit progressive 

AD-like Aβ amyloid pathology associated with cognitive deficits [120]. Amyloid peptides are 

known to be produced by the sequential processing of APP through the action of β- and γ-

secretases which result in the generation of Aβ peptides starting at the aspartate residue at 

position 1 and ending at amino acids 38/ 40 / 42 [122]. Although, Aβ1–40 and Aβ1–42 have been 

the most frequently studied species, a wide variety of post-translational modifications – including 

isomerization and racemization of aspartate residues, cyclization of N- terminal glutamate, and 

oxidation of methionine, among others – have also been documented.  



71 
 

The post translationally modified peptides also include different N- and C-terminally10 

truncated Aβ species that have been identified in animal models and AD patients [123] [124] .and 

are likely generated by a number of Aβ-degrading enzymes among them neprilysin, insulin 

degrading- and endothelin converting enzymes, plasmin and matrix metalloproteases [125] 

[126]. In this sense, biochemical and mass spectrometry analyses have revealed the presence of 

a variety of C- terminally truncated Aβ species in human brain interstitial fluid (ISF) and 

cerebrospinal fluid (CSF), among them Aβ1–16, Aβ1–30, Aβ1–34, and Aβ1–37 [127] [128] [129] [130]. 

likely representing the proteolytic action of local resident enzymes. Similarly, an assortment of 

Aβ peptides truncated at the N-terminus have been reported, among them Aβ2–42, Aβ3–42, AβpE3-

42, Aβ4–42, Aβ9–42, and Aβ17–42 [131]. Aβ truncations severely alter the biophysical properties of the 

molecule. While C-terminal cleavage of Aβ generates peptides that are soluble and normal 

components of body fluids, N-terminal truncated forms, due to their propensity for adopting β-

sheet conformations, are prone to self-aggregation, are poorly soluble, and typically exhibit 

exacerbated cytotoxicity [119][131] [132]. One of the most relevant N-terminal truncated forms, 

Aβ4–42 was first reported over three decades ago [121]. This peptide, preferentially found in dense 

core plaques and cerebrovascular deposits in AD cases and transgenic animal models [119][121] 

[133], is also highly prevalent in patients with trisomy-21, and vascular dementia [134]. Recent 

studies indicate that the N-terminal truncation at Phe4 of Aβ results in greater hydrophobicity 

and higher β-sheet content of the molecule compared to Aβ1–42 leading to an augmented ability 

to oligomerize [119]. These biophysical properties of Aβ4-x forms contrast with those of C-

terminally cleaved Aβ species, generally found in aqueous-based biological fluids, which typically 

exhibit higher solubility and less aggregation propensity than the parent full-length peptides. 
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Mounting evidence indicate a critical role of the lipid microenvironment in the molecular 

pathways affecting amyloid aggregation. In this sense, the composition of the different cellular 

membranes including the type of lipid molecules and cholesterol content [135] [136] are known 

to play important roles in the oligomerization and aggregation fates of amyloid peptides. 

Particularly, the presence of GM1 gangliosides has been shown to increase amyloid aggregation 

by forming ganglioside-peptide complexes with capacity to act as amyloid seeds [137] [138]. 

Recent NMR based studies have also explored geometric factors such as bilayer thickness in 

modulating binding affinity of Aβ1–40 with the membrane and propensity of oligomerization by 

folding into an intermediate, partially folded helical filament, which maybe a crucial step in the 

aggregation cascade [139] [140]. Notably, in-vitro NMR studies of Aβ1–40 with lipid nanodiscs have 

reported an inhibition of fibrillation as a consequence of the trapping of aggregation 

intermediates, indicative of a potential use for future therapeutic avenues [141] [142].  

In spite of extensive studies focusing on Aβ, the relevance of the N- and C-terminal 

truncated species for AD pathogenesis as well as their contribution to the complex cellular 

mechanisms affected during the disease remain largely understudied. Among the most relevant 

pathogenic pathways under investigation, the insertion of channel structures in cellular and 

intracellular membranes, a two-step insertion mechanism, is certain to cause alterations in 

membrane potential and leakage of critical cellular ions such as calcium and potassium, 

ultimately damaging cellular homeostasis and survival [68] [143] [144] [145]. The present work 

examines the ability of Aβ4–42 to form ion channels in lipid membranes using both 

electrophysiology and AFM approaches, further demonstrating that additional C-terminal 

truncation of Phe4 starting peptides results in highly unstable pore structures. Overall, the 
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current studies provide insight into the detrimental pathogenic mechanisms of N-terminally 

truncated Aβ proteoforms, contribute to a more comprehensive understanding of the three 

dimensional structure of Aβ aggregates – both in solution and in the membrane environment– 

and expand existing knowledge on the significance of Aβ heterogeneity for disease 

pathophysiology. All these features provide new and unique ways to design and develop 

therapeutic molecules targeting the aggregation and oligomerization pathways and/or blocking 

channel activity [101] [146]. 

3.3 Materials and methods  
 

Aβ peptides: synthesis and structural changes Peptides Aβ4–42 

(FRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA) and Aβ4–34 

(FRHDSGYEVHHQKLVFFAEDVGSNKGAIIGL) were synthesized at ERI Amyloid Laboratory (Oxford, 

CT) using N-tert-butyloxycarbonyl chemistry. Peptides were purified by reverse phase high 

performance liquid chromatography using a Vydac C4 column (Western Analytical, Murrieta, CA). 

Molecular masses and purity of the synthetic peptides were corroborated by matrix assisted laser 

desorption ionization time of flight (MALDI-TOF) mass spectrometry, as previously reported 

[147]. Monodisperse amyloid subunit of both peptides were obtained by dissolving 1 mg/ml of 

peptides in 1,1,1,3,3,3, hexafluoroisopropanol (HFIP; Sigma Chemical Co., St. Louis, MO) and 

subsequent incubation for 4 days, which breaks down β-sheet structures and disrupts 

hydrophobic forces, promoting the formation of stable α-helical secondary structures [148] [149] 

[150]. HFIP-pretreated peptides were lyophilized and maintained frozen at -80 °C, storage 

conditions that in our hands preserved the same unaggregated structures for up to 1 month, as 
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verified by the predominance of monomeric components in Western blots and negligible 

fluorescence signal after thioflavin T binding.  

3.3.1 Atomic force microscopy: sample preparation and imaging conditions  
 

Proteoliposome preparation has been included in supplementary information. For AFM 

sample preparation, 10-20 μl of sonicated proteoliposome solution was added to a freshly 

cleaved muscovite mica disk and further diluted to 50 μl by adding HEPES/ KCl/MgCl2 buffer. The 

solution was incubated for 10–15 min at room temperature on the mica disk, washed thrice, and 

rehydrated to 50ul using imaging buffer (HEPES, pH 7.4). A Bruker Multimode equipped with 

Nanoscope V controller, EV scanner and fluid cell was used for all AFM imaging studies (Bruker, 

Santa Barbara, CA). Bruker SNL-20 (silicon nitride cantilever, Al coated, k = 0.08 N/m, fr ~ 8 kHz 

in buffer or 0.24 N/m, fr ~ 32 kHz in buffer) or Mikromasch XNC12 (silicon nitride tip, Au coated, 

k = 0.08 N/m, fr ~ 7 kHz in buffer) were used (Mikromasch, USA). Contact and Tapping (according 

to convenience and imaging stability) mode imaging was performed in 10 mM HEPES at scan 

rates of 1–2 Hz. Scanning was usually started with a larger scan size (10 μm × 10 μm) and then 

gradually reduced to smaller sizes depending upon area of interest (1 μm×1 μm, 500 nm × 500 

nm etc.). Setpoint voltage and feedback gains were optimized, and height and phase images 

collected. The resulting images were processed with the Nanoscope Analysis 1.9 software 

provided by Bruker. The height images were first flattened (0th, 1st or 2nd order) and section 

analysis feature was used to extract cross sections of different regions feature heights. 
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3.3.2 Electrophysiology  
 

POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine), and POPG (1-palmitoyl-

2-oleoyl-sn-glycero-3-phospho1′-rac-glycerol), purchased from Avanti Polar Lipids and stored at 

−20 °C, were dissolved in n-heptane to a final concentration of 1.5%. Aβ peptides were 

reconstituted in deionized water to the concentrations illustrated in Figure 3.4 whereas anti-Aβ4-

x monoclonal antibody 18H61 was diluted to the desired concentration in deionized water and 

stored at −20 °C. Phospholipid bilayer membranes were prepared as previously described [151]. 

Briefly, bilayer membranes were prepared by placing a bubble of lipid dissolved in solvent onto 

the end of the Teflon tube of approximately 300 μm in diameter. The chamber design allows 

rapid introduction of solution into immediate proximity with the membrane in a volume of 50 μl. 

One percent agar salt bridges with 1 M KCl were used to connect the Ag/AgCl electrodes (E-207, 

Warner Instruments) to the solutions. Voltage clamp conditions were employed in all 

experiments. The side where peptides were added (cis side) was taken as ground. All voltages 

given in Figure 3.4 refer to the voltage of the trans side. Current was recorded with an “Axopatch 

C1” amplifier and stored by “DataTrax” system for later analysis. Membrane capacitance and 

resistance were monitored regularly to ensure the integrity of the membranes. 

3.4 Results  
3.4.1 Structural properties of Aβ4–42 and Aβ4–34 truncated peptides: Figure 3.1A 

illustrates the purity of the synthetic peptides used in our studies. In each case, MALDI-TOF 

analysis revealed the presence of a single component with a m/z value well within the range of 

the expected theoretical mass. The structural changes of the Aβ4–42 and Aβ4–34 synthetic 

homologues, pretreated, solubilized, and aggregated as described in Methods, was analyzed by 
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CD spectroscopy, thioflavin T-binding, and electron microscopy analysis over a time-lapse of 2 h. 

Consistent with previous findings [119], the highly fibrillogenic Aβ4–42 (Figure 3.1, B), showed 

upon 2 hr incubation under physiological salt concentrations, a CD spectrum with a typical 

minimum at 218 nm, indicative of β-sheet secondary structures. In contrast, Aβ4–34, bearing an 

additional C-terminal truncation display a primarily random conformation in the experimental 

timeframe. Thioflavin T binding, largely associated with the presence of cross β-sheet structures 

and typically correlating with the existence of fibrillar and/or protofibrillar components [152], 

also varied between both peptides. In accordance with its tendency to form β-sheet structures, 

Aβ4–42 exhibited much higher fluorescence values than the freshly solubilized peptide after 2 h 

incubation (Figure 3.1, C). Further C-terminal truncation at position 34 completely abolished the 

fluorescence signal, in agreement with the absence of changes in the CD profile. Figure 3.1, D and 

E, illustrates the characteristics of the Aβ4-x truncated species visualized by EM after uranyl 

acetate negative staining. The formation of oligomeric structures defined as elements of b100 

nm in length with longer assemblies classified as protofibrils was evident for the 2 h incubated 

Aβ4–42 (Figure 3.1, D). The C-terminally truncated Aβ4–34, displayed a lower capacity to form 

oligomeric species within the same time frame (Figure 3.1, E). The above data clearly indicates 

that the N-terminal truncation at position 4 induces formation of high β-sheet content elements 

and concomitant generation of oligomeric assemblies, all characteristics associated with pro-

amyloidogenic properties. In contrast, the additional C-terminal truncation at position 34 leads 

to the generation of peptides less prone to oligomerization, suggestive of molecules with more 

accelerated clearance potential, in agreement with the reported tissue retrieval of C-terminally 

cleaved derivatives in water-based buffers and their presence in biological fluids [119]. 
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Figure 3.1 - Biophysical and structural analysis of Aβ4–42 and Aβ4–34 truncated peptides. The purity of the peptides 
was assessed via MALDI-TOF (A) performed in a Bruker Daltonics Autoflex MALDI-TOF mass spectrometer (Bremen, 
Germany) in linear mode using standard instrument settings at the New York University Mass Spectrometry Core for 
Neuroscience. External calibration was performed using human adrenocorticotropic hormone peptide 18–39 
(average mass = 2465.68 Da) and insulin (average mass = 5733.49 Da). In all cases MS spectra were processed and 
analyzed by FlexAnalysis (Bruker Daltonics). The different Aβ homologues, pre-treated in HFIP and reconstituted in 
physiologic salt concentration containing buffer, were incubated at 37 °C for up to 2 hours. (B) CD spectra of Aβ4–
42 (red line) and Aβ4–34 (black line) incubated 2 h under physiological salt concentrations. Graph is representative 
of three independent experiments; (C) Fluorescence evaluation of Thioflavin T binding to the respective synthetic 
homologues (50 μM) either freshly reconstituted (open bars) or after 2 h incubation (patterned bars). Results are 
expressed in arbitrary units (A.U.) and represent the mean ± SEM of three independent experiments after 
subtraction of blank levels. (D) Structural assessment of Aβ4–42 2 h oligomerization visualized by EM after negative 
staining. (E) EM analysis of Aβ4–34 oligomerization after 2 h incubation. In both (D) and (E), bar represents 100 nm. 
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3.4.2 Aβ4–42 and Aβ4–34 show pore-like structures in lipid bilayer - AFM images of 

different concentrations of freshly prepared Aβ4–42 and Aβ4–34 (outlined in methods) on mica 

showed densely populated clusters of different diameter distributions; ~5 nm for smaller 

oligomeric structures, ~5 nm–20 nm for intermediate aggregates and > 20 nm for larger irregular 

aggregates (Figure 3.2, A and B). Significantly, Aβ4–34 formed oligomers at a higher propensity 

(Figure 3.2, B), and the peptides were closely packed compared to Aβ4–42 (Figure 3.2, A). This is 

consistent with the difference in the number of membrane-spanning amino acids (8 amino acids 

for Aβ4–34 vs 16 amino acids for Aβ4–42). In general, the size of the globular Aβ4–42 (Figure 3.2, A) 

was larger than the size of the globular Aβ4–34 (Figure 3.2, B). AFM images of Aβ4–42 and Aβ4–34 

when reconstituted in a DOPC bilayer show multiple different forms of oligomeric species of 

different  

     

Figure 03.2 - AFM images (height and amplitude error) of Aβ4–42 and Aβ4–34 interaction with DOPC bilayer. A) Aβ4–
42 and B) Aβ4–34 incubated on plane mica surface show distribution of monomers and oligomers. The white 
horizontal line depicts a section through the scanned area whose corresponding profile is shown below the image 
(A: scan size = 1.4um, height scale = 1.9 nm; B: scan size = 1.4um, height scale = 3.2 nm). 
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sizes present in the bilayer membrane as well as some clustered together around membrane 

edges and defects (Figure 3.3, A for Aβ4–42 and 3.3, B for Aβ4–34). At a lower molar ratio (1:1000) 

of Aβ4–42:DOPC, much lesser membrane disruption was observed, and oligomeric species were 

easier to detect and differentiate from DOPC bilayer over the mica substrate. High resolution 

AFM images of Aβ4–42 oligomers interacting with DOPC membrane reveal annular pore-like 

structures with outer diameter 12–16 nm (±2.3 nm, accounting for tip convolution) with a central 

dip, indicative of a peptide pore in the membrane. These are very similar to AβpE3–42 porelike 

structures reported previously [153] [154] (Figure 3.3, C and inset attached with C). Similar  

                    

Figure 3.3 - AFM images of amyloid beta ion channels when reconstituted in lipid bilayer.A) Aβ4–42 reconstituted 
DOPC bilayer showing clusters of protein distributed (scan size = 3.5um, height scale = 9.5 nm). B) Aβ4–34 
reconstituted DOPC bilayer showing clusters of protein distributed (scan size = 1.2um, height scale = 5.6 nm). C.) 
Aβ4–42 reconstituted DOPC bilayer at low peptide concentration (1:1000) shows intact bilayer with oligomeric 
peptides (blue dotted circles) in pore-like morphology. The inset in C) shows the pore-like structure in isometric view 
(scan sizes – 1 μm, inset scan size 50 nm, height scale 2.3 nm). D) Amplitude error (which is proportional to the 
feedback signal and very sensitive to height changes on the surface) image of Aβ4–34 reconstituted DOPC bilayer at 
low peptide concentration (1:1000) shows intact bilayer with oligomeric peptides (black dotted circles) in pore-like 
morphology. The inset in D) shows the porelike structure in isometric view. (scan sizes = 650 nm, inset scan size = 60 
nm; height scale = 4.6 mV). 
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structural clusters of diameter 14–18.5 nm with a pore-like morphology are observed for Aβ4–34 

reconstituted with DOPC bilayer, although a clear dip in the pore structure was not resolvable 

(Figure 3.3, D and inset attached with D). The height protrusion of these pore-like structures 

above the DOPC planar surface is found to be about 0.9 ~ 1.2 nm. These pore-like structures were 

found to be distributed throughout the sample with varying spatial and number density. 

3.4.3 Aβ4–42 forms a stable and long-lived ion channel in lipid bilayer: Figure 3.4A shows 

the results of an experiment where Aβ4–42 was added to the aqueous phase bordering a 

phospholipid membrane. The horizontal traces represent current passing through the membrane 

as a function of time under voltage clamp conditions. The current was extremely close to zero 

prior to the addition of peptide. After the addition of peptide (first arrow), there is a lag phase, 

and then the current begins to rise in a stepwise manner ultimately resulting in a large (negative) 

and stable current through the membrane representing the insertion of multiple ion channels in 

the membrane. The current increase is represented by a downward deflection of the current 

trace, indicating that the current is in the negative direction, as a negative voltage was applied to 

the membrane. When the voltage is reversed to a positive voltage, the current direction reverses, 

but is approximately equal in magnitude, indicating the channels do not turn on or off with 

voltage. These channels appear to have significant stability over time and relatively long lifetimes 

comparable to those exhibited by Aβ1–42 [155]. At the point indicated by the second arrow, zinc 

chloride was added to the solution. A short time later the magnitude of the negative current was 

reduced by the addition of zinc, similar to the previous findings of zinc blockade of Aβ1–42 [156].  



81 
 

3.4.4 Aβ4–34 forms unstable and short-lived ion channels - Figure 3.4B shows the results 

of a lipid bilayer experiment where peptide Aβ4–34 was added to the solution bathing the 

membrane on one side. In the initial phase of the experiment the current passing through the 

membrane is close to zero reflecting the very low permeability to ions of the unmodified 

phospholipid  

                  

Figure 3.4 - Lipid bilayer membrane conductivity initiated by truncated Aβ peptides. A) Conductivity initiated by Aβ4–
42 peptide. B) Conductivity initiated by Aβ4–34 peptide. C) Aβ4–42 conductivity inhibition by monoclonal antibody 
18H6. In all cases: chamber solution contains 100 mM NaCl, 20 mM Tris-Citrate buffer pH 7.4. Membrane formed 
from POPE/POPG 2:1 w/w, final concentration of lipids 1.5% in n-heptane. Top lines represent transmembrane 
currents; bottom lines, holding potential. 
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membrane. After the addition of Aβ4–34, there is a lag phase followed by the appearance of 

spontaneous fluctuations in the current. These fluctuations represent the insertion and opening 

of ion channels in the membrane. These channels appear to have very poor stability and short 

lifetimes (~1 sec). The channels flicker rapidly open and closed, and do not exhibit the more 

typical stability of full length Aβ peptides (1–40 and 1–42) [157]. 

3.4.5 Monoclonal 18H6, specific to the N-terminal truncation at Aβ Phe4, blocks activity of Aβ4–

42 ion channels - Figure 3.4, C shows an experiment where Aβ4–42 was added to the solution 

bounding the membrane. After a lag there is a significant increase in the membrane current 

represented by a downward deflection as the voltage at that time across the membrane was a 

negative voltage therefore resulting in a negative or downward current. Monoclonal antibody 

18H6, specific for N-terminal truncated peptides, was added to the solution bounding the 

membrane (arrow). This resulted in a rapid reduction of the magnitude of the negative current 

indicating partial blockade of the channel by the antibody. This suggests not only that the current 

induced in the membrane was specific to Aβ4–42, but also that the N-terminal epitope that 

recognized the antibody was still accessible to the side of the membrane to which the peptide 

was added. That is, Aβ4–42 is oriented in the membrane with its N-terminus facing the side to 

which it has been added. 

3.5 Discussion  
 

N-terminally truncated peptide Aβ4–42, a major fibrillar component of parenchymal 

plaques and vascular deposits, has a high tendency to adopt β-sheet conformations and lead to 

the rapid formation of oligomeric assemblies, structures that are considered today the most 
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pathogenic amyloid species associated with the development and progression of AD. Indeed, 

previous work indicates that this truncated form exhibits even higher 

aggregation/oligomerization tendency than the parent full-length Aβ1–42 molecule itself and is an 

invariable component of the plaque cores [119][121]. Also consistent with previous reports 

demonstrating the protective effect of C-terminal cleavages for Aβ oligomerization and toxicity, 

Aβ4–34 lacking the C-terminal portion of Aβ4–42 exhibits a random-coil conformation and very little 

oligomerization propensity in the current experimental timeframe. The results presented herein 

clearly indicate that both Aβ4–42 and Aβ4–34 can differentially form ion permeable channels in 

phospholipid bilayer membranes. The results are not totally surprising given previous reports of 

channel formation by peptides containing the full length Aβ1–42 sequence [158] [159] or its N-

terminal truncated species AβpE3-42 38 and Aβ17–42 [160] [161] as well as smaller fragments such 

as Aβ25–35  [162], [163] all of which are capable of forming ion permeable channels, albeit with 

varying electrophysiological characteristics. What is striking about the results presented here is 

the marked difference in physiologic properties between the two ion channels tested. Aβ4–42 

exhibits channels that appear quite stable in the timeframe of our experiments with lifetimes 

lasting many seconds to minutes. The conductance induced by these channels is quite large and 

stable over the time course of our experiments. The conductance also appears to be independent 

of voltage which is a typical characteristic of full length Aβ1–42 and Aβ1–40 [164][62]. Moreover, 

Aβ4–42 is blocked by zinc added from the same side as the peptide, sharing this property with Aβ1–

42 [164]. In contrast Aβ4–34 forms channels that appear to be unstable during the time course of 

our experiments and rapidly flicker open and shut. This instability is consistent with the less 

hydrophobic nature of the C-terminal truncated peptide Aβ4–34. It seems to be less comfortable 
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in the hydrophobic environment of the membrane and less stable, therefore. Because the 

insertion of small numbers of ion channels in a planar lipid bilayer membrane is an inherently 

variable process, we cannot make firm conclusions about the relative channel forming activity of 

both peptides from the present data. Many factors including lipid and ionic composition, 

temperature, and molecular crowding, among others, can affect channel activity. Still, the 

contrast between the two Aβ variants examined here is striking. This physiologic evidence is 

consistent with the AFM images presented here in which Aβ4–42 clearly shows multimeric 

aggregates in the membrane, clustered around a central pore implying that the receptor site in 

the pore for zinc is similar in both peptides. Notably, the Aβ4–42 channel activity can be specifically 

blocked by the antibody 18H6 which is specific for Aβ peptides N-truncated at position 4. This 

demonstrates that the N-terminus of this peptide is clearly accessible to the aqueous solution 

surrounding the membrane on the side that the peptide was added to, providing valuable 

information about the orientation of the Aβ N- terminus in the functional channel structure. This 

finding will be extremely useful for further molecular modeling of potential ion channel 

structures in the lipid membrane. The results presented here give further weight to the idea that 

N-terminal truncated peptides that are more prone to aggregation and more toxic to neurons 

than comparable full length Aβ species may play a key role in the pathogenesis of Alzheimer's 

disease. This idea may be critical in the formulation of therapeutic approaches to inhibiting or 

reducing amyloid deposition in the brain using antibodies or small molecule inhibitors targeted 

toward N- terminal truncated peptides. We have previously reported on the channels formed by 

Aβ9–42 and Aβ17–42 [160][161]. These N-terminally truncated peptides do not form amyloid, but 

are toxic to neurons, allow calcium ions to enter cells, and do aggregate in the presence of 
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membranes, forming ion channels. These features are all inhibited by millimolar zinc ion, 

indicating that calcium entry and neurotoxicity directly result from ion channel formation, leading 

us to propose this pathway as an alternative mechanism for AD. Similarly, we have also studied 

the structure and biological activity of AβpE3–42, an N-terminal truncated amyloid peptide where 

after the loss of the first 2 amino acids, the third position glutamate is converted to 

pyroglutamate via intramolecular dehydration by the enzyme glutamyl cyclase, creating a lactam 

ring. While glutamate is a charged polar group and typically seeks an aqueous environment, the 

pyroglutamate is more nonpolar and seeks the hydrophobic environment of the membrane. 

Pyroglutamate-modified Aβ represents a dominant fraction of Aβ oligomers found in AD brains, 

while control brains show much lower concentrations of pE Aβ [165]. Plaques formed with pE Aβ 

appear earlier in the course of the AD-like illness due to trisomy 21 (Down's syndrome) and 

transgenic AβpE3–42 mice develop an earlier and more severe illness than those with Aβ1–42[165]. 

Lipid bilayer experiments showed that AβpE3–42 formed channels more rapidly and exhibited a 

larger fraction of high conductance (100–200 picoSiemens) channels compared to Aβ1–42[154]. 

The precise mechanisms leading to the development and progression of AD are complex and 

multifactorial involving crosstalk among different cellular pathways. Over the years, different 

lines of investigation have provided support for a central role of Aβ in the disease pathogenesis 

[166]. It is now clear that the conformational transition from soluble to fibrillar material is a highly 

complex process modulated by a variety of factors, among them the presence of post 

translational modifications in the Aβ molecule including N- and C-terminal truncations as studied 

in the current work. The interlinked cellular pathways compromised by Aβ – many of them shared 

by those elicited by non-Aβ oligomeric conformations associated with other forms of cerebral 
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amyloidosis[148][152], – are currently under active investigation. Among the most studied 

pathways, induction of apoptotic/cell death mechanisms, oxidative stress, 

metabolic/mitochondrial dysfunction, and the ability of amyloid subunits to assemble into 

functional ion channel-like structures in lipidic environments are the most relevant [167] [168]. 

Insertion of channel structures in cellular and intracellular membranes has the potential to alter 

homeostasis and metabolism since cells depend on intact membrane structures for a wide variety 

of functions. Beta sheet conformers are well-suited to forming pore-like structures in a 

hydrophobic environment which may account for their widespread presence in three-

dimensional amyloid and non-amyloid pores. Cells depend on intact membrane structures for a 

wider variety of cellular functions. Non-specific ion channels, such as those described by us and 

other laboratories, insert leakage pathways into membranes that interfere with their biological 

function causing dissipation of membrane potential and leakage of critical calcium and potassium 

ions [144]. Ultimately, cells are forced to work harder and use up their energy stores. Ion channel 

formation and its potential modulation carry vast potential for the development of novel 

therapeutic strategies. Indeed, in spite of extensive research efforts, disease-modifying therapies 

that may prevent or slow the rate of AD progression are still lacking. While biochemical, genetic, 

and longitudinal imaging analyses provide strong support to the role of Aβ aggregation in 

initiating disease pathogenesis, the clinical trials conducted so far have not panned out. Current 

consensus in the research community indicates that Aβ-modifying therapies are not beneficial 

for symptomatic patients and those in the late stage of disease when Aβ fibrillogenesis and brain 

deposition is extensive [169]. Targeting ion channel formation and its deleterious effects on 

cellular function either independently or as part of future combinatorial therapies is certainly a 
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promising alternative to address the crosstalk mechanistic paths involved in the disease. A better 

understanding of the relevance of Aβ4–42 and other N-terminal truncated fragments will certainly 

provide insight into the role of Aβ heterogeneity in the complex mechanisms of Alzheimer's 

pathophysiology and open new avenues for translational opportunities. 

3.6 Conclusion 
 

In chapter 3, we show that N-terminally truncated Aβ4–42 is uniquely capable of forming 

stable ion channels in lipid bilayers compared to C-terminally truncated  Aβ4–34 which forms 

unstable, short lived ion channels. Combination of CD spectroscopy, fibrillation kinetics assay, 

EM and AFM imaging and voltage clamp electrophysiology studies offer viewpoints of 

understanding pathological agents and mechanisms involved in the progression of AD pathology.  

 Chapter 3, in part, is a reprint of the material as it appears in Karkisaval A.G.; Rostagno A; 

Azimov R; Ban D.K; Ghiso J; Kagan B.L; and Lal.R. Ion channel formation by N-terminally truncated 

Aβ (4–42): relevance for the pathogenesis of Alzheimer’s disease. Nanomedicine: 

Nanotechnology, Biology and Medicine, 2020;29:102235. The article has been reprinted with 

permission from Elsevier Inc. The dissertation author was the primary author of this paper. 
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Chapter 4  
 

Channel forming activities and structural features of unmodified and 

pyroglutamylated Aβ peptides in lipid membranes. 
 

4.1 Abstract 
 

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder characterized by 

dementia, cognitive decline, and neuronal death. The amyloid β (Aβ) peptide forms soluble 

oligomers, which play a key role in the etiology of AD. N-terminal truncation and 

pyroglutamylation of Aβ significantly affects its biophysical/biochemical properties and enhances 

cytotoxicity. One of the mechanisms of  neurotoxicity of Aβ is membrane destabilization or pore 

formation and dysregulation of cellular ionic homeostasis. Here, the structural features and ion-

conducting channel formation in lipid bilayers by four Aβ variants (Aβ1–42, Aβ1–40, AβpE3–42, AβpE3–

40) are reported. Voltage clamp bilayer electrophysiology studies indicate that all variants except 

Aβ1–40 exhibit stable ion channel activity in 

phosphatidylcholine/phosphatidylglycerol/cholesterol bilayers with distinct conductance 

behaviors. Aβ1–42 and AβpE3–42 show majorly step-like conductance changes with well-defined 

open-close states whereas AβpE3–40 show high-frequency burst-like activity with multi-state 

conductance. Aβ1–40 exhibits infrequent burst-like activity. Structural data from infrared 

spectroscopy identify significant β-sheet content for the peptides in lipid membranes. In all cases, 

the channel activity could be blocked by Zn2+ ions to varying degrees. Overall, these results 

suggest that pyroglutamylated variants of Aβ, like unmodified Aβ, are capable of forming ion 

channels in cell membranes. Characterization of the molecular structure and ion channel 
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formation activities of the most abundant and toxic Aβ species may help in rational drug design 

for AD. 

 

4.2 Introduction 
 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that leads to 

dementia, cognitive decline, synaptic loss and neuronal death. The disease affects elderly 

individuals above the age of 65 and has turned out to be a major stressor on healthcare systems 

all over the world. Even though a large body of research has been dedicated to understanding 

the causal mechanisms and progression of Alzheimer’s pathology, a definitive cure or treatment 

modalities have not been found. The main hallmark of the disease is the presence of extracellular 

lesion like deposits called amyloid plaques and intracellular aggregates called neurofibrillary 

tangles (NFTs) [6]. At the core of these extracellular plaques lies aggregates of a protein called 

Amyloid-β (Aβ), which is formed by the proteolytic cleavage of the amyloid precursor protein 

(APP) [36]. Aβ1-42, a partially transmembrane peptide comprised of 42 amino acids (also called 

full length Aβ), is implicated in the cascade of events leading to Alzheimer’s pathology. This has 

led to the proposal of the ‘amyloid hypothesis’, which argues that the aggregates of Aβ peptides 

are the main causative factors which trigger a cascade of events affecting different regions of the 

brain associated with cognitive tasks and thus causing a decline in the mental faculties of the 

individual [10][12]. The extracellular aggregates are comprised of highly ordered fibrillar 

assemblies of the Aβ peptide in conjunction with other extracellular material. Recent atomic 

resolution structural studies (ssNMR, cryoEM) of these fibrillar assemblies, in conjunction with 

in-vitro and ex-vivo studies have reached a consensus that small, soluble oligomeric form of the 
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Aβ (which maybe precursors to Aβ fibrillar assemblies) are the agents responsible for 

neurotoxicity [46][47][52]. Irrespective of the causal modality (oligomer induced vs fibrillar 

aggregate induced) the amyloid cascade hypothesis still offers plausible explanation on some 

aspects of the pathophysiology. 

 Although Aβ1-42 seems to be the major component of amyloid plaques, multiple studies 

have also found significant presence of Aβ1-40 (2 amino acids lesser in the C-terminus side 

compared to full length Aβ1-42), N-terminal truncated variants of Aβ1-42 (denoted by Aβ1-x) such as 

Aβ4-42 and pyroglutamylated AβpE1-x in histological examination of postmortem brain slices of 

patients with AD [170] [171] [172]. These studies have also posited that the presence of 

pyroglutamylated Aβ variants correlates strongly with neurotoxicity and their absence in age 

matched controls of individuals without AD further supports the notion of these variants being 

central to the toxicity cascade. Pyroglutamylated variants of Aβ are formed by enzyme mediated 

(by Meprin-β or DPP4) cleavage of full length Aβ (Aβ1-42 or Aβ1-40) between Ala-2 and Glu-3 

residues. DPP4 catalyzed by another enzyme glutaminyl cyclase (QC) leads the conversion of N-

terminal truncated Aβ peptides to their pyroglutamylated variants by intramolecular dehydration 

of the exposed glutamate residue in position 3 and subsequent post-translational conversion into 

a lactam ring [173]. These posttranslational modifications increase the stability and aggregation 

propensity of the pyroglutamylated variants. Due to their abundant presence in patients with AD, 

pyroglutamylated variants have emerged to be prime drug development targets for inhibition of 

aggregation [173]. Thus, it is important to understand the molecular properties of these peptides 

in a comparative framework with their full-length counterparts. In this study, we characterized 

the structural properties and functional behavior of four Aβ peptides – Aβ1-42, Aβ1-40 and their 
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pyroglutamylated variants AβpE3-42 and AβpE3-40. A combination of fluorescence spectroscopy, 

Circular dichroism spectroscopy (CD), Attenuated Total Reflection – Fourier Transform Infrared 

spectroscopy (ATR-FTIR) show that the pyroglutamylated variants and full length Aβ display 

relatively high β-sheet secondary structure content in POPC:POPG:Cholesterol bilayers which are 

characteristic structural features of amyloid peptides. Voltage clamp electrophysiological studies 

of these peptides reveal the propensities of these peptides to exhibit pore like/ion channel like 

function in these lipid bilayers, albeit with different signatures. Atomic force microscopy (AFM) 

imaging revealed the presence of pore like structures in lipid bilayers. These structural studies in 

combination with functional studies under homogenous circumstances can pave the way 

towards developing robust therapeutics to counter the cascade of AD. 

 

4.3 Materials and Methods 
 

POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine),  POPG(1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-(1'-rac-glycerol)) and cholesterol (stock solutions in Chloroform) were 

purchased from Avanti Polar Lipids(Alabaster, AL). Amyloid beta variants (Aβ1-42, pEAβ3-42, Aβ1-40, 

pEAβ3-40) were purchased from Innovagen(Sweden). HEPES buffer, PBS 1X buffer were purchased 

from Gibco.  

4.3.1 Lipid preparation: POPC, POPG and Cholesterol were aliquoted at 6:3:1 mol% into glass 

vials (total dry mass of lipids adding up to 1 mg). The glass vials were stored in vacuum to 

evaporate the chloroform while forming lipid cakes on the walls of the glass vials.  
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4.3.2 Peptide preparation - Lyophilized peptides were dissolved in 1% ammonium hydroxide, 

divided into aliquots and stored in -80C until further use. For all the experimental studies, the 

frozen aliquots were thawed in an ice bath and buffer solution was added to dilute the aliquots 

to the required concentration. For voltage clamp bilayer electrophysiology experiments, 10mM 

HEPES with 1M KCl buffer was used. For AFM and other experiments, 10mM HEPES with 300mM 

KCl buffer was used (also called as imaging buffer). All buffers were freshly prepared and filtered 

with 0.22uM PTFE filters before usage.  

4.3.3 Voltage Clamp Electrophysiology - Electrophysiological characterization of peptide activity 

in bilayer membranes were performed with voltage clamp experiments. The bilayers were 

formed in 250um diameter circular apertures (formed on Delrin cuvettes) using the lipid painting 

method [96]. Briefly, the dried lipids were dissolved in decane to final concentrations of 40-

50mg/ml. The lipid solution in decane was then painted on the apertures using a fine paint brush. 

The apertures were left to dry for about 4 hrs. After drying, the cuvettes were assembled in a 

conventional 2-well setup. Buffer solution was added slowly (1 ml in each side of the cuvette) 

and the bilayer was allowed to form for about 5-10 minutes. To induce optimal bilayer formation 

by thinning, a glass-blob terminated pasteur pipette was used to gently brush over the aperture. 

Spontaneous bilayer thinning and formation was monitored using real-time capacitance 

measurements. For all the experiments a 90pF capacitance was set as the minimum threshold to 

ensure optimal bilayer formation and stability. Generally, the capacitance of the bilayers formed 

varied between 100-180pF. The voltage clamp setup consisted of a high gain electrophysiology 

amplifier with a resistive feedback headstage (Warner Instruments BC-535) connected to a 

digitizer (Digidata 1440A) which in turn was connected to a workstation computer. All data were 
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recorded with a sampling frequency of 10kHz. An integrated 8-pole low pass Bessel filter was 

used to filter the data at 1kHz bandwidth. For further filtering and noise reduction, the data were 

also collected in parallel with another Bessel filter (Warner Instruments, LPF-8) at a cutoff 

frequency of 60Hz. For controlling and visualization of the signals in real-time, Clampex software 

was used (v10.6, Axon Instruments) and all the subsequent data analysis was carried out in 

Clampfit (v10.6, Axon Instruments, San Jose, CA). 

In a typical electrophysiology experiment, after the bilayer was formed in the aperture, 

the stability was tested using a combination of intermittent capacitance measurements and 

linear voltage ramp in the -150mV to +150mV range. After bilayer stability was ensured, 

solubilized peptide was added to one of the wells (trans side) at the required final concentration. 

In most cases electrophysiological activity was assessed at peptide final concentration of 100nM. 

After about 5 min of peptide addition, bilayer hold voltages were ramped in 50mV increments 

from -100mV to +100mV 

4.3.4 Electrophysiology data analysis – The recorded data files were transferred into the pClamp 

analysis environment, and a manual baseline correction was performed in conjunction with 

offset removal. For analysis and visualization of the electrophysiological activity of the peptides 

at each of the holding voltages, 120-180s snippets were selected, where the electrical activity 

was visually clear. Amplitude histograms of these snippets were generated to visualize the 

distribution of conductances.  
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4.3.5 Attenuated Total Internal Reflection-Fourier Transform Infrared Spectroscopy (ATR-

FTIR) 

A mixture of POPC, POPG, cholesterol dissolved in chloroform, and peptide dissolved in HFIP were 

combined in a vial at a peptide/total lipid molar ratio 1:50, spread onto a Ge plate, and dried via 

desiccation for 1 h to allow the peptide-lipid sample to make a multilayer on the Ge plate. Buffer 

was then injected and FTIR spectra were measured using plane-polarized infrared light, at parallel 

and perpendicular polarizations with respect to the plane of incidence (Figure a). These 

measurements have allowed determination of peptide structure and orientation in lipid 

membranes by peak-fitting of the amide I absorbance bands and from linear dichroism, 

respectively. 

4.3.6 Atomic Force Microscopy (AFM) Imaging – In order to probe the membrane organization 

and morphology of the 4 different peptides, we performed Atomic Force Microscopy Imaging. 

AFM imaging was performed on peptides directly incubated on mica and reconstituted in lipid 

bilayer. For AFM imaging on mica, the peptide stocks were diluted to 1uM final concentration, 

vortexed for 30s and ~20ul of 1uM peptide solution was added to a freshly cleaved mica disk. 

The sample was incubated at room temperature for ~10 minutes, washed 3x in an imaging buffer 

(10mM Hepes, 300mM KCl, pH 7.4) and imaged. For AFM imaging with lipids, dried lipids were 

hydrated with the imaging buffer containing 3mM CaCl2 at room temperature for about 20 

minutes. The hydrated lipid sample was then bath sonicated for 15 mins to form unilamellar 

vesicles. After formation of vesicles, the peptide was added to the vial at final concentration of 

1:1000 or 1:500 (molar ratio, peptide:lipid) and incubated for 10 minutes at room temperature. 

For better incorporation of peptides into vesicles, the incubated sample was briefly bath 

sonicated (60-75s). The sample consisting of proteoliposomes was then drop casted on freshly 
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cleaved mica surface and incubated for 20 minutes at room temperature, washed 3x in imaging 

buffer and the formed supported lipid bilayers were imaged in the same imaging buffer. 

All AFM imaging was performed on a Multimode AFM (Bruker) controlled by a Nanoscope V 

controller. All images were collected in PeakForce Tapping mode with SNL-10 cantilevers (Bruker) 

of spring constant in the range of 0.1-0.3N/m. Fresh cantilevers were used in every imaging 

session and among different peptides.  

AFM Data analysis – All collected images were analyzed using Nanoscope Analysis v1.5 software 

or the SPM analysis package Gwyddion. Briefly, images were line flattened and color scale 

adjusted. For generating particle height histograms, we used the ‘Particle Analysis’ feature in 

Nanoscope Analysis which categorizes particles based on height thresholding. 

4.3.7 CD and Fluorescence Spectroscopy: For CD and fluorescence experiments, the lyophilized 

lipids were dissolved in chloroform at 2.00 mM concentration and the peptides were dissolved 

in hexafluoroisopropanol (HFIP) at 200 µM concentration as stock solutions. Peptide samples 

were prepared by placing 50 µL of 200 µM peptide solution in HFIP in a glass vial, drying by 1-h 

desiccation, adding 500 µL of the buffer and vortexing for 5 minutes. To prepare the 

proteoliposomes, a mixture of 150 µL of 2 mM POPC, 75 µL of 2 mM POPG, 25 µL of 2 mM 

cholesterol, and 50 µL of 200 µM peptide were combined in a glass vial and desiccated for 1 hour. 

Then 500 µL of buffer was added and vortexed for 5 minutes, resulting in total lipid concentration 

of 1.00 mM at POPC:POPG:cholesterol molar ratio of 6:3:1 + 20 M peptide, corresponding 

to1:50 peptide-to-total lipid molar ratio. The buffer was either 25 mM NaCl + 25 mM Na,K-

phosphate (pH 7.2) or 25 mM NaCl + 25 mM Tris-HCl (pH 7.2). The buffer solutions were filtered 
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with 0.22 µm filter-syringes and were kept at 4°C. When needed, the peptide or proteoliposome 

samples were vortexed through 100 nm pore-size polycarbonate membranes (15 passages) using 

an Avanti Polar Lipids mini extruder.  

CD and fluorescence spectra were measured using a J-810 spectropolarimeter equipped with a 

fluorescence attachment and a temperature controller (Jasco, Tokyo, Japan) at 20°C and 37°C. 

Then scans were averaged for the CD spectra and 3 scans for the fluorescence spectra. 

4.4 Results 
 

4.4.1 Membrane Channel Forming Activities of the Peptides. Voltage clamp experiments have 

been conducted at selected hold voltages between +100 mV and -100 mV (the sign corresponds 

to the trans side, where the peptide was added). Current recordings for over 2 minutes at +50 

mV transmembrane voltage showed that at ~5 min following addition of Aβ1-42, the current 

reached a baseline level of ~40 pA, featuring stepwise transitions between discrete conductance 

levels (Figure 4.1A). The stability of the conductance pattern and the consistent amplitude of the 

transitions suggest that Aβ1-42 inserts into the membrane and forms ion-conducting channels that 

are able to switch between on/off states [59][108].  
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Figure 4.1 Voltage clamp current traces of Aβ1-42 (A), Aβ1-40 (B) AβpE3-42 (C) AβpE3-40 (D) at 50 mV membrane-hold 
potential. The dotted horizontal line indicates the zero current baseline level. Conductance histograms for Aβ1-42, 
Aβ1-40, AβpE3-42, and AβpE3-40 are shown in panels E, F, G, H, respectively, where the total counts/bin are expressed 
in log scale in the left y-axis (blue bars) and the cumulative counts (0-100%) per conductance level are indicated in 
the right y-axis (red line) 

 

A similar behavior of stepwise current fluctuations was observed for Aβ1-42 at other 

voltages, although in these traces the step-like pattern was superimposed with gradual changes 

of the total conductance level, possibly indicating the presence of a heterogeneous set of ion-

conducting structures such as assemblies of different oligomeric numbers (Figure 4.2). This is 

consistent with the histogram, which indicates a distribution of Aβ1-42-induced conductance in a 

range of values (Fig. 4.1E and Figure 4.2 D, E and F)  
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Figure 4.2 - Voltage clamp current recordings (A, B and C) and conductance histograms of Aβ1-42 at hold voltages of 
-50mV, +100mV and -100mV (D, E and F) respectively. 

 

 

Aβ1-40 displayed a different behavior; infrequent burst-like current spikes with <50 ms 

duration were detected that were superimposed on a zero current level (Fig. 4.1B). The 

amplitude, duration, and the frequency of current spikes were significantly higher at 100 mV and 

-100 mV applied voltages, more frequent at -100 mV than +100 mV, and their magnitude 

exceeded severalfold the current steps induced by Aβ1-42 (Figure 4.3). Non-zero macro current 

was not observed for this peptide. The conductance histogram of Aβ1-40 featured a peak around 

the zero level and a relatively wide range for conductance distribution (Figure 4.1F) without 

favoring any particular conductance level.  
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Figure 4.3 -  Voltage clamp current recordings (A, B and C) and conductance histograms of Aβ1-40 at hold voltages 
of -50mV, +100mV and -100mV (D, E and F) respectively. 

 

Membrane conductance induced by AβpE3-42 involved both stepwise and high frequency 

burst-like patterns (Figure 4.1 C; Figure 4.4). In addition, events of sudden jump between 

different macro conductance levels occurred, which might result from cooperative 

opening/closing of multiple channels (Figure 4.4) [154]. Some clear patterns of AβpE3-42 as 

compared to Aβ1-42 were the presence of constant macro conductance levels for long dwell time 

(~1 min) as well as shifts to zero current level, both of which could be overlayed with short bursts 

of current. This behavior is reflected in the histogram of these peptides, displaying a bimodal 

conductance distribution (Figure 4.1G, Figure 4.4).     
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Figure 4.4 - Voltage clamp current recordings (A, B and C) and conductance histograms of AβpE3-42 at hold voltages 
of -50 mV, +100 mV and -100 mV (D, E and F) respectively. 

 

AβpE3-40 also exhibited a combination of step-like and burst-like activities, with a higher 

frequency and conductance magnitude of burst-like events compared to Aβ1-40 and AβpE3-42 

(Figure 4.1D). The burst-like activities AβpE3-40 were continuous throughout the recording and 

showed similar behavior at all tested voltages. The conductance histogram of AβpE3-40 was spread 

over a range of values, with no clearly discernible peaks (Figure 4.1H, Figure 4.5). Even though 

clear step-like transitions in the conductance were observed for some holding voltages, rapid 

switching between sub-states of intermittent conductance were also observed.  The change in 

voltage did not influence the kinetic behavior of the channels, with the frequency of current 

transition events remaining approximately constant. 
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Figure 4.5 - Voltage clamp current recordings (A, B and C) and conductance histograms of AβpE3-40 at hold voltages 
of -50 mV, +100 mV and -100 mV (D, E and F) respectively. 

 

4.4.2 Single Channel Properties. More detailed analysis of current traces revealed the single 

channel properties. Aβ1-42 channels switched between closed and open states, designated Lc and 

Lo, respectively, with channel conductance of ~100 pS (Figure 4.6A). The open state dwell time 

varied in a wide range, from <100 ms to >1 s, indicating slow on/off kinetics. The other peptides 

displayed more than one open sub-state, designated Lo1, Lo2, etc. (Figure 4.6 B, C and D). Aβ1-40 

mostly exhibited burst-like activity, i.e. jumps from Lc to a short-lived Lo1 state (80-100 pS) and 
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back, although other states of larger conductance (~340 pS) are possible (Figure 4.6 B). Thus, Aβ1-

40 does not form stable channels with significant open state dwell time under these conditions.  

 

 

Figure 4.6 - Electrophysiological recordings of Aβ1-42 (A), Aβ1-40 (B), AβpE3-42 (C), and   AβpE3-40 (D) in shorter time 
scale to reveal the single channel conductance behaviors. Discrete conductance levels have been marked with 
notation Lc, i.e., closed state, and Lo1, Lo2, …, corresponding to multiple open state levels. These levels have been 
assigned to include the maximum number of points at a particular conductance level. In all cases except panel C 
(AβpE3-42), the hold voltage was +50 mV. For AβpE3-42, -50 mV was chosen as the step-like conductance activity was 
more distinguishable compared to the +50 mV trace. 

 

               AβpE3-42 showed regular switching between discrete states Lc and Lo2 (~300 pS) while also 

transitioning to a more seldom intermediate states Lo1 (~150 pS) (Figure 4.6C). This peptide 

showed relatively fast kinetics of transitions between states in the beginning of the trace 
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followed by periods of very long (> 1 s) open state dwell time, resembling the behavior of Aβ1-42. 

AβpE3-40 displayed a complex behavior, i.e., twitching between at least 4 open states (Lo1 through 

Lo4) with conductance values of approximately 200 pS, 400 pS, 640 pS and 1040 pS respectively 

(Figure 4.6D). In contrast to the remaining three peptides, AβpE3-40 showed continuously 

transitioning events with relatively fast kinetics.  

4.4.3 Channel Blocking by Zn2+ Ions. As many ion channels of biological importance are 

modulated by Zn2+ ions, which has high affinity for the side chains of certain amino acids (Asp, 

Glu, His, Cys). The direct modulatory activity of zinc toward ion channel activity and the ability of 

Zn2+ to block Aβ channels has been studied [59][65]. At +100 mV hold voltage, Aβ1-42 induced 

current of ~65 pA, followed by single channel activity (Figure 4.7A). After first addition of 10 mM 

ZnCl2, the single channel activity persisted for roughly 40 s, then ceased as the membrane 

switched to a lower macro conductance level. The current did not fully subside even after a 

second addition of 10 mM ZnCl2, although most of the flickering activity stopped. This data means 

that Zn2+ does exert an inhibitory effect on Aβ1-42 channels but a fraction of ion-conducting 

structures remain active, consistent with a heterogeneous assembly of Aβ1-42 molecules in the 

membrane. 

Aβ1-40 showed the characteristic burst-like activity, which ceased ~30 min after addition 

of 10 mM ZnCl2, followed by an unusual behavior of the current, i.e., appearance of long-lived 

current flickers (or closely spaced short bursts) in addition to infrequent single bursts. In the end 

of the trace, the current vanished, hence no more ZnCl2 was added (Figure 4.7B).  
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Figure 4.7 - Ion channel blocking activity by Zn2+ ions. Electrophysiological current traces of the peptides at +100 
mV hold potential (Aβ1-42 (A), Aβ1-40 (B), AβpE3-42 (C) and AβpE3-40 (D)) with 10 mM ZnCl2 added to the trans chamber. 
In all cases except for Aβ1-40 ZnCl2 was added twice, marked by arrows. 

 

AβpE3-42 showed jump to a macro conductance level via cooperative opening of multiple 

channels. The first addition of ZnCl2 drastically reduced the conductance from the initial macro 

conductance level which did not subside completely. Following a second addition of ZnCl2, the 

activity persisted for ~120 s and then stopped, reaching a level very close to the baseline (Figure 

4.7C).  AβpE3-40 showed continuous, high frequency burst-like activity (Figure 4.7D). The first 10 
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mM ZnCl2 addition reduced the amplitude of the spikes, but higher conductance resumed after 

~3 min. Approximately 4 min after second addition of ZnCl2, the current reached the zero level. 

 

4.4.4 Peptide Structure from Circular Dichroism (CD): Significant differences between the 

channel forming activities of the four Aβ peptides are likely associated with their distinct 

structural features and modes of interactions with lipid membranes. These characteristics were 

analyzed by biophysical methods. The secondary structure of the peptides without and with lipid 

vesicles was probed by far-UV CD. Because peptide samples with lipid vesicles were studied 

before and after extrusion through 100 nm pore-size filters to obtain unilamellar vesicles with 

defined size, lipid-free peptide sample were also studied before and after extrusion. Spectra of 

Aβ1-42 displayed a deep minimum at 217-218 nm irrespective of extrusion, indicating β-sheet 

structure [174] (Figure 4.8A). Extruded samples with lipid showed a weaker minimum at 216 nm 

and a shoulder around 209 nm, suggesting an α/β-type structure. (Unextruded samples with lipid 

generated spectra with excessive noise due to strong light scattering by vesicles and therefore 

are not shown.) Aβ1-40 generated minima around 217 and 199 nm before extrusion, implying β-

sheet and unordered structures (Figure 4.8D). A single minimum at 217 nm after extrusion with 

approximately same intensity suggests removal of the unordered fraction. In contrast to Aβ1-42, 

the presence of lipid caused formation of unordered, rather than a-helical, structure in Aβ1-40. 

Spectra of AβpE3-42 and AβpE3-40 showed weaker and red-shifted np* transitions (219-222 nm) 

before and after extrusion (Figure 4.8G, J). In lipid vesicles, spectra of these peptides exhibited 

an additional feature around 208 nm, indicating α-helix formation. 



106 
 

 

Figure 4.8 - CD and fluorescence spectra of Aβ1-42 (A, B, C), Aβ1-40 (D, E, F), AβpE3-42 (G, H, I), and AβpE3-40 (J, K, L). In 
CD spectra (upper row), blue and red lines correspond to the absence and presence of lipid vesicles, respectively (60 
mol % POPC, 30 mol % POPG, 10 mol % cholesterol). For fluorescence data, the middle row presents spectra in the 
absence of lipid and the lower row shows data in the presence of lipid vesicles. The excitation was at 210 nm (blue), 
220 nm (cyan), 230 nm (green), 240 nm (grey), and 275 nm (red). In all cases, dotted lines indicate that the samples 
have been extruded through 100 nm pore-size polycarbonate membranes. Peptide and total lipid (when present) 
concentrations were 20 mM and 1 mM, respectively, the buffer was 25 mM NaCl + 25 mM Na,K-phosphate, pH 7.2, 
and the temperature was 20oC. 

Thus, Aβ1-42 forms a well-defined β-sheet structure, followed by the pyroglutamylated 

peptides, while Aβ1-40 tends to be more unordered. In all cases except Aβ1-40, the presence of 

membranes appears to induce partial α-helical structure. Together with the channel data, these 

results indicate a correlation between β-sheet propensity and step-like channel forming potency 

of the peptides. 

In the near-UV region, the CD spectra displayed a negative band at 278-282 nm, which is 

the induced CD signal due to the S0→S1 (ground to first excited singlet state) transition in the 
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aromatic amino acid side chains [175]. This CD band did not depend on the presence of lipid. 

However, fluorescence spectroscopy revealed interesting structural features of the peptides, 

described in the next section. 

 

4.4.5 Structural Features from Fluorescence Spectroscopy. As described in Figure 4.9, excitation 

of Aβ1-42 at wavelength (lex) varying from 200 nm to 380 nm results in two effects, Rayleigh 

scattering at lex and fluorescence at two regions of lex, i.e. 220-230 nm and 260-280 nm, due to 

S0→S2 and S0→S1 transitions, respectively. Aβ1-42 produced strong fluorescence at 307-310 nm 

with lex varying between 210 nm and 275 nm before and after extrusion through 100 nm pore-

size filters (Figure 4.8B). Similar emission wavelengths following S0→S2 and S0→S1 excitations 

indicate S2→S1 internal conversion and emission from a low vibrational energy state of S1 in both 

cases. Aβ1-40 displayed weaker and blue-shifted fluorescence (301-307 nm), and the blue shift 

was stronger at shorter lex (Figure. 4.8E). These features suggest that Phe contributes to 

fluorescence more than in case of Aβ1-42 because Tyr of Aβ1-40 is exposed to and quenched by the 

buffer [176]. For the extruded samples of Aβ1-40, an interesting effect has been detected. At lex = 

230 nm, the emission band was split into peaks around 306 and 340 nm, and with lex = 240 nm 

the new, red-shifted component extended to larger wavelengths. The red-shifted component of 

Tyr emission can be rationalized in terms of a specific solvent effect, i.e., strong H-bonding of the 

phenolic OH group to a base such as HPO4
2- and, possibly, deprotonation. Extrusion rendered a 

large fraction of the Tyr of Aβ1-40 exposed to the buffer, resulting in red-shifted emission. The lack 

of such splitting in case of Aβ1-42 indicates this peptide forms a more compact, solvent-protected 

β-sheet structure before and after extrusion. 
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 Spectra of AβpE3-42 showed still weaker fluorescence, suggesting more quenching by the 

buffer (Figure. 4.8H). A stronger solvent exposure resulted in appearance of the red-shifted 

component around 340 nm (for lex = 220 nm and 230 nm) or 350 nm (for lex = 240 nm) in addition 

to the lower-wavelength component at 306-310 nm, and the effect was more pronounced for 

the extruded samples. AβpE3-40 generated one emission band at 300-308 nm before extrusion 

and split bands after extrusion, with a red-shifter component at 333-342 nm (Figure 4.8K). The 

absence of the red-shifted emission at lex = 275 nm indicates that the S0→S1 transition is less 

solvent-sensitive than the S0→S2 transition because their dipoles are oriented across and along 

the phenolic ring, respectively, the latter involving the polar hydroxyl group [176]. These data 

indicate that a) splitting of Tyr fluorescence can be used to assess solvent exposure, and hence 

the compactness of the tertiary fold, of proteins, b) fluorescence of solvent-exposed and 

protected fractions can be excited selectively, and c) the Tyr residue is most solvent-exposed in 

AβpE3-42 and most solvent-protected in Aβ1-42, the other two peptides showing intermediate 

solvent exposure of Tyr. 

The presence of lipid vesicles resulted in much stronger Rayleigh scattering (Figure. 4.8C, 

F, I, L). Fluorescence spectra of Aβ1-42 did not undergo splitting (Figure. 4.8C), as in the absence 

of lipid, indicating a compact tertiary fold. In the case of Aβ1-40, the emission was split at lex = 230 

nm and 240 nm both before and after extrusion (a red-shifted component at 330-344 nm in 

addition to one at 304-313 nm) (Figure 4.8F). This means a solvent-exposed Tyr of Aβ1-40 even in 

the presence of vesicles. The poor membrane insertion ability of Aβ1-40 is consistent with its less 

efficient channel forming activity, as discussed above. A solvent-accessible structure in the 

presence of lipid before and after extrusion was also exhibited by AβpE3-42, although in this case 
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the red-shifted component was less intense and was absent at lex = 220 nm (Figure. 4.8I), 

suggesting partial membrane insertion. Spectra of AβpE3-40 in the presence of lipid did not show 

splitting, especially for the extruded samples (Figure. 4.8L), implying a more efficient protection 

from the solvent by the membranes. The fluorescence of Aβ1-40, AβpE3-42, and AβpE3-40 with 

excitation at 275 nm was obscured by strong Rayleigh scattering; the feature around 344 nm is 

most likely the resonance-Raman scattering peak (Figure 4.8F, I, L). This underscores the 

usefulness of using a lower wavelength excitation as it not only clears the spectral window of Tyr 

emission but also reveals the degree of solvent exposure of the fluorophore. 

The intriguing effect of Tyr emission splitting raises the question whether the solvent 

effect is unique to a phosphate buffer. This question was addressed by experiments using Tris-

HCl buffer and no buffer at all. In Tris buffer, Aβ1-42 produced a single emission band at 306-313 

nm with lex = 220-275 nm, before and after extrusion (Figure. 4.10A). Spectra of extruded Aβ1-40 

displayed split emission with lex = 220-240 nm, with a red-shifted component at 336-338 nm (Fig. 

4.10C). Splitting also occurred for unextruded and extruded AβpE3-42, although with a smaller red-

shift effect (e.g., at lex = 220 nm, the red-shifted component was at 325 nm in Tris buffer vs. 340 

nm in phosphate buffer, cf. Figure. 4.8H and Figure 4.10E). Spectra of AβpE3-40 were not split in 

Tris buffer (Figure. 4.10G). Thus, the Tyr emission splitting is not unique to the phosphate, but 

the effect is stronger in phosphate than in Tris buffer. Conceivably, Tris can weaken the OH bond 

of Tyr side chain by H-bonding with both hydrogen and oxygen atoms by its hydroxyl and amino 

groups but to a lesser extent than HPO4
2-. 
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Figure 4.9 - (A): Fluorescence spectra of Ab1-42 in buffer (25 mM NaCl + 25 mM Na,K-phosphate, pH 7.2) with 
incident light of 200 – 380 nm, as indicated. (B): Emission intensity at 309 nm as a function of the incident light 
wavelength. Temperature was 20°C. These spectroscopic features reflect the fact that the total extinction of the 
incident light is due to absorption and scattering, and that in a certain spectral region, absorption results in 
fluorescence. Although there is only one Tyr (position 10) and three Phe residues (positions 4, 19, 20) in the peptide, 
the fluorescence is dominated by Tyr due to its larger quantum yield [164]. The spectra display Rayleigh scattering 

at each excitation wavelength (lex), as well as Tyr fluorescence around 309 nm when lex    290 nm. Data of panel B 
show two regions of lex that produce maximum Tyr fluorescence, i.e., 220-230 nm and 260-280 nm, which are the 

pp* transitions from the ground stat to the second and first excited singlet states, i.e., S0→S2 and S0→S1, respectively 
(also known as 1La and 1Lb transitions) [175][176]. (The peak around 310 nm is due to scattered light, not 
fluorescence.) In the absence of absorption, i.e. above 300 nm, Rayleigh scattering is proportional to l-4 and 
decreases with increasing l whereas below 300 nm absorption dominates and consequently scattering decreases 
with decreasing l, as seen in panel A. 

 

The presence of lipid membranes did not cause significant changes in fluorescence 

spectra (Figure. 4.10B, D, F, H), except that the spectra of extruded AβpE3-40 showed splitting 

(Figure. 10H), indicating more solvent-exposed Tyr of this peptide. CD spectra of all four peptides 

in Tris buffer were similar to those in phosphate buffer (cf. Figure. 4.8 upper row and Figure. 

4.11), indicating no secondary structural differences, as expected.  

Splitting of Tyr emission also occurred in an unbuffered solution of 25 mM NaCl, although 

with a smaller red-shift effect. For example, for AβpE3-42, at lex = 230 nm the red-shifted 

component was located at 338-340 nm in phosphate and Tris buffers and at 327-336 nm in the 

unbuffered NaCl solution. Also, the intensity of the red-shifted component for the extruded 
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peptide was much stronger in phosphate buffer than in Tris buffer and in the unbuffered solution. 

These data suggest that the splitting of Tyr fluorescence is caused by the solvent and is stronger 

when strong H-bonding acceptors and donors are present in the buffer.  

 

 

Figure 4.10 - Fluorescence spectra of Aβ1-42 (A, B), Aβ1-40 (C, D), AβpE3-42 (E, F), and AβpE3-40 (G, H) free in buffer 
(upper row) and in the presence of lipid vesicles (60 mol % POPC, 30 mol % POPG, 10 mol % cholesterol) (lower row). 
The excitation was at 220 nm (cyan), 230 nm (green), 240 nm (grey), and 275 nm (red). Dotted lines indicate that 
the samples have been extruded through 100 nm pore-size polycarbonate membranes. Peptide and total lipid (when 
present) concentrations were 20 mM and 1 mM, respectively, the buffer was 25 mM NaCl + 25 mM Tris-HCl, pH 7.2, 
and the temperature was 20oC 

 
 

The structural features of the peptides have been assessed in additional experiments at 

37oC to ensure those features are maintained at a physiological temperature. CD spectra showed 

slightly more β-sheet content for Aβ1-42 at 37oC. Aβ1-40 formed β-sheet structure in buffer and the 

presence of vesicles caused unordered structure, consistent with the peptide’s behavior at 20oC. 

AβpE3-42 and AβpE3-40 without vesicles adopted β-sheet structure with a minimum at 219 nm and 

the lipid induced partial α-helix with a shoulder at 207-210 nm similar to data obtained at 20o. 
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Figure 4.11 - Circular dichroism spectra of Ab1-42 (A), Ab1-40 (B), AbpE3-42 (C), and AbpE3-40 (D) in the absence 
(blue lines) and presence (red lines) of lipid vesicles composed of 60 mol % POPC, 30 mol % POPG, 10 mol % 
cholesterol. Dotted lines indicate that the samples have been extruded through 100 nm pore-size polycarbonate 
membranes. Peptide and total lipid (when present) concentrations were 20 mM and 1 mM, respectively, the buffer 
was 25 mM NaCl + 25 mM Tris-HCl, pH 7.2, and the temperature was 20oC. 

 
 

The florescence spectra of the extruded peptides at 37oC were similar to those at 20oC as 

well. Spectra of Aβ1-42 were not split, those of Aβ1-40 were split at lex = 230 and 240 nm and the 

presence of lipid did not prevent it. The pyroglutamylated peptides produced split spectra at lex 

= 220-240 nm, with the red-shifted component in the 332-352 nm region, and lipid vesicles 

protected these peptides from the solvent reflected in weakening or elimination the red-shifted 

component. 

Overall, fluorescence and CD data indicate that Aβ1-42 forms tightly packed β-sheet 

structure and in membranes acquires fraction of α-helix. Aβ1-40 forms less stable and more 

solvent-exposed β-sheet structure, and the vesicles induce partially unordered structure without 

protecting from solvent, indicating its poor ability to insert into the membranes. AβpE3-42 and 

AβpE3-40 form β-sheet structure in buffer and solvent-protected α/β structure in membranes, 

indicating efficient membrane insertion. Thus, a correlation is established between the β-sheet 

propensity, membrane insertion, and channel forming capability of the four Aβ peptides. 
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4.4.6 Structure and Orientation of the Peptides in Membranes from Polarized ATR-FTIR 

Spectroscopy. Polarized ATR-FTIR spectroscopy was used to gain information on the secondary 

structure of the peptides reconstituted in lipid multilayers and the orientation relative to the 

membrane. Figure 4.12 shows the ATR-FTIR spectra of all four peptides at parallel and 

perpendicular polarizations of the incident light along with the spectral components, as well as 

the dichroic spectra, in the lipid carbonyl stretching and the peptides’ amide I regions. The lipid 

carbonyl group stretching vibration generates an absorbance band with two components at 1742 

cm-1 and 1728 cm-1, where the higher and lower wavenumber components correspond to 

dehydrated and hydrated C=O groups; H-bonding with water weakens the C=O covalent bond 

and thereby decreases the vibrational frequency. 

Significant differences have been detected between the secondary structures of the 

peptides in supported membranes. Aβ1-42 displayed ~46% β-sheet and ~19% α-helix structures, 

the rest of the peptide being in turn or irregular conformation (Table 1). In contrast, Aβ1-40 mostly 

adopted turn or irregular conformation (68%) with only ~17% β-sheet and ~15% α-helix. The 

pyroglutamylated peptides had 27-35% β-sheet and 21-25% α-helix. In reality, a fraction of turns 

is located between β-strands and should be counted as part of the β-sheet structure. The 

pyroglutamylated peptides also displayed an additional amide I component in the 1666-1663  

cm-1 region, which has been assigned to αII-helix, i.e. a helical structure with tilted amide plane 

and with weaker helical H-bonding [177]. 
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Figure 4.12 - ATR-FTIR spectra of Aβ1-42 (A, B), Aβ1-40 (D, E), AβpE3-42 (G, H), and AβpE3-40 (J, K)  reconstituted in lipid 
multilayers composed of 60 mol % POPC, 30 mol % POPG, and 10 mol % cholesterol, hydrated by a D2O-based buffer 
(25 mM NaCl, 25 mM Na, K-phosphate, pD 7.2), at parallel (first row) and perpendicular (second row) polarizations 
of the incident light. The measured spectrum is shown in solid line colored cyan, and the fitted curve is shown as 
black dotted line. Spectral components in lipid carbonyl and peptide amide I regions are presented as follows: lipid 
carbonyl components: black dashed lines; turn structures: grey; αII-helix: orange; α-helix: green; unordered: blue; β-

sheet: red; side chains: brown. Panels C, F, I, L show the dichroic spectra, i.e., the ratio of spectra at II and ⊥ 
polarizations, for Aβ1-42, Aβ1-40, AβpE3-42, and AβpE3-40, respectively. 

 
 

This αII-helical structure constituted around 9-12% (3.5-4.6 amino acid residues), i.e. 

about one helical turn likely located at the edges of the regular α-helix. These results are 

consistent with CD data (Figure. 4.8A, D, G, J, and Figure 4.11), indicating an ordered, mostly β-

sheet structure of Aβ1-42, mostly unordered (or turn) conformation of Aβ1-40, and α/β structure of 

AβpE3-42 and AβpE3-42 in lipid membranes. 
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Notably, the amide I intensity of Aβ1-40 relative to that of the lipid C=O band is much 

weaker compared to Aβ1-42 (Figure. 4.12 A, B vs. D, E), indicating that a significant part of Aβ1-40 

is washed away during injection of the buffer owing to its more hydrophilic nature. AβpE3-42 and 

AβpE3-40 have intermediate amide I intensities. This is consistent with fluorescence data showing 

a most efficient membrane insertion and solvent protection for Aβ1-42 and more solvent exposure 

for Aβ1-40 and the pyroglutamylated peptides (Figures. 4.8, 4.10).   

 

Table 4.1 : Amide I wavenumbers (n), fractions (f), and numbers of amino acid residues (N) for α-helix, β-sheet, turn 
(t), and unordered (r) structures derived from ATR-FTIR spectra. 

         A1-42         A1-40        ApE3-42               ApE3-40 

 (cm-1) 1659-1657a) 1656-1654 1651-1646 

1666-1663b) 

1652-1651 

1668-1666b) 

f 0.1940.0236 0.1530.0170 0.2540.0548 

0.0880.0401b) 

0.2120.0396 

0.1210.0421b) 

 8.150.992 6.150.680 10.162.193 

3.521.606b) 

8.061.504 

4.611.600b) 

 (cm-1) 1627 1629 1628 1627-1625 

f 0.4590.0367 0.1700.0190 0.3510.0521 0.2700.0419 

 19.261.541 6.800.760 14.042.0846 10.271.591 

t (cm-1) 1700-1678 1705-1669 1699-1678 1700-1681 

ft 0.1590.0151 0.5370.0551 0.2420.0549 0.2210.0405 

t 6.680.632 21.52.204 9.692.197 8.371.539 

 (cm-1) 1643-1642 1642-1640 1641-137 1639-1637 

f 0.1880.0150 0.1400.0525 0.0650.0596 0.1760.0809 

 7.900.626 5.602.100 2.602.383 6.703.0747 

 

The orientation of β-strands of membrane-embedded peptides with respect to the 

membrane normal varied between 30 and 40 degrees (Table 2), similar to the respective angle 

of mitochondrial and bacterial porins, which form β-barrel structure [178] [179] . AβpE3-42 

showed the largest tilt of β-strands, i.e. ~38 degrees, which is still in the range of strand tilts of β-

barrel porins and may indicate a wider pore formed by this peptide as the pore radius is inversely 
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proportional to cos(β). The α-helices were tilted obliquely at 50-65 degrees relative to the 

membrane normal.  

 

Table 4.2: Dichroic ratios and orientational angle for β-sheet and β-helical components of the peptides in lipid 
membranes. 

 R                    (o)   R     (o) 

 = 0o  =20o 

A1-42 1.6810.081 30.91.1 30.01.4 1.7010.0765 65.33.3 

A1-40 1.9740.186 34.82.2 34.72.67 1.8550.092 59.43.1 

ApE3-42 2.2340.138 37.81.4 38.31.71 2.2210.073 

2.1120.0696a) 

48.91.8 

51.71.8 a) 

ApE3-40 1.7540.124 32.01.8 31.32.19 1.9190.086 

1.9630.130 a 

57.32.7 

56.03.9 a) 

 

4.4.7 Morphology of Aβ Peptides in Lipid Membranes from AFM. The morphological features of 

the four Aβ peptides without and with reconstitution in lipid membranes were probed by AFM. 

First, peptides freshly suspended in aqueous buffer and incubated under fibrillization conditions 

(24 hours, 37oC) were studied.  All freshly suspended peptides showed a distribution of 

monomers and oligomers in the height range of 1-5 nm (Figure 4.13A, B, C and D – 0hr panel). 

Aβ1-42  showed a uniform distribution of monomers and oligomers in the height range 1-3 nm 

(section profile below Figure 4.13A) while the pyroglutamylated pEAβ3-42 shows increased 

amounts of larger diameter, possibly higher ordered oligomeric structures (section profile below 

Figure 4.13C)[66] [180].  Similar behavior was observed among Aβ1-40 and the pyroglutamylated 

variant pEAβ3-40, wherein the former exhibits structures whose heights are distributed across 1-

3nm and the former displays structures mostly in the 3-5nm range.  
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Figure 4.13 - AFM height images of Aβ1-42 (A, E), Aβ1-40 (B, F), AβpE3-42 (C, G), and AβpE3-40, (D, H) deposited on mica 
immediately after suspension in buffer (upper row) and incubated at 37°C for 24 h to induce fibrillogenesis (lower 

row). For panels A, B, C, D, the scan size is 1 um  1 um, and the z-scale range is 0–5 nm. The white horizontal lines 
represent the cross-sections through the image corresponding to section profiles shown below respective images. 

E: scan size 5 µm  5 µm, z-scale 0–19 nm; F: scan size 2 µm  2 µm, z-scale 0–38 nm; G: scan size 3 µm  3 µm, z-

scale 0–6nm; H: scan size 5 µm  5 µm, z-scale 0–6nm) 

 

Under fibrillogenesis conditions, Aβ1-42 and Aβ1-40 showed highly dense, entangled fibrous 

structures (Figure. 14.13E, F – 24hr, ThT positive panel). In contrast, the pyroglutamylated 

peptides showed a very sparse distribution of individual fibrils without entanglement (Figure 

4.13G, H – 24hr, ThT positive panel). Even though all peptides showed a positive thioflavin-T 

signal (data not shown), the fibril distribution for the pyroglutamylated variants was not easily 

visualized as compared to the unmodified peptides and some higher order, large-sized oligomers 

could be observed, which may indicate incomplete fibril elongation and additionally their 

propensity to be in lower to intermediate order oligomeric β-sheet structures.  
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Figure 4.14 - AFM Height images of the Aβ peptides reconstituted in POPC:POPG:Chol (6:3:1 mole ratio) at 1:1000 
or 1:500 (peptide:lipid, molar ratio) A: Aβ1-42 (A i., ii.: close up 3D view of ion channel/pore-like structures formed 
by Aβ1-42; scan size = 20 nm X 20nm , z-scale = 0–2nm. A iii.: Particle height histogram of peptide protruding over 
the lipid bilayer, combined from 5 separate images). B: Aβ1-40 (C i., ii.: close up 3D view of ion channel/pore-like 

structures formed by Aβ1-40; scan size = 30 nm  30 nm, z-scale = 0–2nm. B iii.: Particle height histogram, combined 
from 5 separate images). C: AβpE3-42  (C i., ii.: close up 3D view of ion channel/pore-like structures formed by AβpE3-

42; scan size = 30 nm  30 nm, z-scale = 0–2nm. C iii.: Particle height histogram, combined from 5 separate images).  

D: AβpE3-40 (D i., ii.: close up 3D view of ion channel/pore-like structures formed by AβpE3-40; scan sizes  = 20 nm  
20 nm, z-scale = 0–2nm. A iii.: Particle height histogram, combined from 5 separate images). 

 

Next, the morphological features of the peptides reconstituted in lipid membranes 

supported on mica were studied. In all cases, the image analysis showed two populations of 

peptide oligomers, one protruding from the membrane 0.5–1.5 nm above the bilayer surface, 

assigned to membrane-inserted structures, and the other exceeding 1.5 nm, assigned to a 

membrane-adsorbed or partially membrane inserted peptide pool [153] (Figure 4.14, histogram 

panels for each peptide indicated by iii). Among the membrane inserted fractions, a small sub-

population exhibited pore or channel like morphology. These structures were better resolved in 
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case of Aβ1-42 and featured annular assemblies composed of 4-6 units with an outer diameter of 

~14-16 nm and a central pore of ~1-~2.1nm (Figure. 4.14 A i, ii.)[96]. The other three peptides 

exhibited oligomeric structures in the same height range. Pore-like morphologies were not 

identified for Aβ1-40 and AβpE3-40 (Fig. 4.14B i, ii., and D i., ii.), although AβpE3-40 did exhibit weak 

subunit like topology in some cases. For AβpE3-42, annular, pore-like structures were seen with 

outer diameter from 9 to 15 nm (Fig. 4.14C i., ii). Clusters of pore-like structures were seen for 

this peptide as well. Overall, apparent pore-like structures were formed more readily by Aβ1-42, 

followed by AβpE3-42, consistent with the patch clamp data showing regular step-like channel 

behavior for these two peptides [181]. 

 

4.5 Discussion 
 

The structural changes (formation of lactam ring at residue 3) in the pyroglutamate 

modified peptides makes them relatively more hydrophobic, which may increase their propensity 

to partition into the lipid bilayer hydrophobic core and form stabilized structures [142]. Voltage 

clamp electrophysiological experiments indicate that pE modified peptides and the full length Aβ 

form stable structures in the membrane that display pore like/ion channel like behavior, albeit 

with different characteristics. Among all the peptides tested, Aβ1-42 and its pyroglutamylated 

counterpart AβpE1-42 displayed highly stable channel conductance with clearly distinguishable 

open-close states and conductance levels. Multiple experimental and computational studies 

have supported the pore/channel formation capabilities of Aβ1-42 in planar bilayers and cell 

membranes alike [58][70][160] [182]. In our studies, we observed that Aβ1-42 exhibiting highly 

consistent electrical activity, with some recordings displaying stable single channel conductance. 
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Fluorescence spectroscopy, CD spectroscopy and ATR-FTIR spectroscopy all indicate that Aβ1-42 

displays large content of β-sheet secondary structures in these lipid membranes with high degree 

of sequestration of hydrophobic amino acid residues into the hydrophobic core of the lipid 

bilayer. This is consistent with the previously reported behavior of Aβ1-42, which has concluded 

th1at Aβ1-42 displays β-sheet enriched structures in lipid membranes [107] [183] [184]. This is also 

consistent with the MD simulations and models proposed for channel formation capability of Aβ1-

42 with β-sheet rich strands lining the periphery of the channel walls and stabilize interactions 

with the hydrophobic core of the bilayer [160] [185] [186].  Parallels have been drawn between 

porin channels and Aβ channels as porins adapt a β-barrel structure in bilayers with strong 

electrophysiological activity and the β-strand orientations calculated from dichroic ratios of ATR-

FTIR spectra indicate that the angular orientations are in-line with what has been observed for β-

barrel porins [166].  In our study, we were able to resolve a tetrameric subunit like morphology 

with a central pore of diameter ~1 – 2.1nm via AFM imaging. Previous imaging studies (AFM and 

EM) have also demonstrated pore-like structures with 4-6 subunits and a large degree of 

structural interconversion among the morphological states [58][66][108][[109] .  

 

In contrast, Aβ1-40 displays significantly different characteristics across the board. The 

channel formation capacity is weak, with mostly intermittent burst like activity observed and no 

clear single channel conductance was found [181]. CD and ATR-FTIR data indicate that Aβ1-40 

displays mostly unordered or low degree of α-helical secondary structure content and 

significantly lower β-sheet content compared to Aβ1-42.  Another strong conclusion that can be 

drawn from spectroscopic studies is that Aβ1-40 displays a higher degree of hydrophilicity and 
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lower partitioning into the lipid bilayer core. AFM imaging also revealed that Aβ1-40 displays 

mostly globular protrusions from the surface of the bilayer without clearly resolvable pore like 

morphologies. Taking these data together, it can be concluded that Aβ1-40 does not insert strongly 

into the membrane and the electrical activity displayed by Aβ1-40 could be more of a membrane 

destabilization mechanism without explicitly forming ion conducting pores. Although some 

previous reports have indicated the possibility of Aβ1-40 forming pores in planar bilayers, recent 

cell excised membrane patch clamp electrophysiological studies have concluded that structural 

features of Aβ1-40 are not ideally suited to form ion channels in physiological membranes 

[62][181].  

 

The pyroglutamylated variants AβpE3-42 and AβpE3-40 display structural properties which 

are in between those of Aβ1-42 and Aβ1-40. Both the pyroglutamylated variants display higher β-

sheet content and membrane insertion capabilities compared to Aβ1-40.  AβpE3-42 displayed highly 

stable ionic conductance with single channel behavior clearly apparent in many recordings. 

Previous reports on the pore/channel formation capacity of AβpE3-42 in comparison to Aβ1-42 

reach similar conclusions, with the conductance behavior reported being almost identical to the 

ones presented here [154][180]. This indicates that the pore formation and electrical activity are 

highly repeatable across experimental studies and the possibility of similar membrane embedded 

channel structures existing in comparison to those studies. The ionic conductance characteristics 

of the AβpE3-40 displayed more variability with single channel conductance exhibiting switching 

between multiple conductance levels, which appear to be approximate integer multiples of 

unitary conductance. AFM imaging reveals clusters of pore-like structures for AβpE3-42 and AβpE3-
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40. The subunit morphology was weakly resolved through imaging; however, the central pore was 

not resolvable in both cases, possibly due to AFM tip convolution issues. 

The N-terminal segment of Aβ peptides (amino acid residues ~1-14 counting from -NH2 

end) is charged and is shown to be disordered in structure. After the proteolytic cleavage of first 

2 residues and subsequent formation of a lactam ring on the glutamate residue at position 3, the 

hydrophobicity of the peptide increases and thus the partitioning of the peptide into the 

hydrophobic core of the lipid bilayer is energetically favored [173][180]. Our results, through 

correlative structural, functional, and morphological techniques support this notion. N-terminal 

truncated and pyroglutamylated peptides make up a significant portion of the proteinaceous 

amyloid plaques in patients with AD and their relative concentrations increasingly considered to 

be reliable biomarkers for AD diagnosis [180]. These structural and functional studies offer 

considerable evidence on the possibility of these peptides forming ion channels in neuronal cell 

membranes. Therapeutic measures which either avoid the formation of these ion channels 

(oligomerization inhibitors) or small molecule blockers that can block the ionic conductance 

behavior of these peptides could be credible avenues in halting the cascade of AD [101].  

 

4.6 Conclusions 
 

In this chapter, we have characterized the structural, morphological, and functional 

behavior of Aβ1-42, Aβ1-40 and their pyroglutamylated variants AβpE3-42 and AβpE3-40 in disease 

relevant lipid bilayer system using a combination of spectroscopy (Fluorescence, CD and FTIR), 

AFM imaging and voltage clamp electrophysiology. The relative difference in their characteristics 

offers a pathway towards effective therapeutics development. 
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Chapter 4 is in part a manuscript in preparation with Karkisaval A.G, Balster B., Nguyen 

A., Abedin F., Tatulian S., and Lal. R. titled ‘Channel forming activities and structural features of 

unmodified and pyroglutamylated Aβ peptides in lipid membranes’. The dissertation author was 

the primary author of the manuscript. 
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Chapter 5   
 

Unfolding of Amyloid-β oligomers via AFM based Single Molecule Force 

Spectroscopy 
 

5.1 Introduction 
 

The oligomeric organization of Aβ, the intermolecular interactions that are involved in 

structural transitions of oligomers and the influence of microenvironments have been of 

particular interest in the current AD landscape [55]. Due to the dynamic nature of these structural 

transitions and the wide conformational space accessed by oligomeric units (polymorphism), 

conventional techniques such as XRD, NMR and cryo-EM have not been able to probe the exact 

structural organization [187]. Added to the complexity of Aβ being a membrane 

protein/membrane associated protein, sample preparation schemes can significantly affect the 

oligomerization propensity and pathway of oligomerization. As stated in Chapter 1, section 1.5, 

it is vital to understand Aβ-membrane interactions, under varying environmental factors to build 

a phase space of all probable modalities of nanoscale interaction of the peptide. Oligomerization 

and subsequent aggregation can be tightly linked to a protein’s folding energy landscape (Chapter 

1, section 1.5, Figure 7) [61]. It is important to consider the fact that a particular oligomeric 

intermediate could be ‘misfolded’ and the interactions of this misfolded intermediate could be 

the origin of cytotoxicity [188]. It has been noted that partial unfolding of an intermediate state 

has to happen for the peptide/protein to form a critical oligomeric nucleus, which can in turn 

propagate fibril growth, leading to a cross-β sheet core structure [189] [190]. Hence, probing Aβ 



125 
 

interactions from a protein folding/misfolding standpoint could improve the overall 

understanding of Aβ oligomer landscape.    

Atomic Force Microscopy based Single Molecule Force Spectroscopy (SMFS) is a 

technique that is uniquely suited to probe biomolecular interactions at a single molecule level. 

The unprecedented force sensitivity of the technique allows quantifying pico-Newton levels of 

forces involved in stabilizing biomolecular structures in their native environment [191] [192]. In 

SMFS, the AFM probe (which can be chemically functionalized with specific molecules) is moved 

towards the surface containing the biomolecule of interest at a constant velocity. Once the probe 

is in close proximity to the molecule, a molecular bond can be formed (whose origins can be 

specific or non-specific in nature) between the biomolecule of interest on the surface and the 

complementary biomolecule which is immobilized on the probe. After the bond has formed, the 

AFM probe is retracted at a constant velocity, while the deflection of the cantilever is 

continuously monitored. As the probe is moved further away from the surface, the mechanical 

strain experienced by the bond increases and the bond snaps at a particular force which can be 

precisely monitored. In addition to quantifying rupture force, other biophysical characteristics of 

the system can also be calculated [193]. 

Depending on the objective of the experiment, SMFS can be broadly classified into two 

categories (Figure 5.1): 1) Ligand-Receptor binding quantification (Figure 5.1A), 2) Molecular 

unfolding of polymer chains [88] (Figure 5.1B). In the first type, the objective is to quantify the 

force it takes to rupture a molecular bond between a ligand and a receptor, most commonly 

antibody-antigen interactions in the biological context. In this experiment, the receptor of 

interest is immobilized on a flat surface or if it’s a membrane embedded receptor, it can be 
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reconstituted in a lipid membrane environment. The ligand is commonly bound to the AFM probe 

using surface chemistry techniques. In some variations of the technique, a ligand can be indirectly 

bound to the AFM probe via an extensible linker molecule which helps in reducing long-range 

interactions between the probe and the surface. Then, in a typical experimental session, the AFM 

probe is brought into contact with the surface containing receptors at a particular velocity, held 

at the closest distance for 0.5-1s such that a bind forms between the ligand and the receptor, all 

while continuously monitoring the deflection of the cantilever. In the next step, the AFM probe 

is retracted at a set reversal velocity and as the distance between the probe and the surface 

increases, the molecular bond ruptures, and the force at which the bond ruptured can be 

precisely quantified. As an extension of the technique, the retraction is generally performed at 

multiple loading rates which helps in gathering information about the bond lifetimes and kinetic 

constants [194] [195].  
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The second type of SMFS experiment is performed to understand the unfolding behavior 

of a polymer chain, most commonly in the case of proteins. The experimental setup is quite 

similar to the setup mentioned in ligand-receptor SMFS and depending on the situation, both 

globular proteins and membrane proteins can be unfolded in similar fashion. Typically, the 

protein of interest is either immobilized onto the surface using molecular tethers or embedded 

in the lipid membrane such that the protein is in its native 3D conformation [196]. In the case of 

globular, soluble proteins, a polyprotein construct can be created to increase the repeatability of 

unfolding behavior [197]. In a routine unfolding experiment, the AFM probe is brought into 

Figure 5.1 - Experimental details and differences in SMFS approaches. A) The first type of experiment wherein a 
ligand is chemically conjugated to the AFM probe and the receptor is present either on a flat surface or embedded 
in the lipid bilayer. An approach-retract cycle is shown with the corresponding F-d spectra shown below which 
displays the tether bond breaking (only the retraction portion of the curve which contains the bond breaking event 
is shown). B) The second type of SMFS experiment which focuses on unfolding of linear chained molecules. The 
schematic shows the experimental scheme of sequentially unfolding a multi-domain protein (each cylinder 
represents a domain/subunit) from a lipid membrane interface. The corresponding F-d spectra is shown below. The 
entropic stretching of the polymeric domain and complete unfolding of the domain results in the characteristic zig-
zag pattern. 
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contact with the surface (or lipid bilayer) containing the protein and allowed to form a non-

specific interaction mediated bond with the N-terminus or C-terminus of the protein. In some 

situations, the amino acid residues that form the loop connecting two domains of the protein can 

also attach to the AFM probe [198]. After the bond has formed, the probe is retracted at a 

constant velocity. With the extension increasing, the intermolecular hydrogen bonds and van der 

Waals forces that stabilize the 3D structure of the protein are broken and the protein molecule 

starts unfolding and becomes a linear chain, one amino acid at a time. If the protein is made out 

of multiple domains (quaternary structure of proteins), then individual domains unfold one after 

the other as long as a stable bond between the AFM probe and the amino acid residue in contact 

with the probe can be maintained. In the majority of cases, a characteristic zig-zag force-distance 

(F-d) spectra can be obtained with the successful unfolding of all domains of the protein, which 

can be used to identify the type of protein [199] [200] [201]. These types of unfolding 

experiments provide intimate knowledge about the organization of the protein in a 3D 

conformation and a wealth of structural data can be generated. 

Proteins are polymeric complexes of amino acids and thus the data generated from 

unfolding SMFS experiments can be analyzed via statistical polymer mechanics models. Under 

the action of an external mechanical stimuli, the protein polymer chain undergoes entropic 

stretching until one of the domains is fully unfolded, then a drop in the force can be extended 

until the force is enough to start unfolding the next connected domain [199] [202]. The part of 

the chain that is fully unfolded corresponds to the length of the polymer chain held end to end, 

often called the contour length (Lc). The part of the F-d spectra which displays the characteristic 

entropic stretching pattern can be fit with Worm-Like Chain (WLC) or Freely Rotating Chain (FRC) 
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model and a contour length can be extracted [199][200]. In the case of protein molecules, the 

WLC model has been shown to work more consistently. The force of unfolding a polymer chain 

is given by equation [203]: 

                                𝐹(𝑥) =
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Where, ‘F(x)’ is the extension dependent force, kB is the Boltzmann constant, T is the 

temperature, lp is the persistence length of the polymer chain (commonly used value for amino 

acids is 0.4nm, with monomer length of 0.36nm [204]) , Lc is the contour length, i.e the length of 

the protein that is unfolded and held in a linear orientation and ‘x’ is the extension or the distance 

between the surface and the AFM probe. Once contour lengths are extracted for each of the 

unfolding peaks in the F-d spectra, the number of amino acids unfolded can be found out with 

great certainty, assuming reasonable attachment modes (i.e., N-terminus, C-terminus, or loops).  

5.2 Materials and Methods 
 

Aβ1-42 was purchased from Anaspec Inc (CA). 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] 

(DSPE-PEG(2000) Amine) and Cholesterol were purchased from Avanti Polar Lipids (Alabaster, 

AL). SNL-10 probes were purchased from Bruker (Billerica, MA). All other chemicals were 

purchased from Invitrogen or Sigma-Aldrich.  
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5.2.1 Sample Preparation: The main lipid mixtures used in the study were POPC: POPG: 

Cholesterol (6:3:1 mol%), DOPC-DPPC (1:1 wt/wt) or DOPC-Cholesterol at varying cholesterol 

content. In all cases, lipids dissolved in chloroform were measured in the required ratio and dried 

in glass vials for >6 hours in a vacuum chamber. Dried lipids were then hydrated in a buffer 

(10mM, 300mM KCl, 2mM CaCl2, pH 7.4) for 30 minutes at room temperature to form large 

unilamellar vesicles (LUVs). The LUV solution was then bath sonicated for 20 minutes or until the 

solution was clear to form small unilamellar vesicles (SUVs).  Aβ1-42 was dissolved in 1% 

ammonium hydroxide and divided into aliquots and stored at -80°C until used. To the premade 

vesicle solution, Aβ1-42 was added at a final ratio of 100:1 (lipid: protein molar ratio) and incubated 

at room temperature for 10 minutes and then briefly sonicated for 60-90 seconds to form 

proteoliposomes. A 10-20ul solution of proteoliposomes were then added to a piece of freshly 

cleaved mica and incubated for 10 minutes at room temperature. The sample was then rinsed 5x 

and resuspended in the same buffer.  

5.2.2 AFM Imaging and Force Spectroscopy: AFM Imaging and SMFS were carried out on a 

Multimode V AFM connected to a Nanoscope V controller (Bruker, Billerica, MA). All imaging was 

carried out either in tapping or peak force tapping (PFQNM) mode using the Nanoscope 9.1 

software interface. SNL-10 cantilevers with a spring constant in the range of 0.1-0.3N/m were 

used for all imaging and spectroscopy studies. The spring constant of the cantilever was 

calibrated using the thermal noise method before every imaging or SMFS session. As the chances 

of cantilever contamination can be significant in SMFS experiments, a fresh cantilever was used 

in between experimental sessions and sometimes even among different samples in the same 

session. For SMFS experiments, the typical methodology was as follows: We first imaged the 
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sample to confirm a suitable distribution of proteins on the membrane surface and then selected 

a location with high density and lateral distribution of proteins. Once the area was selected, we 

used the ‘point and shoot’ F-d curve collection scheme available in the Nanoscope 9.1 software. 

Briefly, a boxed region of interest was selected and converted to discrete points on a square grid. 

An F-d curve was collected at each of those points. All F-d curves were collected with 1um/s tip 

approach velocity and 500nm/s retraction velocity. In order to increase the probability of the 

protein region binding to the probe, a force of ~1nN was applied and held constant for 1-1.5s at 

the closest approach point of the probe. This time delay also increases the probability of a non-

specific bond forming between the probe and the molecule of interest.  On an average about 

3000 F-d curves were collected for each membrane-protein condition. Control F-d curves (lipid 

bilayer without proteins in it) were also collected to rule out any effects that arise purely from 

bilayers. 

5.2.3 SMFS Data Analysis: Each SMFS experiment generates large amounts of data. Due to the 

highly stochastic nature of protein bind and unbinding, the percentage of curves actually showing 

an unfolding event (full or partial unfolding) tend to be very low (<3% in large sample sizes). In 

addition, the contour lengths and force calculated for the unfolding of the same domain (or 

segment) of the protein can show wide variability. In order to analyze the curves a semi-

automatic approach was implemented. First, F-d curves showing obvious unfolding events were 

manually sorted into ‘probable clusters’ i.e, curves that display visual resemblance among each 

other. After the curves were sorted into these clusters, further analysis of quantifying contour 

lengths via WLC fitting, force distribution etc were performed in the FODIS automated 
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environment. Fodis is an application developed in the Matlab environment which is uniquely built 

for analysis of large datasets of SMFS experiments [205] [206].  

 Once the F-d curves were brought into the Fodis environment, a baseline correction 

operation was performed to discard force offsets caused during F-d collection in the experiment. 

Next, all curves were smoothed using a shape preserving 3rd order polynomial Savitzky-Golay 

filter to remove high frequency noise spikes, which also aids in precise fitting of a WLC curve to 

the force peaks detected [205]. All curves were aligned to the first crossover positive force to 

maintain homogeneity of WLC model fitting. The WLC model is shown to be suitable for forces 

below 500pN and thus for WLC fitting and Lc extraction in Fodis, a minimum force threshold of 

30pN and a maximum force threshold of 500pN was set. Persistence length of 0.4nm was chosen 

for all analysis [203][204]. Fodis transforms the F-d curves into F-Lc space representation and 

determines the optimal Lc from the density of points clustered around a particular Lc [207]. The 

detection efficiency of the algorithm can be adjusted through force and contour length bin size 

parameters in the Fodis interface. After all the relevant force peaks of the F-d curves were fit 

with WLC models, contour length was extracted and expressed in histograms and tile panel 

layouts for better visualization. All further visualization and display related operations were then 

carried out in Matlab. 

5.2.4 AFM Imaging Data Analysis: AFM images collected during SMFS experiments were 

analyzed either through Nanoscope Analysis v1.5 (Bruker, Billerica, MA) or Gwyddion SPM 

analysis software (http://gwyddion.net/ [208]). Briefly, all collected images were line flattened 

through a 2nd order polynomial filter or median filter. Data are expressed as AFM height images.  
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5.3 Results and Discussion 
 

5.3.1 SMFS of DOPC-DPPC- Aβ1-42 

 

In order to understand the unfolding behavior of Aβ1-42 in the presence of lipid membrane 

we first performed AFM imaging. In the case of DOPC-DPPC (1:1 wt/wt) lipid bilayer a clear phase 

separation between the DOPC phase and the DPPC phase were observed due to difference in 

transition temperatures of the lipids (-20°C for DOPC and 41°C for DPPC). This phase separation 

was apparent in AFM height images where a height difference of ~1 nm could be observed 

between DOPC and DPPC bilayers (Figure 5.2A ii. and B ii.) [209]. Aβ1-42 was found to be 

embedded in both DOPC and DPPC phases, with more localization of the peptide observed at the 

phase boundaries. A wide distribution of oligomeric sizes was observed all throughout the 

imaging area ranging in height from 1 nm to 10 nm above the bilayer plane. Occasionally, small 

linear fragments of protofibrils/fibrillar aggregates could be seen branching out from a critically 

aggregated nucleus. These fibrils then grew and elongated on the lipid bilayer (Figure 5.2A i) and 

B i)) .  
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Figure 5.2 - AFM height images of Aβ1-42 reconstituted in DOPC:DPPC (1:1 wt/wt) lipid bilayers at 100:1 
(lipid:protein) molar ratio, immobilized on mica. A. i) and B. i) – two separate height images from different samples. 
Panels ii) in both images correspond to the section height profiles of the lines drawn on their respective height 
images. The profiles are color coded. Aβ1-42 peaks are indicated with arrows in the section plane corresponding to 
peaks on the profile. In panel A i) short protofibrils can be observed and in panel B i) mature, elongated fibrils can 
be observed. The heights and locations of the DOPC and DPPC phases are indicated by dashed lines. Scan size for A 
is 1.7um X 1.7um and B is 1.3um X 1.3um. Z-scale for both images is 0-20nm. The darkest color-coded part of the 
image corresponds to the mica plane. 

 

 

After imaging the distribution of Aβ1-42 oligomeric structures on the membrane, we 

performed the SMFS routine and collected F-d spectra over multiple imaging locations. 

Throughout this analysis, we refer to F-d spectra that show an entropic stretching behavior 
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followed by a drop in the force (corresponding to bond rupture) as an ‘unfolding event’. The 

adhesive forces are expressed in positive units throughout the study; however, it should be noted 

that the raw data generated will have opposite sign convention (attractive forces are typically 

designated negative sign convention in AFM).  Typically, in these experiments, majority of the F-

d spectra either don’t display any interaction between the AFM probe and the surface (F-d 

spectra with no adhesion force peaks, Figure 5.3A) or show a large adhesion peak (due to long 

range interaction forces between the AFM probe and the support surface, Figure 5.3B) or show 

adhesion peaks with tether bond rupture events (no stretching of the peptide chain, but only 

bond rupture between the AFM probe and the peptide molecule, Figure 5.3C).  In all conditions, 

about ~1% of collected curves show an unfolding signature, however the distribution of these 

unfolding events are heterogenous in nature (Figure 5.3D).  Keeping these various scenarios in 

mind, we discarded F-d traces which display characteristics shown in Figure 5.3A, B and C 

(including F-d spectra which have highly unstable baselines, red bounding box in Figure 5.3) and 

only included F-d traces where a clear entropic stretching followed by bond rupture 

(characteristic of protein chain unfolding) were seen (Figure 5.3D, green bounding box). Once 

these data acceptance criteria are met, the remaining F-d spectra were analyzed in the Fodis 

environment. In a lot of F-d spectra, a big adhesion peak can be found near the tip-sample 

separation of zero. This corresponds to non-specific adhesion due to long range interactions 

between the bulk of the probe and the surface [193]. Thus, we set a lower threshold of 10nm on 

the contour length for the consideration of a peak to be an unfolding peak. Any contour length 

below 10nm was not considered to be associated to the unfolding process as this would 

sometimes overlap with the non-specific adhesion peak and complicate the analysis. 
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Figure 5.3 - Representative SMFS F-d spectra under different situations and data evaluation criteria. A) F-d spectra 
when no interaction occurs between the AFM probe and the sample. B) F-d spectra when only long-range adhesive 
interactions occur between the surface and the probe. C) F-d spectra in a tether bond rupture event – single tether 
(blue) or multiple tether bond breakage events(orange) with graphical depictions of the respective events shown in 
insets. D) F-d spectra of protein unfolding events – inset shows graphical display of one possible scenario. The red 
bounding box drawn for panels A, B and C indicates that these types of datasets are not considered for further 
evaluation. The green bounding box drawn for panel D represents the F-d spectra that are considered for further 
analysis. 
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Figure 5.4 - Six representative F-d spectra collected on DOPC-DPPC- Aβ1-42 reconstituted sample displaying single 
unfolding peak fitted with WLC models. Among the collected data, spectra with single peak were found and pooled 
together. The contour length (Lc) calculated for each curve is displayed in black dashed lines.   

 

 

In the Fodis data analysis environment, we split the bulk of the unfolding spectra into 3 

main categories – spectra which display one main unfolding peak, spectra displaying two main 

unfolding peaks and spectra which displayed more than 2 unfolding peaks. For all of these 

categories we performed WLC model fitting to extract contour lengths (Lc) observed under one 

set of experimental conditions. Figure 5.4A-F shows the various F-d spectra fit with WLC curves 

corresponding to their respective contour lengths, which lie in the range of 15nm – 75nm. The 

contour length is defined as the length traversed over a fully stretched polypeptide chain. From 

this definition, a contour length can be converted to number of amino acids that have been 
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unfolded and stretched into a linear configuration from the native 3D configuration of the protein 

domains. A few studies have shown that amino acid sequence length can be reasonable 

approximated to 0.36nm/aa [204]. In the case of these spectra which display single unfolding 

peaks, using the amino acid sequence length, the number of amino acids stretched range from 

41 to 208, which in the case of Aβ1-42 translates to 1 to 5 monomers. The force at which the bond 

between the AFM probe and stretched segment of the peptide breaks, called the rupture force, 

is found to vary between 50-180pN. The amplitude of this force is comparable to the 

intermolecular forces at the nanoscale that stabilize the secondary or tertiary structure of the 

protein [210] [211]. 

Figure 5.5 - Staggered representation of F-d spectra with dominant single unfolding peaks. In all panels, each color 
coded trace represents one F-d spectra which can be categorized under a particular contour length. The translucent 
orange band in each panel is is drawn corresponding to the contour length mentioned next to it A) Lc~=16nm, B) 
Lc~=21nm, C) Lc~=32nm and D) Lc~=45nm. In all panels, the scale bar to the left represents 500pN force. 
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Figure 5.5A-D, shows a vertically staggered representation of the F-d spectra with 

dominant single unfolding peaks. Among all the F-d spectra categorized into single unfolding 

peaks (n=38), 21% of the spectra display a contour length of ~16nm and ~21nm respectively. 38% 

of the spectra display contour length of ~32nm. In comparison, contour length of ~45nm and 

~72nm are displayed by 15% and 5% respectively. The relative portioning of these single 

unfolding peak curves into different contour length space indirectly indicates the propensity of 

following a particular unfolding pathway.  

       

Figure 5.6 - Superimposed representation of the F-d spectra at individual contour lengths. A) Superimposed F-d 
spectra of curves displaying average contour length of ~16nm (n=8). B) Superimposed F-d spectra of curves 
displaying average contour length of ~21nm (n=9). C) Superimposed F-d spectra of curves displaying average contour 
length of ~32nm (n=14) and D) Superimposed F-d spectra of curves displaying average contour length of ~45nm 
(n=6) 
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Figure 5.6A-D shows the same spectra in a superimposed fashion wherein the 

homogeneity of the contour lengths displayed by the curves is more clearly visible in a global 

fashion. In the case of 16nm contour length (Figure 5.6, A), it can be observed that the force peak 

is much more cleaner without much interference of the long-range adhesion force peak. This 

contour length corresponds to ~41 amino acids, which is in good agreement with the argument 

that this could be a single monomeric unit of an oligomer that’s been unfolded. Taking a closer 

look at the superimposed representation of single unfolding peaks (Figure 5.6C and D), it is 

evident that some of the unfolding peaks below the respective contour lengths marked on the 

plot, maybe obscured by the disturbance due to the strong long range adhesion peaks. It is 

possible that these peaks would represent partial unfolding intermediates of a dimeric 

association of Aβ1-42 oligomers [210]. 

Dual Unfolding Peaks 

The majority of the spectra collected display a single unfolding peak. However, a small subset of 

the population also displays 2 dominant unfolding peaks as shown in Figure 5.7A, B and C. The F-

d spectra under this category showed 2 clear peaks, each peak characterized by an entropic 

stretching regime with increasing slope of the force, followed by a drop in the force and the 

process repeats for the next domain of the protein complex. Although the statistical power of 

these F-d spectra aren’t high, their behavior is interesting and is in line with what is observed for 

spectra with single unfolding peak. 
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Figure 5.7 - Three characteristic F-d spectra collected on DOPC:DPPC: Aβ1-42 reconstituted sample displaying dual 
unfolding peaks. A) F-d spectra displays 2 prominent unfolding peaks with Lc=21nm and Lc=45nm. The inset shows 
a magnified view of the first unfolding peak which displays peak-splitting and Lc=24nm WLC model could be fitted 
to the split peak. B) F-d spectra with 2 prominent peaks with Lc=45nm and Lc=72nm. C) F-d spectra displaying 2 
prominent peaks with peak-splitting behavior seen similar to panel A. The extracted Lc were 45nm, 60nm and 
75nm (split peak). 

 

In all cases of double unfolding peaks, to a fair degree of approximation, each unfolding 

peak could be fitted with a WLC model with contour lengths matching the ones observed in single 

unfolding peak. The contour lengths commonly observed for dual unfolding peaks were 21nm, 

45nm (in pairs, Figure 5.7A), 45nm, 72nm (in pairs, Figure 5.7, B) and 45nm, 60nm (Figure 5.7, C). 

It is interesting to note that these contour lengths are approximately similar (within ±1nm) to the 

ones observed in single unfolding peaks. This could indicate that in the spectra with dual 

unfolding peaks, we might be observing the unfolding of two domains (dimeric intermediate is 

possible too) in a sequential fashion. However, the order in which the domains unfolded would 

not always be the same and any 2 contour lengths in the range of 15-75nm could occur in pairs.  

 Another interesting behavior observed in these traces were the peak-splitting effect. In 

these cases (Figure 5.7 A, C) the slope of the force peak would increase in accordance with WLC 

model up to a certain contour length and the force would drop by about ~15% - 20% (a visible 
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dip in the force peak is shown in inset of Figure  5.7A which displays this peak-splitting effect and 

also in Figure  5.7C). These small dips in the force was followed by more stretching of the unfolded 

peptide chain and subsequent bond breakage.  This effect can be ascribed to partial refolding of 

a few amino acids in the stretched portion of the peptide [212]. These amino acids acquire an 

intermediate conformation, which further increases the contour length accessible. In the case of 

Figure 5.7 A and C, the increase in contour length post peak splitting is ~3nm and ~15nm 

respectively.  

Multiple Unfolding Peaks 

 

Figure 5.8 - Three characteristic F-d spectra collected on DOPC:DPPC: Aβ1-42 reconstituted sample displaying 
multiple unfolding peaks with different signatures. A) First type of unfolding spectra with closely spaced multiple 
peaks fitted with WLC model (Lc = 26nm, , 42nm, 59nm, 69nm, 72nm and 80nm). B) Second main type of F-d spectra 
with peaks spaced far apart (Lc=26nm, 60nm and 85nm). C) F-d spectra from a subsequent experiment done in 
similar conditions showing multiple peaks spaced apart with peak splitting (Lc=33nm, 47nm, 75nm, 82nm and 
142nm) 

In addition to F-d spectra displaying single and double unfolding peaks, we also observed 

a small portion of the selected curves (~10%) displaying multiple unfolding peaks.  The multi-peak 

behavior is seen mainly as two separate types – multi-peaks in intermediate folding states (Figure 

5.8A) and well separated multi-peaks (Figure 5.8B and C). Interestingly, most of the contour 

lengths found in cases of multi-peaks also match the ones seen in single and dual peaks, with the 

exception of 85nm and 142nm in Figure 5.8B and C. The type of multiple peak unfolding displayed 
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in Figure 5.8A was commonly observed, however the position of the peaks were quite 

heterogenous. In these cases, an intermediate unfolded state is achieved, and the force starts to 

increase again until a similar peak at a higher contour length is encountered. This effect can be 

attributed to a change in anchoring point of the unfolding intermediate [212] [213]. Generally, it 

is assumed that when a particular segment of the protein is being unfolded under a mechanical 

force, there is an anchor point (could be loop residues connecting domains), until which all amino 

acid residues are unfolded and the local peak in the force is reached.  Once the anchor point is 

reached, additional force must be applied to the remaining folded portion of the protein and a 

new anchor point is formed through which the next portion of the unfolding can happen. This 

behavior happens to be the case in Figure 5.8B and C, where a clear force peak is reached (first 

anchor point reached) and as the tip-sample distance increases, the next domain is unfolded until 

the next anchor point is reached. However, in the case of Figure 5.8A, these anchor points seem 

to dynamically change with the applied force leading to local maxima in the peaks detected [200].  
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Figure 5.9 - Global representation of detected single unfolding peaks in contour length space. A) and B) 
Trace number vs contour length (Lc) representation of single peaks detected in in Lc<40nm (A) and 
>40nm (B) respectively. C) and D) Probability densities of peaks detected in panels A and B respectively, 
fit with multi-gaussian. E) Rupture Force vs contour length representation of all the peaks single peaks 
detected in panels A and B. 
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Global Representation 

Displaying the detected contour lengths in a global representation (in contour length 

space) provides some more quantitative information regarding unfolding [207]. Figure 5.9A and 

B display the contour lengths detected in two separate sessions of analysis wherein Lc<40nm 

(Figure 5.9A) and Lc>40nm (Figure 5.9B) plotted against the trace numbers corresponding to a 

particular Lc. Each of the yellow bars indicates the Lc detected for the particular trace. Figure 5.9 

C and D show the probability distribution of a particular Lc being detected in the pool of selected 

curves in panels A and B respectively. This probability distribution was then fit using the 

automatic multi-Gaussian fitting feature available in Fodis environment [205]. The Gaussian fit is 

superimposed on the respective probability distributions. The contour length of ~16nm has a 

probability of 0.31 and the contour length of ~34nm has a probability of 0.61. These data indicate 

that unfolding of peak near the 32-34nm contour length is highly likely and an average contour 

length of ~33nm corresponds approximately to ~92 unfolded amino acids. This amino acid 

number corresponds to a dimeric configuration of Aβ. From Figure 5.9D, contour length of ~57nm 

has a probability of ~0.67. This contour length corresponds to ~158 amino acids, which is closer 

to a tetrameric configuration of Aβ. Figure 5.9E shows a combined representation of bond 

rupture forces detected after WLC fitting, where the rupture force ranges from 50pN to 200pN, 

with higher concentration in the 50-100pN range. 
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Figure 5.10 - Global representation of detected multiple unfolding peaks in contour length space. A) Trace number 
vs contour length plot, B) Rupture force vs contour length and C) probability distribution of detected peaks fitted 
with multi-gaussian 

 

 Similar global representation was performed for F-d spectra where multiple peaks were 

detected through WLC fitting. Figure  5.10A shows the Trace # vs contour length representation 

with the yellow blocks marking the Lc detected. As its evident, the Lc detected are quite 

heterogenous and not very concentrated as seen in the previous global representation 

corresponding to single unfolding peaks (Figure 5.9D). Figure 5.10B and C display the rupture 

force and the probability density of a particular Lc being detected. It has to be emphasized that 

because of the low statistical sampling of the dataset, contour lengths other than the ones shown 

in Figure  5.10C, were unable to be fit by Gaussian curves. Individual F-d spectra representations, 

however, do display multiple contour lengths for spectra classified under the ‘multiple peaks’ 

category. 

5.3.3 SMFS of DOPC-Cholesterol (30%) - Aβ1-42 

 

In the next phase, we performed similar sets of experiments on Aβ1-42 reconstituted in 

DOPC:Cholesterol (30% mol) bilayers to understand the commonalities and differences in SMFS 
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behavior and probe any membrane composition specific effects on oligomerization and 

unfolding. Figure 5.11A shows the height image acquired in one of the imaging areas with the 

corresponding height profile in Figure 5.11B. The distribution of oligomer heights on the surface 

of lipid bilayers were similar to the ones observed in DOPC:DPPC bilayers with the height ranging 

from 1-10nm above the bilayer plane. In some of the locations imaged, we also observed small 

protofibrillar intermediates forming which eventually grew into mature fibrils (Figure 5.11A, C 

and D). Hence, these conditions represent the stage in the Aβ1-42 lifecycle in which small 

oligomers form and some oligomeric nuclei start propagating into fibril structures. 

Interestingly, it was observed that in some of the regions on the same sample, Aβ1-42 

oligomers show a ‘carpeting effect’, wherein surfaces of lipid bilayers appeared to be covered by 

a film Aβ1-42 oligomers (Figure 5.11C and D) [56]. The oligomers appear as regular spherical units 

loosely connected to each other and a pseudo-ordering effect is visible where these spherical 

units are assembled in small chain like structures (5-7 oligomeric units), forming a mosaic pattern 

throughout the imaging area. Figure 5.11C shows one such area where the lower darker parts of 

the image represent the carpeted Aβ1-42 and small protofibrils growing from some these nuclei 

can be observed as well (brighter portions of the image). We performed SMFS experiments on 

this area to quantify the unfolding behavior in this membrane environment. Figure 5.11D shows 

a large area scan of the imaging area after performing the SMFS experiment. The white box 

overlaid in Figure 5.11D, indicates the area in which SMFS experiment was performed in panel C. 

From Figure 5.11,D it can be observed that some of the spherical oligomeric units have been 

completely removed from the interface (empty spots) indicating that oligomeric units were 

unfolded and pulled out of membrane [213].  
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Figure 5.11 - AFM height images of DOPC:Cholesterol (30% mol): Aβ1-42. A) Large area height image of Aβ1-42 
embedded in lipid bilayer showing a wide variety of oligomeric structures including small fibrils. B) Section height 
profile of the white horizontal line drawn in panel A showing the height distribution. C) One of the representative 
areas chosen to perform SMFS. In this area large patches of Aβ1-42 arranged in a carpeted fashion, with fibrils growing 
and propagating from some oligomeric nuclei. D) A larger area scan collected after the SMFS experiment. The white 
box inset is the area that was chosen for SMFS in panel C. It can be noted that some of the oligomers have been 
missing/pulled out completely after SMFS. (Scan size for panel A is 1.5um X 1.5um, panel C is 650nm X 650nm and 
panel D is 1.7um X 1.7um. Z-scale for A is 0-20nm, C is 0-10nm and D is 0-25nm) 
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 For the SMFS experiment, we followed similar analysis methodology as before and 

classified the collected F-d spectra into categories of single unfolding peak, dual unfolding peak 

etc. Of all the F-d curves selected for further analysis (after discarding unsuitable F-d spectra) 

single unfolding peaks were found in high percentage. 

 

Figure 5.12 - Representative F-d spectra collected on DOPC:Cholesterol (30% mol): Aβ1-42 displaying dominant 
single unfolding peak. A) F-d spectra with WLC fit (black dashed lines) contour length ~14nm. B) F-d spectra with 
WLC fit (black dashed lines) contour length 
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Figure 5.13 - Global representation of detected single unfolding peaks in contour length space. A) Trace number vs 
contour length plot, B) Rupture force vs contour length and C) probability distribution of detected peaks fitted with 
multi-gaussian 

 

In the case of DOPC:Chol(30%): Aβ1-42 reconstituted system, the curves displaying single 

unfolding peaks displayed contour lengths of 14nm and 30nm (Figure 5.11A and B, with 

superimposed F-d spectra of same contour lengths in panels A and B, shown in C and D 

respectively). These individual contour lengths correspond to approximately ~39 and ~83 amino 

acids which are in close proximity to monomeric and dimeric units of Aβ1-42. Out of the curves 

categorized under these two contour lengths, roughly 64% of them correspond to Lc of 14nm 

and the remaining correspond to Lc of 30nm. Global representations in contour length space 

(Figure 5.13) display two dominant, mean contour lengths of ~14nm and ~28nm (Figure 5.13,C). 

The rupture force distribution in this case (Figure  5.13B) was found to be more dispersed in the 

50pN to 200pN range. The probability of occurrence of 14nm contour length seemed to be higher 

than the 28nm contour length (p=0.77 vs p=0.19). This indicates that the monomeric subunit 

unfolding seems to be the most probable pathway of unfolding that occurs universally in almost 

all samples. 
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Dual Unfolding Peaks 

 

Figure 5.14 - Combined plot representation of F-d spectra displaying dual peaks on DOPC:Chol(30%):Aβ1-42 
sample. A) Staggered representation of F-d spectra displaying dominantly dual unfolding peaks. B) Superimposed 
representation of the same set of F-d spectra with dominant dual peaks, contour length of ~13nm and ~29nm have 
been marked in the high density regions 

 

 Similar to the case of DOPC:DPPC:Aβ1-42, the unfolding peaks in DOPC:Chol(30%):Aβ1-42 

sample showed dual unfolding peaks with contour lengths (~13nm and ~29nm) close to the ones 

seen in single unfolding peaks (Figure 5.14A and B). These peaks also roughly correspond to single 

Aβ1-42 monomer and dimeric units being unfolded under the action of force. 

Multiple Unfolding peaks 

 In addition to single and double unfolding peaks, a small sub-population of F-d spectra 

also displayed multiple unfolding peaks (Figure  5.15A, B and C). In all the F-d spectra categorized 

for this sample, only ~5% of the curves display multi-peak unfolding behavior. 
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Figure 5.15 - Representative F-d spectra which show multiple peaks in DOPC:Chol(30%):Aβ1-42 sample. The 
corresponding WLC fit and the contour lengths are marked on the detected peaks. 

  

One interesting detail that is different from the DOPC:DPPC:Aβ1-42 sample for the 

spectra displaying multi peaks is that, for these cases, the WLC curves displayed comparatively 

weak fitting (Figure 5.15, A(Lc=72nm and 150nm), B(Lc=40nm and Lc=120nm) and C(Lc=76nm, 

100nm and Lc=142nm). Contour lengths in these cases ranged from ~15nm to ~150nm, 

corresponding to ~42 amino acids and ~417 amino acids respectively.  

 Analyzing the unfolding behavior of proteins offers valuable insights into the 3D 

organization of the proteins in their native environment. In the AD field, there has been a major 

problem of trying to pinpoint which exact oligomeric species is responsible for cytotoxic cascade. 

As such, multiple biochemical techniques have been used to isolate oligomeric fractions in 

various preparations. The problem, however, in these approaches is the possibility of 

modification of the protein structure and organization due to harsh chemical treatments used. 

As Aβ oligomers are known to be highly dynamic and unstable, atomic resolution studies (ssNMR 

and cryoEM) have proven extremely challenging and the polymorphic nature of Aβ has only 

exacerbated the situation. Keeping these factors in mind, AFM based single molecule force 

spectroscopy experiments offer a unique window in exploring the 3D organization of proteins 
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without any chemical modification and in their native environment [200][201]. Additionally, for 

membrane proteins which are much harder to crystallize for crystallographic studies, AFM-SMFS 

maybe ideally suited to probe structural organization. 

 We analyzed the unfolding behavior of Aβ1-42 reconstituted in two different membrane 

environments; DOPC:DPPC and DOPC:Chol (30%). We found some similarities in the unfolding 

behavior in these membrane systems. In both cases, F-d spectra displaying single unfolding peak 

were found to be the highest and the smallest contour length of single unfolding peak seems to 

be almost the same in both membrane systems (Lc=~15nm in DOPC:DPPC bilayers vs Lc=~14nm 

in DOPC:Chol (30%) bilayers). This contour length corresponds to amino acid count of ~41-43 

which is in excellent agreement with the notion that a monomeric subunit of a 3D structure was 

unfolded in both cases. In both membrane systems, we also found other contour lengths 

associated with single unfolding peak behavior. Interestingly, most of the contour lengths found 

for single peaks were approximate integer multiples of the lowest contour length. This behavior 

was also observed in F-d spectra which display dual or multiple unfolding peaks, where 

approximate integer multiples of the lowest contour length were successively unfolded (in both 

membrane systems). This could hint at the possibility of structural commonalities in 3D 

organization of Aβ in both membrane systems and also the possibility of traversing similar 

unfolding pathways under the action of a mechanical force. Unfolding corresponding to 

monomeric and dimeric units were most commonly seen and this is in line with a previous report 

of a closely related AFM-SMFS experiment which concluded that dimers maybe the kinetically 

stabilized structures in Aβ which act as oligomeric nuclei for the propagation of amyloid 

structures [210][211].   
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 Conventionally, the results from AFM-SMFS unfolding experiments are compared to the 

available structural models of the proteins to assign the signatures of the F-d spectra to 

tertiary/quaternary structure organization of proteins [200][201][212]. Unfortunately, in the 

case of Aβ, no experimental oligomeric structural models are available, which makes F-d spectra 

peak signature assignment extremely difficult. Additionally, we cannot rule out the possibility of 

attachment site variability in these experiments without a structural model to refer to [201]. 

Another factor that should be emphasized is the statistical power of the experiments carried out 

in this study. Generally, as attachment of the probe to the protein and the complete unfolding of 

the protein can be stochastic in nature, large number of datasets are needed to make statistical 

conclusions about the unfolding behavior [201]. As this is a very preliminary study on the 

feasibility of the approach in quantifying unfolding behavior of Aβ peptides, we only resorted to 

collecting ~3000 F-d spectra per membrane system, with 1-2% yield in the total number of 

spectra displaying unfolding behavior. In the future we hope to increase the sample size by at 

least a factor of 10 to obtain robust statistical information and quantify the unfolding pathways 

of polymorphic structures of Aβ. Due to the highly powerful and simplistic nature of the 

approach, we hope to build a robust pipeline and a phase space of all possible unfolding behavior 

of Aβ in various membrane systems. The information obtained from unfolding experiments can 

pave the way to the development of better structural models for Aβ oligomers.  

5.4 Conclusion 
 

In Chapter 5, we probed the unfolding behavior of Aβ1-42 oligomeric structures in lipid 

bilayers via AFM-SMFS method. Structural similarities in the unfolding intermediates of Aβ were 
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found in both membrane systems. Further implementation of the approach in mutationally 

modified Aβ and different membrane environments under varying environmental conditions can 

offer extremely valuable insight into the 3D organization of Aβ in membrane environments. 

 Chapter 5, in part, is a manuscript under preparation with Karkisaval A.G; and Lal R. titled 

‘Single molecule unfolding of Aβ1-42 oligomers from lipid bilayers’. The dissertation author was 

the primary author of the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 



156 
 

Chapter 6  
 

Design and Implementation of combined Atomic Force Microscopy – 

Total Internal Reflection Fluorescence Microscope 
 

6.1 Introduction 
 

Membrane-Protein interaction phenomena form the basis of many important biological 

functions and are also implicated in various disorders. Increasing evidence suggest that in the 

case of Alzheimer’s disease, Parkinson’s disease and other neurological disease cascades, 

interaction and subsequent disturbance of membrane environment are the critical events which 

begin the progression of the disease. As such, imaging-based approaches have served as critical 

tools in elevating our understanding of such interactions. Fluorescence microscopy is one such 

approach which has transformed our understanding of the biological and biophysical world in 

extreme detail [214]. The versatility of fluorescence labeling methods, availability of a plethora 

of fluorescence probes that can be used to specifically visualize a particular biomolecule with 

great fidelity and the ease of use of microscopy instrumentation over the years, offers immense 

advantage to researchers and allows the collection of a wide variety of information from a single 

experiment [215]. Compared to other imaging methods such as electron microscopy (Scanning 

Electron Microscopy, Transmission Electron Microscopy) which offer nanoscale resolution, 

fluorescence microscopy offers the main advantage of observing biological phenomena in near 

native conditions, with little disturbance to the biological function and dynamics.  

 Fluorescence microscopy has evolved rapidly over the years to keep up with the 

resolution requirements to study nanoscale interactions in both in-vitro and in-vivo settings. 
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Conventional fluorescence microscopy (also known as widefield fluorescence or epifluorescence 

microscopy, Figure 6.1a) is highly suited to study cellular and tissue level interactions with 

unprecedented access to specifically label whole cells or even intracellular organelles. The ease 

of use and adaptability of the system to study live cell interactions has made this modality of 

imaging a common tool found in most biological laboratories. The XY resolution (also known as 

the lateral resolution) is limited to ~200nm and ~500nm in the axial direction (Z-direction) due to 

light diffraction effects (also known as Abbe Diffraction limit) [216] [217]. Even though these 

resolution limits were not much of problem when studying biological systems in length scales 

>500nm, subcellular interactions (such as protein-protein, protein-membrane, other subcellular 

organelle, and small molecule interactions) which happen at length scales much lesser than 

500nm, proved to be extremely challenging to study under conventional fluorescence 

microscopy methods and additionally the background fluorescence, with poor optical sectioning 

in thick samples created further problems in achieving high signal to noise ratio measurements. 

The advent of confocal and multi-photon microscopy have led to overcoming the background 

fluorescence problem with substantially better signal-to-noise ratio measurements compared to 

widefield fluorescence in samples thicker than 5um [218] [219] [220].  

 Recent advances in technology, fluorophore kinetics and image processing have paved 

the way for a new wave of fluorescence microscopy techniques that have far surpassed the 

diffraction limit set forth in conventional forms of fluorescence microscopy. These new 

techniques, collectively called super-resolution fluorescence microscopy (SRM) have enabled 

roughly an order of magnitude improvement in the lateral and axial resolution compared to 

conventional methods [221] [222]. The development of SRM techniques have been a 
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combination of illumination technology engineering and computational methods that improve 

the spatial localization of fluorescent molecules within the plane of the sample. Illumination 

engineering approaches mainly involve different forms of structured illumination microscopy 

(SIM) approaches, where in samples are illuminated by varying phase of light (creating 

interference stripe patterns) and the collected images are analyzed in frequency domain to 

reconstruct an image which has high spatial resolution (about a 2-3 fold improvement in 

resolution, Figure 6.1d and e) [223] [224]. Variants of this technique include interference-based 

SIM and Point scanning SIM. Light sheet fluorescence microscopy (LSFM) and lattice light sheet 

are set of techniques which involve illuminating a thin section of the sample (light sheet) and 

collecting the light emitted in the perpendicular direction (Figure 6.1d). The sample can be 

successively illuminated at different heights along the z-direction and 3D information can be 

reconstructed [225] [226]. Another widely used commercial solution to improved resolution is 

stimulated emission depletion microscopy (STED, Figure 6.1f) where light from 2 independent 

lasers form a doughnut configuration illumination scheme(formed by modification of pupil plane 

of the illuminating objective lens) on the sample are successively used to excite an area of the 

sample (using the first laser) and then selectively deplete the fluorescence of the sample in the 

area surrounding the center of the first excitation zone (using the 2nd laser), thus effectively 

limiting the area of emission. This technique is highly effective and has achieved resolutions of 

~50-80nm in the lateral direction [227] [228]. 
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Figure 6.1 - Various schemes of fluorescence microscopy and their respective illumination and light collection 
schemes: a) Widefield fluorescence microscopy, b) Total Internal Reflection Fluorescence (TIRF), c) Confocal 
Fluorescence Microscopy, d) Interference-based structural illumination microscopy (SIM), e) Point Scanning 
structural illumination microscopy, f) Stimulated Emission Depletion Microscopy (STED), g) Single molecule 
Localization Microscopy techniques (SMLM) and h) Lattice Light sheet microscopy (LLS). The figure also shows 
interconvertibility between techniques with small to medium modifications to the experimental setup. Figure is 
adapted from [222] with permission from Springer Nature. 
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 The other major area in the improvement of resolution in microscopy is approaching the 

resolution problem from a computational standpoint. These techniques, collectively called single 

molecule localization microscopy (SMLM, Figure 6.1g) aim to localize the location of individual 

fluorophores on the sample and reconstruct a fluorescence image based on the spatial 

coordinates of the localizations computed [222]. In these techniques, the fluorescence emitted 

by the fluorophores are collected in conventional illumination schemes like widefield, TIRF or 

confocal at high frame rates. The fluorophores used in these techniques and the sample 

environment enable either random switching or controlled switching on/off of the fluorophores 

in individual frames. Then, computational algorithms which can calculate the time 

autocorrelation, radial autocorrelation, brightness gradients etc for each pixel can be used to 

locate the fluorophore location in the sample with high fidelity. This is done across the time stack 

of images and a super-resolved image can be reconstructed by superposition of localizations 

calculated. The most common techniques under this umbrella are Stochastic Optical 

Reconstruction Microscopy (STORM) [229] [230], Photoactivated Localization Microscopy 

(PALM) [231] [232] and Points accumulated in Nanoscale Topography (PAINT) [233]etc. 

 Even though superresolution techniques have revolutionized fluorescence microscopy 

and the way we look at the biological world, multi-parametric information other than optical 

information are hard to gather. This has led to the development of combined techniques which 

merge the functionalities of two different microscopy modalities to gather multi-parametric and 

multi-dimensional set of information. This has paved the way for the development of ‘correlative 

microscopy’ techniques such as integrated fluorescence and electron microscopy, fluorescence 

microscopy combined with electrophysiology, fluorescence combined with magnetic resonance 
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imaging etc [234] [235]. As such, the combination of atomic force microscopy and fluorescence 

microscopy has the capacity of combining the unprecedented z-resolution and superior XY 

resolution (AFM probe limited) of AFM with high degree of chemical specificity and time 

resolution of fluorescence studies. Additionally, this combination also uniquely allows 

nanomechanical probing capacity of AFM to be integrated to a fluorescence system, paving the 

way for analyzing specific systems with high degree of mechano-biological interplay. Keeping 

these considerations in mind, we designed and implemented a combined AFM – Total internal 

reflection fluorescence microscopy system for high spatio-temporal resolution imaging and 

nanomechanical studies of membrane-protein interaction phenomena. 

 Total internal reflection (TIR) is the phenomenon in which a beam of light entering the 

interface between a high refractive index(n1) material and a low refractive index(n2) , n1>n2 , 

material beyond a certain angle of incidence, gets fully reflected into the medium with high 

refractive index (Figure 6.2 ). The angle beyond which TIR occurs is called the critical angle (θc) 

and is dependent on the ratio of refractive indices (n2/n1), through Snell’s law (Eq 6.1).  
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Figure 6.2 - Schematic displaying the principle of Total Internal Reflection (TIR), where θ1 is the beam incidence angle 
and θ2 is the beam transmission angle with respect to the interface normal. 

 

                                                                          𝜃𝑐 = sin−1(
𝑛2

𝑛1
)                                                       (6.1) 

The greater the difference in refractive indices of the two optical media at the interface, the 

smaller the critical angle needed to achieve TIR.  

 An interesting effect is observed when a light beam total internally reflects from the 

interface. Due to boundary conditions placed on the propagation of electromagnetic wave 

through the interface, a small portion of the reflected light penetrates through the interface into 

the low refractive index medium. This portion of the reflected beam that penetrates into lower 

index medium is called an evanescent wave or an evanescent field (Figure 6.3). The evanescent 

wave is a standing wave, and its intensity decreases exponentially from the interface of reflection 

in the direction of the surface normal.  
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Due to the exponentially decaying amplitude of the evanescent wave, molecules close to the 

interface can be selectively excited using the energy provided by the evanescent wave. The 

evanescent field intensity I(z) and the penetration depth (d) of the evanescent wave is given by 

the equations (6.2) and (6.3) [236]: 

                                                                    𝐼(𝑧) = 𝐼(𝑜)𝑒
−𝑧

𝑑                                                                   (6.2) 

                                                             𝑑 =  
𝜆

4𝜋𝑛1
(

𝑠𝑖𝑛2𝜃𝑖

𝑠𝑖𝑛2𝜃𝑐
− 1)

−1

2
                                                         (6.3) 

Where, I(z) is the z-dependent intensity of the evanescent wave, ‘z’ is the distance from the 

interface along the surface normal, ‘d’ is the penetration depth of the evanescent wave, λ is the 

wavelength of light, and θi and θc are the incidence and critical angles respectively.  

 The phenomenon of TIR and evanescent wave has been exploited in fluorescence 

imaging, leading to the development of Total internal reflection fluorescence microscopy (TIRFM) 

where a light beam (usually laser light beam) is reflected off from the interface of a glass-slide or 

coverslip in contact with aqueous buffer containing the fluorescently labeled sample of interest, 

Figure 6.3 - Graphical schematic showing the evanescent wave generation at the interface. Modified from 
https://www.olympus-lifescience.com/en/microscope) 
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generating an evanescent wave that penetrates into the sample (Figure 6.1b). Due to the 

exponential decay of the evanescent wave intensity, fluorescently labeled structures which are 

close to the interface can only be excited, thus reducing the bulk fluorescence of the background 

material. The penetration depth is generally in the 150nm to 300nm range and can be tuned by 

adjusting the refractive indices of the interfacing mediums and the wavelength of light used [237] 

[238]. This small penetration depth is really useful in rejecting background light from 

fluorophores and offers excellent optical sectioning capabilities. Thus, TIRF has emerged to be a 

highly reliable and relatively simple fluorescence technique for observation of extremely thin 

samples [237].  

 Practical implementation of TIRF in microscopy systems can be achieved approximately 

in 3 configurations, although multiple others are possible. The commercially available solution 

for TIRF microscopy involves the use of specially designed high numerical aperture objective 

lenses (NA >1.4). This method (called objective TIRF or o-TIRF, Figure 6.4C) can be used in 

conjunction with already setup microscopes with modifiable laser illumination. Although, 

methodologically simple, the objective lenses used for TIRFM are prohibitively expensive and the 

configuration only allows for an excitation of a small XY area and relatively poor signal to noise 

ratio. The second possibility is of using a coupling prism through which a beam of light can be 

reflected (Figure 6.4A). The fluorescently tagged molecules can either be directly immobilized on 

the surface of the prism and the fluorescence emission can be collected by the microscope 

objective in normal fashion. Although this method offers good signal to noise ratio, stringent 

mechanical and sample holding requirement are placed, which makes this design somewhat 

impractical for universal applications. 
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Figure 6.4 - Schematic showing the possible configurations of TIRFM. A) prism-based TIRF, B) light guide based TIRF 
and C) objective based TIRF (image printed with permission from  http://www.tirf-labs.com/tirfmicroscopy.html) 

 

The third configuration is called a light-guide based TIRF system (Figure 6.4B) in which a 

high refractive index medium coverslip acts as a waveguide or lightguide which allows for 

transmission of total internally reflected light. All the interfaces at which TIR occurs will have 

evanescent wave. This configuration is simple to adapt and can be built around already installed 

microscope configurations. It allows for large area excitation using evanescent waves and can 

work with multiple sample holding considerations [239].  

In our implementation of the combined AFM-TIRF system, we chose to go with the light 

guide based TIRF approach simply because of the ease of adaptability, AFM access to the sample 

from the top and overall ease of use of the combined system.  

6.2 Design 
 

All the components, subsystems were built around the Olympus IX71 inverted 

fluorescence microscope. For the AFM, we used a Bruker Bioscope SZ scanner, with its scanner 

mounting platform. The Bioscope SZ was connected to a Nanoscope IVa AFM controller, running 

Nanoscope v6.31 software to control all AFM functions. Other than minor cosmetic changes to 
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accommodate mechanical constraints on the setup, no other modifications were made to the 

AFM and used as it is.  The basic premise of the combined setup is shown in Figure 6.5. The 

majority of the design consisted of optomechanical path design and sample setup subsystems.  

Firstly, we split the design process into 3 main aspects – i) laser illumination and optical coupling 

subsystem design, ii) sample holding and translating stage design and iii) integration of optics and 

AFM.  

 

Figure 6.5 -  Block diagram level schematic of the combined AFM-TIRF microscope assembly. The AFM machinery is 
used directly from a Bioscope SZ setup (top portion of the figure). The microscope objective lens, EMCCD (electron-
multiplying CCD camera) are part of the Olympus IX71 inverted microscope. 

6.2.1 Illumination and optical coupling path subsystem design 
 

In order to work with a wide spectrum of visible wavelength fluorophores, we decided to 

work with a wavelength combination optical setup. Briefly, a 450nm laser (1.6W), 532nm laser 
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(1W) and a 635nm laser (0.5W) were used as main sources of illumination to cover the visible 

spectrum. Additionally, we also integrated a 458-515nm, 25mW, single mode, Ar-Kr gas laser as 

a separate illumination pathway, without any additional optics. The coupling scheme of laser 

output to the optical fiber was similar to the one shown in Figure 6.6, using a 5x objective and U-

coupler (Note: the extra Ar-Kr laser path is not shown in the schematic). The beams emanating 

from each of the lasers were collimated using aspherical collimating lenses.  

 

Figure 6.6 - Schematic of the illumination side optical setup. The left side of the figure consists of laser combination 
setup. The fiber U coupler helps in coupling the combined light beam into a single or multi mode optical fiber using 
a 5x objective lens. The right side shows 2 approaches used to couple light into the coverslip 1) lensed fiber approach 
and 2) objective lens based end butt coupling approach. DM refers to dichroic mirrors and M refers to first surface 
reflecting mirror. 

 

After collimating the beams, the green and blue lasers were reflected from dichroic 

mirrors DM1 and DM2 and combined with the red laser. The combined collimated beam is then 

impinged on the aperture of a 5x coupling objective lens mounted on a U-shaped coupler. The 

combined laser beam is focused by the 5x objective into the aligned core of a single mode fiber 

or a 50um core multimode fiber. Once the light has been coupled into the optical fiber, then the 
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illumination is coupled to the coverslip/light guide via 2 independent methods – a) lensed fiber-

based end facet coupling or b) objective lens based end fire coupling.   

a) Lensed-fiber based end facet coupling (Figure 6.6, Option 1) 

In this approach, a bare optical fiber with one of its ends formed into a lens shaped 

structure (Figure 6.6, ‘option 1’ panel inset) is brought into close proximity with the edge 

of a coverslip or light guide. The light is coupled into the light guide and undergoes TIR at 

the interface of high and low refractive index media, thus creating evanescent wave 

profiles throughout the imaging area [239]. This was achieved by mounting a lensed fiber 

(Thorlabs LFM1S-1, 0.2 NA) on a 3D printed platform, which was in turn mounted on a 

XYZ-Translation stage. In order to finely align the lensed fiber adjacent to the light guide 

(in Z-direction), a micro-stepper motor (Actuonix P8-ST-10) was glued onto the 3D printed 

mount platform and holds the lensed fiber on top (Figure 6.7).  

 

Figure 6.7 - Lensed fiber coupling assembly schematic. 
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The stepper motor is operated in 165:1 gear ratio mode creating steps of ~1.8um. The  

lensed fiber tip is brought into close proximity of the coverslip using the stage and stepper 

motor during alignment.   

b) Objective lens based end-fire coupling (Figure 6.6, option 2) 

Using similar concept as in (a), we implemented a secondary approach where instead of 

a lensed fiber, a 40x, 0.65NA objective lens (Olympus UMPlan) was used to couple light 

into the end facet of the light guide [240].  The optical fiber output from the illumination 

side U-coupler is connected to a reflective collimator (Thorlabs RC08FC-P01). The 

reflective collimator and the objective lens are mounted together on a 3D printed mount, 

which is placed on top of a XYZ translation stage (Figure 6.8).  

 

Figure 6.8 - Objective lens-based end fire coupling scheme. 
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6.2.2 Sample holding stage design 
 

 In light guide based TIRF system, the light sources are generally coupled into the light 

guide/coverslip from the side facet of the light guide structure. In order to achieve this, we 

fabricated a steel stage whose dimensions are compatible with Olympus IX71 microscope, which 

has a portion of the stage cut from the right side where the coupling optics assembly can be 

placed. The other dimensions and structure of the stage followed the mechanical requirements 

of the AFM scanner mounting platform. A 2-axis XY translation platform was mounted on one 

side of the stage, on top of which a 3D printed sample holding platform is mounted (Figure 6.9).  

                      

Figure 6.9 - Microscope stage with sample holder assembly 
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6.2.3 Integration of Optics and AFM 
 

 After all the illumination subsystems were built, the stage assembly was mounted on the 

body of the Olympus IX71 microscope, and the coupling optics were mounted on an aluminum 

breadboard and fixed next to the microscope as shown in Figure 6.10 (for coupling option 1) and 

6.11 (for coupling option 2). 

 

Figure 6.10 - Isometric view of the stage assembly combined with lensed fiber coupling optics assembly. 

 In both cases, coarse alignment was performed by translating the lensed fiber (or 

objective) using the XYZ stage and fine alignment (only in case of lensed fiber) was done using 

microstepping of the stepper motor. The fluorescence signal from the sample was  continuously 

monitored to arrive at the best position of alignment. 
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Figure 6.11 - Isometric view of the stage assembly combined with objective lens-based coupling optics assembly. 

 

6.3 Implementation and performance 

 

Figure 6.12 - Implementation of laser wavelength combining illumination subsystem. 
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The hardware level implementation of laser wavelength combination setup is shown in 

Figure 6.12 (conforming to the design shown in Figure 6.6). The system can also be operated with 

any of the 3 wavelengths independently.  

 

 

Figure 6.13 - Integrated microscopy setup. The picture displays illumination optics (white box) connected to coupling 
optics and sample stage and AFM scanner mount fixed on Olympus IX71 inverted fluorescence microscope. To the 
right of the microscope, the image collection optics consists of a split path between an EMCCD and a CMOS camera. 

Figure 6.13 shows the overall integrated microscopy setup with illumination, microscope 

body, AFM scanner mount and image collection optics. The full setup was placed on a vibration 

isolation table for reduced acoustic noise coupling. The image collection could be done either via 
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EMCCD camera (low light conditions) or CMOS camera (for faster frame rates). Most of the 

collected images shown (further in the document) were collected on the EMCCD camera.  

 

Figure 6.14 - Closeup views of AFM scanner and integrated microscopy setup. A) Combined AFM-TIRF setup with 
lensed fiber coupling, B) Photograph of the setup shown in A with illumination on, C) Combined AFM-TIRF system 
with objective lens based coupling and D) Photograph of the setup shown in C with illumination on. 

 Figure 6.14 shows closeup views of the integrated AFM-TIRF system in both modes of 

illumination, with 6.14A and B corresponding to lensed fiber-based illumination and Figure 6.14C 

and D corresponding to objective lens based coupling. The overall setup for both modes of 

illumination are similar and the modes of illumination can be toggled between either modes by 

a simple swap of the illumination mounts shown in Figure 6.7 and Figure 6.8 respectively. 
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6.3.1 TIRF Imaging of fluorescent beads 
 

 We first verified the functionality of the TIRF system by imaging 100nm diameter 

fluorescently labeled polystyrene beads (Tetraspeck beads, Invitrogen) immobilized on high 

refractive index coverslips made of SF-11 material (R.I = 1.74). A 100x dilution of the beads was 

drop casted on a freshly cleaned coverslip and dried. The critical angle of TIR for the coverslip-air 

interface was calculated to be ~35°. The green emission fluorescence (emission λ = 517nm) 

channel was used for image collection with illumination from the 450nm blue laser. In all cases a 

60x water immersion objective was used to collect the generated fluorescence signal. 

                

Figure 6.15 - TIRFM imaging of 100nm beads with lensed fiber illumination. A) Widefield fluorescence (excited 
from integrated Xe lamp), B) TIRFM image of the same area in A, C) Normalized Intensity profiles of the white lines 
drawn in A and B. Image size = 1024x1024 pixels, 216nm pixel size. 



176 
 

 From figure 6.15B, it can be observed that the lensed fiber based TIRF system faithfully 

reproduces the arrangement of beads as observed from widefield illumination (Figure 6.15A). 

Figure 6.15C shows a section profile of the white line drawn in panel A and B. It is clear that the 

background fluorescence in widefield illumination masks some of the features (Figure 6.15C, blue 

line) and these features appear with a comparatively higher signal to noise ratio in the TIRFM 

image (Figure 6.15C, orange line).  

                            

Figure 6.16 - Comparison of widefield and TIRM imaging of 500nm diameter beads in 0.01% FITC solution. A) 
Widefield image, B) TIRFM image of the same area as in A, C) Zoomed in view of the red box drawn in A, D) Zoomed 
in view of the corresponding red box drawn in B. In both C and D, the white line is drawn to obtain a intensity section 
profile, which are shown below each panel. Image size = 1024x1024 pixels, 216nm pixel size. 
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 Figure 6.16 shows fluorescence imaging comparison of widefield and lensed fiber TIRFM 

approaches for 500nm diameter polystyrene beads immobilized on SF-11 coverslip surface, with 

0.01% solution of FITC dye (in 1X PBS) and imaged using the green channel filters (excitation = 

450nm and emission = 517nm). Panel A shows the widefield image with significant background 

pollution visible and panel B, shows the TIRFM image of the same area with comparatively lower 

background signal. Panels C and D respectively, show a zoomed in view (red boxes) with the 

intensity profiles (of the white lines) displayed below them. It is quite evident that the signal to 

noise ratio is reduced in the case of widefield excitation and is substantially higher in the case of 

TIRF excitation. The figures also display a contrasting difference in the diameter of the structures 

imaged, with widefield excitation showing almost fully circular beads of 500nm diameter and the 

TIRF excitation shows the same structures with smaller diameter. This is due to the penetration 

depth of the evanescent field created under TIRF excitation selectively excites in the region 

<250nm from the coverslip surface.  

6.3.2 TIRF imaging of B103 cells 
 

 After validating the TIRF excitation on fluorescent beads, we next imaged B103 

neuroblastoma cells fixed on SF-11 coverslips. After the cells were grown on coverslips, they were 

fixed in 3.5% paraformaldehyde, permeabilized with 0.1% TritonX and subsequently labeled with 

Alexa488 Phalloidin (Biotium or Invitrogen) stain which targets the actin filaments in the cell 

cytoskeleton. B103 cells, in general display globular morphology (nucleus region) with neurite 

growth and elongation. In some areas, growth of the cells can occur in clusters and piled on top 

of each other. 
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Figure 6.17 - Comparison of Widefield and TIRFM imaging of B103 Neuroblastoma cells. A) Widefield excitation and 
B) lensed fiber TIRF excitation 

 Figure 6.17 shows the AF488-Phalloidin channel (green) of B103 cells under widefield and 

TIRF excitation. From Figure 6.17A and the zoomed in view below (marked in red box), it can be 

observed that due to high z-dimensions of the cells near the nuclear region, the fluorescence 

signal is fully overwhelming and cytoskeletal details are not visible. Figure 6.17B and the zoomed 

in view below (red box) show the same imaging area in A with much higher surface level details. 

Neurite outgrowth and cytoskeletal features are much more apparent and can be easily 

distinguished from the corresponding widefield image. In comparison to panel A, the features 
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are not overwhelmed by the fluorescence signal from other cellular components along the z-

direction. 

The overall mechanical stability of the system needs to be improved for lower noise in 

AFM imaging. Currently, due to high degree of acoustic noise coupling, the AFM subsystem can 

achieve a height noise level of 1.8 - 2nm, which is considerably high for high resolution AFM and 

combined AFM-TIRF imaging. Conventional optical table vibration isolation methods have been 

problematic for AFM imaging and more advanced noise isolation methods such as active noise 

isolation can be applied for greater control over height noise. Once the mechanical noise problem 

is countered, automated synchronization of pixels generated by AFM and fluorescence imaging 

can be performed (software level) for improvising localization of the specimen features via both 

imaging methods. This approach can be useful in the development of combined AFM and super 

resolution fluorescence in the future. 

6.4 Conclusion 

In this chapter, we demonstrated the design and development of the AFM-TIRF combined 

microscopy system. Laser illumination scheme and light coupling via two independent 

mechanisms (fiber coupling and objective lens coupling) offer a high degree of flexibility and 

convenience in imaging. The system offers high temporal resolution and specificity via 

fluorescence imaging and high spatial resolution via AFM imaging. The system is also capable of 

performing localization based super resolution fluorescence imaging with minor modifications. 

Future studies of membrane-protein interaction, such as protein diffusion-based 

oligomerization, real time tracking of amyloid growth in membrane environments with 

nanomechanical mapping can greatly benefit from the implemented AFM-TIRF imaging system. 
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