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ABSTRACT 

Amyloid precursor protein (APP) is best known for its role in Alzheimer’s disease (AD) 

as the protein from which Amyloid-β (Aβ) is cleaved and released. The enzyme that ultimately 

liberates Aβ from APP is an aspartyl protease called γ-secretase. The two main forms of Aβ 

produced by amyloidgenic APP processing are Aβ40 and Aβ42, the latter of the two aggregating 

into a toxic higher order species that make up the major component of senile plaques in the AD 

brain. Early onset AD point mutations within the transmembrane region of APP (APPTM) have 

been proposed to increase the Aβ42/Aβ40 ratio by disrupting APPTM structure and dynamics. In 

the following study, we determined how point mutations in APPTM affect the initial binding 

interaction between the catalytic subunit (Presenilin) of γ-secretase using recently discovered 

presenilin homolog enzymes (PSH). NMR chemical shift perturbation identified the juxtamem-

brane regions of APPTM as the binding interface, including the ε-cleavage site. Additional 

findings indicate binding differences between Wild Type and V44M-APPTM substrates with the 

mutant showing an increase in chemical shift perturbation (CSP) at the ε-cleavage site in V44M. 

Furthermore, when comparing PSHs, the MAMRE50 enzyme causes larger CSP in APPTM than 

MCMJR1 implying increased binding affinity. Higher substrate perturbation correlates well with 

increased substrate cleavage rate by MAMRE50 shown in both NMR and gel-based assays. This 

study demonstrates the importance of enzyme substrate interplay for the determination of catalyt-

ic efficiency and specificity in intramembrane proteolysis involved in AD pathogenesis.  

 Aβ protein is the main aggregate component found in senile plaque in the AD brain. 

Familial Alzheimer’s disease (FAD) point mutations found within the Aβ sequence are known to 

cause early onset AD that occurs prior to the age of 65. Although FAD constitutes a small 

number of AD cases its clinical behavior is similar to sporadic AD. Aβ FAD mutants usually 

aggregate faster than Aβ Wild Type and in some cases form unique aggregates. We hypothesize 

that FAD mutations change Aβ monomer conformation and affect their aggregation. Due to Aβ’s 

intrinsically disordered nature, it cannot be studied using basic structure determination tech-

niques such as x-ray crystallography or cryo-EM. The following study used combined solution 

NMR and high-pressure techniques for the characterization of conformational differences 

between Wild Type, protective and FAD Aβ monomers. Basic 2D experiments at atmospheric 

pressure revealed variation in backbone amide chemical shifts at and around the site of mutation, 

as expected, while high-pressure NMR studies showed differences in increased pressure coeffi-
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cients at residues 12-17 in FAD mutants. This region is close to the central hydrophobic cluster 

of Aβ, which is known to play an important role in Aβ aggregation. These conformational 

changes could contribute to the distinct properties of FAD mutant Aβ species. The experimental 

outcome from these studies demonstrates the utility of high-pressure NMR as a tool for charac-

terizing regions of residual structure in less ordered protein systems.  
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1. General Review of Alzheimer’s Disease 

1.1 Dementia 

1.1.1 What is Dementia? 

Dementia is a clinical term used to describe all neurocognitive disorders that are charac-

terized by the progressive deterioration of memory and other mental functions. This disorder 

interferes with cognitive function including memory, language, visuospatial function, speech, 

judgment and reasoning. Dementia is also associated with changes in personality and social 

behavior. These impairments and changes are a result of neuronal cell damage in regions of the 

brain involved in memory and cognition.1  

1.1.2 Reversible and Irreversible Dementia 

 Dementia can be categorized into two groups: reversible or irreversible. Reversible 

dementia is observed as a symptom of a preexisting condition. These conditions include depres-

sion, substance abuse, delirium, vitamin deficiency, brain tumors and metabolic disorders. In 

addition medications have also been implicated to cause dementia like symptoms.2 Irreversible 

dementia, unlike reversible dementia, is associated with neurodegenerative and vascular condi-

tions found within the brain. This form of dementia is diagnosed through extensive tests, 

physical examination and family history.3–6 Irreversible dementia can be further divided into 

eight known subcategories: Alzheimer’s disease (AD), vascular dementia, dementia with Lewy 

bodies, mixed dementia, frontotemporal lobar degeneration, Parkinson’s disease, Creutzfeldt-

Jakob disease and normal pressure hydrocephalus.7 Alzheimer’s disease will be the main focus in 

this dissertation.  

1.2 Alzheimer’s Disease 

1.2.1 The Origin of AD 

In 1906 a German neuropathologist, by the name of Dr. Alois Alzheimer, characterized a 

severe dementia case that later became known as Alzheimer’s disease. This first documented AD 

case was described as a ‘peculiar disease of the cerebral cortex,’ that presented progressive 

memory, language and psychosocial impairment, paranoia, disorientation and delusions. Post 
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mortem brain examination revealed amyloid and neurofibrillary deposits, widespread atrophy 

and changes in brain structure that are now recognized as key implications in AD.8  

1.2.2 What is AD? 

 AD is a progressive neurodegenerative disease that affects memory, thinking and behav-

ior. The earliest symptom is the inability to remember new information, a result of neuronal 

damage in the memory regions of the brain. As the disease progresses damage spreads into other 

areas of the brain resulting in more severe symptoms such as; poor judgment, changes in mood 

and personality, increased anxiety, problems speaking and/or writing, memory loss and confu-

sion.9 Eventually damage reaches portions of the brain in charge of motor-movement, rendering 

individuals unfit to perform normal tasks such as eating, bathing and dressing. In the final stages 

of AD individuals become bedridden and require around the clock care. 

1.2.3 AD Facts and Figures 

 As of 2017 one in ten people over the age of sixty-five develops AD. Of the 5.5 million 

Americans affected, 96% are sixty-five years or older.10 Due to high prevalence AD is currently 

the 6th leading cause of death in the U.S. and is the only cause of death that continues to increase 

(Figure 1.).11 Providing healthcare for those affected cost the U.S. $259 billion in 2017,12 which 

does not include the 18.2 billion hours of unpaid care provided by family caregivers. By 2050 it is 

estimated that 7 million people over the age of eighty-five will be diagnosed with AD.  
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Figure 1. Percent changes in selected causes of death (all ages) between 2000 and 2014.1 
Resulting data was collected by the National Center for Health Statistics.11,13   

1.3 Pathology of AD 

1.3.1 Pathological Hallmarks 

 AD is characterized by two pathological hallmarks: neurofibrillary tangles (NFTs) and 

senile plaques.14 ‘Tangles’ and ‘plaques’ are mainly composed of hyperphosphorylated Tau and 

amyloid-β protein aggregates that build up and affect the normal function of neurons.15 Tangle 

and plaque deposition are a sign of early AD pathology, which begins many years prior to 

clinical onset.16,17  

1.3.2 Senile Plaque 

 Senile plaques are extracellular deposits consisting of a mixture of proteins and mole-

cules including; fragments of amyloid precursor protein, metal ions, lipids, α-antichymotrypsin, 

heme, heparin and aggregated forms of Aβ.18–21 Aβ peptides, 40 and 42 amino acid residues in 

length, make up a majority of the plaque core consisting of a dense network of fibrils.17,19,22 

Surrounding these fibril networks, and often times co-localizing, are microglia and 

astrocytes,22,23 two types of cells thought to be involved in containing plaque spread and signal-

ing for inflammatory response.17,24 Although deemed a pathological hallmark of AD, senile 

plaques have also been observed in post mortem brains of cognitively healthy individuals.25,26 
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Known morphological differences between the aging and the diseased have been identified. 

Senile plaques linked to ageing are characterized as ‘diffuse and non-compact’ deposits solely 

consisting of Aβ while AD plaques form ‘dense’ Aβ cores surrounded by microglia, astrocytes 

and degenerating neurites.17 Small differences in the quantity of the specific types of Aβ present 

within aging and disease plaques may provide insight into what is causing this AD associated 

inflammatory response.   

1.3.3 Neurofibrillary Tangles  

 NFTs, the second known hallmark of AD, are intracellular aggregates composed of 

hyperphosphorylated microtubule associated protein Tau.27 Tau’s main physiological role is to 

promote microtubule assembly and stability for axonal and vesicular transport of cargo through-

out neurons.15 In AD, levels of unbound Tau rise and cause an aggregation cascade event where 

Tau becomes misfolded and begins to form pretangles. Over time pretangles aggregate into a 

more β-sheet like structures called paired helical filaments (PHF) that later come together to 

form NFTs.28 There is strong scientific evidence that the up-regulation of phosphorylation may 

play an important role in the initial Tau misfolding event,29,30 but it remains unclear as to which 

kinase is responsible.31  

1.4 Amyloid-β  

1.4.1 Physiological Role of Aβ 

 Amyloid-β’s overproduction and neurotoxic association in AD oftentimes overshadows 

the proteins possible physiological function(s) within the brain. While the peptide’s role within 

healthy individuals is not well understood, experimental studies have presented possible connec-

tions between Aβ production, synaptic control, neuronal survival and antimicrobial 

tendencies.32,33  

Early studies showed higher susceptibility to seizures in APP knockout mice.34 This was 

believed to occur as a result of a lack of APP processing whose cleavage product(s) may act in a 

negative feedback loop to suppress synaptic activity.32 Later studies showed a direct link with 

upregulated Aβ production and APP trafficking in activated hippocampal cells.35 When γ-

secretase activity was inhibited in these cells increased excitatory postsynaptic current was 

observed, similar to the seizures noted in knockout mice. Furthermore, when NMDA receptors 
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were stimulated in neuron models the cells exhibited upregulated APP processing and Aβ 

production.36 These three studies imply strong association between APP processing, Aβ produc-

tion and glutamate release in excitatory synaptic regulation.  

Aβ has also demonstrated a possible link to neuronal survival in the brain. Experiments in-

hibiting Aβ production in primary neuron cultures resulted in cell death which was restored with 

the addition of picomolar amounts of Aβ (Aβ40).37 This is thought to occur by altered expression 

of potassium channels known to regulate excitability and glutamate release. Intracellular potassi-

um levels have also been shown to trigger apoptosis.38 Additionally, increasing Aβ levels have 

been shown to increase potassium currents.39 These studies provide interesting evidence for Aβ 

modulation of neuronal survival.  

More recently Aβ has been shown to play a protective role against microbial infection. In 

vitro studies using synthetic forms of Aβ have demonstrated potent antimicrobial properties 

toward eight common microbial pathogens including influenza A virus and herpes simplex 

virus.40–42 This hypothesis was further backed by studies extended to in vivo AD systems. AD 

mouse, nematode and cell culture models with upregulated Aβ production were demonstrated to 

protect against fungal/bacterial infections through Aβ oligomer binding at cell wall carbohy-

drates via heparin binding domain. Furthermore, 5XFAD mice showed rapid Aβ seeding and 

deposition in response to Salmonella Typhimurium bacterial infection. These Aβ deposits were 

found to colocalize with the invading bacteria.33 These findings strongly suggest Aβ deposition 

as a possible mechanism for sequestering harmful bacteria in a natural response to infection.  

1.4.2 Regulated Intramembrane Proteolysis (RIP) 

 Aβ is liberated during a common cellular process known as regulated intramembrane 

proteolysis (RIP).43 During this process an integral membrane protein is cleaved within its 

transmembrane domain to yield a physiologically active protein fragment. These fragments are 

referred to as liberated protein domains (LPD) that act as signaling messengers. LPDs control 

many cellular processes including apoptosis, cell differentiation, proliferation and neurogenesis, 

which contributes to brain development, cancer and immunology.44–46 The group of proteases 

that catalyze RIP are called intramembrane cleaving proteases (iCLiPs) which are divided further 

into three families: aspartyl, metallo and serine proteases.47 The iCLiP of focus in this disserta-

tion is an aspartyl protease by the name of γ-secretase well known for is role in the production of 
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Aβ in AD. In project 1, we studied PSH/APPTM interaction to provide insight into the mecha-

nism of RIP as it pertains to AD.  

1.4.3 Aβ Production 

 Aβ is produced through a series of enzyme cleavage steps performed on a larger trans-

membrane protein called amyloid precursor protein (APP). APP originates from a gene found on 

chromosome 21, yielding a type I integral membrane protein most commonly expressed in 

neurons.48,49 Three different isoforms can be produced as a result of alternative splicing of exons 

seven and eight: APP770, APP751 and APP695. APP695 is highly expressed in the brain while 

APP770 and APP751 are expressed significantly less.50 This protein consists of a large extracellular 

domain, a hydrophobic transmembrane domain and a short intracellular domain (AICD). As a 

membrane protein APP is a target for multiple enzyme cleavage reactions and can be processed 

along one of two main pathways: the non-amyloidgenic and amyloidgenic processing pathways.  

 
Figure 2. The non-amyloidgenic and amyloidgenic APP processing pathways. During non-
amyloidgenic processing (A), APP is cleaved first by α-secretase followed by γ-secretase. α-
secretase cuts within the Aβ domain preventing the release of active Aβ peptide. During 
amyloidgenic processing (B), APP undergoes successive cleavage by β-secretase and γ-
secretase. β-secretase cleaves to produce the N-terminus of Aβ while γ-secretase cuts and 
releases full length Aβ peptide. This figure depiction is based on figure 1 from Thinakaran et 
al.51 
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 In the non-amyloidgenic pathway APP is first cleaved by α-secretase (ADAM) within its 

transmembrane domain between K16 and L17 (Aβ numbering) to release a α-APP fragment and a 

membrane embedded 83-residue fragment. C83 is further cleaved in its transmembrane domain 

by γ-secretase to release P3 and APP intracellular domain (AICD). P3 is quickly degraded,52 

while AICD has been thought to play a role in cell signaling and gene regulation through Fe65 

adaptor protein.53 Although ADAM does not directly play a role in producing Aβ this enzyme has 

been shown to reduce Aβ generation and plaque build up in mouse models.54,55  

During amyloidgenic processing APP is first cleaved by β-secretase (BACE1) releasing a 

β-APP fragment and a membrane embedded 99-residue peptide (C99). C99 is then further 

cleaved by γ-secretase within its transmembrane domain to release Aβ and AICD into the 

extracellular space and cytoplasm, respectively (Figure 2B).52 γ-secretase can cleave at one of 

two sites within C99, L49 or T48 also known as the ε-cleavage site. Once cleaved the 48 and 49 

residue fragments undergo additional tripeptide cleavage to eventually produce Aβ42 or Aβ40, 

respectively.56 Amyloidgenic processing results in Aβ products ranging from 38-43 residues in 

length with Aβ40 and Aβ42 making up the two major isoforms.51,57  

1.4.4 Aβ40 and Aβ42 

 Despite only differing in sequence by two residues Aβ40 and Aβ42 are known to play 

separate and distinctive roles in AD pathology. Aβ40 makes up about 90% of all Aβ found in 

plasma while its 42 residue counterpart localizes largely in senile plaques.58–61 Aβ42 aggregates 

play a dominant role in the development of AD.62,63 When compared to Aβ40, Aβ42 aggregates at 

a much fast rate forming toxic higher order species through a distinctive mechanism.64–67 In 

contrast, Aβ40 plays a more protective role by inhibiting Aβ42 aggregation.68–70 Aβ40 is thought 

to do so by binding and stabilizing Aβ42 monomer in a ratio dependent manner.71 Additionally, 

Aβ40 has also been shown to release Aβ42 monomer from Aβ42 aggregates.71 Aβ40’s protective 

nature could be applied as a means to slow down or prevent Aβ42 aggregation and could also 

explain Aβ40 recruitment to senile plaques found in late onset forms of AD.24  

1.4.5 Aβ Aggregation and Toxicity 

 While Aβ monomer is considered nontoxic, Aβ aggregates have been shown to negatively 

impact neuronal networks by disrupting communication and homeostasis.72–74 Aβ is know to take 
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on many aggregate morphologies ranging from small oligomers to mature fibrils.75,76 The colocal-

ization of these varying Aβ aggregate structures in senile plaques has led to ongoing debates over 

which form(s) leads to the toxicity associated with AD pathology.75,77   

 
Figure 3. A schematic illustration showing the Amyloid-β aggregation mechanism. In AD, 
Aβ monomers misfold and progress down the aggregation pathway. Misfolded monomers 
first form small aggregates called oligomers that later associate into protofibrils. These 
protofibrils then elongate into fibrils that nucleate together to produce senile plaque. 
Amyloid aggregates have been hypothesized to cause a cascade of events that eventually 
lead to synaptic failure and neuronal death. “On-pathway” refers to aggregates that form 
fibrils. The depiction of these small molecules is not drawn to scale.  
 

Aβ oligomers have been identified spanning from dimers and trimers up to larger do-

decamers.78–82 Oligomers have been found to be highly toxic in rodent systems causing a 

reduction in synapse number, inhibition of long term potentiation and enhancement of long term 

synaptic depression.62,78,83 They have additionally been shown to cause memory impairment in 

vivo upon injection and increased tau hyperphosphorylation in vitro.84,85 Another shorter fibril-

like aggregate, known as a prefibril oligomer or protofibril has also been detected in neuritic 

plaques.77,86–88 Although considered toxic, when compared to small oligomers protofibrils showed 

less toxicity in mouse cortical neurons.89,90  

The most thermodynamically stable of all Aβ aggregates is the fibril conformation that 

manifests after years of aggregation and build up within the AD brain.76,91,92 Amyloid fibrils were 

first detected using thioflavin-T (ThT) assays found to bind protein regions rich in β-sheets.93 

Solid state NMR and electron paramagnetic resonance spectroscopy techniques first verified the 

identity of these Aβ42 fibril structures described as ‘in-register’ parallel β-sheets.94–96 It is be-
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lieved that oligomers may act as on-pathway seeds to jumpstart fibril formation (Figure 3.),97–99 

and that once equilibrium is reached fibrils act as repository for aggregate species in equilibrium 

with smaller more neurotoxic species.63  

1.5 Amyloid Cascade Hypothesis 

 Although AD pathogenesis has been explained by multiple theories100–102 the most 

influential is the Amyloid Cascade Hypothesis (ACH). Originally proposed by Hardy and Selkoe 

in 2002,103 this hypothesis links the overproduction of toxic Aβ42 aggregates to synaptic dys-

function and neuronal death associated with AD dementia through a cascade of events (Figure 

4.).62 Over the last decade this theory has been transformed to include Tau hyperphosphorylation 

as a key event for Aβ toxicity85,104 while also encompassing the importance of Aβ catabolism and 

clearance in the pathogenesis of AD.105–108  

1.5.1 Arguments for the ACH 

Since its inception continuing research has led to increasing support in favor of the ACH. 

The discovery of mutations in APP, Presenilin-1 (PS1), Presenilin-2 (PS2) and the triple APP 

allele (Trisomy-21, also called Down’s syndrome) on chromosome-21 that cause an increase in 

amyloid deposition and inevitable AD dementia109–112 first affirmed Aβ’s connection to AD 

pathology. All four of these genetic mutations cause early onset forms of AD and have been 

found to increase Aβ42 production.111,112 While Aβ42 levels rise in the AD brain it has also been 

shown that soluble Aβ42 levels drop in the cerebral spinal fluid long before any AD related 

changes occur.113,114 Additionally, a risk factor found to increase the likelihood of developing 

AD has been identified in a protein called APOε4, a defective form of Apolipoprotein that causes 

a reduction in Aβ clearance from the brain.115,116  

The ACH is further backed by numerous cell and animal studies. Neuronal cultures treated 

with Aβ aggregates caused morphological and biochemical changes consistent with AD related 

neurotoxicity.117 This was recapitulated in animals where Aβ42 oligomers isolated from a human 

AD brain caused decreased synaptic density, inhibited long term potentiation (LTP), enhanced 

long term synaptic depression and memory impairment when injected into healthy rats.62 This 

was also displayed in the primate model resulting in local gliosis and neuronal loss upon Aβ 

aggregate injection.118,119 AD transgenic mouse models have also been created showing plaque 
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and tangle pathologies that cause synaptic loss, astrocytosis, microgliosis and memory impair-

ments similar to AD.120–122 Recently a protective mutation within APP was discovered. This 

mutation, known as A2T, causes a decrease in the production and aggregation of Aβ deposits 

thus protecting against AD and cognitive impairment associated with ageing.123  

1.5.2 Arguments Against the ACH 

 While there is plenty of research in support of the ACH, many overarching questions 

remain in contention against this theory. One argument is that Aβ burden and plaque counts do 

not correlate well with the degree of mental impairment seen in AD patients.124 However, 

Näslund and Wang discovered that the degree of dementia correlates better with soluble Aβ 

levels measured by biochemical assay when compared to histological determined plaque 

counts.125,126 Further concerns stemmed from FAD mutation studies done in cell cultures that 

showed no correlation between Aβ production and age of onset.127 While this still remains 

unclear a possible explanation is that cell cultures cannot accurately reflect the complicated 

mechanisms of Aβ production and clearance in the human brain. A similar argument was made 

concerning mouse models that do not show clear neuronal loss when compared to human AD 

brains.128 This could be a result of species differences, absence of mouse equivalents to human 

tau and inflammatory mediators as well as short exposure times.103  

 Another popular question remains as to why many humans show abundant Aβ deposits 

post-mortem but do not display any dementia symptoms. While Aβ plaque build up has also 

been deemed a normal ageing process, AD Aβ deposits tend to colocalize with additional com-

ponents such as microglia and dystrophic neurons. Furthermore it has been shown that there is a 

significant difference between toxic Aβ oligomer levels in cognitively healthy versus AD 

brains.129 These factors were most likely overlooked in these cases. Many groups have further 

discredited the ACH over studies that shown Tau aggregation occurs prior to Aβ aggregation in 

AD. This topic has been highly debated for years. Recent studies clearly showed that FAD 

mutations in APP, PS1 and PS2 cause early Aβ deposition preceded by NFT formation130 while 

tau mutations cause a type of frontotemporal dementia lacking Aβ deposition.131 

 A more recent argument against the ACH deals with a string of studies that indicate a 

“loss of function” in Presenilin (PS) FAD mutation carriers.132–134 This hypothesis assumes that 

less APP processing by mutant PS would cause a reduction in Aβ and dementia and is instead 
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caused by loss of other functions of PS. However recent studies show that many PS mutants can 

generate highly aggregate-prone and toxic Aβ43, providing additional aggregation seeds.135,136 

 The final debate over the ACH deals with the many failed clinical trials targeting Aβ. The 

success of clinical trials is often based on the thoroughness of experimental planning and success 

of early stage tests. Many of these failed trials yielded inadequate preclinical data, low indexes, 

poor brain absorption and little biomarker change that led to their eventual dissolution.137 This 

was seen for Semagacestat, a γ-secretase inhibitor that showed a low therapeutic index and no 

proof of Aβ lowering capabilities.138,139 Another drug, Solanezumad, created as an antibody to 

target Aβ monomers and oligomers, showed little to no benefit for mid to late stage patients but 

suggested a small but significant cognitive benefit for mild stage subjects.140 Many of these early 

trials focused on treating mid to late stage patients that were often too advanced to shown any 

beneficial effects. The most impressive AD clinical trial to date was run on the antibody Adu-

canumab, that targets amyloid oligomers and plaques.141 This trial was well organized when 

compared to the other clinical trials and utilized amyloid PET screening to verify clinical diagno-

sis. Many of the trials run prior showed a high incidence (25%) of incorrect AD diagnosis due to 

improper prescreening.  

Despite the many arguments against the ACH this theory still remains the most dominant 

theory behind AD pathogenesis. Further research geared towards the study of Aβ and its role in 

AD will help elucidate the complex interconnected events involved in the progression of this 

disease.  
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Figure 4. The amyloid cascade hypothesis as explained in Selkoe et al.62 This hypothesis 
links toxic Aβ42 aggregates to eventual synaptic failure and neuronal death associated with 
AD type dementia through a series of cascading biological events.   

1.5.3 Therapeutics 

 Now that Aβ has been directly linked to AD pathogenesis, progress is being made in the 

development of drugs targeted to the different biological events discussed in the ACH. The most 

prominent of drug targets are β and γ-secretase inhibitors that are used to inhibit APP amy-

loidgenic processing to prevent further Aβ release. This type of treatment has sparked 

controversy because of the enzymes’ role in cleaving many substrates in addition to Aβ. For 
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example Notch and ErbB4 which both play an important role in cell development and fate.142–144 

Two recent clinical trials using γ-secretase inhibitors Avagacestat and Semagarestat were halted 

due to strong side effects such as skin cancer, gastrointestinal disturbances, weight loss and 

worsening of cognitive function.138,145 These side-affects were likely caused by reduced pro-

cessing of other vital γ-secretase cleaved substrates. While early γ-secretase inhibitor trials have 

failed, the research continues for γ-sectretase modulators (GSM) that shift Aβ production to-

wards shorter forms such as Aβ40 and Aβ38.  

 Another popular drug target focuses on preventing Aβ aggregation by enhancing Aβ 

clearance from the brain using antibodies.146,147 Although proven beneficial in mouse models,148 

recent application in AD patients resulted in a small number of central nervous system inflamma-

tory reaction cases halting clinical trial studies.63 Many clinical trials using new active and 

passive antibody candidates are under way.  

 In recent years, anti-inflammatory drugs have been repurposed to treat a variety of 

disease symptoms resulting from ‘cellular inflammatory response’ (CIR). The CIR has been 

affiliated with the release of microglia, astrocytes and cytokines in reaction to Aβ plaque build 

up in the brain during AD. While anti-inflammatories have been shown to reduce cytopathology 

in AD mice,149,150 there remains concern over possible interactions with γ-secretase.151 Further 

studies must be done before considering anti-inflammatories as a preventative treatment for AD.  

 Diet has also become a prominent topic in the field of disease prevention shedding light 

on the effects of a high fat diet on disease susceptibility. Diets high in cholesterol have been 

shown to increase AD pathology in mouse and rabbit models,152,153 while studies using choles-

terol-lowering drugs highly correlated with reduced AD pathology.154,155 It is thought that 

increasing cholesterol levels promotes amyloidgenic APP processing through the production of 

lipid rafts.156 Studies and clinical trials have been initiated to further characterize the use of more 

specified statins as a possible AD treatment.  

 The final AD treatment strategy is targeted towards metal ion reduction within the brain. 

Copper, iron and zinc have been shown to colocalize in large quantities with senile plaques in 

AD,157 the latter (Zn2+) known to cause an increase in Aβ aggregation.158 A study using a 

Cu2+/Zn2+ chelator, Cliquinol, successfully prevented Aβ deposition in APP transgenic mice,159 

further promoting the use of chelator drugs for AD treatment and prevention.  
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 The therapeutic strategies listed above show great potential for the development of 

possible drug targets for the prevention and treatment of AD. While many of these drugs have 

failed in late clinical trials, future AD treatments are still possible through small alterations in 

preexisting lead molecules. It is only a matter of time until a drug targeting one or more of these 

systems will be identified for the prevention and treatment of AD.  

1.6 Familial Alzheimer’s Disease  

1.6.1 What is FAD? 

While a majority of all AD cases are considered sporadic a small percentage result from 

genetic mutations. These genetic AD cases have been termed Familial Alzheimer’s disease (FAD) 

or early onset AD due to their occurrence prior to the age of 65. FAD is caused by single point 

mutations in one of three genes: APP, presenilin 1 (PS1) and presenilin 2 (PS2).160,161 The APP 

gene located on chromosome 21, codes for a type I integral membrane protein that is embedded 

within the neuronal membrane where it is cleaved in a series of steps to release Aβ.162,163 The PS1 

and PS2 genes code for the active subunit of γ-secretase an intramembrane aspartyl 

protease.164,165 γ-secretase performs the second cleavage step in amyloidgenic processing that 

liberates Aβ into the extracellular space. FAD mutations are thought to alter the processing of 

APP and/or the biophysical behavior of the released Aβ isoforms. While FAD occurs prior to the 

age of 65 clinical behavior is similar to sporadic cases.  

1.6.2 Aβ42/Aβ40 Ratio 

 In order to better understand AD pathology FAD mutants have been extensively studied to 

determine mechanistic differences linked to pathogenic APP processing and resulting Aβ release. 

The overriding conclusion points to a significant shift in Aβ40 and Aβ42 production levels. In 

vivo studies indicate that FAD mutations cause an increase in Aβ42 concentration which has been 

supported by multiple studies using cell and mouse models.112,165–170 It is believed that the total 

amount and kind of Aβ released is highly dependent on the location of each point mutation within 

their respective proteins. APP point mutations N-terminal to A42 (Aβ numbering) have shown to 

cause an increase in both Aβ40 and Aβ42 levels while C-terminal mutations increase Aβ42.112,134 

Although each mutation has a distinct molecular phenotype, a majority of FAD mutations have 
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shown an increase in the Aβ42/Aβ40 ratio. The mechanism behind this shift still remains un-

known.  

1.7 Experimental Motivation 

 The two projects discussed in this dissertation aim to characterize the differences between 

Wild Type and FAD mutants of two proteins (APPTM and Aβ) that are involved in the pathogen-

esis of AD. The first project is directed towards understanding how FAD point mutations in the 

transmembrane of APP affect the binding of presenilin (presenilin homolog - PSH), the catalytic 

subunit of γ-secretase, and subsequence cleavage in favor of the Aβ42 production pathway. The 

understanding of this enzyme substrate interaction and how it affects intramembrane proteolysis 

in AD will be useful for the development of novel therapeutic drug treatments. The second 

project was intended to determine conformational differences in backbone amide and residual 

structure between Wild Type, protective and FAD mutant Aβ monomers. Insight into Aβ mono-

mer morphological differences could explain the distinct aggregation pathways presented 

phenotypically in Aβ linked forms of FAD. 
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2. Probing Enzyme Substrate Recognition in Intramembrane Proteolysis 

2.1 Abstract 

APP is best recognized for its role in producing Aβ protein associated with senile plaques 

found in AD. Single point mutations within the transmembrane domain of APP (APPTM) are 

characterized by an increase in the ratio of Aβ42/Aβ40. Although past NMR studies have 

identified structural differences between Wild Type and mutant forms of APPTM that may 

explain this increase171 little is known about how these mutations affect subsequent γ-secretase 

binding. In the following study solution NMR was used to probe differences in presenilin 

homolog (PSH) binding and cleavage of Wild Type and V44M-APPTM peptides. Two PSHs, 

MAMRE50 and MCMJR1 that have been shown to cleave APPTM in the NMR tube, were 

utilized. Results indicate initial enzyme binding at the juxtamembrane region of APPTM.  

Binding in the FAD mutant V44M-APPTM caused more perturbation at the C-terminus near the 

ε-cleavage site during initial interaction with PSH. Additionally, MAMRE50 displayed faster 

substrate cleavage than that of MCMJR1. The following data mapped the initial binding sites for 

enzyme-substrate interaction involved in Aβ production suggesting the importance of this 

interplay for the determination of catalytic efficiency and specificity in AD pathogenesis.  

2.2 Background 

2.2.1 FAD and APP Processing 

  Early onset FAD has long been studied due to its progressive similarity to sporadic AD. 

Point mutations located within the APP gene have been shown to alter the Aβ42/Aβ40 ratio in a 

distinctive fashion depending on mutation location. APP mutations N-terminal to A42 (Aβ 

numbering) exhibit subtle effects on cleavage efficiency while C-terminal mutations reduce 

cleavage efficiency and shift cleavage towards the production of Aβ42.134 This cleavage shift 

was particularly observed in mutations surrounding the ε-site which correlates with an increase 

in the Aβ42/Aβ40 ratio.172–176  
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Table 1. FAD causing point mutations located within APPTM. All mutants have been 
directly linked to FAD. Mutants marked as ‘unknown’ are mutants that have not yet been 
phenotypically characterized.  

APPTM Mutations Onset Aβ42/Αβ40 Increase Change in Aβ production 
A42T177 52-68 Unknown Unknown 

T43I (Austrian)174  34 ~ 8 fold éAβ42/Αβ40 
T43A (Iranian)178 55 Unknown Unknown 

V44A (German)179 47 ~ 3 fold éAβ42/Αβ40 
V44M (French)180 52 (40-60) ~ 4 fold êAβ total and ê Αβ40 
I45F (Iberian)181 53 (31-64) Unknown éAβ42/Αβ40 êΑβ40 
I45M (Volga)182 58 (45-65) Unknown Unknown 
I45T (Italian)183 36 Unknown Unknown 
I45V (Florida)173 55 ~ 2 fold éAβ42(43)/Αβ40 éAβ42(43) 
V46F (Indiana)184  47 (42-52) ~ 2.5 fold éAβ42/Αβ40 

V46G163 55 (45-62) Unknown éAβ42/Αβ40 êΑβ40 
V46I (London)162 55 (50-60) ~ 2 fold éAβ42/Αβ40 éAβ42 

V46L185 38 ~ 4 fold éAβ42/Αβ40 êΑβ40 
M51K (Chinese)186 38 ~ 1.7 fold éAβ42/Αβ40 éAβ42 

L52P187 56 ~ 1.2-1.5 fold éAβ42 
K53N (Belgian)188  55 ~1.9 fold éAβ42/Αβ40 êΑβ40 

2.2.2 APPTM 

 Amyloid precursor transmembrane domain (APPTM) encompasses residues K28 through 

L52 (Aβ numbering) of the APP sequence. This region encloses the ε-cleavage site, the initial 

cleavage site of γ-secretase, which occurs at T48 or L49 (Aβ numbering) to respectively release 

Aβ42 or Aβ40. The sixteen genetically linked AD point mutations within this region (Table 1.) 

have been shown to cause an increase in the Aβ42/Aβ40 ratio172 but the mechanism behind this 

increase in not known.  

 In 2014, Chen et al. solved the dimer structure of Wild Type-APPTM and FAD mutant 

V44M-APPTM using solution NMR to determine differences in substrate structure.171 Results 

showed variations in backbone amide structure, hydrophobic dimer interaction and hydrogen 

deuterium exchange rate when comparing Wild Type to mutant. Backbone chemical shift 

comparison yielded the largest differences at residues V44, I45, V46 and T48, residues all 

located at or within close proximity to the ε-site. A divergent rearrangement of hydrophobic 

contacts was found at the APPTM dimer interface when comparing Wild Type to V44M further 

showing structural difference. Hydrogen deuterium exchange experiments demonstrated a 4-fold 
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exchange rate increase at residue T48 consistent with helical unwinding at the ε-site seen in the 

V44M-APPTM FAD mutant. These NMR experiments hypothesized that the V44M mutant 

exposes residue T48 at the ε-site during the initial γ-secretase cleavage resulting in a preference 

towards cleaving T48 causing the release of Aβ42.  

 

Figure 5. The structure of human γ-secretase. (A) A schematic illustration of human γ-
secretase embedded within the membrane. (B) The 4.32Å cryo-EM structure of human γ-
secretase fused to T4 lysozyme from Sun et al.189 

2.2.3 γ-secretase 

γ-secretase is an intramembrane aspartyl protease that cuts a variety of substrates in their 

transmembrane domain for downstream cell signaling.190 Although termed the proteasome of the 

membrane γ-secretase has been famously linked to the release of aggregation prone Aβ in 

AD.191,192  This large 230 kDa protein complex consists of nineteen transmembrane domains 

(TMDs) that are divided into four essential protein subunits (Figure 5.);193 Nicastrin, APH-1, 

Pen-2 and PS.190 

Nicastrin, the largest subunit of the γ-secretase complex, consists of a heavily glycosylat-

ed extracellular domain and a single TMD.193 The glycosylation alone accounts for 70 kDa of the 

entire complex. Nicastrins main role in processing is N-terminal substrate recognition that is 

preceded by initial ectodomain shedding.194 Additionally, knockdown studies have proven 

Nicastrins importance in PS stabilization.195 
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 The APH-1 (anterior pharynx defective 1) component of the γ-secretase complex is coded 

by one of two genes in humans, APH-1A and APH-1B, APH-1A being the major form.196 This 

30 kDa subunit is composed of seven TMDs, which have been found to interact with Nicastrin 

and PS via hydrophobic interactions.192,193,195 During this process APH-1 acts as a scaffold that 

first anchors Nicastrin then incorporates the previously formed PS and PEN-2 complex.190  

The smallest subunit of the complex, PEN-2 (presenilin enhancer 2), is 12 kDa in size 

and is made up of three TMDs.193,195 Suggested by its name, PEN-2 plays the role of autopro-

cessing PS into an active heterodimer.195,197,198 Full knockdown of PEN-2 has been shown to 

inhibit PS activity while impairing Nicastrin maturation.199 

The last and most important subunit of the γ-secretase complex is the catalytic subunit 

PS. In humans PS is encoded by one of two genes, PS1 or PS2, where a total of 286 mutations 

have been identified and linked to FAD. PS is made up of nine TMDs and an active site contain-

ing two aspartate residues.190,200 By itself human PS is inactive, making it less than ideal for use 

in cleavage studies.199 Furthermore, although active when incorporated into γ-secretase, the 

complex is much too large for solution NMR studies making it a less than ideal model to probe 

enzyme substrate interaction at atomic resolution.  

2.2.4 Presenilin Homolog (PSH) 

MCMJR1, an intramembrane aspartyl protease from the Archaeon Methanoculleus 

marisnigri JR1, has been identified as a model for γ-secretase interaction studies. MCMJR1 

shares a nearly identical catalytic site to human PS (Figure 6.), is inhibited by γ-secretase inhibi-

tors and has been demonstrated to successfully cleave γ-secretase substrates including APP and 

Notch.201,202 As a result of its activity, small size and ability to generate an Aβ42/Aβ40 ratio 

similar to human PS, MCMJR1 is an ideal candidate for binding and activity studies at atomic 

resolution.164,203  

2.2.5 C99 and γ-secretase Interaction  

 While the structures of APPTM, γ-secretase and PSH have already been solved there is 

currently no structural information for these enzymes in the presence of substrate. In a 2016 

study by Fukumori and Steiner, photoaffinity mapping was utilized to determine binding interac-

tions between C99 and the four subunits of γ-secretase.204 The C99 residues found to interact 
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with γ-secretase, primarily the PS subunit, were located in the transmembrane juxtamembrane 

region. In addition to mapping binding, common presenilin mutations were also studied, showing 

altered substrate binding at the active site. While these experiments identified interactions 

important for enzyme substrate binding in AD, concerns remain as to whether the added photo-

crosslinkable components distorted binding results. In contrast, our NMR studies of 

PSH/APPTM interactions used native proteins.  

 

Figure 6. The active site structure comparison between PSH (Grey) and human PS1 (Blue). 
(A) Catalytic residues D257 and D385 structurally overlaid from PSH and human PS1 
structures. (B) Other active site residues overlaid from PSH and human PS1 structures. 
Both depicted figures were taken from Bai et al.193 

2.2.6 PSH and APPTM Interaction 

 The following project takes the experiments from Chen et al.171 and Fukumori et al.204 

further by probing how FAD mutations in APPTM affect presenilin binding and cleavage using 

two recently discovered PSHs. While γ-secretase interaction has already been extensively 

mapped onto C99, solution NMR may be a better technique for gauging this interaction without 

the interference of chemical additives. Wild Type and FAD mutant V44M (French) APPTM 

substrates were studied in the presence of two PSHs, MCMJR1 and MAMRE50, to identify 

differences in binding and cleavage rates in order to understand their effects on the Aβ42/Aβ40 

ratio. 

A B 
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2.3 Methods 

2.3.1 APPTM Expression and Purification 

 Wild Type and V44M-APPTM plasmids were constructed, expressed and purified using 

the protocols in Chen et al. (Figure A1. and Figure A2.).205 The pETM41-APPTM plasmid codes 

for a N-terminal 6x histidine tag fused to maltose binding protein (MBP), a TEV protease 

cleavage site and the APPTM sequence, respectively. 

2.3.2 Recombinant Extended APPTM (eAPPTM) Construct 

The Wild Type PMTTH-APPTM construct was given to us as a gift from the Dr. Fang 

Tian lab (Pennsylvania State University, PA, USA). The PMTTH-APPTM plasmid consists of a 

MBP solubility tag fused to a thrombin protease cleavage site, a sequence of fifteen nonnative 

amino acids (GSPEFTSDIELVDKL) belonging to a Lanthanide binding tag (LBT), the APPTM 

sequence containing additional APP extracellular residues (E22-N27) and a 6x histidine tag. The 

PMTTH-V44M-APPTM construct was produced using site directed mutagenesis performed by 

GenScript (Piscataway Township, NJ, USA).  PMTTH-Wile Type and V44M-APPTM plasmids 

were transformed into E.coli BL21 Codon Plus (DE3) RIPL cells from Stratagene (La Jolla, CA, 

USA) on ampicillin plates. Colonies containing the plasmid of interest were picked, grown and 

stored as frozen cell stocks at -80°C in 15% glycerol.  
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Figure 7. A flowchart showing a simplified version of the overexpression and purification 
protocol for extended APPTM. Additional detail can be found within section 2.3.3. 

2.3.3 Extended APPTM Expression and Purification 

 50mL cultures containing LB and ampicillin (50 µg/mL) were inoculated with cells from 

the PMTTH-APPTM E.coli BL21 Codon Plus (DE3) RIPL stock and grown overnight at 37°C at 

250 rpm. Overnight cultures were used to inoculate a 2L LB culture containing ampicillin (50 

µg/mL) to a starting OD600 of 0.1. Cells were grown at 37°C up to an OD600 of 0.6 then induced 

Overnight culture (Luria Broth + Amp.) 

37°C, 250 RPM 

Transfer into larger culture (OD2 media + Amp.) @ OD600 = 0.1 

37°C, 250 RPM 

Induce with 1 mM IPTG @ OD600 = 0.6 

30°C, 250 RPM (24 hrs.) 

Harvest and resuspend in urea lysis buffer 

Lyse via sonication 

Centrifuge and collect supernatant 

Apply to prepacked 
NI-NTA column 

Dialyze overnight into 
 TEV digest buffer 4°C 

Separate via Ni-NTA column 

TEV protease digest (30 hrs.) 
Shaking at 4°C, 

Add 6M urea to stop 

Separate on RP-HPLC C18 column 
MALDI-TOF, lyophilize 

& HFIP treat 

Add 20 mM potassium phosphate buffer and 10% D2O, pH 7.3 

Dissolve film in 10 mM NaOH, pH > 10 

Aliquot & freeze 
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with 2 mM IPTG where they were left to overexpressed at 16°C for 27 hours. Cells were pelleted 

at 5,000 rpm at 4°C for 30 minutes and stored at -80°C until they were ready for use. 13C and 15N 

labeled samples were overexpressed in M9 based minimal media containing 15NH4Cl and/or 13C 

D-Glucose from Cambridge Isotopes Laboratory Inc. (Tewksbury, MA, USA).  

The following protocol was adapted from Tian et al.206. Frozen cells were thawed on ice 

for 20 minutes and resuspended in lysis buffer (20 mM Tris-HCl, 500 mM NaCl, 20 mM Imid-

azole, 0.5 mM PMSF pH 8) containing lysozyme and protease inhibitor cocktail, at 10 ml/1g. 

The cell mixture was lysed via microfluidizer and centrifuged at 5,000 rpm at 4°C for 30 

minutes. The supernatant was centrifuged at 40,000 rpm at 4°C for 5 hours. The resulting pellet 

was washed in fresh lysis buffer and centrifuged for an additional 30 minutes at 40,000 rpm. The 

membrane pellet was homogenized into 10-15 mL of solubilization buffer (20 mM Tris-HCl, 500 

mM NaCl, 20 mM Imidazole, 2% DPC pH 8) then nutated at 4°C for 30 minutes. The solubil-

ized membrane was loaded onto 2-5 mL His-Trap Columns from GE Healthcare Biosciences 

(Pittsburgh, PA, USA) pre-equilibrated with 50 mL of Buffer A (20 mM Tris-HCl, 500 mM 

NaCl, 20 mM Imidazole, 0.15% DPC pH 8).  The columns were washed with 50 mL of Buffer 

A. The protein was eluted using 20 mL of Buffer B (20 mM Tris-HCl, 300 mM NaCl, 250 mM 

Imidazole, 0.2% DPC pH 8). Fusion protein containing fractions were pooled together and 

dialyzed overnight at 4°C into Thrombin Digest Buffer (10 mM Na2HPO4, 140 mM NaCl, 3 mM 

β-Mercaptoethanol, 0.5% DPC pH 7.3) using 10,000 MWCO dialysis tubing. The fusion protein 

was then digested using 15U of Thrombin (GE Healthcare, 27-0846-01) per mg of protein 

shaking at 25°C for two days.  The digested mixture was then nutated for 30 minutes at 4°C with 

Ni-NTA beads made by Qiagen (Hilden, Germany) pre-equilibrated with 25 mL of lysis buffer 

containing 0.1% DPC. The beads were washed 4X’s at 2 hr, room temperature shaking intervals 

using 10 mL of Ni-NTA Buffer A (20 mM Tris-HCl, 500 mM NaCl, 10 mM Imidazole, 0.25% 

DPC pH 8). eAPPTM protein was eluted from the column using 5-6 mL of Ni-NTA Buffer B (20 

mM Tris-HCl, 300 mM NaCl, 250 mM Imidazole, 0.25% DPC pH 8). Double-labeled samples 

for NMR assignment were run on NiNTA using buffer made with D38-DPC by Avanti Polar 

Lipids Inc. (Alabastar, AB, USA). Protein concentration was measured using Bicinchoninic acid 

assay (BCA). Pure eAPPTM was concentrated to 1 mL using a 10,000 MWCO filter concentra-

tor that was next used to buffer exchange the protein sample into NMR buffer (25 mM PO4 pH 

7.2). SDS-PAGE gels for eAPPTM purification can be found in Figure A3. of the appendix.  
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2.3.4 Presenilin Homolog (PSH) Expression and Purification 

MAMRE50 and MCMJR1 enzymes were transformed, expressed and purified by Alaa 

Abdine in the Dr. Ubarretxena-Belandia lab (Mt. Sinai School of Medicine) using the protocol in 

J.W. Cooley et al.207 

2.3.5 PSH Cleavage Assay 

 The following cleavage assay was performed by Alaa Abdine (Mt. Sinai School of 

Medicine). MCMJR1 and MAMRE50 enzymes were buffer exchanged into reaction buffer 

containing 20 mM Na-HEPES, 200 mM NaCl, 0.1% DDM at a pH 7 and were further diluted to 

a final concentration of 1 µM. Six cleavage reactions were prepared; two containing the substrate 

alone, two with a mixture of substrate to enzyme at a molar ratio of 1.5:1 and two composed of 

substrate, enzyme and enzyme inhibitor (III-31-C) at a molar ratio of 1.5:1:100, respectively. 

Enzyme inhibition reactions underwent an additional step where III-31-C was pre-incubated with 

enzyme for 1 hour prior to the addition of substrate. Following substrate addition, reactions were 

incubated for 12 hours at 37°C and run on a 12% SDS-PAGE gel. Cleavage assays were per-

formed on MBP-Wild Type-APPTM substrate for both MAMRE50 and MCMJR1 enzymes 

(Figure 9A.).  

2.3.6 NMR Sample Preparation 

 Following purification both enzyme and substrate were buffer exchanged into NMR 

buffer (25 mM NaPO4 pH 7.2) where n-Dodecylphosphocholine (DPC) micelle (Anatrace:F308) 

concentration was adjusted to 5% for APPTM and 0.1% for presenilin homolog with the excep-

tion of double labeled eAPPTM samples used for assignment experiments which were 

exchanged into 5% D38-Dodecylphosphocholine (CIL DLM-2274). Prior to running solution 

NMR, D2O was added into samples to a final concentration of 10%.  

2.3.7. Assignment of Wild Type and V44M Extended Substrate 

 Six total 3D assignment experiments were collected using 25-30% non-uniform sampling 

(NUS) for 13C-15N eWild Type-APPTM and 13C-15N eV44M-APPTM peptide samples. The four 

3D assignment experiments used were: HNCO, HNCACO, HNCA and HNCACB. All four were 

implemented for eWild Type-APPTM assignment while HNCA and HNCACB were all that was 
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necessary to complete eV44M-APPTM assignment. Assignment was completed to around 98% 

for both eAPPTM peptides. Resulting resonance assignment tables for eWild Type-APPTM and 

eV44M APPTM can be found in Table A1 and Table A2 of the appendix, respectively. 

2.3.8 Solution NMR Enzyme Cleavage Timecourse 

 One hour 2D 1H-15N TROSY experiments were collected at 40°C on an 800 MHz Bruker 

spectrometer equipped with a cryoprobe. MAMRE50 and MCMJR1 enzymes were added to 15N 

V44M-APPTM samples at a ratio of 1:1. 2D TROSY experiments were collected for 15N V44M-

APPTM alone and at timepoints of 0, 12 and 24 hours after the addition of each enzyme (Figure 

9B. and 9C.).  

2.3.9 Solution NMR MCMJR1 Binding Titrations 

1D and 2D 1H-15N 2D TROSY and HSQC experiments were collected at 40°C on an 800 

MHz Bruker spectrometer equipped with a cryoprobe. The number of scans collected were 

adjusted to account for dilution and cleavage of the substrate over time. Ten total titration points 

were collected ranging from 0:1 to 15:1 MCMJR1 to APPTM (0:1-10:1 eAPPTM). Titrations, 

four in total, were collected for Wild Type and V44M-APPTM for both the normal and extended 

APPTM substrates in the presence of MCMJR1 enzyme (Figure 10A. and 11A.).  

2.3.10 MAMRE50 and MCMJR1 Binding Comparison  

 One hour 1D and 2D 1H-15N TROSY experiments were collected for two V44M-APPTM 

samples at 40°C on an 800 MHz Bruker spectrometer equipped with a cryoprobe. One V44M 

sample was mixed in a 1:1 ratio with MAMRE50 while the second sample was mixed with 

MCMJR1. 1D and 2D experiments were repeated for enzyme substrate mixture samples (Figure 

13.). 

2.3.11 Data Processing and Analysis 

All 3D data was converted using SMILE208 and NMRPipe209 and analyzed using Sparky 

3.115 (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco) 

while 2D data was converted and processed in NMRPipe and analyzed in Sparky and Microsoft 

Excel. Combined nitrogen and hydrogen chemical shift perturbations were calculated using: 
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22 )()10( NHCSP δδ Δ+Δ=

                                         (1)  

where ΔδH and ΔδN define the change in chemical shift in the hydrogen and nitrogen dimensions, 

respectively. 

2.4 Results and Discussion 

2.4.1 APPTM vs. eAPPTM 

 Two different APPTM substrates were used throughout the course of this study (Figure 

8). The first substrate, referred to as “APPTM”, yields a thirty-one residue peptide with four 

nonnative residues at the peptides N-terminus followed by the APPTM sequence (K28-K55). 

The second substrate, termed “eAPPTM”, results in a fifty-seven amino acid peptide containing 

a lanthanide binding tag (LBT) at the peptides N-terminus, followed by six APP extracellular 

residues (E22-N27), the entire APPTM domain and two additional residues connected to a 

hexahistidine tag. The LBT tag was included in the eAPPTM construct for use in prior paramag-

netic relaxation enhancement experiments performed by the Fang Tian lab (Pennsylvania State 

University, PA, USA).206 This tag is not utilized in the following studies.  

The first construct, although containing high sequence identity to human APP, was diffi-

cult to purify. The purification process for APPTM was time consuming, financially expensive 

and resulted in low yield. After receiving the PMTTH-APPTM construct yielding the eAPPTM 

peptide a complete switch was made to purifying this substrate. While the eAPPTM construct 

contains twenty-four nonnative amino acids it does contain six additional extracellular residues 

native to APP. Additionally the eAPPTM construct could be purified within a weeks’ time, 

yielding enough product to run several NMR experiments.  

 

Figure 8.The peptide sequences of Wild Type-APPTM and eWild Type-APPTM substrates. 
Red indicates APPTM, black indicates nonnative residues while blue indicates extracellular 
native APP residues or “extended” residues.  

 

GSPEFTSDIELVDKLEDVGSNKGAIIGLMVGGVVIATVIVITLVMLKKKLEHHHHHH  

GAMAKGAIIGLMVGGVVIATVIVITLVMLKKK 

eAPPTM Peptide Sequence 

APPTM Peptide Sequence 
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2.4.2 eAPPTM Assignment 

 Prior to enzyme substrate mixing studies eAPPTM proteins were assigned using 3D 

backbone assignment experiments explained in 2.3.7 of the methods section. The resulting NMR 

resonance assignment tables for eWild Type-APPTM and eV44M-APPTM can be found in 

Table A1 and Table A2 of the appendix, respectively. Assignment for Cα, Cβ, carbonyl, amide 

nitrogen and amide protons for both peptides was completed for up to 98% of all residues. 

Residue resonance assignments were used during analysis of enzyme substrate mixing results.  

2.4.3 MAMRE50 and MCMJR1 Cleave APPTM in vitro 

 Enzyme cleavage activity was probed in vitro using SDS-PAGE gel electrophoresis 

and solution NMR (Figure 9A). The SDS-PAGE PSH cleavage assay was performed using two 

presenilin homologs: MAMRE50 and MCMJR1. MBP-APPTM substrate cleavage was tested 

under three conditions: alone, in the presence of enzyme and in the presence of inhibitor plus 

enzyme. In the presence of MAMRE50, MBP-APPTM substrate shows a clear dark cleavage 

product band just under 43 kDa while MCMJR1 cleaved substrate shows a lighter band running 

at the same size. The additional band, around 24-25 kDa, in both the enzyme and inhibitor lanes 

is the purified PSH. These results indicate a higher cleavage rate for MAMRE50 enzyme. In the 

presence of both the γ-secretase inhibitor and PSH enzymes a cleavage band was not observed. 

The suppression of PSH activity by γ-secretase inhibitor further infers structural similarity 

between PSH and human PS.   

 In order to test whether both PSH enzymes could cleave purified APPTM substrates 

each enzyme was mixed in equimolar concentrations with 15N V44M-APPTM and observed over 

24 hours using the experimental setup in 2.3.8 of the methods section. Resulting 2D timecourses 

for MAMRE50 and MCMJR1 are shown in Figure 9B and 9C, respectively. Over the 24-hour 

timecourse V44M-APPTM peaks quickly decreased in signal intensity for the MAMRE50 

sample while peak intensity decreases at a slower rate for the MCMJR1 containing sample. The 

presence of newly arising resonance peaks between 123-130 ppm in the nitrogen dimension was 

also observed for both PSH samples. These extra peaks are most likely small molecular weight 

cleavage fragments, indicated by observed peak splitting due to 3J-coupling only visible in small 

peptides. The combined loss of V44M-APPTM peak intensity and appearance of “new” peaks 
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signifies cleavage of the substrate by both PSH enzymes. Slower cleavage of V44M by 

MCMJR1 is supported to by slower V44M peak disappearance.  
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Figure 9. APPTM cleavage by MAMRE50 and MCMJR1. (A) A coomassie stained 12% 
SDS-PAGE analysis of the proteolytic activity of MAMRE50, compared to the activity of 
MCMJR1, against the presenilin substrate MBP-APPTM. S indicates the negative control 
of the substrate alone, +E indicates incubation in the presence of enzyme, and +Ei indicates 
a pre-incubation of the enzyme with the γ-secretase inhibitor III-31-C at 100 µM, followed 
by the incubation of the mix with the adequate substrate. All incubations were performed 
at 37°C for 12 hours. Black arrowheads indicate the bands corresponding to the full-length 
substrates and white arrowheads indicate the cleaved substrate. (B) 1H-15N 2D TROSY 
spectra showing 15N V44M-APPTM cleavage by MAMRE50. (C) 1H-15N 2D TROSY 
spectra showing 15N V44M-APPTM cleavage by MCMJR1. Enzyme and substrate were 
mixed at a ratio of 1:1.  
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2.4.4 MCMJR1 Binds to Juxtamembrane Residues Including the ε-site in APPTM 

 Next, regions involved in PSH binding were identified in APPTM by adding increasing 

amounts of MCMJR1 enzyme into 15N Wild Type-APPTM and 15N V44M-APPTM substrate 

samples and observing spectral shifts. MCMJR1 enzyme was chosen for these experiments due 

to its lower cleavage activity to assure that peak shifting was mostly a result of binding and not 

cleavage. MCMJR1 enzyme was added into APPTM samples for a total of ten points (including 

0:1) ranging from concentrations of 0:1 to 15:1 enzyme to substrate. Resulting titration overlays 

for Wild Type-APPTM and V44M-APPTM can be seen in Figure 10A below.  

 When visually comparing the two data sets, corresponding residues show similar 

shifting patterns in the presence of MCMJR1 enzyme. The only difference in the two spectra is 

the intensity, location and number of “cleavage” product peaks (additional unlabeled purple 

peaks) located in the 123-128 ppm nitrogen region. Stronger peaks can be seen in the V44M-

APPTM spectra while weaker more dispersed peaks are found in the Wild Type spectra. These 

findings could imply disparity in cleavage rate and fragment composition between the two Wild 

Type and V44M-APPTM proteins in the presence of MCMJR1.   

  Residue shifts were more accurately assessed by taking the difference between com-

bined nitrogen and hydrogen chemical shift perturbations for 10:1 and 0:1 enzyme to substrate 

spectra (for comparison between eAPPTM results) and plotting them for both V44M and Wild 

Type-APPTM datasets. The resulting graphs are shown in Figure 10B. Overall, MCMJR1 

binding is very similar between the two APPTM peptides. The largest perturbation was found at 

K28. The second largest perturbed regions were the C-terminal lysine region and ε-cleavage site. 

K54 in addition to L49 and V50 were the most perturbed residues at the C-terminus. Both 

datasets show the M35-T43 region at the center of the transmembrane to be least perturbed by 

MCMJR1 binding. 
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Figure 10. MCMJR1 titrations into 15N labeled Wild Type and V44M-APPTM. (A) A 1H-
15N 2D TROSY overlay showing all ten titration points going from 0:1 to 15:1 molar ratio 
of enzyme to substrate. Previously assigned residues are labeled by corresponding amino 
acid letter and sequence number positions. Unlabeled peaks indicated “cleavage frag-
ments.” (B) Combined nitrogen and hydrogen chemical shift difference plots for Wild 
Type-APPTM (Red) and V44M-APPTM (Blue). Graphs were plotted using the difference 
between the 10:1 and 0:1 enzyme to substrate ratios for each APPTM variant. 
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 PSH binding experiments were repeated for the extended APPTM peptide (eAPPTM) 

by adding increasing amounts of MCMJR1 enzyme into 15N eWild Type-APPTM and 15N 

eV44M-APPTM. The eAPPTM peptide extends the N-terminus by six APP native amino acids, 

E22-N27. This region has been implicated as a vital region for enzyme recruitment for efficient 

proteolysis at the ε-site.210–212 The resulting titration overlays for eWild Type-APPTM and 

eV44M-APPTM can be seen in Figure 11A.  

 Visually, one of the largest differences between the two titrations is the appearance of 

more “cleavage” peaks in the 10:1 enzyme to substrate ratio titration point in the eWild Type-

APPTM sample. This large increase wasn’t observed in the two APPTM datasets or the eV44M-

APPTM dataset.  These additional peaks are most likely due to sample degradation over time as 

a result of differences in purity from batch purification. Similar additional peaks were seen in 3D 

assignment experiments after 4-5 days at 40°C. Controls with freshly purified eWild Type-

APPTM samples showed little to no additional peaks after incubation alone at 40°C for the 24 

hour timeframe it takes to run the MCMJR1 titration. The purity of eAPPTM samples could vary 

from batch to batch yielding a mixture containing extra, uncleaved fusion protein that could 

degrade by itself or be cleaved by PSH to form small NMR visible fragments in solution. Further 

characterization of these products must be done to identify these fragment peaks within the NMR 

tube.  

 Additional observations of the eWild Type-APPTM and eV44M-APPTM overlays 

indicate similarity in residue specific shifting due to enzyme addition. In order to better quantify 

these results CSP difference plots were graphed for eV44M and eWild Type-APPTM experi-

mental sets. The resulting graphs are shown in Figure 11B. The largest perturbations for both 

eAPPTM constructs were seen at the N-terminus, ranging from residues E22-L34. The next 

highest perturbed region was the ε-cleavage site including residues T48 and L49 followed by 

perturbation at the C-terminus at K53 and K54. Both plots show M35-V44 (M44) as the least 

enzyme perturbed region.  These results yielded similar MCMJR1 binding profiles to Wild Type 

and V44M-APPTM peptides. The extension of the APPTM peptide at the N-terminus seems to 

extend and broaden MCMJR1 binding outside of the transmembrane region. These results 

suggest that PSH binding most likely occurs at the juxtamembrane, including the ε-cleavage site, 

in the APPTM peptide.  
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Figure 11. MCMJR1 titrations into 15N labeled eWild Type and eV44M-APPTM. (A) A 1H-
15N 2D TROSY overlay showing all eight titration points going from 0:1 to 10:1 enzyme to 
substrate. Previously assigned residues are labeled by corresponding amino acid letter and 
sequence number positions. Unlabeled peaks indicated “cleavage fragments.” (B) The 
combined nitrogen and hydrogen chemical shift difference plots for eWild Type-APPTM 
(Red) and eV44M-APPTM (Blue). Graphs were plotted using the difference between the 
10:1 and 0:1 enzyme to substrate ratios for each APPTM variant. X labeled residues 
indicate missing data where that residue was not observed.  

 



 

     34 

 When comparing our PSH binding results for Wild Type-APPTM and eAPPTM peptides 

to the Fukumori crosslinking studies213 there are some clear similarities and differences. First, 

the perturbations that are seen in our binding studies are consistent with the crosslinking data in 

that both enzymes perturb APPTM at the juxtamembrane. While the C-terminal juxtamembrane 

is more perturbed in the crosslinking study, the N-terminal juxtamembrane is more perturbed in 

our binding studies. Specifically, K28 and G29 are most highly perturbed at the N-terminal 

region during binding for Wild Type-APPTM and eAPPTM while G29 is the most highly 

perturbed in that region in the crosslinking study. The most highly bound residues in the cross-

linking study are L52, V44, M51 and L49, going from the highest to lowest. The most perturbed 

residues in our binding study for Wild Type-APPTM were K28, K54, L49, V50 and K53 while 

the most perturbed residues for eWild Type-APPTM were G29, T48, L49, K53 and K54. Alt-

hough the residues perturbed between the two studies are not identical, a general consensus can 

be made that both PSH and PS perturb APPTM at the juxtamembrane.  

Some of the discrepancies between these two studies can likely be explained by experi-

mental complexities. First and foremost, the large differences between enzymes and substrates 

used in each of these studies. The crosslinking study used the entire γ-secretase enzyme and a 

C99 substrate while these NMR studies used the catalytic portion of the enzyme in the form of 

PSH and APPTM.  Furthermore, the crosslinking studies utilize additional photocrosslinkable 

additives, differing buffer conditions and detergent environments that could also lead to diver-

gent results.  

2.4.5 MCMJR1 Binds Differently to Wild Type and V44M-APPTM 

 MCMJR1 binding perturbations were further characterized by overlaying and taking 

the difference between V44M and Wild Type graphs for both APPTM and eAPPTM peptides. 

The comparison graphs for APPTM and eAPPTM data is depicted in Figure 12A and 12B, 

respectively. While I have already shown that both APPTM peptide constructs share similar 

binding profiles some differences in degree of perturbation can be seen between the Wild Type 

and V44M forms for certain residues.  For the APPTM construct an overall increase in perturba-

tion was seen in residues towards the C-terminus. This is noted in the V44M mutant with the 

largest difference at V50. The eAPPTM peptides produced smaller differences in perturbation 

along the scale 0.01 ppm. As a result this data yields a less significant difference trend between 
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eWild Type and eV44M-APPTM peptides when compared to the APPTM construct. These small 

differences in eAPPTM substrate peptides could be a result of the existence of the LBT at the 

peptides N-terminus that also showed large CSP in the presence of MCMJR1 (Figure A4.).  

These interactions could have weakened MCMJR1’s interaction with the APP native portion of 

the peptide.  

 
Figure 12. A comparison of residue specific chemical shift perturbations in Wild Type and 
V44M-APPTM after the addition of MCMJR1. Graphs were plotted using the difference 
between the 10:1 and 0:1 enzyme to substrate combined nitrogen and hydrogen chemical 
shifts for each APPTM variant. (A) The APPTM construct. (B) The eAPPTM construct 
with extended N-terminal residues. X labeled residues indicate missing data where the 
residue was not observable. Wild Type-APPTM is plotted in red while V44M-APPTM is 
plotted in blue. The difference plot of V44M-APPTM minus Wild Type-APPTM is shown 
in green. 

2.4.6 MAMRE50 Binding Causes Larger Perturbations in APPTM 

 The final experiments collected compared differences in binding perturbations between 

the two PSH enzymes MAMRE50 and MCMJR1. The resulting chemical shift perturbation plots 

for V44M-APPTM mixed in a 1:1 molar ratio with each enzyme is shown in Figure 13 below. 
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The experimental outcome shows a clear increase in binding perturbation in the MAMRE50 

enzyme sample. The largest differences can be noted at the V44M-APPTM peptides C-terminus 

at residues K53 and K54. This region is thought to be highly involved in PS/γ-secretase binding. 
134,204 Additionally, L49 showed a significantly larger perturbation in the MAMRE50 containing 

sample when compared to the MCMJR1-V44M sample. This perturbation could be an indication 

of structural change at the ε-site which is likely since MAMRE50 shows a higher active site 

sequence identity to human PS1 than MCMJR1 (Figure 14.) and higher cleavage efficiency 

(Figure 9.).  This could correlate to stronger binding and/or activity in MAMRE50.  

 
Figure 13. MAMRE50 and MCMJR1 binding comparison. (A) A graph comparing CSPs in 
V44M-APPTM in the presence of MAMRE50 and MCMJR1. (B) A CSP difference plot 
between MAMRE50 and MCMJR1 samples. MAMRE50 and MCMJR1 were titrated into 
15N V44M-APPTM sample at a ratio of 1:1 enzyme to substrate. This graph was plotted 
using the difference between the 1:1 and 0:1 combined nitrogen and hydrogen chemical 
shifts. 

Figure 14. The active site protein sequence alignments of human presenilin-1 and prese-
nilin homologs MCMJR1 and MAMRE50. Important structure/activity regions are 
highlighted in red while amino acids identical to human PS1 are highlighted in blue. 
Corresponding protein specific residue locations for both aspartates and the proline from 
the PAL binding region are shown in parentheses to the right of each sequence. Structure 
type in these protein regions are labeled in green. 

Protein         Asp 1            Asp 2       PAL 
Human PS1     ISVYDLVAV (D257)     LGLGDFIFY (D385)     KALPALPIS (P433) 
MCMJR1     LAVYDAISV (D162)     MGMGDLIMP (D220)     AGLPPLNGG (P276) 
MAMRE50     LAVYDFIAV (D169)     MGLGDAVMP (D228)     AGLPFLCTG (P284) 
        TMD6           TMD7       Loop  
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2.5 Conclusions 

 While γ-secretase and APP interaction is known to take place during the production of 

Aβ in AD much remains unknown as to how this interaction occurs on a detailed structural level. 

The experiments presented above display the first record of PSH and APPTM binding and 

cleavage at atomic resolution. The cartoon depiction of the hypothesized mechanism of APPTM 

transient interaction with PSH within the NMR tube is shown in Figure 15. Solution NMR 

binding experiments indicated enzyme binding at the juxtramembrane region, the interface 

between the membrane and extracellular space, which includes the ε-site on APPTM. Both 

binding locations on APP have been shown to play an important role in γ-secretase binding and 

cleavage.118,124–126 MCMJR1 and MAMRE50 were found to bind and cleave APPTM with 

MAMRE50 exhibiting higher APPTM CSP and cleavage efficiency. Furthermore, differences in 

the PSH binding profiles for Wild Type and V44M-APPTM were observed implying variation in 

substrate structure. The above findings encourage the use of PSHs as interchangeable probes for 

γ-secretase (PS) APP binding in AD systems.  
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Figure 15. A proposed mechanism of APPTM interaction with MCMJR1 in the NMR tube. 
During this interaction APPTM dimer comes in close contact with a micelle containing 
MCMJR1 and binds at the juxtamembrane. Over time the micelles merge causing 
MCMJR1 to bind to one of two APPTM helices and cleave at the ε-site to release frag-
ments. These fragments are observable due to small size.   

MCMJR1 APPTM dimer 

Cleavage products 

NMR visible 

NMR invisible 
(Too large!) 

NMR visible 
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3. Determining Conformational Difference Between Wild Type, Protective 
and FAD Amyloid-β Monomer Using High Pressure NMR 

3.1 Abstract 

Aβ peptide, the main component of senile plaque, has long been recognized for its role in 

the pathogenesis of AD. Single point mutations within the Aβ sequence have been linked to early 

onset forms of AD known as Familial Alzheimer’s disease (FAD). FAD mutants exhibit differ-

ences in Aβ production, aggregation propensity and types of aggregates formed, which may be a 

result of conformational variation in Aβ monomer. Aβ’s dynamic ensemble makes it difficult to 

study using basic structural characterization techniques such as X-ray crystallography and Cryo-

EM. In the following study solution NMR and high-pressure experiments were used to probe 

differences in backbone structure and residual structure between protective, Wild Type, and FAD 

mutant Aβ monomers. Basic 2D amide experiments revealed variation in chemical shifts at and 

around the site of point mutation, while high-pressure NMR studies showed differences in 

increased pressure coefficients at residues 12-17. This region is in close proximity to the central 

hydrophobic cluster, which is known to play an important role in Aβ aggregation. These confor-

mational differences may contribute to the distinct aggregation profiles displayed by FAD and 

AD Aβ species. High-pressure NMR experiments are often underutilized and can provide 

significant information about IDP residual structure.  

3.2 Background 

3.2.1 FAD and Amyloid-β 

 FAD is a rare genetic type of AD caused by autosomal dominant (except A2V – 

recessive) point mutations within one of three genes: APP, PS1 and PS2. Point mutations found 

within the APP gene have been known to influence the proteolytic processing of APP membrane 

protein and its infamous cleavage product Aβ.14,161 The APP protein encloses the Aβ coding 

region made of 28 amino acids from the ectodomain and 11-14 amino acids from the transmem-

brane domain.110,214 Point mutations found specifically within the Aβ coding region have been 

shown to affect Aβ levels in distinctive ways (Table 2.). These Aβ point mutations further result 

in mutant variants with unique Aβ production rates, aggregation velocities and aggregate forms. 

Some mutant isoforms have been described as having faster aggregation rates, generating 
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deposits with higher toxicity than Wild Type forms.215 While Aβ point mutation phenotype and 

genotype has been well characterized it still remains unclear as to what causes these differences 

between variants. Research has shifted to structural characterization in order to compare mutant 

and Wild Type variants with the hope of uncovering the pathological mechanism behind FAD. 

Table 2. Point mutations located within the Aβ sequence that cause changes in aggregation 
propensity and Aβ production levels.  Colored Aβ mutants indicated mutants studied in 
this chapter. All point mutations, with the exception of A2T, have been directly linked to 
FAD.  

Name 
Aβ 

Mutation Onset 
Change in Aβ 

production Change in aggregation 
Icelandic123,216 A2T Protective êΑβ40 and Aβ42 None 

Italian217 A2V 36 éΑβ40 and Aβ42 éfibril 
English218 H6R 55 None éfibril éoligomers 

Taiwanese219 D7H 50-65 éΑβ total and 
éAβ42/Αβ40 éfibril éoligomers 

Tottori220 D7N 60 None éfibril éoligomers 

Leuvan221  E11K 50 éΑβ total and 
éAβ42/Αβ40 None 

German222  K16N 53 éΑβ40 and Aβ42 éheteromeric oligomers 
êfibril 

Flemish223 A21G 35-60 éΑβ total and 
éAβ42/Αβ40 êfibril êprotofibril 

Osaka224 E22Δ 36-62 êΑβ40 and Aβ42 éfibril with unique mor-
phology 

Italian225 E22K  50-60 ê Aβ42/Αβ40 éfibril 

Arctic226,227 E22G 55-60 êAβ total and ê 
Aβ42/Αβ40 éprotofibril éoligomers 

Iowa228 D23N 55-66 éΑβ40 and Aβ42 éfibril, can form with 
antiparallel arrangement 

3.2.2 E22G Arctic Mutant 

 The Arctic FAD mutant was originally identified in a family from northern Sweden 

resulting in an amino acid substitution from Glutamic acid to Glycine at position 22 in the Aβ 

sequence. E22G kindred’s display a history typical of AD development that lacks severe amyloid 

angiopathy (Aβ buildup in vessels) in contrast to other Aβ mutations located in the 21-23 re-

gion.229 E22G carriers present lower levels of Wild Type-Aβ40 and Aβ42 in addition to 

generating unique protofibrilliar aggregates with higher toxicity and increased aggregation 
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propensity.87,227,230,231 E22G-Aβ40 has been observed to aggregate at a much faster rate than its 

Wild Type counterpart while E22G-Aβ42 isoform aggregates at similar rates to Wild Type-

Aβ42.232 Due to neighboring proximity to the α-secretase cleavage site, the Arctic mutant has 

also been shown to weaken non-amyloidogenic processing.167,233,234  

3.2.3 D23N Iowa Mutant  

 The D23N FAD mutant was discovered in an Iowa family of German descent yielding 

symptoms of memory impairment consistent with early onset AD. Phenotypic expression of this 

Aβ mutant results in cerebral atrophy with severe amyloid angiopathy, widespread neurofibrilla-

ry tangles, dystrophic neurites and little to no amyloid plaque.228 Vascular deposits in Iowa 

carriers consist of high levels of Aβ40.228,229 Furthermore, D23N variants of Aβ40 and Aβ42 

have been shown to increase fibril seeding rates and toxicity.215,235 It remains unclear as to what 

causes the unique cerebral amyloid angiopathy manifested by the Iowa mutant.  

3.2.4 A2T Protective Mutant 

 The A2T mutation, caused by an alanine to threonine substitution at position 2 in the Aβ 

sequence, originated in a patient of Icelandic descent. Kindred’s carrying this mutation are 

protected against AD and cognitive decline associated with aging. The protective capabilities of 

the A2T mutant is linked to a 40% reduction in amyloidgenic Aβ levels both in vivo and in 

vitro.123,236 A2T carriers have also exhibited reduced APP β-cleavage, a likely result of close 

proximity to the β-secretase cleavage site. A2T also shows an increase in α-cleavage and non-

amyloidgenic processing in APP.123 While A2T isoforms are still known to aggregate, they 

aggregate to a much lesser extent and have also been shown to delay Wild Type aggregation in 

mixed environments,236,237 motivating us to study the structural properties of A2T monomer. 

3.2.5 Structure of Aβ 

 Aβ monomer is an intrinsically disordered protein (IDP) that lacks a set 3D structure and 

rapidly interchanges between multiple conformations. Aβ’s flexibility allows the monomer to 

easily aggregate into various configurations ranging from oligomers to fibrils that have been 

widely connected to the pathogenesis of AD.62,63,93,214 While the ensemble of Aβ monomer 

structure still remains unknown new developments in the field of structural biology have helped 

to further elucidate residual structure differences between Wild Type and AD linked isoforms.  
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Solution NMR is well known for its application as a tool for the determination of protein 

3D structure. While best used for the structural characterization of globular proteins, describing 

the structural landscape of IDPs remains a complex task. NMR has become increasingly popular 

for the study of backbone and side-chain dynamics of these “less structured” proteins.238–240 In a 

recent 2016 study, chemical shifts, NOEs and J-couplings were collected for Wild Type-Aβ40 

and Aβ42 monomer in order to characterize differences in conformation. Although results 

showed no overall variation between backbone structure with both peptides yielding random coil 

conformations, solvent experiments suggest an increase in hydrophobic packing in the Wild 

Type-Aβ42 variant at its C-terminus.241 Earlier dynamics studies showed that Wild Type-Aβ42 is 

more rigid at its C-terminus than Aβ40,242 further supporting the hydrophobic packing hypothe-

sis but refuting structural similarity findings. While large differences in the conformational 

landscape of Aβ have yet to be verified Aβ40 and Aβ42 monomer ensemble similarity remains a 

topic of debate in the field of structural biology.  

Aβ monomer conformation has additionally been studied with replica exchange molecu-

lar dynamic simulations (REMD). REMD is a modeling technique used to enhance protein 

structure sampling by allowing systems of similar potential energies to sample conformations at 

different temperatures.243 This allows for easy movement beyond energy barriers in the energy 

folding landscape in order to explore new conformational space, making it a well-suited model 

for IDP structural characterization. REMD simulations of Aβ have been carried out by many 

groups but have resulted in differences in the structural ensembles calculated.244–249 Recent 

emphasis has been placed on optimizing simulation parameters for more accurate ensemble 

characterization.249 

While Wild Type-Aβ40 and Aβ42 monomer conformation has been studied using both 

solution NMR and REMD simulations, little to no data has been collected for the characteriza-

tion of full-length FAD monomer structure in the field of solution NMR. In this chapter 2D 

solution NMR techniques are used to determine differences in backbone amide structure between 

Wild Type, FAD mutant and protective monomeric full-length Aβ isoforms.  

3.2.6 High Pressure NMR 

 High-pressure alters protein folding through volume change affecting the equilibrium of 

native and denatured protein species without the addition of harsh chemicals or high tempera-
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ture.250–252 This is accomplished by disrupting the driving forces of protein folding (non-covalent 

interactions) through the breaking of hydrogen bonds and electrostatic interactions as a result of 

hydration into regions of higher structure.253,254 The application of high-pressure for the study of 

protein structure has provided important insight into the thermodynamics and kinetics of protein 

folding and aggregation in globular proteins such as hen lysozyme, β-lactoglobulin and ubiqui-

tin.255–257 In addition to studying well folded proteins, pressure has also been shown to perturb 

the structure of denatured protein states.258–260 Recently high-pressure NMR has become a key 

tool in characterizing regions of residual structure in IDPs.261,262  

 The following high-pressure experiments are based on previous experiments from Munte 

et al. where Wild Type-Aβ40 conformation was monitored at different pressures to determine 

how pressure effects chemical shift through the calculation of first order (linear) and second 

(nonlinear) order pressure coefficients.261 Although Wild Type-Aβ40 has already been character-

ized using this method FAD and protective mutants have not. The following study uses high-

pressure NMR to define differences in regions of residual structure between FAD, Wild Type 

and a protective form of monomeric Aβ.   

3.3 Methods 

3.3.1 Recombinant Aβ Constructs  

15N recombinant HFIP-treated Wild Type-Aβ40 and Aβ42 were ordered from rPeptide 

LLC (Bogart, GA, USA). Other FAD variants were produced within the lab using the NANP-

Wild Type-Aβ40 construct given to us by Dr. Rudy Glockshuber. The purification protocol was 

adapted from Glockshuber et al.263 This construct produces a fusion protein consisting of a 6x 

histidine tag, a 19x NANP solubility tag and a TEV protease cleavage site fused to the Aβ40 

sequence. The NANP plasmid was mutated to E22Δ-Aβ40, E22G-Aβ40, D23N-Aβ40 and A2T-

Aβ40 by Genscript USA (Piscataway, NJ, USA). All plasmids were transformed into BL21 

(DE3) E. coli competent cells. Colonies containing plasmid were picked, grown and stored as 

frozen cell stocks at -80°C in 15% glycerol.  

3.3.2 Overexpression of 15N Aβ Peptide 

Cultures containing Luria broth (LB) and ampicillin (50 µg/mL) were grown overnight at 

37°C at 250 rpm. Overnight cultures were then pelleted via centrifugation at 4,000 rpm at 4°C 
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for 15 minutes and resuspended in fresh Silantes GmbH OD2 media (Munich, Germany) contain-

ing Ampicillin and 1H-15N isotopes to a starting OD600 of 0.1. The culture was grown at 37°C at 

250 rpm up to OD600 of 0.6 where expression was induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG). Cultures were then left to overexpress at 30°C overnight. Cells 

were harvested via centrifugation at 4,000 rpm for 30 minutes at 4°C. Pellets were used directly 

after harvest or stored at -80°C.  

 

Figure 16. A flowchart showing a simplified version of the overexpression and purification 
of recombinant Aβ. Additional detail can be found within section 3.3.2 and 3.3.3. 

 

Overnight culture (Luria Broth + Amp.) 

37°C, 250 RPM 

Transfer into larger culture (OD2 media + Amp.) @ OD600 = 0.1 

37°C, 250 RPM 

Induce with 1mM IPTG @ OD600 = 0.6 

30°C, 250 RPM (24 hrs.) 

Harvest and resuspend in urea lysis buffer 

Lyse via sonication 

Centrifuge and collect supernatant 

Apply to prepacked 
NI-NTA column 

Dialyze overnight into 
 TEV digest buffer 4°C 

Separate via Ni-NTA column 

TEV protease digest (30 hrs.) 
Shaking at 4°C, 

Add 6M urea to stop 

Separate on RP-HPLC C18 column 
MALDI-TOF, lyophilize 

& HFIP treat 

Add 20mM potassium phosphate buffer and 10% D2O, pH 7.3 

Dissolve film in 10mM NaOH, pH > 10 

Aliquot & freeze 
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3.3.3. Purification of 15N Aβ Peptide 

 Cell pellets were resuspended in lysis buffer (8 M Urea, 100 mM Phosphate, pH 8) at a 

ratio of 5mL of buffer per 1g of cells. The mixture was sonicated on ice at 35% power for a total 

of 8 minutes at increments of 3 seconds on and 6 seconds off. Lysate was then centrifuged at 

20,000 rpm at 4°C for 45 minutes. The resulting supernatant fraction was incubated for 30 

minutes on ice with Nickel Sepharose beads from GE Healthcare Biosciences (Pittsburgh, PA, 

USA) that were pre-equilibrated with 10 column volumes (CVs) of lysis buffer. The mixture was 

then poured into a gravity column and washed with 20 CVs of lysis buffer. Protein was eluted 

with 5 CVs of elution buffer (8 M Urea, 100 mM Phosphate, 200 mM NaCl, 500 mM Imidazole, 

pH 8) and collected in 1 mL fractions. Fractions from the lysis and Ni-Sepharose purification 

step were run on a 4-20% gradient SDS-PAGE gel. Elution fractions containing the fusion 

protein were pooled together, diluted to a concentration of 3 mg/mL and buffer exchanged into 

TEV digest buffer (50 mM Tris-HCl, 30 mM NaCl, 1 mM DTT, 0.5 mM EDTA, pH 8) using 

dialysis tubing with a MWCO of 3 kDa. TEV protease (protocol below 3.3.4 & 3.3.5) was added 

in a 1:1 ratio of protease to fusion protein and samples were left to digest a 4°C for 30 hours. The 

digest was stopped by the addition of 6 M urea. Digested protein was then injected onto a C18 

semi-preparative RP-HPLC column pre-washed for 20 minutes with 99% acetonitrile (ACN) 

0.1% TFA followed by 20 minutes with 10% ACN 0.1% TFA, using 10% ACN 0.1%TFA for 20 

minutes at a flow rate of 2.0 mL/min. Aβ was then eluted using a 20-40% ACN 0.1%TFA 

gradient. Aβ containing elution peaks were identified using MALDI TOF-TOF spectrometry, 

frozen, lyophilized and stored at -20°C (Figure A5).  

3.3.4 TEV Protease Expression 

 A 50 mL culture containing LB, ampicillin (50 µg/uL) and chloramphenicol (50 µg/uL) 

was inoculated with His-TEV protease BL21(DE3) E. coli cells and grown overnight at 37°C at 

250 rpm. The overnight culture was used to inoculate a 2 L LB culture containing ampicillin (50 

µg/uL) and chloramphenicol (50 µg/uL) to a starting OD600 of 0.1. The expression culture was 

grown at 37°C at 250 rpm until an OD600 of 0.5 when it was induced with 1 mM IPTG. Follow-

ing induction the culture was left to express at 30°C at 250 rpm for 4 hours. Cells were then 

harvested at 4,000 rpm at 4°C for 30 minutes and use immediately for purification or stored at -

80°C. 
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3.3.5 TEV Protease Purification 

 Cell pellets were resuspended in TEV lysis buffer (50 mM Phosphate, 100 mM NaCl, 25 

mM Imidazole, 10% Glycerol, pH 8) containing protease inhibitors. The mixture was lysed via 

sonication on ice at 35% power for 4 minutes total in increments of 3 seconds on and 6 seconds 

off. Polyethylenimine was added to a final concentration of 0.1% and the mixture was centri-

fuged at 15,000 rpm for 30 minutes at 4°C. The supernatant fraction was then filtered through a 

0.45 µm filter and injected onto a 5 mL pre-packed His-Trap column made by GE Healthcare 

Bioscience (Pittsburgh, PA, USA) pre-equilibrated with 7 CVs of TEV lysis buffer. The column 

was then washed with 20 CVs of TEV lysis buffer and eluted with TEV elution buffer (50 mM 

Phosphate, 100 mM NaCl, 1 M Imidazole, 10% Glycerol, pH 8.0). Fractions containing TEV 

protease were combined and 50 mM glutamic acid and arginine were added. The mixture was 

then concentrated and buffer exchanged into TEV GF column buffer (25 mM Phosphate, 200 

mM NaCl, 2 mM EDTA, 10 mM DTT, 10% Glycerol, pH 8). TEV protease concentration was 

determined via Bradford assay. Samples were aliquoted and frozen at -80°C until ready for use.  

3.3.6 NMR Sample Preparation 

 Lyophilized Aβ samples and rPeptide provided Aβ samples were disaggregated using 

HFIP and NaOH treatment. Samples were first dissolved in hexafluoro-2-propanol (HFIP) until 

visually clear and set under a steady nitrogen stream until fully evaporated, leaving a clear film. 

The film was then re-dissolved in 10 mM of 4°C cooled NaOH to a final concentration of 1 

mg/mL. Samples were used right away for NMR or stored at -80°C for future experiments. 450 

µL NMR samples were made by diluting 1 mg/mL Aβ to a final concentration of 100 µM using a 

buffer containing 10 mM deuterated Tris-HCl and 10% D2O at a pH of 7.3. All NMR samples 

were made and placed on ice prior to loading into the high-pressure ceramic cell to prevent 

aggregation.  

3.3.7 NMR Data Acquisition 

  The NMR experiments covered in chapter 3 were run on either a Bruker 800 MHz 

spectrometer equipped with a cryoprobe or a Bruker 600 MHz spectrometer equipped with a TXI 

probe without a cryoprobe. Both spectrometers are located in the NMR core facility in the Center 

for Biotechnology and Interdisciplinary Studies at Rensselaer Polytechnic Institute (RPI) in 
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Troy, NY. Experiments were run at 277°K to minimize aggregation reduced signal loss and 

solvent exchange effects.  

3.3.8 A2T Aβ40 Assignment Experiments 

 Six total triple resonance assignment experiments were collected for a 13C-15N A2T-Aβ40 

peptide sample. 3D assignment was run and analyzed in conjunction with Dr. David 

Rosenman.248 Backbone assignment was performed using BEST version triple resonance exper-

iments and non-uniform sampling (NUS) at a rate of 25%. The 3D backbone experiments 

included HNCA, HNCO, HN(CA)CO, HNCACB, HN(CO)CA and HN(CO)CACB. In addition, 

partial side-chain assignment experiments were run using (H)C(CCO)NH-TOCSY and 

H(CCCO)NH-TOCSY experiments. The resulting resonance assignment list is shown in Table 

A3. in the appendix. 

3.3.9 High-Pressure NMR 

 Aβ high-pressure NMR was conducted in collaboration with the Catherine Royer lab 

(RPI), with the assistance of David Rosenman and Martin Fossat.  Samples were loaded into a 

2500 bar standard ceramic pressure cell connected to an Xtreme-60 syringe pump system made 

by Daedalus Innovations (Aston, PA, USA). A temperature calibration was performed by David 

Rosenman in the high-pressure cell at ambient pressure by measuring 1H chemical shift differ-

ences between the methyl and hydroxyl groups of 100% methanol solution in order to probe 

actual sample temperature.264 Data was collected several times for temperatures ranging from 

273-307°K, yielding a linear fit between sample and sensor temperatures with an R2 of 0.999. 

This fit allowed for the proper calculation of sensor temperature in order to accurately set the 

sample temperature to 277°K. 1H 1D and 1H-15N 2D HSQC experiment were collected separately 

for Wild Type-Aβ40, Wild Type-Aβ42, E22G-Aβ40, D23N-Aβ40 and A2T-Aβ40 samples in 

250 bar increments from 1 bar to 2500 bar. Each 1D and 2D experiment was collected in a 

successive manner. 2D HSQC’s were collected at 16 scans resulting in an acquisition time of 1 

hour, with the exception of E22G-Aβ40 that used 32 scans in order to combat signal loss due to 

aggregation.  

 1H chemical shifts were referenced to methylene signal from a 10 mM deuterated Tris-

HCl pH 7.3 sample, across different pressures. The Tris signal was then re-referenced to 0.1 M 
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DSS sample in 10 mM deuterated Tris-HCL pH 7.3 through a second set of 1H experiments 

collected across different pressures. The second re-referencing step was performed because DSS 

has been observed to interact with Aβ, thus avoiding the use of DSS as a buffer component. 

Additionally, 15N chemical shifts were referenced based on DSS shifts using the indirect method 

mentioned in Wishart et al.265  

3.3.10 Data Processing and Analysis  

 3D assignment experiments of A2T-Aβ40 was acquired with non-uniform sampling 

(NUS) and the resulting dataset was reconstructed using qMDD266 and analyzed in Sparky. 2D 

spectral data was processed using NMRPipe and analyzed in Sparky. Chemical shift perturba-

tions (CSPs) between two 1H-15N HSQCs for Wild Type vs. FAD mutant/protective mutant Aβ 

samples were calculated using equation 1 found in section 2.3.10 above. CSPs were calculated 

between Wild Type-Aβ40 and E22G-Aβ40, D23N-Aβ40, A2T-Aβ40 and Wild Type-Aβ42. All 

CSPs were calculated at ambient pressure.  

 Pressure coefficients based on 1H-15N HSQC data were calculated using a similar 

method in Munte et al.261 This method subtracts random coil chemical shifts (RCCS) at each 

given pressure. RCCS were estimated by measuring amide and hydrogen chemical shifts at 

ambient pressure with the known pressure dependence of each nuclei for each amino acid X in 

the model peptide Ac-Gly-Gly-X-Ala-NH2, determined in Koehler et al.267 This set of corrected 

amino acid shifts were used as the objective variable δ* in order to properly fit the first and 

second order chemical shifts B1 and B2, respectively, in the second order Taylor expansion 

shown below: 

2*
2

*
1

* )(
2
1)(),(),(* oooooo ppBppBTpTp −+−+= δδ

       (2) 

where po is ambient pressure and δo
*

 is the random coil corrected chemical shifts at this pressure. 

Least squares fitting was used over all pressures to obtain pressure coefficients for nitrogen and 

hydrogen nuclei.  
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3.4 Results 

3.4.1 Solution NMR of Aβ Monomer at Atmospheric Pressure. 

 Prior to high-pressure experiments, five different monomeric Aβ peptides were studied 

at atmospheric pressure to determine initial differences in backbone structure. The backbone 

assignment of the newly identified AD protective mutant, A2T-Aβ40, is listed in Table A3 of the 

appendix. Assignment was completed using the 13C-15N triple resonance backbone and side-

chain experiments discussed in 3.3.8 of the methods section. The 1H-15N 2D Heteronuclear 

Single Quantum Coherence (HSQC) spectra of A2T-Aβ40 overlaid with Wild Type-Aβ40 can be 

seen in Figure 17 below. Visually, A2T-Aβ40 and Wild Type-Aβ40 share similar 2D delinea-

tions, excluding residues located around the site of mutation. A majority of residue perturbations 

move downfield (Ex: I32, G37, V39) with the largest occurring in amino acids directly surround-

ing the site of mutation (E3 and F4). This data represents the first time backbone chemical shift 

perturbation was compared between the A2T protective mutant and Wild Type Aβ full-length 

forms.  

In order to study these peak movements in a more quantitative manner, peak location data 

was extracted from the 2D HSQC spectra of each Aβ variant and CSPs were calculated and 

compared. HSQC overlays for Wild Type-Aβ42, E22G-Aβ40 and D23N-Aβ40 overlaid with 

Wild Type-Aβ40 are also shown in Figure 17. The CSP difference plots of each Aβ variant 

versus Wild Type-Aβ40 are displayed in Figure 18. When comparing the more aggregation 

prone Aβ42 to its neuroprotective counterpart (Aβ40), the largest perturbations can be noted at 

residues V40 (6.3 ppm), V39, G38 and G37. This does not come as a surprise due to the two 

additional amino acids, I41 and A42, located at the N-terminus of the Aβ42 peptide. Unlike 

Aβ42 and as expected, the A2T-Aβ40 protective mutant displayed more disruption at its N-

terminus. While the largest perturbations are frequently observed directly at the mutation site it is 

impossible to observe residues D1 and T2 in the A2T-Aβ40 variant due to solvent exchange, a 

common phenomenon that occurs at residues closest to the termini of a protein or peptide. As a 

result the largest perturbation for A2T-Aβ40 occurs at residue E3 (3.5 ppm), the first observable 

amino acid in the sequence, and F4. The rest of the A2T-Aβ40 peptide remained unperturbed.  

The next Aβ variant compared was the Arctic FAD mutant E22G-Aβ40. Unlike termini 

perturbing A2T-Aβ40 and Wild Type-Aβ42, E22G is located in the central region of the Aβ 

peptide. The largest perturbation is observed at residue G33 (15.8 ppm), which is the greatest 
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perturbation when compared to the other four Aβ variants. Other highly perturbed residues in 

E22G include F20, A21 and D23 (> 1 ppm). The type and location of E22G mutation in the 

Aβ40 peptide is the likely cause of these large shifts. The Iowa FAD mutant D23N-Aβ40 pre-

sents similar CSPs to E22G-Aβ40 but to a lesser extent. The largest perturbation is found at 

residue N23 (2.2 ppm) with additional perturbations found in surrounding central region residues 

(K16, L17, A21 and S26). Overall, there are no substantial perturbations identified at residues 

located outside of the region of mutation for any of the mentioned variants. It is important to note 

that both FAD mutants perturb residues found in central hydrophobic cluster (L17-A21) of the 

Aβ peptide. The central hydrophobic cluster is thought to interact with C-terminal residues to 

form a β-hairpin most often adopted by Aβ during aggregation.  

 

Figure 17. 2D 1H-15N HSQC overlays of Wild Type-Aβ40 (Red) with Wild Type-Aβ42 
(Purple), A2T-Aβ40 (Pink), E22G-Aβ40 (Light Blue) and D23N-Aβ40 (Green) going from 
left to right. The amino acid assignment for both Aβ variants is written in black. Residues 
whose chemical shifts have drastically changed location are assigned twice in bold font in 
the color corresponding to each of the Aβ spectra. The above data was collected in conjunc-
tion with Dr. Christopher Connors and Dr. David Rosenman.  
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Figure 18. Chemical shift perturbation difference between Wild Type-Aβ42, A2T-Aβ40, 
D23N-Aβ40, E22G-Aβ40 and Wild Type-Aβ40, clockwise from upper left to bottom left. 
CSPs were calculated using Equation 1. in section 2.3.10. Values that surpass the y-axis are 
labeled by a number above or to the right of the bar it refers to. ~ indicates a break in the 
data from the upper limit. Residues with an X in place of a bar are amino acids that were 
unassigned in at least one of the two spectra in comparison.  

3.4.2 High Pressure NMR of Monomeric Aβ. 

 Following basic solution NMR experiments, high-pressure NMR was used to identify 

residual structure differences in each of the five Aβ variants by expanding on studies originally 

described in Munte et al.261 During this analysis the chemical shifts for Wild Type-Aβ40, Wild 

Type-Aβ42, A2T-Aβ40, E22G-Aβ40 and D23N-Aβ40 were measured from 1 bar to 2500 bar in 

250 bar increments using 1D and 2D 1H-15N HSQCs. Experimental data was then analyzed for 

changes in peak movement. Peak movement is discussed both visually and quantitatively in this 

chapter. 

 The resulting pressure titration overlay for A2T-Aβ40 is shown in Figure 19 below 

while the overlays for Wild Type-Aβ40, Wild Type-Aβ42, E22G-Aβ40 and D23N-Aβ40 can be 
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found in Figure A6 of the appendix. When first comparing these 1H-15N HSQC spectra, it was 

observed that a single set of resonances (one peak per amino acid) exist for each of the five Aβ 

variants. This suggests that all residues are in fast exchange among different conformations. 

Slow exchange between unfolded and folded structure is often observed for proteins with well-

folded 3D structure upon pressure unfolding. As an IDP, Aβ is unlikely to experience this 

phenomenon. An overall downfield shift was observed in both the nitrogen and hydrogen dimen-

sions for a majority of amino acids. This is demonstrated by residue S8, S26 and A40 in the 

A2T-Aβ40 overlay spectra. This downfield shift is a trend typically seen as hydrogen bonds are 

straightened and shortened with increasing pressure.268 One of few exceptions for this is residue 

G22 from E22G-Aβ40, which moves upfield until 1250 bar and then moves downfield forming a 

U-like peak shift.  

 Peak shifts were analyzed more closely by extracting nitrogen and hydrogen chemical 

shifts from the 2D HSQCs of each Aβ variant at 11 different pressures. Shifts were then adjusted 

by removing amide random coil pressure dependent shift changes267 and fitting them to a second 

order Taylor expansion (Equation 2.), as explained in 3.3.10 of the methods section. The linear 

B1 (Figure 20.) and nonlinear B2 (Figure A7. of the appendix) pressure coefficients were plotted 

for each of the five Aβ variants. Nonlinear B2 values have been demonstrated to anticorrelate 

with linear B1 values and have been shown to only vary in globular protein systems.268 As a 

result we exclusively discuss linear B1 values in this section.  
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Figure 19. The solution NMR 1H-15N HSQC overlay of A2T-Aβ40 at different pressures. 
The assignment of A2T-Aβ40 residues at atmospheric pressure (1 bar) is shown in black. 
HSQC’s at different pressures are color coded in the key from 1 bar (Red) to 2500 bar 
(Plum). The data shown above was generated in conjunction with Dr. David Rosenman.  

 
 When analyzing the plotted B1 pressure coefficients, the regions surrounding the CHC 

and C-terminus disclose some intriguing structural differences between the Wild Type, protec-

tive and FAD mutant peptides. Large positive B1 values suggest residues subject to strong 

electron deshielding while negative values imply resistance to deshielding.269 Additionally, 

REMD simulation β-structure propensity for these five Aβ variants have been shown to correlate 

with an increase in B1 values.248 The first region that stands out the most in the combined B1 

graphs is the region surrounding the CHC. The CHC (L17-A21) is known to play a role in 

stabilizing monomer folding and intermolecular contacts in amyloid fibrils.270,271 The residues 
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most highly perturbed by pressure in this region for all variants are E11-E22 in the nitrogen 

dimension and Q15-F19 in the hydrogen dimension. H13 and H14 data was removed from B1 

and B2 plots due to missing data and weak peak intensity. Of the five forms, A2T-Aβ40 and Wild 

Type-Aβ40 is the least affected by pressure while Wild Type-Aβ42, E22G-Aβ40 and D23N-

Aβ40 are the most affected by pressure in these regions. The only exception for this is V18 for 

A2T-Aβ40 that displays the higher B1 value in the nitrogen dimension. When compared to the 

two FAD mutants, Wild Type-Aβ40 is the least affected at K16 and L17 in the nitrogen dimen-

sion.  

 

Figure 20. The effects of pressure on the linear amide chemical shifts of Wild Type, protec-
tive and FAD mutant monomeric Aβ. Shown above are the graphed first order (B1) 
pressure coefficients for amide nitrogen and amide proton shifts for five different species of 
monomeric Aβ. Color-coding is as follows: Wild Type-Aβ40 (Red), Wild Type-Aβ42 (Pur-
ple), D23N-Aβ40 (Green), E22G-Aβ40 (Cyan) and A2T-Aβ40 (Pink). Residues marked with 
an X are amino acids that were unassigned in at least one of the five spectra in comparison. 
B1 pressure coefficients were calculated by Dr. David Rosenman using Equation 2. in 
section 3.3.10.  
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 The next two perturbed regions include A30-V36 and the C-termini, a region of Aβ 

known for its role in the formation of β-hairpin structure. When comparing Wild Type variants, 

Aβ42 is more perturbed at I31 while Aβ40 is more perturbed at L34 in the nitrogen dimension. 

For all five variants the C-terminus of Wild Type-Aβ42 is more highly affected by pressure. 

Specifically, B1 values for V36 (hydrogen) and V39 (both) become more positive, while G37 

becomes more negative (both). Meanwhile, B1 values for the other four variants at V39 are more 

negative (both). This increased perturbation at the C-termini in Aβ42 could imply a more rigid 

structure. Oftentimes residues located at the boundary of each peptide, in this case the C-

terminus, show larger B1 linear pressure affects. These residues experience this increase as a 

result of changes in protonation at their carboxy-terminal group as pressure rises.261 As a result 

residue V40 and A42 can be ignored for this data.  

 While there are many regions in Aβ deshielded by pressure there remain portions of the 

Aβ peptide that have become resistant to deshielding. These negative B1 value regions are known 

to anticorrelate with positive nonlinear B2 values (appendix Figure A7.). Residues with these 

negative B1 values include G9-E11, G22, G25 and G37. These resistant sections have been 

suspect in assembling an internal hydrogen bond to a peptide carbonyl group or C-terminal 

carboxyl group.272 Interestingly, all negative B1 value residues have been shown to locate to turn 

bend regions in the most recent Cryo-EM structure of Aβ42 fibril.271 One residue that visually 

shows this nonlinear trend (Figure A6.) and results in the largest negative hydrogen linear B1 

value of all variants is amino acid G22 in the Arctic FAD mutant. It is possible that this phenom-

enon is occurring in G22 due to its large negative hydrogen B1 value. REMD simulations and 

relaxation studies, performed by Dr. David Rosenman,248 imply a less structured region around 

the G22 mutation site. This “less rigid” structure could have an effect on the aggregation profile 

of E22G-Aβ40, and may be the cause behind the formation of protofibrils instead of fibrils in 

this mutant.     

 Unlike the region surrounding the CHC, residues F20-G29 are the least affected by 

pressure. The only exceptions for this are G22 (explained above) in E22G-Aβ40 and N23 and 

N27 of D23N-Aβ40. The increase in hydrogen B1 for N23 and N27 residues are indicative of 

more residual structure at these sites in D23N-Aβ40. The D23N mutation has been shown to 

disrupt a salt bridge between amino acids E22 and K28 due to destabilization of H-bonds in the 

V24-K28 region.215 Interestingly, residue K28 shows a significant drop in B1 in its nitrogen 
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dimension, not shown here due to lacking information from other Aβ variants, which could be 

indicative of this structural change. The higher B1 value for N27 could imply a counterbalance in 

structure for this salt bridge loss in the D23N-Aβ40 mutant.   

3.5 Conclusions 

 2D HSQC comparisons successfully determined chemical shift perturbation differences 

in backbone structure between Wild Type-Aβ40, protective, FAD and AD forms of Aβ mono-

mer. Single point mutations were found to induce large structural changes at and around the site 

of mutation. This was additionally observed during C-terminal extension in Wild Type-Aβ42. 

While basic 2D experiments did not provide much conformational insight into distant structure 

modifications, high-pressure experiments exposed disparity in regions of residual structure 

between the five Aβ monomers. The region most highly perturbed by pressure in all variants was 

12-17 containing the CHC. Wild Type-Aβ42 and Aβ40 FAD mutants exhibited an increase in β-

character for this region while A2T-Aβ40 caused a decrease. Furthermore, Wild Type-Aβ42 

generated more β-character at its C-terminus. Higher β-character at or around the CHC could 

explain the divergence in the rate of production and type of aggregates formed in AD, protective 

and FAD causing Aβ variants. The high-pressure experiments used above demonstrate the 

importance of high-pressure NMR as a tool for characterizing regions of residual structure in less 

ordered protein systems.  
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4. Concluding Remarks and Future Work 

4.1 Concluding Remarks 

 The work described within the above dissertation was intended to characterize the 

conformations of two distinct proteins and their FAD mutants (Aβ and APPTM) that are directly 

involved in the pathogenesis of AD. While each protein is located at two different points along 

the AD pathogenesis pathway defining their conformation is important in understanding their 

disease-associated states. We hope that the NMR studies of these proteins can contribute to the 

development of drugs for the prevention and treatment of Alzheimer’s disease.  

4.1.1 PSH and APPTM Interaction Studies  

 In chapter 2 above, regions of APPTM vital to binding an intramembrane protease (PSH) 

were identified, yielding data about how this protease interacts with its substrate at atomic 

resolution. Two PSHs, MAMRE50 and MCMJR1, were used as enzyme model systems for the 

characterization of γ-secretase binding and cleavage. Both enzyme homologs showed observable 

cleavage within the NMR tube supporting a possible future use in characterizing APP processing 

for the study of additional AD conditions. Binding results uncovered vital APPTM binding 

regions at the juxtamembrane region, in particular the ε-site, which is necessary for PS interac-

tion and cleavage. Additionally, differences in PSH binding were observed between Wild Type 

and FAD APPTM substrates implying substrate structure variation that could affect binding, and 

likely processing in favor of the release of more aggregation prone Aβ products.  

4.1.2 Structural Characterization of FAD, Wild Type and Protective Aβ Using High 
Pressure NMR 

 The overexpression and purification protocols from Glockshuber et al.263 were success-

fully adapted to produce isotopically labeled Wild Type, FAD and protective recombinant 

peptides that are often difficult to generate and expensive to outsource. A unique AD protective 

mutant (A2T) was successfully assigned using solution NMR 3D backbone and side chain 

assignment experiments. Solution NMR showed expected amide CSPs at the site of mutation in 

each of the Aβ isoforms in comparison to Wild Type-Aβ40 with FAD mutants showing more 

wide-scale perturbations.  High-pressure experiments showed increased β-propensity at and 

around the CHC in Aβ FAD mutants while the protective mutant showed a decrease in β-
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propensity in these affected regions. Increased β-propensity was also exhibited with the addition 

of two residues at the peptides C-termini in Wild Type-Aβ42, the major Aβ species in senile 

plaque. These changes in residual structure could likely contribute to increased aggregation rates 

and toxicity associated with FAD and Wild Type-Aβ42.  

4.2 Future Work  

4.2.1 PSH and APPTM Studies  

 In addition to the binding and cleavage studies described above we plan to run a series of 

hydrogen deuterium (H/D) exchange experiments to further elucidate the structure of the 

PSH/APPTM complex. These H/D exchange experiments will be used as a means for determin-

ing the extent of solvent exposure of amide groups. This is based on the decay of amide signal 

overtime as a result of amide 1H exchange with free 2H2O. These experiments will first be 

collected for the eAPPTM substrates alone to study substrate structure differences followed by 

PSH/eAPPTM complex experiments to determine how the binding interaction is affected by 

FAD mutations in the substrate. Although in theory these experiments seem simple to perform, it 

will take some time to determine optimal sample conditions such as collection time and tempera-

ture in order to collect quality H/D exchange data.  

In order to expand upon our understanding of FAD mutations within APPTM we would like 

to include the study of a more aggressive FAD mutant found within APPTM. Originally discov-

ered within a family of Austrian descent the T43I mutation exhibits AD symptoms as early as 

thirty-six years old and is characterized by an eight-fold increase in the Aβ42/Aβ40 ratio.174 3D 

backbone assignment experiments will first be collected to identify each residue specific peak in 

the eT43I-APPTM 2D 1H-15N spectra, followed by binding and cleavage experiments in the 

presence of PSH and subsequent H/D exchange experiments explained above.   

While enzyme-substrate binding was well characterized in chapter 2, the identity of the ‘ex-

tra peaks’ hypothesized to be cleavage products still remains unknown. We hope to determine 

the identity of these cleavage products using liquid-chromatography mass spectrometry (LC-

MS).  This will be completed using natural abundance PSH/APPTM mixed samples (to reduce 

costs from isotope labeling) incubated under the same conditions as the binding experiments 

followed by detergent removal and analysis by LC-MS. This analysis will help to determine 

differences in substrate processing between Wild Type and FAD forms of APPTM.  



 

     59 

4.2.2 AD and FAD Aβ Monomer Conformation Studies  

 Aβ monomer structure characterization will continue with the collection of 13C high-

pressure data to identify how pressure affects side chain dynamics. The main challenge for this 

project deals with the collection of residue specific 13C random coil chemical shifts, which to our 

knowledge, have not yet been characterized. This data would need to be collected first, as 

random coil values are necessary for the proper calculation of pressure coefficients. This would 

be performed in the same way as explained in Kalbitzer et al.267 with the exception of using 

natural abundance peptides instead of 13C peptides to reduce synthesis costs. While this will be a 

large task it will be necessary in order to continue on with Aβ 13C HSQC high-pressure experi-

ments.  

In addition to the five Aβ isoforms studied in Chapter three we would like to study a fourth 

mutant, E22Δ, that exhibits drastic changes in aggregation propensity. This mutant of Japanese 

decent is characterized by a deletion of glutamic acid at position 22 in the Aβ sequence yielding 

an Aβ40 isoform that displays increased aggregation propensity and toxicity.273–276 Due to prior 

issues with aggregation, 15N E22Δ-Aβ40 samples will be premixed with equimolar amounts of 

natural abundance Wild Type-Aβ40 prior to high-pressure experiments. We have previously 

shown that Wild Type-Aβ40 slows E22Δ-Aβ40 aggregation in vitro without effecting monomer 
1H-15N backbone chemical shifts.277 Studying this particular mutation will help in understanding 

the structural and functional role of position twenty-two in Aβ monomer structure.  
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APPENDIX 

 

Figure A1. 4-20% SDS-PAGE gradient gels showing Ni-NTA purification and TEV digest 
of the APPTM construct. The molecular weight marker is denoted on the left hand side of 
each gel. The MBP-TEV-APPTM fusion protein band is shown around 47 kDa while TEV 
protease is located at 27 kDa. These gels depict the protocol from section 2.3.1 of the 
methods section. 

 

Figure A2. MALDI-TOFTOF chromatogram showing the mass/charge readout of pure 
natural abundance Wild Type-APPTM. MALDI was used to measure purity of APPTM 
samples prior to solution NMR.  
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Figure A3. 4-20% SDS-PAGE gradient gels showing the Ni-NTA purification and throm-
bin digest of the eAPPTM construct. The molecular weight marker is denoted on the left 
hand side of each gel. The PMTTH-APPTM fusion protein is shown at 47 kDa while 
thrombin protease is shown at 37 kDa. These above gels depict important steps in the 
purification protocol from section 2.3.2 of the methods section.  
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Table A1. Chemical shift assignment of eWild Type-APPTM based on 3D experiments 
described in section 2.3.7. 

Resonance # Residue # Residue Type Atom ID Chemical Shift 
1 3 P C' 173.470 
2 3 P CA 63.569 
3 3 P CB 31.770 
4 4 E N 120.984 
5 4 E C' 173.207 
6 4 E CA 56.804 
7 4 E CB 30.236 
8 4 E H 8.366 
9 5 F N 120.680 
10 5 F C' 172.466 
11 5 F CA 57.855 
12 5 F CB 39.553 
13 5 F H 8.145 
14 6 T N 114.787 
15 6 T C' 171.018 
16 6 T CA 61.698 
17 6 T CB 69.722 
18 6 T H 7.878 
19 7 S N 117.651 
20 7 S C' 171.000 
21 7 S CA 58.633 
22 7 S CB 64.032 
23 7 S H 8.100 
24 8 D N 122.462 
25 8 D C' 172.936 
26 8 D CA 54.692 
27 8 D CB 41.035 
28 8 D H 8.251 
29 9 I N 120.131 
30 9 I C' 172.649 
31 9 I CA 61.322 
32 9 I CB 38.870 
33 9 I H 7.833 
34 10 E N 124.955 
35 10 E C' 173.540 
36 10 E CA 56.784 
37 10 E CB 30.122 
38 10 E H 8.322 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
39 11 L N 122.859 
40 11 L C' 174.373 
41 11 L CA 56.335 
42 11 L CB 42.647 
43 11 L H 8.251 
44 12 V N 117.762 
45 12 V C' 173.176 
46 12 V CA 63.855 
47 12 V CB 32.379 
48 12 V H 7.797 
49 13 D N 121.730 
50 13 D C' 173.950 
51 13 D CA 55.418 
52 13 D CB 41.127 
53 13 D H 8.081 
54 14 K N 119.821 
55 14 K C' 173.939 
56 14 K CA 56.553 
57 14 K CB 32.752 
58 14 K H 7.875 
59 15 L N 121.184 
60 15 L C' 174.488 
61 15 L CA 56.033 
62 15 L CB 41.852 
63 15 L H 8.030 
64 22 E N 119.774 
65 22 E C' 173.669 
66 22 E CA 57.828 
67 22 E CB 29.960 
68 22 E H 8.124 
69 23 D N 120.230 
70 23 D C' 173.951 
71 23 D CA 54.925 
71 24 V N 119.095 
72 23 D CB 41.335 
72 24 V C' 173.510 
73 23 D H 8.040 
73 24 V CA 63.707 
74 24 V CB 32.033 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
75 24 V H 7.882 
76 25 G N 109.280 
77 25 G CA 45.831 
78 25 G H 8.274 
79 28 K N 121.713 
80 28 K C' 174.407 
81 28 K CA 58.836 
82 28 K CB 32.487 
83 28 K H 8.341 
84 29 G N 107.570 
85 29 G C' 171.957 
86 29 G CA 47.171 
87 29 G H 8.536 
88 30 A N 123.271 
89 30 A C' 175.707 
90 30 A CA 54.748 
91 30 A CB 18.583 
92 30 A H 7.963 
93 31 I N 116.850 
94 31 I C' 174.502 
95 31 I CA 64.346 
96 31 I CB 37.699 
97 31 I H 7.753 
98 32 I N 119.798 
99 32 I C' 174.674 
100 32 I CA 65.268 
101 32 I CB 37.223 
102 32 I H 8.117 
103 33 G N 107.197 
104 33 G C' 171.596 
105 33 G CA 47.757 
106 33 G H 8.353 
107 34 L N 121.345 
108 34 L C' 175.308 
109 34 L CA 58.222 
110 34 L CB 42.108 
111 34 L H 8.104 
112 35 M N 117.709 
113 35 M C' 174.485 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
114 35 M CA 59.604 
115 35 M CB 32.928 
116 35 M H 8.110 
117 36 V N 118.202 
118 36 V C' 174.783 
119 36 V CA 67.127 
120 36 V CB 31.319 
121 36 V H 8.503 
122 37 G N 106.590 
123 37 G C' 171.810 
124 37 G CA 47.594 
125 37 G H 8.604 
126 38 G N 108.781 
127 38 G C' 171.311 
128 38 G CA 47.556 
129 38 G H 8.643 
130 39 V N 121.302 
131 39 V C' 175.818 
132 39 V CA 67.149 
133 39 V CB 31.286 
134 39 V H 8.125 
135 40 V N 122.810 
136 40 V C' 174.082 
137 40 V CA 67.951 
138 40 V CB 30.919 
139 40 V H 8.421 
140 41 I N 119.051 
141 41 I C' 174.209 
142 41 I CA 65.396 
143 41 I CB 37.320 
144 41 I H 8.354 
145 42 A N 121.056 
146 42 A C' 175.471 
147 42 A CA 55.853 
148 42 A CB 17.941 
149 42 A H 8.481 
150 43 T N 114.519 
151 43 T C' 173.082 
152 43 T CA 68.642 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
153 43 T CB 67.657 
154 43 T H 8.068 
155 44 V N 120.770 
156 44 V C' 175.877 
157 44 V CA 67.330 
158 44 V CB 31.253 
159 44 V H 8.152 
160 45 I N 122.470 
161 45 I C' 173.865 
162 45 I CA 66.367 
163 45 I CB 37.024 
164 45 I H 8.355 
165 46 V N 119.693 
166 46 V C' 174.451 
167 46 V CA 68.245 
168 46 V CB 31.274 
169 46 V H 8.383 
170 47 I N 118.200 
171 47 I C' 174.464 
172 47 I CA 65.906 
173 47 I CB 37.659 
174 47 I H 8.502 
175 48 T N 117.205 
176 48 T C' 173.156 
177 48 T CA 68.728 
178 48 T CB 67.739 
179 48 T H 8.110 
180 49 L N 121.025 
181 49 L C' 175.800 
182 49 L CA 58.561 
183 49 L CB 41.678 
184 49 L H 8.303 
185 50 V N 118.991 
186 50 V C' 175.320 
187 50 V CA 67.167 
188 50 V CB 31.400 
189 50 V H 8.354 
190 51 M N 118.509 
191 51 M C' 175.880 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
192 51 M CA 58.476 
193 51 M CB 31.798 
194 51 M H 8.369 
195 52 L N 120.586 
196 52 L C' 175.147 
197 52 L CA 57.752 
198 52 L CB 41.972 
199 52 L H 8.600 
200 53 K N 120.004 
201 53 K C' 175.291 
202 53 K CA 59.863 
203 53 K CB 32.111 
204 53 K H 8.211 
205 54 K N 117.555 
206 54 K C' 175.748 
207 54 K CA 58.390 
208 54 K CB 31.942 
209 54 K H 7.915 
210 55 K N 119.503 
211 55 K C' 175.038 
212 55 K CA 57.965 
213 55 K CB 32.434 
214 55 K H 8.009 
215 56 L N 119.231 
216 56 L C' 174.955 
217 56 L CA 56.258 
218 56 L CB 42.038 
219 56 L H 8.063 
220 57 E N 119.525 
221 57 E C' 173.836 
222 57 E CA 57.740 
223 57 E CB 30.079 
224 57 E H 7.808 
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Table A2. Chemical shift assignment of eV44M-APPTM based on 3D experiments de-
scribed in section 2.3.7. 

Resonance # Residue # Residue Type Atom ID Chemical Shift 
1 4 E N 121.054 
2 4 E CA 59.018 
3 4 E CB 30.319 
4 4 E H 8.363 
5 5 F N 120.735 
6 5 F CA 57.894 
7 5 F CB 39.596 
8 5 F H 8.145 
9 6 T N 114.907 
10 6 T CA 61.822 
11 6 T CB 69.831 
12 6 T H 7.880 
13 7 S N 117.719 
14 7 S CA 58.686 
15 7 S CB 64.071 
16 7 S H 8.092 
17 8 D N 122.544 
18 8 D8 CA 54.745 
19 8 D8 CB 41.105 
20 8 D8 H 8.246 
21 9 I9 N 120.117 
22 9 I9 CA 61.403 
23 9 I9 CB 38.915 
24 9 I9 H 7.837 
25 10 E N 125.007 
26 10 E CA 56.820 
27 10 E CB 30.099 
28 10 E H 8.317 
29 11 L N 122.479 
30 11 L CA 56.468 
31 11 L CB 42.697 
32 11 L H 8.261 
33 12 V N 117.781 
34 12 V CA 63.969 
35 12 V CB 32.278 
36 12 V H 7.792 
37 13 D N 121.822 
38 13 D CA 55.542 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 

39 13 D CB 41.104 
40 13 D H 8.075 
41 14 K N 119.425 
42 14 K CA 56.584 
43 14 K CB 32.644 
44 14 K H 7.838 
45 15 L N 121.181 
46 15 L CA 56.181 
47 15 L CB 41.864 
48 15 L H 8.019 
49 22 E N 119.669 
50 22 E CA 57.988 
51 22 E CB 29.928 
52 22 E H 8.132 
53 23 D N 120.101 
54 23 D CA 55.056 
55 23 D CB 41.264 
56 23 D H 8.006 
57 24 V N 119.418 
58 24 V CA 63.965 
59 24 V CB 31.980 
60 24 V H 7.885 
61 25 G N 108.606 
62 25 G CA 45.930 
63 25 G H 8.252 
64 26 S N 114.915 
65 26 S CA 59.073 
66 26 S CB 64.116 
67 26 S H 7.946 
68 27 N CB 39.119 
69 28 K N 121.706 
70 28 K CA 59.627 
70 29 G N 107.334 
71 28 K CB 32.732 
71 29 G CA 47.206 
72 28 K H 8.336 
72 29 G H 8.567 
73 30 A N 123.280 
74 30 A CA 54.872 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 

75 30 A CB 18.586 
76 30 A H 7.971 
77 31 I N 116.850 
78 31 I CA 64.418 
79 31 I CB 37.601 
80 31 I H 7.754 
81 32 I N 120.032 
82 32 I CA 64.996 
83 32 I CB 37.419 
84 32 I H 8.085 
85 33 G N 107.228 
86 33 G CA 47.772 
87 33 G H 8.383 
88 34 L N 121.573 
89 34 L CA 58.074 
90 34 L CB 41.826 
91 34 L H 8.138 
92 35 M N 117.763 
93 35 M CA 59.474 
94 35 M CB 33.076 
95 35 M H 8.077 
96 36 V N 118.188 
97 36 V CA 67.145 
98 36 V CB 31.295 
99 36 V H 8.511 
100 37 G N 106.639 
101 37 G CA 47.553 
102 37 G H 8.608 
103 38 G N 108.795 
104 38 G CA 47.593 
105 38 G H 8.653 
106 39 V N 121.385 
107 39 V CA 67.270 
108 39 V CB 31.245 
109 39 V H 8.132 
110 40 V N 122.972 
111 40 V CA 68.036 
112 40 V CB 31.230 
113 40 V H 8.440 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 

114 41 I N 119.689 
115 41 I CA 65.465 
116 41 I CB 37.263 
117 41 I H 8.371 
118 42 A N 121.411 
119 42 A CA 55.941 
120 42 A CB 17.927 
121 42 A H 8.539 
122 43 T N 114.583 
123 43 T CA 68.573 
124 43 T CB 67.626 
125 43 T H 8.133 
126 44 M N 119.972 
127 44 M CA 57.522 
128 44 M CB 29.872 
129 44 M H 8.179 
130 45 I N 122.113 
131 45 I CA 66.315 
132 45 I CB 37.545 
133 45 I H 8.378 
134 46 V N 120.027 
135 46 V CA 68.304 
136 46 V CB 31.288 
137 46 V H 8.245 
138 47 I N 117.966 
139 47 I CA 66.018 
140 47 I CB 37.792 
141 47 I H 8.494 
142 48 T N 117.223 
143 48 T CA 68.833 
144 48 T CB 67.830 
145 48 T H 7.901 
146 49 L N 121.028 
147 49 L CA 58.583 
148 49 L CB 41.677 
149 49 L H 8.289 
150 50 V N 118.951 
151 50 V CA 67.232 
152 50 V CB 31.505 



 

     94 

 
Resonance # Residue # Residue Type Atom ID Chemical Shift 

153 50 V H 8.349 
154 51 M N 118.513 
155 51 M CA 58.593 
156 51 M CB 31.958 
157 51 M H 8.344 
158 52 L N 120.575 
159 52 L CA 57.742 
160 52 L CB 41.986 
161 52 L H 8.586 
162 53 K N 119.983 
163 53 K CA 59.745 
164 53 K CB 32.252 
165 53 K H 8.195 
166 54 K N 117.597 
167 54 K CA 58.459 
168 54 K CB 32.141 
169 54 K H 7.912 
170 55 K N 119.513 
171 55 K CA 58.000 
172 55 K CB 32.444 
173 55 K H 8.003 
174 56 L N 119.261 
175 56 L CA 56.377 
176 56 L CB 42.068 
177 56 L H 8.057 
178 57 E N 119.598 
179 57 E CA 57.697 
180 57 E CB 30.069 
181 57 E H 7.814 
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Figure A4. A complete eAPPTM peptide comparison of residue specific chemical shift 
perturbations in eWild Type and eV44M-APPTM after the addition of MCMJR1. Graphs 
were plotted using the difference between the 10:1 and 0:1 enzyme to substrate combined 
nitrogen and hydrogen chemical shifts for each APPTM variant. X labeled residues indi-
cate missing data where that residue was not observable. Wild Type-APPTM is plotted in 
red while V44M-APPTM is plotted in blue. 
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Figure A5. A 4-20% SDS-PAGE gradient gel showing Ni-NTA purification and TEV 
digestion of the NANP-Aβ construct (left). The molecular weight marker is denoted on the 
left hand side of the gel. The NANP-Aβ fusion protein is shown around 17 kDa, TEV 
protease at 27 kDa and the final full length Aβ protein after cleavage at 4 kDa (light band 
under 10 kDa in the last two lanes). The MALDI-TOFTOF chromatogram showing the 
mass/charge readout of pure natural abundance Wild Type-Aβ42 is shown to the right. 
MALDI was run to check the purity of each sample prior to running NMR. Both figures 
show important steps in the purification protocol from section 3.3.3 of the methods section.  
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Table A3. Chemical shift assignment of A2T-Aβ40 based on 3D assignment experiments 
described in section 3.3.8. 

Resonance # Residue # Residue Type Atom ID Chemical Shift 
1 1 D CA 53.718 
2 1 D CB 40.725 
3 1 D HA 4.269 
4 1 D HB1 2.703 
5 1 D HB2 2.715 
6 2 T C' 174.121 
7 2 T CA 62.12 
8 2 T CB 69.689 
9 2 T CG2 21.631 
10 2 T HA 4.319 
11 2 T HB 4.182 
12 2 T HG2 1.181 
13 3 E C' 175.896 
14 3 E CA 56.454 
15 3 E CB 30.342 
16 3 E CG 36.072 
17 3 E H 8.585 
18 3 E HA 4.242 
19 3 E HB1 1.905 
20 3 E HB2 1.938 
21 3 E HG1 2.099 
22 3 E HG2 2.208 
23 3 E N 124.06 
24 4 F C' 175.256 
25 4 F CA 57.805 
26 4 F CB 39.471 
27 4 F H 8.431 
28 4 F HA 4.547 
29 4 F HB 3.002 
30 4 F N 122.377 
31 5 R C' 174.959 
32 5 R CA 55.468 
33 5 R CB 31.137 
34 5 R CD 43.14 
35 5 R CG 26.905 
36 5 R H 8.211 
37 5 R HA 4.274 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
38 5 R HB1 1.633 
39 5 R HB2 1.741 
40 5 R HD 3.131 
41 5 R HG 1.500 
42 5 R N 123.951 
43 6 H CA 56.375 
44 6 H CB 30.602 
45 6 H HA 4.533 
46 6 H HB1 3.055 
47 6 H HB2 3.115 
48 7 D C' 176.281 
49 7 D CA 54.023 
50 7 D CB 41.040 
51 7 D H 8.358 
52 7 D HA 4.632 
53 7 D HB 2.681 
54 7 D N 122.545 
55 8 S C' 175.149 
56 8 S CA 59.100 
57 8 S CB 63.686 
58 8 S H 8.487 
59 8 S HA 4.381 
60 8 S HB 3.909 
61 8 S HB1 3.897 
62 8 S HB2 3.903 
63 8 S N 116.732 
64 9 G C' 173.942 
65 9 G CA 45.279 
66 9 G H 8.594 
67 9 G HA 3.915 
68 9 G HA1 3.890 
69 9 G HA2 3.872 
70 9 G N 110.820 
71 10 Y C' 175.774 
72 10 Y CA 58.143 
73 10 Y CB 38.854 
74 10 Y H 8.000 
75 10 Y HA 4.518 
76 10 Y HB1 2.954 
77 10 Y HB2 3.038 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
78 10 Y N 120.176 
79 11 E C' 176.130 
80 11 E CA 56.523 
81 11 E CB 30.305 
82 11 E CG 36.185 
83 11 E H 8.436 
84 11 E HA 4.202 
85 11 E HB1 1.853 
86 11 E HB2 1.941 
87 11 E HG 2.200 
88 11 E HG1 2.170 
89 11 E HG2 2.210 
90 11 E N 122.625 
91 12 V C' 176.293 
92 12 V CA 62.762 
93 12 V CB 32.521 
94 12 V CG1 20.829 
95 12 V CG2 20.754 
96 12 V H 8.146 
97 12 V HA 3.947 
98 12 V HB 1.953 
99 12 V HG1 0.794 
100 12 V HG2 0.873 
101 12 V N 121.329 
102 13 H CA 56.097 
103 13 H CB 30.602 
104 13 H HA 4.608 
105 13 H HB1 3.024 
106 14 H C' 175.155 
107 14 H CA 56.276 
108 14 H CB 30.580 
109 14 H HA 4.550 
110 14 H HB1 3.011 
111 15 Q C' 175.683 
112 15 Q CA 55.889 
113 15 Q CB 29.366 
114 15 Q CG 33.662 
115 15 Q H 8.476 
116 15 Q HA 4.268 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
117 15 Q HB1 1.980 
118 15 Q HB2 2.067 
119 15 Q HE1 7.635 
120 15 Q HE2 6.950 
121 15 Q HG 2.341 
122 15 Q N 121.674 
123 15 Q NE 113.035 
124 16 K C' 176.211 
125 16 K CA 56.377 
126 16 K CB 32.919 
127 16 K CD 29.054 
128 16 K CE 42.023 
129 16 K CG 24.832 
130 16 K H 8.468 
131 16 K HA 4.278 
132 16 K HB 1.786 
133 16 K HB1 1.757 
134 16 K HB2 1.814 
135 16 K HD 1.681 
136 16 K HE 2.978 
137 16 K HG1 1.396 
138 16 K HG2 1.460 
139 16 K N 123.257 
140 17 L C' 176.815 
141 17 L CA 55.062 
142 17 L CB 42.341 
143 17 L CD1 23.445 
144 17 L CD2 24.871 
145 17 L CG 26.91 
146 17 L H 8.333 
147 17 L HA 4.337 
148 17 L HB 1.610 
149 17 L HD1 0.851 
150 17 L HD2 0.925 
151 17 L HG 1.516 
152 17 L N 124.011 
153 18 V C' 175.101 
154 18 V CA 61.987 
155 18 V CB 33.068 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
156 18 V CG1 21.196 
157 18 V CG2 20.589 
158 18 V H 8.073 
159 18 V HA 4.039 
160 18 V HB 1.914 
161 18 V HG1 0.759 
162 18 V HG2 0.845 
163 18 V N 121.684 
164 19 F C' 174.716 
165 19 F CA 57.465 
166 19 F CB 40.166 
167 19 F H 8.338 
168 19 F HA 4.589 
169 19 F HB1 2.917 
170 19 F HB2 3.000 
171 19 F N 124.549 
172 20 F C' 174.775 
173 20 F CA 57.266 
174 20 F CB 40.029 
175 20 F H 8.296 
176 20 F HA 4.575 
177 20 F HB1 2.937 
178 20 F HB2 3.090 
179 20 F N 123.193 
180 21 A C' 177.245 
181 21 A CA 52.321 
182 21 A CB 19.433 
183 21 A H 8.312 
184 21 A HA 4.224 
185 21 A HB 1.377 
186 21 A N 126.352 
187 22 E C' 176.111 
188 22 E CA 56.567 
189 22 E CB 30.295 
190 22 E CG 36.275 
191 22 E H 8.429 
192 22 E HA 4.206 
193 22 E HB1 1.937 
194 22 E HB2 2.045 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
195 22 E HG1 2.276 
196 22 E HG2 2.291 
197 22 E N 120.145 
198 23 D C' 176.579 
199 23 D CA 54.069 
200 23 D CB 40.996 
201 23 D CN 54.057 
202 23 D H 8.495 
203 23 D HA 4.657 
204 23 D HB1 2.652 
205 23 D HB2 2.751 
206 23 D N 121.980 
207 24 V C' 177.084 
208 24 V CA 62.772 
209 24 V CB 32.198 
210 24 V CG2 20.186 
211 24 V H 8.233 
212 24 V HA 4.142 
213 24 V HB 2.199 
214 24 V HG2 0.977 
215 24 V N 120.867 
216 25 G C' 174.479 
217 25 G CA 45.384 
218 25 G H 8.619 
219 25 G HA 3.990 
220 25 G N 111.895 
221 26 S C' 174.476 
222 26 S CA 58.570 
223 26 S CB 63.684 
224 26 S H 8.212 
225 26 S HA 4.441 
226 26 S HB 3.903 
227 26 S HB1 3.897 
228 26 S HB2 3.908 
229 26 S N 115.622 
230 27 N C' 175.062 
231 27 N CA 53.273 
232 27 N CB 38.511 
233 27 N H 8.547 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
234 27 N HA 4.752 
235 27 N HB1 2.827 
236 27 N HB2 2.873 
237 27 N HD1 7.705 
238 27 N HD2 6.985 
239 27 N N 120.706 
240 27 N ND 113.2 
241 28 K C' 177.213 
242 28 K CA 56.677 
243 28 K CB 32.548 
244 28 K CD 28.948 
245 28 K CE 42.057 
246 28 K CG 24.692 
247 28 K H 8.424 
248 28 K HA 4.275 
249 28 K HB1 1.78 
250 28 K HB2 1.897 
251 28 K HD 1.681 
252 28 K HE 3.001 
253 28 K HG1 1.419 
254 28 K HG2 1.578 
255 28 K N 121.9 
256 29 G C' 173.705 
257 29 G CA 45.103 
258 29 G H 8.487 
259 29 G HA 3.931 
260 29 G N 109.659 
261 30 A C' 177.643 
262 30 A CA 52.369 
263 30 A CB 19.292 
264 30 A H 8.094 
265 30 A HA 4.312 
266 30 A HB 1.379 
267 30 A N 123.651 
268 31 I C' 176.43 
269 31 I CA 61.089 
270 31 I CB 38.349 
271 31 I CD 12.641 
272 31 I CG1 27.324 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
273 31 I CG2 17.607 
274 31 I H 8.259 
275 31 I HA 4.157 
276 31 I HB 1.868 
277 31 I HD 0.871 
278 31 I HG11 1.214 
279 31 I HG12 1.518 
280 31 I HG21 0.894 
281 31 I N 120.931 
282 32 I C' 176.643 
283 32 I CA 61.144 
284 32 I CB 38.395 
285 32 I CD 12.641 
286 32 I CG1 27.326 
287 32 I CG2 17.391 
288 32 I H 8.366 
289 32 I HA 4.160 
290 32 I HB 1.872 
291 32 I HD 0.875 
292 32 I HG11 1.220 
293 32 I HG12 1.521 
294 32 I HG21 0.936 
295 32 I N 126.488 
296 33 G C' 173.68 
297 33 G CA 45.097 
298 33 G H 8.547 
299 33 G HA 3.935 
300 33 G N 113.244 
301 34 L C' 177.336 
302 34 L CA 55.168 
303 34 L CB 42.472 
304 34 L CD1 23.613 
305 34 L CD2 24.756 
306 34 L CG 26.868 
307 34 L H 8.126 
308 34 L HA 4.351 
309 34 L HB 1.610 
310 34 L HD 0.903 
311 34 L HD1 0.884 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
312 34 L HD2 0.933 
313 34 L HG 1.579 
314 34 L N 121.76 
315 35 M C' 176.136 
316 35 M CA 55.229 
317 35 M CB 32.627 
318 35 M CG 31.926 
319 35 M H 8.523 
320 35 M HA 4.542 
321 35 M HB 2.049 
322 35 M HB1 2.032 
323 35 M HB2 2.073 
324 35 M HG1 2.531 
325 35 M HG2 2.607 
326 35 M N 122.153 
327 36 V C' 176.713 
328 36 V CA 62.544 
329 36 V CB 32.739 
330 36 V CG 21.084 
331 36 V H 8.325 
332 36 V HA 4.127 
333 36 V HB 2.092 
334 36 V HG 0.968 
335 36 V N 122.635 
336 37 G C' 174.433 
337 37 G CA 45.133 
338 37 G H 8.68 
339 37 G HA 3.992 
340 37 G HA1 4.005 
341 37 G HA2 3.98 
342 37 G N 113.314 
343 38 G C' 173.685 
344 38 G CA 45.032 
345 38 G H 8.326 
346 38 G HA 3.97 
347 38 G HA1 4.019 
348 38 G HA2 3.957 
349 38 G N 108.821 
350 39 V C' 175.546 
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Resonance # Residue # Residue Type Atom ID Chemical Shift 
351 39 V CA 62.441 
352 39 V CB 32.823 
353 39 V CG 21.173 
354 39 V H 8.15 
355 39 V HA 4.182 
356 39 V HB 2.095 
357 39 V HG 0.954 
358 39 V N 120.038 
359 40 V C' 181.105 
360 40 V CA 63.722 
361 40 V CB 33.313 
362 40 V CG1 20.218 
363 40 V CG2 21.546 
364 40 V H 7.895 
365 40 V HA 4.059 
366 40 V HB 2.067 
367 40 V HG1 0.907 
368 40 V HG2 0.927 
369 40 V N 128.556 
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Figure A6. NMR high-pressure titration 1H-15N HSQC overlays of four Aβ variants. HSQC 
overlays, clockwise from upper left to bottom left, are as follows: Wild Type-Aβ40, Wild 
Type-Aβ42, D23N-Aβ40 and E22G-Aβ40. The assignment of each variant at atmospheric 
pressure (1 bar) is shown in black. HSQC’s at different pressures are color coded in the 
key from 1 bar (Red) to 2500 bar (Plum). The data shown above was generated in conjunc-
tion with Dr. David Rosenman and is based on experiments previously completed in Munte 
et al.261 
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Figure A7. The affects of pressure on the nonlinear amide chemical shifts of Wild Type and 
FAD mutant monomeric Aβ. Shown above are the graphed second order (B2) pressure 
coefficients for amide nitrogen and hydrogen nuclei, top to bottom, for five different 
species of monomeric Aβ. Color-coding is as follows: Wild Type Aβ40 (Red), Wild Type-
Aβ42 (Purple), A2T-Aβ40 (Pink), E22G-Aβ40 (Cyan) and D23N-Aβ40 (Green). Residues 
marked with an X are amino acids that were unassigned in at least one of the five spectra in 
comparison. Dr. David Rosenman using Equation 2 calculated B2 pressure coefficients. In 
section 3.3.10 above.  


