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Chapter 1 

 

Introduction to the Amyloidogenic Pathway 

 

Preface 

 

In 1850, the person who would formally become ‘patient 0’ for Alzheimer’s 

disease (AD), Mrs. Auguste Deter, was born in Cassel, Germany. For the most part, she 

lived a relatively normal life with her husband near the river Main in Frankfurt. In 1901, at 

the ripe age of 51, her husband brought her to a psychiatric clinic, reporting that he noticed 

progressive changes in her personality, a rapidly weakening memory, and worsening 

psychosocial state. She was admitted there and remained in in-patient care for the 

remainder of her life. As her condition worsened, she became apathetic, confused, and 

generally unintelligible. In 1906, at the age of 55, Auguste sadly succumbed to septicemia 

because of an ulcer, but her name and story would be immortalized by a rising young 

physician name Dr. Alois Alzheimer. 1 

Dr. Alzheimer was a senior assistant at the Frankfurt Psychiatric Hospital 

where Auguste was first admitted in 1901. He was notably fascinated by her condition, 

and he documented her case in detail from the time he first met her. Eventually, their 

paths would split as Auguste was transferred to the Community Psychiatric Hospital in 

Frankfurt and Alois went on to continue his practice in Munich. The physical distance 

between them, however, had no effect on his interest in her case. Upon her death, Alois 

requested her brain and medical records for further, posthumous examination. Using 
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histology, he discovered the presence of large plaques and neurofibrillary tangles in the 

brain, hallmarks that we now associate with AD. These discoveries appeared incite little 

enthusiasm in the medical community when he initially presented them, but that did  little 

to hold back Alois’ continued research. 1-2 

In the years to come, Dr. Alzheimer would continue to present his work and 

had a successful career studying psychiatric illnesses. In his later years, in addition to 

studying psychotic mental diseases, he started a scientific journal and was eventually 

appointed Chair of Psychiatry at the University of Breslau. It was not long after his 

appointment in Breslau that he died in 1915 after a successful, acclaimed career. Today, 

Dr. Alzheimer’s name is a household staple, ironically not due to his success as a late-

career physician, but rather his early fascination with Auguste Deter and his little-

appreciated discoveries in her brain.  

 Dr. Alzheimer was a medical scientist who was interested in correlating 

neuropathological changes in the brain to psychological changes in behavior. His 

discoveries and his well-documented passion for his work are inspiring to me. Specifically, 

to pursue a career in basic, discovery science, where the fruits of one’s work may not be 

immediately realized and even perhaps ignored. When my PhD mentor, Dr. Charles R. 

Sanders (Chuck) proposed a thesis project aimed at building off the plaque observation 

that Dr. Alzheimer made over 100 years ago, I was beaming with passion and 

enthusiasm. Much progress has been made with regard to understanding the molecular 

and genetic hallmarks of AD, and the plaques, which are made up primarily of a peptide 

called amyloid-β (Aβ), continue to be a central feature of AD pathology and research.  



3 
 

I want to start this thesis by making it clear that my thesis work was not 

intended to develop a cure or treatment of AD, but rather to use the AD-implicated amyloid 

precursor protein (APP), which is eventually turned over into the amyloid peptides that 

seed the plaques that Dr. Alzheimer discovered, as a model for investigating how drugs 

interact with proteins of its family. APP belongs to a large family of proteins called single-

pass transmembrane proteins (SPMTRs), which are highly represented in the human 

genome and are often involved in human health and disease. SPTMRs are infamously 

recalcitrant biochemical systems to work with, so we repurposed previously successful 

approaches used on other types of recalcitrant proteins to further our understanding of 

how they interact with other molecules. The primary methodology used for my dissertation 

was high throughput screening (HTS) by nuclear magnetic resonance (NMR) 

spectroscopy, which is particularly amenable to investigating these types of systems. This 

document will walk the reader through the rationale for this project, elaborate on the 

methodologies that it has developed or advanced, describe molecules of interest that may 

help AD research, and importantly, highlight issues and pitfalls that can be mitigated by 

future scientists pursuing this type of project.  

Although I find it unlikely that the compounds presented in this thesis will be 

useful for treating Alzheimer’s disease, I do have hope that this work will provide lessons 

that help the reader understand the biophysical and biochemical issues that hinder 

membrane protein disease drug discovery and development. At the very least, this 

document will serve as a useful reference for developing NMR-based HTS strategies for 

recalcitrant membrane protein systems, inclusive to and beyond those involved in 

Alzheimer’s disease.  
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The Vexing Complexity of the Amyloidogenic Pathway1 

 

An Overview of Alzheimer’s Disease 

 

The role of the amyloidogenic pathway in the etiology of Alzheimer's 

disease (AD), particularly the common sporadic late onset forms of the disease, is 

controversial. To some degree, this is a consequence of the failure of drug and 

therapeutic antibody trials based either on targeting the proteases in this pathway or its 

amyloid end products. Here, we explore the formidable complexity of the biochemistry 

and cell biology associated with this pathway. For example, we review evidence that the 

immediate precursor of amyloid‐β, the C99 domain of the amyloid precursor protein 

(APP), may itself be toxic. We also review important new results that appear to finally 

establish a direct genetic link between mutations in APP and the sporadic forms of AD. 

Based on the complexity of amyloidogenesis, it seems possible that a major contributor 

to the failure of related drug trials is that we have an incomplete understanding of this 

pathway and how it is linked to Alzheimer's pathogenesis. If so, this highlights a need for 

further characterization of this pathway, not its abandonment. 

Alzheimer's disease (AD) is a progressive neurodegenerative disorder with no cure or 

disease‐modifying therapies. There are both rare familial (inherited) forms (FAD or early 

AD [LOAD]) forms of this disorder. There are presently roughly 50 million AD patients  

 

1 This work is published in: Castro, M. A., Hadziselimovic, A. and Sanders, C. R. (2019). The 
vexing complexity of the amyloidogenic pathway. Protein Science 28(7), 1177-1193. 
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onset AD [EOAD]) and much more common sporadic (SAD or late onset worldwide—5.7 

million in the United States alone, with the number expected to increase two to fourfold 

by mid-century, depending on the country- by mid‐century, depending on the country. The 

Alzheimer’s association has documented these trends on their disease fact and figures 

sheet here: https://www.alz.org/media/documents/alzheimers-facts-and-figures.pdf. The 

cost to the U.S. economy of compensated and uncompensated care of AD patients is 

currently on the order of half a trillion dollars. 10% of men and 20% of women are 

expected to succumb to AD, which is inevitably fatal. Currently approved pharmacological 

treatments are limited to marginally effective management of early-stage disease 

symptoms. LOAD patients typically survive for 4–8 years following initial diagnosis, but 

there is considerable heterogeneity in disease progression. Classically, patients with 

Alzheimer's initially present with short‐term memory problems and other mental deficits 

(some outlined in Figure 1), with the disease progressing to expunge all memory, both 

short and long term. AD results in significant reductions in brain mass and, eventually, 

loss of organ functions and increased susceptibility to secondary disorders such as 

pneumonia. Brain tissues in patients who have died from AD or its complications usually 

exhibit the presence of extracellular amyloid plaques under the conditions of histological 

staining with Congo red, as viewed under a polarizing microscope. Except for the age of 

onset (usually much earlier for FAD than for LOAD), the symptoms and progression are 

similar for FAD and LOAD. In addition to amyloid‐β deposition, other cellular and 

biochemical changes in brain tissue occur in AD, including hyper‐phosphorylation of the 

https://www.alz.org/media/documents/alzheimers-facts-and-figures.pdf
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tau protein and consequent formation of intraneuronal neurofibrillary tangles, increased 

glutamatergic signaling, neuroinflammation, and decreases in cholinergic signaling.  

 

The notion that the production and neurotoxicity of the amyloid‐β (Aβ) 

polypeptides is central to the etiology and pathology of AD—the “amyloid hypothesis” or 

Figure 1. Self-diagnosis of Alzheimer’s disease by Charles R. Sanders Sr. This handwritten letter is the 
self-diagnosis of Charles R. Sanders Sr., father of my PhD advisor Dr. Chuck Sanders. These 
symptoms describe what would eventually be proved to be late-onset AD. Charles R. Sanders Sr. 
eventually succumbed to disease 10 years after this was written, in 2017 at the age of 87.  
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“amyloid cascade hypothesis”—has been enormously influential over the past 30 years. 

3 However, in part due to the failure of a series of well‐publicized clinical trials designed 

around drugs or antibodies that target either Aβ aggregates or the biochemical pathway 

responsible for amyloid production, the “amyloidogenic pathway,” considerable 

skepticism has developed that amyloidogenesis is truly central to most forms of AD, 

particularly for the common sporadic late‐onset forms of this fell disorder. 4-6 The genetic 

linkage of the amyloidogenic pathway to FAD is unquestioned. 7-12 However, while a 

number of gene variations have now been documented to be risk factors for the sporadic 

Figure 2. ‘Jack plot’ illustrating the appearance of AD biomarkers with aging that can be used to measure 
and predict the development of AD. The earliest predictor of AD is the detection of long form Aβ in CSF, 
as collected via spinal tap. This is followed by the detection of amyloid plaques in the brain through the 
binding of 18F-labelled compounds and positron emission tomography (PET). The next predictor is the 
elevation of the tau protein in CSF and then the detection by magnetic resonance imaging of changes 
in the brain morphology, along with detection by PET of problem with energy metabolism in the brain. 
Only after these biomarkers appear to early signs of memory loss and other relatively minor problems 
arise as “mild cognitive impairment”, which finally progresses to full-blown AD. While not discussed 
elsewhere in this review, we suggest a significant additional layer of complexity for the amyloidogenic 
pathway as a target for AD therapeutics is the fact that Aβ production, deposition, and accumulation 
takes place over period of decades. The conundrum of how to target a decades-long process with a 
potential therapeutic in a drug trial of short duration represent yet another vexing problem. This figure 
was reproduced in my first-authored review titled ‘The vexing complexity of the amyloidogenic pathway’ 
with permission from The Lancet Neurology (Elsevier).  
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LOAD form of the disease, it has been a puzzling fact that the growing roster of risk factors 

has not included variations impacting genes that have an obvious role in the 

amyloidogenic pathway. 13-15 Moreover, amyloid plaques are found in the brains of many 

who never develop AD symptoms. 16 Conversely, there are rare AD patients who have 

few amyloid plaques or neurofibrillary tangles in their brains. 17 These factors are probably 

part of the reason why the fraction of the US National Institute of Aging grant budget 

devoted to Aβ‐related research has decreased from 27% in 2007 to 18% in 2017. 

18 Doubts about the centrality of the amyloidogenic pathway in AD persist even though 

LOAD can now be diagnosed in living patients based on the detection of Aβ in the 

cerebrospinal fluid (CSF) and of Aβ plaques in the brain (Figure 2). 

It is not the goal here to conduct a comprehensive review of the evidence 

for or against a central role for Aβ production in the pathogenesis of AD, excellent 

examples of which are published elsewhere. 19-20 Rather, we provide some examples of 

how very complex the amyloidogenic pathway is. We argue that this complexity 

represents a confounding factor in efforts to treat or prevent AD by targeting either the 

biochemistry of this pathway or the toxic oligomer/aggregate forms of Aβ. We also 

highlight a recent breakthrough study that appears to, at last, establish a genetic link 

between the amyloidogenic pathway and LOAD. 

 
 

Components of the Amyloidogenic Pathway 
 
 
 

Our understanding of the role of the amyloidogenic pathway is closely linked 

to the genetics of the familial (inherited) form of AD. FAD is epidemiologically 

characterized by having an early onset (before 65 years of age) and nearly 100% 
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penetrance throughout families that harbor pathogenic mutations or duplications in 

specific protein‐coding genes. 7-8 The first identified FAD gene was APP (chromosome 

21; location: 21q21.3), which codes for the conserved, ubiquitously expressed single‐

pass transmembrane amyloid‐β precursor protein (APP). 9-10, 12, 21 Full‐length APP has 

770 residues with a large ectodomain, a single transmembrane span, and a modest (ca. 

45 residue) intracellular domain. The most common neuronal splice variant 

of APP encodes 695 residues. The role of the APP in the adult brain has not been fully 

elucidated; however, it may be important for proper neurological development during 

gestation, on top of playing roles in neuroplasticity, synaptic function, and homeostasis 

throughout life. 22 The complete knock‐out of APP leads to small, slow, vacuous mice. 

23 Only when the ALP1 and ALP2 genes are also deleted is deletion of APP embryonic‐

lethal. 23 As of February 2019, some 18 different sites, all located in or proximal to the C‐

terminal 99 residues of APP (C99), are known to be subject to mutations that cause FAD 

(see compilation at Alzforum.org/mutations/app). 

One APP mutation is known to protect humans from AD: the “Icelandic 

mutation,” A673T. 24-25 Along these same lines is a fascinating case study of a Down 

syndrome (DS) patient who escaped from the usual early onset (30–40 years old) 

Alzheimer's neurodegeneration that normally accompanies DS. 26-28 People with DS have 

an extra copy of chromosome 21 (trisomy‐21) and consequently, an extra copy of APP. 

11, 29 The presence of an extra copy of APP is thought to cause EOAD by increasing total 

expression of the APP protein, resulting in increased total Aβ.26, 30 A DS patient was 

recently identified who exhibited incomplete trisomy of chromosome 21 in which the APP 

locus was not duplicated, but most other genes of that chromosome were. 30 This 

http://alzforum.org/mutations/app
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individual, who was studied extensively between ages 66 and 72, presented with the mild 

intellectual disability characteristic of DS. However, he did not exhibit the cognitive decline 

that normally accompanies DS, nor was dementia evident and only low levels of Aβ 

deposition were detected by amyloid positron emission tomography (PET) imaging. While 

these findings are not without dispute, this patient seems to provide a compelling example 

of how APP is linked to Alzheimer's. 26, 30-31 

Figure 3. Canonical processing of the amyloid precursor protein. Full-length APP (either neuronal 751- 
or 695-residue isoform) is shown in the middle in black. On the right (red arrows) is the amyloidogenic 
proteolytic cascade that is initiated by β-secretase and generates sAPPβ and βAPP-CTF (C99). This 
cleavage is followed by a subsequent cleavage of C99 by γ-secretase to liberate AICD and Aβ. On the 
left (blue arrows) is the nonamyloidogenic proteolysis pathway that is initiated by α-secretase (ADAM10) 
and generates sAPPα and αAPP-CTF (C83). Cleavage of C83 is then finalized by γ-secretase to liberate 
p3 and AICD.  
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Also causative of FAD is pathogenic dominant familial mutation in 

either PSEN1 and PSEN2, which code for the two isoforms of presenilin, the catalytic 

subunit of the heterotetrameric γ‐secretase protease.32-33 γ‐secretase cleaves a wide 

range of single span membrane proteins in their transmembrane domains, the most 

studied of which are APP and the Notch receptor, the latter being a master regulator of 

cell and tissue differentiation and development.34-37 

The amyloidogenic processing of APP to Aβ involves cleavage by the β‐

secretase (BACE1) and γ‐secretase proteases that successively hydrolyze APP in the 

juxtamembrane extracellular domain and then in the transmembrane domains, 

respectively (Figure 3). 38 BACE1 cleavage releases the large soluble extracellular N‐

terminal fragment, sAPPβ, leaving the 99 residue transmembrane C‐terminal fragment of 

APP behind: C99 (also known as βAPP‐CTF). Liberated sAPPβ may have important roles 

such as stimulating increased axonal outgrowth, decreased cell adhesion, neural 

differentiation of human stem cells, and stimulation of GABA receptors to alter synaptic 

transmission. 39-40  

The C99 domain of the APP has a single transmembrane span and a 

propensity both for homodimerization and cholesterol binding. 41-43 In the amyloidogenic 

pathway, C99 is engaged by the heterotetrameric γ‐secretase complex, which binds C99 

monomers and initially cuts C99 at either of two possible “epsilon cleavage” sites in the 

membrane near the cytosol, resulting the in the release of the amyloid intracellular domain 

(AICD). The function of AICD is controversial, with some evidence suggesting that it plays 

a role in regulating transcription of certain genes. 44-57 Intriguingly, some of the these 

genes encode proteins clearly related to the amyloidogenic pathway or to tau 
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hyperphosphorylation and fibrillization. 49-50, 53, 55-56, 58 However, at least some of these 

studies have been challenged. 59-60 Painstaking research has shown that the remaining 

and still membrane‐anchored N‐terminus of C99 is not then released by γ‐secretase, but 

rather is subjected to processive cleavage in which tripeptides or tetrapeptides are 

successively released from the C‐terminal end of the transmembrane domain (TMD) 

domain until all that is left of C99 is either the long form of Aβ (mostly Aβ42) or the short 

form (mostly Aβ40) (Figure 4). 61 Aβ then dissociates from γ‐secretase and potentially 

from the membrane. Recent evidence suggests that β‐ and γ‐secretases sometimes form 

a complex in brain tissue that processively catalyzes the sequential cleavage of full‐length 

Figure 4. Competing processive γ-secretase cleavage reaction pathways. Γ-secretase can cleave C99 
via two distinct pathways: one that generates Aβ40 and AICD50-99 or the other that generates Aβ38 or 
Aβ42 and AICD49-99. 
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APP to Aβ. 62-63 Aβ represents a polypeptide that contains half of what was originally a 

transmembrane domain. It is therefore unsurprising that it retains considerable affinity for 

membranes and has a high propensity to form aggregates in solution—particularly the 

longer Aβ42 form. 64 Conventionally, it has generally been thought that release of Aβ 

occurs mainly at the outer leaflet of the plasma membrane, with the peptide being 

released into the extracellular milieu. Aβ then forms toxic oligomers that go on to form 

cross‐beta fibrils that eventually become entangled with other molecules to form mature 

amyloid plaques in brain tissue. 65-66 The toxicity of extracellular Aβ may be related to its 

ability to self‐assemble at the membrane surface to form ion channels and/or to stimulate 

any one or more of a number of candidate receptors at the cell surface. 67-72 One or more 

of these events are thought to then trigger ill‐defined pathways that lead to 

hyperphosphorylation and fibrillization of tau, ultimately resulting in intraneuronal 

neurofibrillary tangles and cell death. 73 The exact nature of the physiological toxic Aβ 

oligomers is a matter of mystery. Numerous different forms of Aβ oligomers have been 

examined under laboratory conditions, but establishing which ones, if any, are 

pathophysiologically relevant has been elusive. 20 While the toxicity of amyloid plaques 

was once questioned, there now seems to be little question that they are toxic because 

they trigger chronic inflammation in the brain. 74-75 They also likely serve as a reservoir of 

toxic Aβ oligomers, which can dissociate from the plaques to re‐enter solution. 76-77 

Competing with the amyloidogenic pathway for processing of APP is a 

major “nonamyloidogenic” pathway that is initiated when the extracellular matrix‐

metalloprotease α‐secretase (usually ADAM10, but sometimes ADAM9 or ADAM 17) 

cleaves full‐length APP, as is illustrated in the left half of Figure 3. 38, 78-79 Full‐length APP 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6566549/figure/pro3606-fig-0003/
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is clipped by α‐secretase at an extracellular site closer to the membrane than the β‐

secretase cleavage site to release the transmembrane C83 fragment, which is then 

further processed by γ‐secretase in a manner analogous to C99 processing. The resulting 

APP fragments are the large extracellular sAPPα ectodomain, AICD, and P3 (a 

nonamyloidogenic fragment of Aβ, sometimes referred to as Aα). α‐secretase competes 

with β‐secretase for the initial cleavage of APP. Any factor that shifts the balance toward 

β‐secretase cleavage is expected to increase the total Aβ generated, potentially 

contributing to the pathogenesis in AD. 80 Conversely, activation of α‐secretase cleavage 

is expected to reduce Aβ production. α‐Secretase also has other important substrates 

and is believed to be involved in maintaining synaptic health, neurogenesis, and neuronal 

homeostasis. 80-81 A fascinating emerging area of biology is how ADAM proteases are 

modulated by members of the iRhom (noncatalytic rhomboid homologs) and tetraspanin 

families of multispan membrane proteins. 82 

One confounding factor in efforts to develop agents that reduce amyloid‐β 

levels that act by inhibiting γ‐secretase and β‐secretase or by activating α‐secretase is 

the fact that all three of these proteases have multiple substrates besides APP, some of 

which are of great importance in their own right. 36, 83-84 For example, both γ‐secretase 

and α‐secretase play critical signaling roles when they cleave the Notch receptor, a 

master regulator of cell development. Inhibition of γ‐secretase activity is associated with 

severe toxicity when Notch cleavage is inhibited, disrupting Notch signaling. 85-87 This has 

led to a search for “γ‐secretase modulator” compounds that do not alter Notch receptor 

cleavage, but that perturb γ‐secretase cleavage of C99 to tip the Aβ42:40 production ratio 
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toward production of the shorter and less toxic forms. 88-90 Whether compounds of this 

class will eventually be therapeutically useful remains to be seen. 

Finally, it should be noted that in addition to the classical amyloidogenic and 

nonamyloidogenic pathways summarized above, there appear to be yet other proteolytic 

cleavage events that release other APP fragments encompassing all or part of Aβ. 91-95 In 

some cases, products may be due to rare alternative cleavage events by one of the 

canonical secretases, but sometimes other proteases are involved. Whether some of 

these alternative APP‐derived peptides might contribute to AD is not yet clear. 

 

Amyloid-β is not always generated at the cell surface and does not always end up 

in the extracellular milieu 

 

Another source of complexity in the amyloidogenic pathway lies in the fact 

that there are two forms of γ‐secretase: one with presenilin 1 (PSEN1) and another with 

presenilin 2 (PSEN2) as the catalytic substrate. Familial AD mutations are found in both 

PSEN isoforms but are much more common in PSEN1. One of the other subunits of the 

γ‐secretase complex, Aph1, also has two isoforms, Aph1a and Aph1b. Moreover, Aph1a 

is found in two common splice variant forms: Aph1aL and Aph1aS. Some of the different 

forms of γ‐secretase, based on the various possible combinations of subunits, appear to 

have different catalytic properties. 96 

In terms of the cellular location of amyloid formation, conventional thinking 

is that most PSEN1 cleavage of C99 occurs at the plasma membrane, leading to direct 
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release of Aβ into the extracellular milieu. PSEN2 cleavage is generally thought to occur 

mostly in endosomes, with Aβ being released into the lumen. 97 Whether this endosome‐

luminal population of Aβ is secreted from cells via exocytosis, traffics on to lysosomes, or 

has a different trafficking itinerary is not well established. However, endocytosis of 

extracellular Aβ and subsequent lysosomal membrane “leakiness” (into the cytosol) was 

first reported over two decades ago. 98-100 There are also many reports of C99 cleavage 

taking place in other organelles, with the resulting Aβ being reported in the lumen of these 

compartments, as well as in the cytosol 101-108 The trafficking pathways that lead to the 

presence of Aβ in some of these locations are by no means always clear. It has not been 

ruled out that some of the toxicity of Aβ is generated by its intracellular population. Could 

it be that it is intracellular Aβ that triggers hyperphosphorylation of tau and formation of 

neurofibrillary tangles? We decline to weigh in on this question but note hypotheses have 

been published that raise this possibility. 109-112  

It should also be pointed out that not all extracellular amyloids are deposited 

in amyloid plaques located in the extracellular milieu of brain tissue. In the case of cerebral 

amyloid angiopathy (CAA), central nervous system amyloid deposits are formed in the 

walls of cortical and leptomeningeal arteries, arterioles, and, sometimes, capillaries and 

veins. CAA pathogenesis, like AD, is often associated with age. Similar to AD, 

accumulation of Aβ is thought to cause CAA and therapeutics are limited. 113 Indeed, CAA 

often accompanies AD.  114 

While it may be unrelated to Alzheimer's, we point out a remarkable study 

documenting the accumulation of Aβ in the placentae of women afflicted with 
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preeclampsia, raising the possibility that this often tragic condition is also linked to 

amyloidogenesis. 115 

 

The Mechanisms by Which FAD Mutations Promote the Etiology of AD May Be 

More Complex than Previously Appreciated 

 

Inherited point mutations at any one of 18 residues of APP result in early 

onset FAD. 7, 116 Nearly all the AD‐related pathogenic single nucleotide polymorphisms 

cluster around the α‐, β‐, or γ‐secretase cleavage sites located in the transmembrane and 

extracellular juxtamembrane domain (TM/JM) of APP‐C99. 

It has generally been thought that there are several mechanisms by which 

FAD mutant forms of APP promote AD pathogenesis. These include increasing the 

Aβ42:40 production ratio, increasing the aggregation propensity of the released Aβ, 

and/or increasing total Aβ production. 117-118 Yet another mechanism seems to be 

reflected by the K687N mutation adjacent to the α‐secretase site, which results in 

decreased nonamyloidogenic cleavage by that protease, likely tipping the balance of APP 

processing toward increased β‐secretase cleavage, as well as altering the biophysical 

properties of the consequent mutant form of Aβ.119 Along the same lines, the 

K670N/M671L (Swedish) APP double‐mutant, in which the mutation sites are immediately 

N‐terminal to the β‐secretase cleavage site, is associated with increased β‐secretase 

cleavage and increased total Aβ production. 120-126 In some cases, a single mutation is 

associated with more than one disease phenotype, such as the D694N (Iowa) mutant that 
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is associated with both FAD and CAA. This mutation is thought to alter the biophysical 

properties of the Aβ peptides, resulting in increased fibrillization and toxicity. 127-130 As 

noted previously, the AD‐protective Icelandic APP A673T mutation proximal to the β‐

secretase cleavage site is associated with defective β‐secretase cleavage and lower 

levels of Aβ. 24-25, 131 

The mutations mentioned above are all located in the 

extracellular/juxtamembrane region of the APP, however most FAD‐associated mutations 

are at sites in the transmembrane domain, where it has long been thought that they cause 

FAD by altering γ‐secretase processing to elevate in the Aβ42:40 production ratio. 132-

136 However, in a recent cell‐based study, Xu et al. reported that while most FAD‐

associated APP mutations at sites located in the cytosolic end of the APP TM domain are 

indeed associated with an increased Aβ42:40 production ratio, these mutants are also 

partially resistant to cleavage, thereby reducing total Aβ cleavage. 137-138 This is a 

surprising result, but is consistent with the recently determined landmark structure of the 

complex of the APP C83 domain and presenilin 1, which supports the notion that some 

APP mutations are likely to reduce the affinity of γ‐secretase for C99, which would lower 

physiological Aβ production. 139 Is it possible that that reduced cleavage of APP‐C99 

could also contribute to the etiology of AD? If so, then we might expect to see that the 

other class of FAD mutations—those that alter the sequences of PSEN1 and PSEN2—

might sometimes be γ‐secretase loss of function mutations. 

 



19 
 

The Mechanisms by Which Presenilin Mutations Promote the Etiology of AD May 

Be More Complex than Previously Appreciated 

 

Presenilin‐1 and its presenilin‐2 isozymes are multispan membrane 

proteins that are ubiquitously expressed throughout the body, including the nervous 

system. 34, 140 In general, γ‐secretase complexes have a diverse range of biological 

functions that involve regulating synaptic plasticity, learning and memory, as well as 

neuronal survival and homeostasis. 34, 37, 140 The presenilin‐1 protein (PSEN1; coded by 

the PSEN1 gene) harbors over 180 documented human FAD‐causing missense 

mutations affecting about 130 amino acid sites (Alzforum.org). There are at least 39 FAD 

mutations in presenillin‐2 (PSEN2; the product of the PSEN2 gene), which impacts 17 

different sites. Together, mutations in PSEN1 and PSEN2 account for 90% of the known 

autosomal dominant FAD gene mutations. 35, 140-141 It is interesting to note that frameshift 

or nonsense mutations in the PSEN1 gene have not yet been linked to AD, but instead 

result in a skin disorder, acne inversa, most likely because of a resulting reduction in 

Notch cleavage. 142-143  

γ‐secretase is composed of a heterotetrameric (1:1:1:1) complex of 

presenilin, anterior pharynx‐defective 1 (APH1), presenilin enhancer 2 (PEN2), and 

nicastrin (NCT). 34 There is also evidence that γ‐secretase may sometimes function as a 

multimer of heterotetramers. 144 The primary biochemical role of γ‐secretase is to catalyze 

the intramembrane proteolysis of Type 1 (N‐terminal extracellular single span) 

transmembrane proteins such as APP‐C99; however, at least 90 protein substrates (such 

http://alzforum.org/
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as Notch receptors, integrins, cadherins, etc.) have been reported, earning it the 

pseudonym “the proteasome of the membrane.” 34-36  As noted earlier and illustrated in 

Figure 4, γ‐secretase cleavage of C99 involves competing multistep cleavage pathways 

that lead primarily to Aβ42 or Aβ40. 

In recent years, several studies have suggested that many FAD mutations 

in PSEN1 are partial or total loss‐of‐function (LOF) mutations. Cacquevel et al. noticed a 

drastic LOF of purified γ‐secretase containing FAD‐mutant forms of PSEN1 (PSEN1Mut), 

with other groups describing similar LOF phenomena for FAD‐associated PSEN mutants. 

145 146-147 Sun et al. later published findings based on studying purified γ‐secretases 

harboring pathogenic PSEN1 mutants and assaying C99 cleavage in vitro, as well as in 

a cell‐based assay. 148 In a wide range of biochemical conditions, they found that about 

90% of tested FAD‐associated PSEN1Mut‐containing γ‐secretases exhibited catalytic LOF 

in the presence of PSEN1WT‐containing γ‐secretase and did so in a dominant negative 

manner. Indeed, PSEN1Mut γ‐secretases behaved analogously to pharmacological 

antagonists of wild type (WT) γ‐secretase activity, such that titration of PSEN1Mut γ‐

secretase into solution containing PSEN1WT γ‐secretase induced LOF of WT at ratios as 

low as 2:1 (mutant:WT γ‐secretase). 144 This interesting result can be rationalized based 

on direct dominant negative interactions between WT and mutant forms of γ‐secretase 

(see additional discussion below). 51, 62, 144 
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For most FAD mutants that induced partial LOF, it has also usually been 

seen that the Aβ42:40 production ratios for the residual activity were significantly 

Figure 5. Locations of FAD mutation sites in presenilin 1 cryo-EM structure. Known FAD disease 
mutation sites are highlighted in green (WT residue side chains are shown). The magenta protein is a 
substrate, αAPP-CTF or C83, bound to the active site of presenilin 1, with the C-terminal end of its TM 
unraveled in preparation for cleavage. 
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increased (although a decreased Aβ42:40 ratio was observed for 10% of mutants). One 

might expect that reduced total Aβ production by γ‐secretase would be protective against 

AD, although the increased Aβ42:40 for the residual activity could conceivably be the 

dominant effect, promoting disease pathogenesis. However, arguing against this 

possibility was the observation that the age of onset of FAD from mutation to mutation did 

not inversely correlate with the corresponding change in the Aβ42:40 ratio. 148 

Before further discussing whether γ‐secretase LOF could sometimes 

contribute to the development of AD, we highlight additional evidence that FAD mutations 

in PSEN1 may often induce LOF. Figure 5 illustrates the locations of disease mutations 

sites in the structure of the protease (PSEN1) in complex with one of its substrates, the 

APP‐C83 protein (C83 being the product of α‐secretase cleavage of full‐length APP, see 

Fig. 3). 139 We make two observations about the distribution of the FAD mutants in this 

structure. First, the disease mutations are most highly localized around the substrate‐

binding interface. It is not hard to imagine how some of these mutations might interfere 

with substrate recognition or the catalytic mechanism (in either case leading to reduced 

catalytic activity) and/or that they alter the distribution of cleavage sites leading to an 

increased Aβ42:40 ratio. However, mutations sites are also well distributed throughout 

entire presenilin structure, with many sites not located near the substrate interface. This 

widespread distribution of disease mutation sites is akin to what is seen for retinitis 

pigmentosa (RP) mutations in rhodopsin (see fig. 23 in 149) and for a number of other 

disease‐linked membrane proteins, including the cystic fibrosis transmembrane regulator 

protein (see fig. 3 in Reference 150). What is known for RP/rhodopsin and several other 

disease mutation/membrane protein relationships is that there are at least two 
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(nonexclusive) mechanisms by which mutations can result in disease pathogenesis. 

Some mutations are located at ligand or substrate binding sites and directly induce 

dysfunction of the protein. However, other mutations—particularly those located distal 

from the functional site—cause LOF by inducing misfolding. The misfolded protein is often 

degraded by endoplasmic reticulum protein folding quality control, although the misfolded 

protein in some cases escapes degradation to form toxic aggregates that may further 

contribute to disease pathogenesis. The fact that the distribution of presenilin mutations 

conform to what is a now a well‐established pattern for a number of other disease‐linked 

membrane proteins is fully consistent with the notion that some presenilin mutations result 

in LOF due to misfolding of the protein, with FAD being promoted by the resulting loss of 

catalytic function and/or by toxicity of the misfolded presenilin. 149-150 The dominant 

negative nature of these mutations possibly may be explained by a model in which the 

folding‐defective γ‐secretase is still able to form higher ordered oligomers with WT, with 

the consequence being that both mutant and WT are targeted for degradation when the 

mutant form is recognized as folding defective by endoplasmic reticulum (ER) quality 

control. 144 A similar phenomenon has previously been documented for peripheral myelin 

protein 22, a tetraspan membrane protein for which dominant mutations that induce 

misfolding of one allele result in mistrafficking of both the mutant protein and associated 

WT PMP22. 151 To summarize, the structure of the presenilin/C83 complex is consistent 

with the notion that mutation‐induced loss of γ‐ secretase function may be a factor that 

colludes with an increased Aβ42:40 production ratio to trigger pathogenesis of FAD. 

The possibility that loss of γ‐secretase catalytic function could contribute to 

AD pathogenesis was further suggested by results of clinical trials for γ‐secretase 
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inhibitors Semagecestat, and Avagecestat, which despite achieving the desired 

significant reduction in total Aβ, exhibited a lack of efficacy coupled to toxicity and 

worsening of AD symptoms. 152-154 This prompted the cessation of the related drug 

trials. In general, nearly every disease‐modifying drug candidate that targets the 

amyloidogenic pathway has thus far been unsuccessful due to issues with toxicity, lack 

of efficacy, or both. 4-5, 155 

It seems possible that γ‐secretase LOF may contribute to some phenotypes 

of FAD. If so, there must be associated mechanisms contributing to disease pathogenesis 

in some patients that are not yet well recognized. These etiological mechanisms would 

possibly act in collusion with an increased Aβ42:40 production ratio. In the next sections, 

we discuss possible mechanisms by which γ‐secretase LOF could contribute to the 

etiology of AD. 

 

Is Full Length APP Sometimes Toxic? 

 

As noted above, the relationship between APP processing and FAD 

appears to be more complex than simply being based on total Aβ levels and the Aβ42:40 

ratio. Consistent with this thinking are findings from studies of transgenic mice expressing 

a BRI‐Aβ fusion protein that was designed to be processed such that extracellular Aβ40 

and Aβ42 are generated independent of either full‐length APP or its C99 fragment. 

Interestingly, the mice developed amyloid deposits resembling those seen in humans; 

however, at all ages tested, the mice did not show cognitive or behavioral deficits. 
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156 Similarly, Hamm et al. reported that early (pre‐plaque) neurodegenerative symptoms 

observed in TgCRND8 AD mouse models were Aβ independent, as indicated by 

the promotion of AD phenotypes using β‐ or γ‐secretase inhibitors. 157 Accumulation of 

full‐length APP in mitochondria has been observed in several AD patients but not in age‐

matched controls. 158 Along these same lines, full‐length APP was found to aggregate 

within dystrophic and degenerative neurons (but not glial cells or astrocytes) in humans 

with AD, leading some groups to posit that accumulation of full‐length APP precedes Aβ 

accumulation as a contributing factor to disease progression. 159 The concept that full‐

length APP could actively contribute to AD, independent of its role in amyloidogenesis is 

suggested by the results summarized above, but the evidence is not yet strong. Moreover, 

the lack of β‐secretase mutations as a cause or risk factor for AD is unsupportive of this 

idea. On the other hand, support for a possible role for the APP C99 domain as a toxic 

agent in some forms of AD is stronger and is consistent with evidence that many FAD 

mutations induce full or partial γ‐secretase LOF, leading to accumulation of APP‐C99 

and/or APP‐C83, which could be toxic under some conditions. 160 Additional evidence for 

such toxicity is presented in the following section. 

 

Is C99 Sometimes Toxic? 

 

The transgenic mouse strain (3xTg: APPswe, M146V presenilin 1, 

TauP301L) is associated with enhanced C99 accumulation and the absence of tau 

hyperphosphorylation. In a recent study, 3xTg was compared to the corresponding 2xTg 
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strain lacking the presenilin mutation, such that amyloid‐β production is unimpeded. It 

was seen that the 3xTg mice developed more severe AD‐like symptoms including 

apathetic behavior (an early behavioral symptom of AD), decreased long‐term 

potentiation, and decreased spontaneous locomotor activity. 161 In the same 3xTg mouse 

strain, it was found that C99 accumulation was the primary contributor to hippocampal 

lesions. 162 It has also been reported that C99 accumulation in J20 AD‐model mice is 

associated with alterations in the early brain network, a process that could be reversed 

by treatment with β‐secretase inhibitors. 163 In a familial Danish dementia mouse model, 

in which a deficiency in the protein BRI2 resulted in increased total APP levels, only 

pharmacological inhibition of β‐secretase processing of APP (and not γ‐secretase) 

rescued memory and deficits in long term potentiation (LTP), implicating C99 as the 

pathogenic agent. 164 Lauritzen et al. demonstrated in two separate mouse models that 

C99 accumulation induced defects in lysosomal‐autophagic function, another early 

hallmark of AD neuropathology, and that the defects were not observed in β‐secretase‐

inhibitor treated mice. 165 In okadaic acid‐treated mice (in which tau hyperphosphorylation 

is induced), total levels of C99 increase and accumulate primarily in axons, suggesting 

C99 redistribution (on top of accumulation) may also play a role in AD‐related 

pathogenesis. 166 

Cellular studies have also provided evidence for toxicity of C99. Pera et al. 

showed that C99 build‐up in the mitochondria‐associated endoplasmic reticulum 

membranes (MAMs) of AD model cells resulted in altered lipid metabolism/composition 

in the MAMs and in mitochondrial membranes. 107 These changes, unobserved in wild‐

type cells, interfered with the assembly and activity of mitochondrial respiratory 
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complexes, offering a possible explanation for the bioenergetic shortfalls associated with 

AD. Primary cells from DS patients showed endocytic abnormalities that were reversible 

by reducing expression of either full‐length APP or β‐secretase. 167 The group also found 

that γ‐secretase inhibition was sufficient to induce endocytic defects in healthy fibroblasts 

and worsened endosomal pathology in DS fibroblasts, suggesting that the abnormalities 

were derived at least in part from C99 accumulation but not Aβ. 167 Neuronally 

differentiated induced pluripotent stem cells derived from two FAD and two LOAD patients 

(which displayed elevated levels of the AD biomarkers Aβ, phosphorylated‐tau, and active 

GSK‐3β) exhibited reductions in phosphorylated‐tau and active GSK‐3β after treatment 

with β‐secretase inhibitors but not γ‐secretase inhibitors, suggesting that AD‐promoting 

GSK‐3β activation and tau hyperphosphorylation are more closely linked to C99 

production than to Aβ. 168  

While it is premature to declare that toxicity from accumulation of C99 

contributes directly to AD pathogenesis, the studies summarized above suggest that C99 

does appear sometimes to be toxic. Further investigation will be required to rigorously 

test whether FAD mutation‐induced γ‐secretase LOF results in C99 accumulation in brain 

tissue and, if so, whether this accumulation contributes to the etiology of the related 

phenotypes of FAD. If this was proved to be the case, it would fundamentally alter our 

understanding of the relationship of the amyloidogenic pathway to AD, providing new 

insight into the failures of previous drug trials and perhaps pointing to promising future 

therapeutic strategies. 
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The First Direct Genetic Evidence for the Role of the Amyloidogenic Pathway in 

Late-Onset AD 

 

While it is clear that genetically dominant mutations in APP, PSEN1, or 

PSEN2 cause FAD, one of the mysteries of the amyloid hypothesis is why incompletely 

penetrant mutations in these proteins have not been discovered as risk factors for 

sporadic LOAD. This is despite the fact that variations in many other protein‐coding genes 

have been identified as risk factors for LOAD (e.g. APOE4, TREM2, and COBL). 13-15 Of 

course, for most cases of LOAD, it may be that a combination of nongenetic factors leads 

to accumulation of toxic forms of Aβ. Such factors could include chemical modification of 

Aβ (e.g. by reactive oxygen species or ROS by‐products), decreased transport of Aβ out 

of the brain, or decreased proteolytic cleavage of Aβ. Moreover, a number of the known 

genetic risk factors for LOAD do have linkages to the amyloid pathway, likely being 

involved in APP trafficking (e.g. SORL1, Aβ transport [e.g. APOE or PICALM173]), 

inflammatory response to formation of amyloid plaques (TREM2 or ABCA7), or 

combinations of several pathways (e.g. BIN1). 169-174 

In what may eventually prove to be a major breakthrough in AD research, 

new data have been published by the Jerold Chun group at the Burnham Institute that 

describe a nonclassical genetic mechanism that brings mutations in APP into play as risk 

factors for LOAD. 175-176 This work was based on the fact that genomic heterogeneity 

exists within complex multicellular organisms such as humans, a phenomenon 

termed genomic mosaicism. The authors uncovered a novel phenomenon by which APP‐

specific gene recombination events lead to the expression of genomically integrated 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6566549/?report=classic#pro3606-bib-0173
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mutant APP genes, and the hyper‐accumulation of these mutant APP genes correlates 

with disease in sporadic LOAD patient‐derived neurons. Both healthy‐ and LOAD‐derived 

neurons underwent APP‐specific gene recombination events, resulting in new mutant 

genomic APP sequences (referred to as gencDNAs). Many of these gencDNAs were 

transcribed into mRNAs and presumably translated into the mutant APP proteins. While 

this phenomenon was observed even in age‐matched non-diseased controls, neurons 

from LOAD patients contained a roughly 10X greater number of unique APP gencDNA 

sequences, and it was demonstrated that APP gencDNA accumulation correlated with 

LOAD progression in J20 AD‐model mice. We summarize this fascinating work here in 

Figure 6. Model for gencDNA formation and expression in neurons based on the work of the Chun lab. 
Illustrated by blue arrows is the canonical gene expression program for neuronal APP splice variants 
APP-751 and APP-695. The gencDNA creation pathway, illustrated by red arrows, is considered to be 
initiated by APP reverse transcription followed by translocation and recombination back into 
chromosomal DNA following DNA damage. Newly formed APP gencDNAs can be expressed and fed 
into the typical gene expression program in blue. 
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Figure 6. This study was made possible by the donation of brains from both control and 

LOAD patients. 

For diseases such as LOAD, where a single cause of disease is difficult to 

pinpoint, a directed interrogation of the diseased‐cell transcripts can be a useful way to 

fingerprint the disease biological state. The prefrontal cortices (an area of the brain 

involved in cognition, personality, and behavior) for six non‐AD individuals (ages 80–94; 

three females, three males) and for seven with verified LOAD (ages 72–88; six females, 

one male) were sectioned and prepared for an intensive genomic and transcriptomic 

analysis. Using flow cytometry to separate neurons from other brain cells, the Chun lab 

was able to analyze the transcriptomic state of small populations (50 at a time) of primary 

neurons from control and LOAD brain tissue. Using the reverse transcriptase‐based 

polymerase chain reaction (RT‐PCR) and Southern blot, they found transcripts that 

represented not only the APP‐751 and APP‐695 neuronal splice variants, but also lower 

molecular weight transcripts that were verified to be APP mutants using 32P antisense 

probes. The smaller, mutant transcripts were present both in healthy and LOAD neurons, 

however, the disease neurons expressed a roughly 10X greater fraction of unique reads, 

suggesting this process is out of balance in LOAD. They then sequenced the transcripts. 

In addition to detecting the normal neuronal APP splice variants (APP‐751 

or APP‐695, which contain all 18 APP exons except for 8 or 7–8, respectively), the group 

identified several unique APP sequences that map back to noncanonical inter‐exon 

junctions (IEJs). Over‐represented among these sequences were APP variants that 

joined exons from early in the APP locus (exons 1, 2, 3, or 6) to those toward the end of 

the locus (exons 11, 14, 16, 17, or 18), skipping a large a portion of the central exons. 



31 
 

Using RNA in situ hybridization, the group detected the transcripts in the cytoplasm, 

indicating they were exported out of the nucleus as mature mRNAs. They also 

demonstrated that non‐neurons from the same individuals did not express 

mutant APP transcripts, nor were mutant PSEN1 transcripts expressed. A dangling 

question was whether these strange APP transcripts reflected a malfunction in gene 

splicing or if expression was genomic of nature. To verify whether the transcripts found in 

their previous experiment were expressed from the WT APP locus, Chun and colleagues 

developed a DNA in situ hybridization (DISH) strategy that would target only genomic loci 

with IEJs (absent of intron sequences in between them). They identified several mutant 

genomic IEJs (gencDNA) in both healthy and LOAD neurons that were absent in other 

cell types; however, APP gencDNA sequences were greatly overrepresented in LOAD 

neurons. Using fluorescently labeled DISH probes and sequence‐specific restriction 

enzyme digests, it was verified that the gencDNA sequences were indeed chromosomal 

and that they did not colocalize with the WT APP locus. 

Sequencing of the gencDNAs revealed a pattern of insertions, deletions, 

and missense mutations that clustered around the 3′ (exons 1, 2, and 3) and 5′ (exons 

16, 17, and 18) ends of the APP open reading frame. Exons 16, 17, and 18 include the 

sequence for the APP C‐terminal C99 domain. It was found that some LOAD cell 

populations also contained gencDNAs that encoded mutations corresponding to known 

FAD APP mutations, which were totally absent in non-diseased neurons. It was also 

verified that some mutant APP gencDNAs were expressed into proteins. Moreover, 

expression of one such construct caused significant reduction of cell viability in 
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culture. This discovery points to a somatic mechanism by which mutant forms of APP are 

generated and can come into play in the etiology of LOAD. 

Although it was not tested, it seems reasonable that some of the identified 

mutant APP gencDNAs present in LOAD neurons would be toxic via the same 

mechanisms by which inherited mutations in APP promote FAD. For example, one 

identified gencDNA (D3/16) coded for an APP variant that harbored three previously 

known FAD pathogenic point mutations: A673V (known to increase relative β‐secretase 

cleavage of APP and increase aggregation potential of Aβ), as well as V715M (French) 

and V717F (Indiana), which are thought to be pathogenic due to increasing the 

Aβ42:Aβ40 production ratio. If APP gencDNAs containing known FAD mutations are 

expressed into the corresponding protein, it would help to explain why the hallmarks of 

LOAD are so similar to FAD. This concept is further supported by lack of any detected 

FAD mutant APP gencDNA in neurons from healthy brain tissue. To summarize, the 

evidence points to a newly discovered mechanism by which the APP gene is selectively 

retrotranscribed (inferred by the lack of genomic introns in the mutant genes and 

detected PSEN1 gencDNA sequences) and integrated into the genome by homologous 

recombination. 

How does gencDNA form in situ? Chun et al. hypothesized that 

the APP recombination event was mediated by endogenous reverse transcriptase (RT) 

activity coupled to DNA damage. To test this, gencDNA formation in Chinese hamster 

ovary (CHO) cells was induced and the relative levels of endogenous RT activity was 

measured in brain samples, in CHO cells, and following purification of RT in vitro. It was 

shown that the formation of novel APP gencDNAs could be induced using hydrogen 
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peroxide (H2O2), which introduces single‐ and double‐stranded DNA breaks. In contrast, 

gencDNA did not form when the cells were treated with abacavir and azidothymidine, 

commonly prescribed RT inhibitors used to treat HIV infection. While the RT activity was 

observed in the brain cells was modest (ca. 100,000X less activity than in CHO cells), 

that it would be detected at all points to the possibility that this process could happen in 

neurons in vivo. To further validate this, a J20 sporadic AD model mouse (which develops 

amyloid plaques in an aging‐dependent manner) was examined, confirming that the 

number of neuronal (contrary to other brain cell types) APP gencDNA loci also increases 

with age, correlating with the development of the AD‐like state in the mouse model. 

The question remains as to where the “endogenous” RT activity found in 

neurons comes from. RT enzymes are a common tool of viruses for integrating their 

genes into the host genome, however, the brain is an immune‐privileged organ with 

several barriers and potent immune responses to infection. Nonetheless, certain viruses 

are able to enter the central nervous system (such as alpha‐herpes, rabies, HIV, and 

polioviruses) through various routes. 177-178 The authors postulated that DNA damaging 

events linked to AD, such as head injuries, may further assist gencDNA formation in the 

context of active RT. Could it be that APP recombination is what connects familial AD 

with some phenotypes of LOAD? While this study was conducted with only a small set of 

human subjects, if confirmed in future studies, it may point to new direction for disease‐

modifying therapeutics that act through very different mechanisms than previously 

investigated. It also stands to reason that genomic restructuring events such as these 

could promote the progression or onset of neurodegenerative disorders beyond sporadic 

AD. 
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Final Perspectives 

 

In this first chapter of my thesis, I have provided a selective overview of the 

complexity of the amyloidogenic pathway. We have also highlighted a couple of recent 

studies that provide fresh evidence that the amyloidogenic pathway is not a red herring 

in the pursuit of potential Alzheimer's therapeutics. Indeed, the studies featured in this 

review suggest that it is partly the complexity of this pathway that has confounded early 

efforts to target it or its amyloid products in order to prevent or treat AD. We conclude by 

respectfully suggesting that continued research on the amyloidogenic pathway is well 

merited as the only route to eventually ascertaining whether this pathway is druggable for 

preventing or treating AD. 

It was remarked by John Hardy, an early adopter of the amyloid cascade 

hypothesis, that Alzheimer’s disease is a disease of the membrane. While it is clear the 

dominant AD mutations in APP, PSEN1, and PSEN2 are disease-causing likely via an 

amyloid-centric mechanism, it appears that many of AD risk factor genes are involved 

lipid metabolism and immune-response following amyloid burden. Specifically, genes 

including but not limited to ABCA7 (a lipid transporter), TREM2 (a lipid receptor and 

immune regulator), PLCG2 (a phospholipase), and APOE (a lipid transporter) all have 

functions related to membrane homeostasis and their expressions are increased in 

response to amyloid damage. Considering the main topic of this thesis involves a drug 

screening effort against the transmembrane domain of APP (C99), that the next 
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subchapter will focus on developing the reader’s understanding of the general complexity 

of membranes and membrane proteins before circling back to C99. 
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CHAPTER 2 

INTRODUCTION TO DRUG DISCOVERY, NMR, AND SPTMRs 

Single-pass Transmembrane Receptors (SPTMRs) and Human Disease 

 

Approximately 6% of all human proteins, and about 25% of all membrane 

proteins, code for single-pass transmembrane receptor proteins. As the name suggests, 

they have a single transmembrane domain, flanked by water-exposed intra- and 

extracellular domains. While the percentage of genes that code for ion channel and 

transporter proteins is relatively consistent across distant organisms (4-5% of all protein-

coding genes), the percentage of SPTMRs goes up exponentially with organismal 

complexity. These proteins have a diverse set of often-essential functions including but 

not limited to signal transduction, regulating cell growth, adhesion, and catalysis. Their 

biological roles in these areas, coupled to the growing repertoire of disease-causing 

mutations found in them, make certain SPMTR proteins genetically validated drug targets. 

Examples of some of these proteins include receptor tyrosine kinases (RTKs), cytokine 

receptors, integrins, and the main topics of this dissertation, the amyloid precursor protein 

and Notch receptors. Collectively, their overrepresentation in the human genome 

suggests they are important units of biology; however, they are difficult to work with in 

reconstituted systems and remain markedly underrepresented among the structures 

deposited in the Protein Data Bank. Historically, structure determination for SPTMRs has 

usually been exclusive to their water-soluble domains and seldom includes the structures 
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of their transmembrane segments. While cryo-EM will likely make structure determination 

for SPMTRs more streamlined going forward, our understanding of how these proteins 

can structurally transduce their signals across the membrane remains largely unknown 

with a few exceptions. In summary, there are significant gaps in knowledge with regards 

to the structure-function relationships for proteins in this class. 179 

While it is advantageous to have 3D structures of a protein target to guide 

drug discovery efforts, it is not always essential. This is true for the case of eltrombopag 

(ETP), an FDA-approved drug for the treatment of thrombocytopenia that engages the 

SPTMR called the thrombopoietin receptor (TPoR; Figure 7). Thrombocytopenia is a 

blood disease that manifests as excessive bleeding due to low platelet count, often 

because of improper activation of the TPoR and its downstream signaling cascade. In 

2005, scientists from GlaxoSmithKline Pharmaceuticals published revealed their 

compound, SB394725 (ETP), that functions as a selective TPoR agonist with a 200 nM 

EC50. 180 It was later found using mutagenesis that ETP activity was due to a direct 

interaction with the transmembrane domain of the TPoR, which stabilized the receptor in 

the active, dimeric state. ETP remains one of the few known small molecules that elicit 

their activity by binding the transmembrane domain of an SPTMR. 181 It is remarkable that 

these discoveries were made using well-defined biological assays without any structural 

knowledge of the transmembrane domain of the protein, which suggests that phenotypic 

screens such as these may be the future for SPTMR drug discovery pipelines. However, 

the ETP case study also confirms that it is feasible to find compounds that bind the 

transmembrane domain of an SPTMR. 
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When I started my thesis project, I had no knowledge of ETP, TPoR, or 

thrombocytopenia in general. What I knew was that Dr. Sanders had the idea that, given 

his lab’s previous determination of the C99 structure by NMR, we could use NMR to 

investigate how C99 interacts with small molecules in model membranes, with the 

intention of discovering tight C99 binders. Like the TPoR, C99 is a SPTMR, however it is 

not yet known to have a well-defined downstream signaling pathway that could be used 

for phenotypic screening in cells. C99 does have a biochemical role that could be used 

to investigate interactions; that is, it is the immediate precursor via its proteolytic cleavage 

to the amyloid-β peptides that are involved in Alzheimer’s disease.  

 

Figure 7. Example of a well-drugged SPTMR: activation of the Thrombopoietin receptor (TPoR). TPoR 
is a single-pass transmembrane protein involved in blood platelet formation. Upon binding the 
endogenous ligand, Thrombopoietin (TPo), it undergoes a conformation change that results in signal 
transduction leading to platelet formation. Eltrombopag (ETP) is a TPoR agonist that stimulates the 
active ligand-bound TPoR by binding it in the transmembrane domain, further stabilizing the active state 
of the receptor and increasing signal output. This figure created with BioRender.com. 
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The Biochemistry and Biophysics of Small Molecule-Protein Interactions 

 Most single-domain proteins fold spontaneously, with the folded state being 

thermodynamically favored. Many of the molecular forces responsible for protein folding, 

such as hydrogen bonding, van der Waals interactions, and the hydrophobic effect, also 

are integral to driving protein-protein or protein-small molecule interactions. Many folded 

proteins will have pockets or crevasses on the surface of the folded structure that are 

accessible and complimentary in shape to certain small molecules, loosely analogous to 

how a key fits a lock. In general, these interfaces are typically where drug development 

projects focus their effects, as they can offer significant molecular area that can contribute 

to binding energy. These sites on a protein can be categorized into two main types: 

orthosteric and allosteric sites. Orthosteric sites are defined as a protein interface where 

cognate molecular interactions and functions are observed, sometimes referred to as an 

‘active site’. Examples of these include regions such as an ATP-binding site for a kinase, 

a 5-hydroxytryptamine (5-HT; serotonin) binding site on a serotonin receptor, or the heme 

binding site on the oxygen carrying protein hemoglobin. As such, compounds that target 

orthosteric sites will commonly be analogs of (and compete with) the orthosteric ligand. 

By contrast, allosteric sites are regions on a protein that are not the active site but can 

alter the structure or activity of the protein when bound by a compound. Both ortho- and 

allosteric drug discovery strategies are commonplace, with unique advantages and 

disadvantages.  

 Regardless of the mode of the protein-small molecule interaction, upon 

binding, there is a change in enthalpy (ΔH) called the enthalpy of binding. Furthermore, 
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protein pockets may have coordinated water molecules when in the apo (unbound) state, 

such that a small molecule can displace them and change the entropy (ΔS) of the system, 

similar to a micelle excluding water from the hydrophobic core. Together, the changes in 

the enthalpy and entropy of the system drive the potency of the interaction, which is 

typically measured as dissociation constant (KD). As with protein folding, the more 

negative the ΔH and positive ΔS at a given absolute temperature in Kelvin (T), the more 

negative the free energy (ΔG) is associated with the interaction, such that we consider it 

thermodynamically favored according to the classic Gibbs’ free energy equation, shown 

in Equation 1.  

Equation 1: 𝛥𝐺 =  𝛥𝐻 − 𝑇𝛥𝑆 

 A process with a negative ΔG value is considered favorable, and the 

magnitude of the ΔG value is logarithmically proportional to the KD, as shown in Equation 

2, where R is the ideal gas constant of 8.312 
𝐽

𝑚𝑜𝑙∗𝐾
, and KD is the equilibrium dissociation 

constant. 

Equation 2: 𝛥𝐺 =  𝑅𝑇 ln 𝐾𝐷 

 These equations can be rearranged to show more clearly show the 

relationship Equation 1 and Equation 2 as follows: 

Equation 3: 𝛥𝐻 − 𝑇𝛥𝑆 =  𝑅𝑇 ln 𝐾𝐷 

 Equation 3 more clearly shows how linear changes the free energy (ΔG) 

from enthalpic and entropic contributions are logarithmically related to changes in KD. For 
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our purposes in this document, KD values inform on the two-state process of a protein 

and ligand forming a complex. Imagine a situation where a molecular complex is formed 

between a ligand [L] and a protein [P], to form the complex [LP], which are at equilibrium. 

The KD of the complex can be mathematically depicted by Equation 4 where [L], [P], and 

[LP] are all in molar units. This concept is also graphically portrayed in Figure 8.  

Equation 4: 𝐾𝐷  =
[𝐿][𝑃]

[𝐿𝑃]
=

𝑜𝑓𝑓−𝑟𝑎𝑡𝑒

𝑜𝑛−𝑟𝑎𝑡𝑒
 

 The dissociation constant KD refers to the ligand concentration [L] at which 

half of the protein [P] is bound, or in other words, the concentration where the complex 

[LP] is equal to the uncomplexed protein [P]. Furthermore, a KD value is proportional to 

the off-rate over the on-rate of the complex. At equilibrium, the rate of [P] and [L] 

associating to form [LP] is equal to the rate of [LP] dissociating to [L] and [P]. Complexes 

with small KD values, such as ≤10-6 M (≤1 µM), are considered relatively strong 

interactions, such that complexes form in relatively dilute conditions of [P] and [L] to form 

complex [LP].  Weaker interactions are reflected by KD values of ≥10-6 M (≥1 µM), which 

require higher concentrations of [P] and [L] to form the complex [LP]. It should be clarified 

Figure 8. Example of protein-ligand binding. Here, I show an arbitrary protein [P] with a crevasse that 
the ligand [L] can bind to. Upon binding, the two molecules form a complex [LP], which is reversible and 
in equilibrium with the uncomplexed [L] and [P]. When the concentration of [L] is equal to that of [LP] at 
equilibrium, that is the KD of the compex.   This figure created with BioRender.com. 
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that while in this document I use the aforementioned KD values as the cutoffs for ‘strong’ 

or ‘weak’ binding, these limits are arbitrary. These cutoffs were set for the purposes of 

this document with regards to protein-drug interactions, where KD ≥1 µM is typically 

considered weak. 182 

 KD values are central to the fields of chemistry, biochemistry, and drug 

discovery. They are the primary unit used to discuss the potency of a protein-protein or 

protein-ligand interaction, and modern drug discovery efforts are typically focused on 

achieving tight affinities (KD = 0.1-1 nM) for their target, meanwhile sparing affinities for 

off-targets. KD values are notoriously sensitive to changes in solution, such as pH, salt 

concentrations, and temperature. 183 For more complicated systems, such as the 

membrane protein system that will be discussed in this thesis, the type of membrane 

mimetic that envelops the protein target can impact the observed KD.184  

Figure 9. Example of protein thermal stabilization upon ligand binding. When the arbitrary protein is 
heated, it unfolds to reveal a melting temperature (Tm apo; blue curve), which is where half of the protein 
is folded, and the other half unfolded. Upon ligand binding, the protein is thermostabilized and the 
melting temperature of the protein is right shifted (pink curve) to reveal a new Tm (Tm bound). This figure 
created with BioRender.com. 
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 The free energy of ligand binding to a protein often results in 

thermodynamics stabilization of the protein.  Very often, the thermal stability correlates 

with thermodynamic stability.  Thermal stability is often determined by varying the 

temperature and using some method sensitive to the state of folding to determine the 

denaturation temperature (Tm) of the protein.   Ligand binding therefore often shifts the 

Tm for that protein to higher value. 

Methods to measure Tm include differential scanning calorimetry and 

differential scanning fluorimetry, where the temperature of the system is slowly increased 

until the protein is unfolded thermally. For example, if an arbitrary protein’s Tm is 50°C 

without ligand, one would expect the ligand-bound protein to ‘right-shift’ the Tm such that 

it would be ≥50°C, which is graphically shown in Figure 13. The shift in Tm is typically 

proportional to the energy contributed to the system from ligand binding since both the 

intermolecular protein-ligand and intramolecular protein-protein interactions must be 

broken to unfold (melt) the protein. For that reason, thermal shift assays (TSAs) that 

measure the changes in Tm upon ligand binding are often used to verify a direct interaction 

between a protein and a ligand. 

It should be mentioned that nature has evolved some fascinating protein-

ligand interactions that serve as apparent upper limits for binding energy and affinity. 

Indeed, the interaction between the protein streptavidin from the bacteria S. avadinii and 

the small molecule biotin (vitamin B7) is so tight (KD = 10-14 M; 10 fM; 0.00001 nM) that 

the complex is extremely long-lived (very low off-rate) and resembles a covalent bond. 185 

The absolute free energy of binding for this system has been calculated to be -20.4 
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kcal/mol, which results in a thermal shift for the streptavidin Tm from 75°C when unbound 

to 112°C upon saturating biotin binding. 186 This is regarded to be one of the strongest 

non-covalent interactions observed in nature and has been heavily repurposed for use in 

biotechnology (protein purification, nanoparticles, immunoassays). 

In drug discovery, protein-drug interactions can be very strong but only 

rarely approach the affinity of the biotin-streptavidin complex. Still, some remarkable 

affinities between small molecules and proteins have been observed, including those for 

transmembrane proteins. GPCRs are remarkably amenable to drug development, with 

some small molecule ligands reported to bind in the pico-to-nanomolar KD ranges. For 

example, LSD-25 (LSD) was synthesized by Dr. Albert Hoffman in 1938 and was 

determined by him in 1943 to have uniquely potent and long-lasting psychoactive effects 

(an effective dose of less than 100 µg, with effects lasting 6-15 hours). Until very recently, 

the reason for its potency was highly speculative, but research for Dr. Bryan Roth’s group 

at UNC Chapel Hill has helped elucidate the mechanisms of these features. Although it 

was previously found that LSD effects were mediated primarily by serotoninergic GPCRs, 

in 2017, Wacker, Wang, and McCorvy et al. from the Roth group published the first co-

crystal structure of the 5-HT2B GPCR in complex with LSD among other relevant 

pharmacological information. Interestingly, the group found that the 5-HT2B receptor 

underwent a conformational change upon LSD binding that effectively enclosed the LSD 

molecule in the binding site. They determined that the KD of the interaction was 

approximately 0.33 nM, with an extremely long residence time of 221 minutes in the 

receptor. Together, these results explain both LSD potency and lifetime and serve as a 

model for potency of a synthetic drug to a protein. 187 
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Considering it was discovered in a time before biochemical receptors were 

identified and appreciated, I consider the discovery of a drug as potent as LSD 

serendipitous and unsophisticated relative to today’s standards. Modern drug discovery 

is far more targeted and multidisciplinary, using a combination of genetics, biochemistry, 

cell biology, and medicinal chemistry to design and validate highly potent small molecules 

for a validated biological target. While this section focused primarily on the basic 

thermodynamics and kinetics of protein-small molecule interactions, using the 

streptavidin-biotin and LSD-5-HT2B complexes as examples, the next section will focus 

on more recent advancements in small molecule drug discovery, including a central topic 

of this thesis: examining drug binding by NMR. Furthermore, I will discuss a new frontier 

for targeted small molecule drug discovery: single-pass transmembrane domain protein 

targets. 

  

Probing protein-small molecule interactions by NMR 

 

 There are several techniques available to investigate how proteins interact 

with small molecules, some of which were discussed in the previous section. The bulk of 

the work discussed in this thesis was conducted using biomolecular NMR spectroscopy, 

which is remarkably sensitive to chemical exchange (binding events) and can give 

structural information about them at atomic resolution. This subsection will focus on 

introducing the reader to NMR as a technique, and how it can be used to probe protein-
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small molecule interactions. Furthermore, I will discuss previous work conducted by my 

predecessors in the Sanders lab, who paved the way for this project by both determining 

the 3D structure of C99 in detergent micelles and by discovering that it binds cholesterol 

using NMR. 

 

Biological NMR spectroscopy 

 

 Nuclear magnetic resonance (NMR) spectroscopy is now commonly used  

by chemists, physicists, and biochemists alike. It takes advantages of a quantum physical 

property called nuclear spin, which is the intrinsic angular momentum of elementary 

particles such as atomic nuclei. Specifically, when nuclei with a particular spin value (spin 

½ or -½ most commonly) are in a magnetic field, they can align with the field and begin 

to process (angular momentum) at a given frequency, which depends on the atom. At 

that point, the direction of the nuclei’s procession can be perturbed using energy (such 

as radiofrequency or magnetism), sending it out of magnetic alignment into a higher 

energy state. When the energy is then removed from the system, the nuclei will begin to 

relax back to their lower energy state in alignment with the magnetic field. The intensity, 

timeline, and ‘timbre’ of the relaxation produces a complex wave referred to as a free 

induction decay (FID) and is the raw data obtained from a modern Fourier transform NMR 

spectrometer. Because the raw FID data is complex and difficult to analyze in any 

meaningful way, NMR data is often converted into usable spectra using a mathematical 
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principle called Fourier transform (FT). The result of the FID-FT is what is most seen of 

NMR data: resolved, sharp peaks (resonances) on a standardized frequency scale (PPM 

units) that is immediately informative about the sample and useful for comparison 

between samples and spectrometers. In the contents of this thesis, all NMR data is plotted 

in PPM units, as is the standard in modern NMR use. 188 

 NMR today is in a greatly advanced state that is almost 90 years in the 

making. The first attempt to observe this fundamental property of matter was published 

in 1936 by Cornelis J. Gorter in the journal Physica, where he described the negative 

results of a calorimetric experiment using lithium fluoride and alum. Two years later, Isidor 

Rabi was the first to accurately detect nuclear magnetic moments, and approximately 8 

years after that in 1945-46, two scientific groups, led by Felix Bloch and Edward Purcell, 

respectively, independently reported their detection of NMR signals from water and 

paraffin. The latter three would go on to win Nobel prizes in Physics, however C.J. 

Gorter’s work, although highly impactful, would not be recognized by the Nobel society 

because his results were negative. 189 

In the early days of NMR, the advancements were primarily made by 

physicists, such as those at the Varian Associates company that developed the first ‘NMR 

machine’ (now a subsidiary of Siemens Co.). Over the decades, the early NMR machines 

evolved into what we now recognize as NMR spectrometers, which have a wide variety 

of uses across fields including chemistry, physics, and biology. NMR spectrometers also 

paved the way for the use of MRI machines in medicine, which were developed heavily 

in the 1970s and recognized by the Nobel prize in Physiology and Medicine in 2003. 190 
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The impact of the field of magnetic resonance field is broad, and it is easy to take for 

granted the notable progress made by the giants before my time. Today, it is common for 

academic research institutions and industrial entities alike to have one or many NMR 

spectrometers. NMR is an important tool for chemists, who typically use it to analyze the 

structures, dynamics, and purities of small molecules. However, despite being essential 

for modern chemical, chemists were relatively ‘late adopters’ of NMR technology. Even 

later than the chemists were the biochemists/biophysicists, who pushed the boundaries 

of NMR spectroscopy in the late1970s, 1980s and 90s and brought NMR to bear onto 

macromolecules such as proteins. Considering that proteins are large, polymeric 

biomolecules, NMR is useful for probing similar features for them as were already 

commonplace for small molecules, including molecular structure and dynamics. The first 

NMR-determined 3D structure of a protein was reported by the lab of Kurt Wüthrich in 

1985, who would later go on the win a shared Nobel prize in 2002 for his pioneering work. 

191 It should be noted that on top of Wüthrich, there are many scientists across the world 

made significant contributions to protein NMR, who collectively made it a practical, 

simplified tool that requires minimal understanding of the physics of NMR to generate and 

analyze NMR data. 190 

NMR spectroscopy is an inherently low-sensitivity experiment, and as 

mentioned previously, requires specific NMR-active nuclei to be observed. Biochemical 

tricks can be used to make an NMR sample that can gives way to a useful NMR signal. 

Except for the proton (1H; hydrogen), which is the most common nucleus of a hydrogen 

atom and the 2nd most NMR-sensitive nucleus (after tritium), other NMR-active nuclei that 

are central to biomolecular NMR (namely carbon-13, and 15N nitrogen-15) give relatively 
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weak NMR signals and are also in relatively low abundance in nature. 192 This makes 

NMR signals from these nuclei very weak when they are measured using natural 

abundance. Major advancements in isotopic enrichment of NMR-active nuclei in 

biomolecules were also made in the ‘80s and ‘90s with the advent of recombinant gene 

expression technologies. For example, it is highly uncommon today for a human protein 

to be extracted from human tissue due to ethical and practical limitations. Furthermore, it 

is impractical to feed humans or other animals on a diet where the food is enriched in 13C 

and 15N. To get around these combined issues, most modern NMR research and 

biochemical research in general is based on recombinant production of proteins, using 

other model organisms such as the bacteria E. coli or the yeast Pichia pastoris to produce 

the biomolecules of interest. 188 

E. coli and P. pastoris are both fantastically amenable to genetic 

modification and recombinant manipulation, such that one can express a gene of interest 

by providing the microbes with recombinant DNA. Typically, the recombinant genes are 

associated with ‘overexpression promoters’, which are genetic elements that drive the 

overexpression of the protein far beyond the levels that are seen in the native organism. 

Both E. coli and P. pastoris are chemoheterotrophic, meaning they must eat other 

biological material to create their own biomolecules. This feature can be manipulated by 

feeding them isotopically enriched nutrients (such as 13C-labelled glucose or 15N-labelled 

ammonia) that they will ingest and incorporate into their proteins, DNA, etc.  The 

biomolecules of interest can then be extracted from the organisms following cell lysis 

(breaking) and enriched or purified using biochemical chromatography techniques. At the 

end of the process, a biochemist can obtain large amounts of pure, isotopically enriched 
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biomolecules that can give way to strong NMR signals without the need for human tissue 

samples.  

Recombinant protein expression and isotopic enrichment is one side of the 

coin for obtaining high-quality NMR spectra with good signal. The other side of the coin 

is the requirement for very strong and uniform magnetic fields (typically 6-18 Tesla). 

Modern NMR spectrometers can achieve magnetic fields of greater than (tesla; unit of 

magnetic field strength), which is approximately 300,000-1,000,000 times stronger the 

Earth’s magnetic field (25-65 μT). These remarkably high magnetic field strengths are 

achieved using miles of supercooled coils of metal wires that are tightly wrapped within 

the device. The supercooled coils can then conduct impressive amounts of electricity, 

which results in the generation of a magnetic field in the center of the coil system. NMR 

samples can then be dropped into the core of the coil system where the magnetic field is 

the strongest and homogenous, and then electronic radio transmitters can be used to 

deliver the radiofrequency energies that excite and manipulate the magnetized nuclei. In 

short, NMR spectrometers are magnificent feats of electrical engineering consisting of 

hardware (coils and other physical parts) and electronic components (radio transmitters 

and detectors). 190 

Stronger magnets have helped extend the practical uses of NMR to lower 

sensitivity systems such as larger proteins, but protein NMR was also made possible by 

the development of sophisticated radiofrequency programs, called pulse programs, that 

manipulate nuclear spin physics by perturbing the system using radiofrequency pulses, 

delays, and gradients. A robust understanding of spin physics is required to understand 
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or develop pulse programs, and their development has allowed NMR users to ask new 

questions and extract new types of information from their samples. For example, proteins 

are large biopolymeric molecules that have too many resonances in a 1-dimensional (1D) 

spectrum to discern which resonances belong to which atoms in the molecule. Therefore, 

2-dimensional (2D) and multidimensional (nD, where is usually 3 or 4) NMR experiments, 

such as those pioneered by Wüthrich et al, allow the user to deconvolute the p numerous 

and poorly dispersed resonances in a 1D protein NMR spectrum by splitting it into 

additional dimensions. A commonly used protein NMR experiment is a 2-dimensional 

heteronuclear single quantum coherence (2D HSQC) experiment, which manipulates 

how spins between two different covalently bonded nuclei (1H-15N or 1H-13C most 

commonly) to show only the resonances from the atomic pair of interest. In contrast to 1D 

NMR, where the x-axis is the PPM scale of a particular nucleus and the y-axis is the 

resonance intensity, HSQC NMR data typically shows one nucleus on the x-axis (such as 

1H) and the other nucleus (such as 15N) on the y-axis, with the peak intensity shown on 

the z-axis as a topographical contour. The data presents as contour peaks, and in the 

case of a 1H-15N HSQC experiment, each peak typically corresponds to a specific amino 

acid amide (N-H) on the protein backbone. In other words, a 100 amino acid protein would 

be expected to have approximately 100 peaks on the 2D 1H-15N HSQC spectrum, with 

some exceptions. Although not a central issue for the topics of this thesis, it should be 

noted that as proteins get larger (more amino acids per protein), even 2D spectra become 

convoluted with overlapping peaks,  such that more complicated multidimensional NMR 

experiments are required to resolve peaks. 
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The process of discerning which peaks correspond to which amino acids in 

a protein 1H-15N HSQC is called ‘resonance assignment’. Assigning a protein NMR 

spectrum can be an arduous task and can require several complicated multidimensional 

NMR experiments to accurately complete. Although I was formally trained in this process 

as a young graduate student, the NMR studies I will present in this thesis on C99, Notch, 

and other proteins were carried out with the benefit of having access to previously 

completed NMR spectral assignments that I inherited from my predecessors in the 

Sanders lab or obtained from the literature. Similarly, I want to acknowledge that all the 

NMR pulse programs that I used in my research were developed by others, and that my 

research would not have been possible without the giants upon whose shoulders I stood.   

 

Observing protein-small molecule interactions by NMR 

 

 NMR spectroscopy is particularly well suited for probing thermodynamic and 

kinetic properties of molecular systems. Protein-small molecule interactions, as 

discussed in previous sections, are one of those types of systems for which NMR can 

provide useful insight. When chemical exchange (binding/unbinding) occurs between a 

protein and a ligand, NMR can provide information on the potency (KD) and kinetics (off-

rates vs. on-rates) of the molecular system. Furthermore, if the protein’s NMR spectrum 

is assigned, binding events can be pinpointed to specific amino acid residues or structural 

regions of the protein involved in the interaction and/or conformational changes that result 
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from ligand binding. The ability of NMR to provide thermodynamic, kinetic, and structural 

information about chemical exchange makes it a highly desired technique for studying 

protein-small molecule interactions, as is central to drug discovery.  

 When a protein binds a ligand in a strong way (KD is small, off-rate is low), 

the occupancy time of the ligand on the protein is long relative to the difference in free 

and bound resonance frequencies When this happens, the NMR binding data is 

presented as ‘slow exchange’, such that both the free- and bound-resonances of the 

molecules are directly observed in  the NMR spectrum (example shown later in Figure 

16). As more ligand as added to the protein, the bound-state resonance increases in 

intensity and the free-state resonance decreases in a corresponding way until saturation 

(when all the proteins are fully bound by ligand). In contrast, if the binding is weak 

(typically microseconds or lesser occupancy times), chemical exchange is fast, such that 

the exchange rate is higher than the difference between the free and bound peak 

resonance frequencies. This results in what is known as ‘fast exchange’ on the NMR 

timescale, which results in peak averaging between the free- and bound-states of the 

protein (Example shown below in Figure 15A). This means that when a protein is titrated 

with a ligand, the observer can immediately gain in on whether the molecular interaction 

is weak (> 10 μM KD) or strong (< 10 μM KD). 

 KD values can be determined by NMR titrating in ligands against a constant 

concentration of protein (in which case it is usually the protein resonances that are 

monitored)) or the reverse (where protein is varied; in which case it is often the ligand 

peaks that are observed). When ligand is added to the protein sample, in the case of fast 
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exchange conditions some or all the protein’s NMR peaks will shift in response to complex 

formation (referred to as chemical shift perturbations or CSPs). For slow exchange, KD 

values can be determined by monitoring the emergence of the bound-state peak or 

disappearance of the free-state, typically by calculating the peak integral (peak volume) 

or the peak height (peak maxima). For fast exchange binding, KD values can be 

determined by monitoring a shift  in the peak’s resonance frequency as a function of the 

ligand titration. In either case, these perturbations in the NMR spectra are plotted as a 

function of ligand concentration. In an ideal 1:1 stoichiometric binding event, the curve 

will fit to a hyperbolic binding isotherm, where the concentration at which half of the protein 

is saturated with ligand corresponds to the KD. 

 Another key structural experiment that can be used to confirm binding is the 

nuclear Overhauser effect spectroscopy (NOESY), which can detect through-space 1H-

1H distances up to approximately 5Ä (0.5 nm). When two nuclei are located within this 

distance range limit, the two produce a ‘cross-peak’ resonance. It is uncommon to use 

such an experiment to discover new ligands because has intrinsically low sensitivity and 

experimental time is long (hours to days).  However, this experiment is powerful for 

verifying an interaction between two molecules and can offer more structural information 

to add to HSQC-derived data. These types of data will also be presented in the data 

sections of this dissertation and will be further explained as they come. 

 This section elaborated on some of the NMR experiments and data types 

that will be presented in this document. NMR can be used to answer structural and 

thermodynamic questions for an array of recombinant proteins; however, where it really 
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fills a niche is for smaller proteins that are recalcitrant to other structural techniques such 

as X-ray crystallography. As discussed in previous sections, single-pass transmembrane 

receptors (SPTMRs) are protein candidates of this class, particularly for their 

transmembrane/juxtamembrane domains. The SPTMRs that are central to this thesis, 

such as C99 and Notch-1, are well-validated drug targets that I employ in my studies as 

models to study how small molecules interact with transmembrane domains and their 

enveloping membrane mimetics. The following section will focus on discussing how NMR 

has been used to investigate molecular interactions between small molecules and C99 

and highlight the gaps in knowledge that that I tried to answer in my PhD studies.  

 

C99 and Notch-1 are disease-relevant models for probing SPTMR-small molecule 

interactions 

 

 Chapter 1 of this document focused on the complexity of Alzheimer’s 

disease and some of the key factors at play during disease progression. Specifically, I 

extensively discussed the roles that proteins such as the Amyloid Precursor Protein 

(APP), its C-terminal transmembrane 99-residue fragment (C99), the transmembrane 

protease complex γ-secretase (GS), and the plaque-forming product of C99 proteolysis 

by γ-secretase amyloid-β (Aβ) play in AD pathology, and how off-target effects of early 

generation γ-secretase inhibitors on Notch signaling was partially responsible for some 

clinical failures. This subchapter focused on discussing membrane systems, such as 
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detergent micelles and lipid bilayers, some of the transmembrane proteins that have been 

studied within them, and how they can be involved in human disease and targeted by 

drugs.  The third subchapter was intended to briefly explain the NMR methodology that 

is central to the contents of this thesis and justify the use of NMR to answer the scientific 

questions that provoked this work. This final subchapter of the introduction will 

amalgamate the topics discussed so far and explain the gaps in knowledge that this work 

was designed to fill. 

 Regarding Alzheimer’s disease, the relationship between amyloidogenesis 

and disease progression is subject to ongoing investigation. Drugs targeting Aβ 

generation by inhibiting β and γ-secretase, or anti-amyloid-β drugs targeting Aβ 

oligomerization and aggregation, have marked effects on reducing amyloid burden in the 

brain. However, despite their potent effects on clearing amyloid, these drugs typically 

have failed due to off-target effects, a lack of efficacy, or both. These results suggest that 

there is still more to the amyloidogenic pathway than we currently understand, such that 

novel ways to probe it are needed to help drive further scientific understanding. 

 The transmembrane C99 fragment of APP would be a useful amyloidogenic 

intermediate to target, as it is the immediate precursor to Aβ and is associated with a 

growing literature supporting its involvement in AD pathology (see Chapter 1). 

Furthermore, it belongs to the SPTMR class of proteins, which is a large family containing 

several proteins of pharmacological interest. For that reason, the focus of the studies 

presented in this dissertation are investigating what types of molecules can bind a single-

pass transmembrane C99 domain, and with what potencies and specificities they do so. 
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This work was made possible by important advancements made by my predecessors in 

the Sanders lab, who in 2012, published the NMR-determined 3D structure of C99 in lyso-

myristoylphosphatyidylglycerol (LMPG) micelles in the journal Science. Coupled to the 

structure, they determined that certain residues in the transmembrane domain of C99 are 

involved in forming a direct 1:1 complex with cholesterol, proving the concept that this 

protein could associate with small molecules. There is significant evidence that 

cholesterol promotes amyloidogenic processing of APP. Beyond the discovery that C99 

binds cholesterol, other work carried out by predecessors in the lab produced preliminary 

evidence that C99 bound to other sterol analogs, although that data has not yet been 

published. These observations begged a new question: could other small molecules bind 

C99 and perhaps shift it away from amyloidogenic processing by, for example, occluding 

it from the γ-secretase active site or another mechanism? Taken together, these studies 

and these concepts were foundational for establishing the early question of this thesis, 

which was: “can we discover small molecules that could bind C99 and function as 

substrate-selective inhibitor of γ-secretase, sparing the proteolysis of other known γ-

secretase substrates?” 

To start answering this question, we first had to design a high throughput 

pipeline to screen small molecule libraries. To do this, we optimized an NMR-based high-

throughput screening program that produced high quality and reproducible C99 NMR 

spectra in very short times. The process of optimizing this pipeline is the theme of Chapter 

3 of this document. Upon screening a library of FDA-approved small molecules, I 

discovered that a small molecule called verteporfin binds C99. We also rigorously tested 

the strength, breadth, and specificity of the compound and biochemical effects it had on 
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γ-secretase processing of C99 and Notch, which are the general theme of Chapter 4. 

Chapter 5 describes the findings from a high throughput screen of the locally curated 

Fesik Fragment Library, which is a structurally diverse library of small molecule 

fragments. From this screen, we discovered several classes of small molecules that non-

specifically bind transmembrane proteins in the screening detergent, LMPG.  Ongoing 

investigations are presented in Chapter 6 in the Future Directions and Preliminary Results 

subsections.  

 

 

 

 

 

 

 

 

 

 

 



59 
 

Chapter 3 

Development of an NMR-based high-throughput screen amenable to single-pass 

transmembrane proteins 

Introduction 

 

 Previous work from the Sanders lab left the C99 project in a good position 

for high throughput development. Modeled off pioneering work from our scientific 

collaborator Dr. Stephen W. Fesik, who uses high throughput NMR to discover small 

molecule ligands bind to water-soluble proteins, we began to optimize an analogous 

screen amenable to recalcitrant single-pass transmembrane proteins using C99 as a 

model. The Fesik Fragment library is a small molecule repository of approximately 15,000 

small molecule fragments that are available at Vanderbilt University. These compounds 

are ‘rule of three’ compliant, meaning they have drug-like pharmacological properties and 

serve as building blocks for larger drug-like molecules. The Fesik lab at Vanderbilt 

specializes in a technique called Fragment-based Drug Discovery (FBDD), which uses 

small drug-like fragments to thoroughly screen through chemical space using a relatively 

small number of structurally diverse molecules.  

 In the classical FBDD approach, one would screen though the library in 

search of at least two binders that occupy close but distinct pockets on the protein target. 

While it does help if the binders have strong affinities for the target, it is not essential 

because their affinities will be optimized and partially summed using medicinal chemistry 
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and combinatorial chemistry to link them. As discussed in a classic review written in part 

by Dr. Fesik, FBDD coupled to medicinal and combinatorial chemistry has had a strong 

record of developing relatively weak ligands (>100 µM KD) into highly potent drug like 

molecules with orders of magnitude tighter affinity for the target. 193 Notably, Venetoclax, 

an FDA-approved small molecule for treatment of certain blood cancers, is a product of 

an initial fragment discovered in an NMR-based FBDD screen. Due to the advanced state 

of C99 NMR studies in the Sanders lab, and availability of both the Fesik Fragment Library 

and of Dr. Fesik himself here at Vanderbilt, beginning our screens with this type of library 

seemed a logical first step into the drug discovery targeting single-pass TM proteins. 

This chapter focuses on the repurposing of protocols established by the 

Fesik lab and further development for our specific purposes on C99. This work was 

achievable by significant consultation with Kelvin Luong, who was a graduate student in 

the Fesik lab. In general, this methods development chapter can be split into two main 

sections: 1) optimizing C99 expression/purification protocols and NMR parameters for 

screening, and 2) running an initial test run of 1,152 small molecules from a Fesik 

Fragment Library plate to verify the protocol was working. Here, I describe the 

methodology we optimized and the results from the preliminary verification screen. 

 

Results 

Yield and NMR parameter optimization for C99 screening 
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 I inherited a relatively advanced protocol for C99 expression and purification 

Figure 10. Pulse program optimization for C99 screening. Shown here are 15N-labelled C99 spectra in 
LMPG using four different pulse programs and 3 different protein concentrations. At the 50 µM point, 
the BEST-TROSY-2 (b_trosy3gpph.2; in red) program gave way to the best signal-to-noise and 
resolution at the low concentration. For most of the work presented in thesis, that concentration and 
program will be used.  
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from recombinant E. coli culture, which was used to purify the C99 used in several of the 

previous manuscripts from the Sanders lab. That protocol was revamped by me and my 

colleague J. M. Hutchison to increase the inclusion body extraction efficiency, which 

resulted in higher final yields of purified protein. Details of this protocol are in the methods 

section below. Generally, yields were between 5-10 mg of >95% pure C99 per liter of 

isotopically labelled (15N) M9 minimal media culture. To maintain simplicity and 

consistency with past C99 work, we continued using imidazole NMR buffer (IMD NMR 

Buffer) with LMPG detergent as the membrane mimetic. This sample condition was 

suitable for collection of high-quality NMR spectra in previous years and C99 was stable 

for weeks in this condition with no visible signs of aggregation of precipitation.  

 High throughput screening pipelines require a maximally efficient data 

quality to data acquisition time ratio. To find this optimized point, we tested several 

expedited 2D 15N-1H NMR experiments at matched acquisition times to evaluate which 

would give the highest quality HSQC spectrum of C99. These included a SOFAST-HMQC 

program (sfmhqcf3gpph), two BEST-TROSY programs (b_trosyetfgpsi.3 and 

b_trosy3gpph.2), and the canonical TROSY-HSQC program (trosyetf3gpsi.2) that is 

commonly used in the Sanders lab. During equal acquisition times, the traditional 

TROSY-HSQC by-in-large produced the worst NMR spectra over the course of the 30-

minute experiment, with markedly inadequate signal-to-noise. The SOFAST-HMQC 

produced the highest signal-to-noise data during the same experiment time, however it 

lacked in spectral resolution leading to broad peaks with significant overlap and making 

it difficult to use. BEST-TROSY-2 (b_ trosy3gpph.2) was a happy medium of useful signal-

to-noise and spectral resolution compared to the other three, so we continued optimizing 
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conditions for this experiment. (Figure 10). To optimize for screening of thousands of high 

throughput samples, we had to produce the best NMR spectra with the least amount of 

protein possible. We tested several C99 concentrations from 50-450 µM C99 at constant 

20% w/v LMPG to identify the lowest necessary protein molarity to produce a sufficiently 

strong NMR spectrum. Remarkably, we found that the signal-to-noise at 50 µM was 

satisfactory during a total experiment time of 30 minutes. (Figure 10). Impressively, 50 

µM C99 samples would allow us to create approximately an entire screen plate worth (96) 

of 200 µL NMR samples from 12 L worth of M9 E. coli cell pellet. Considering the spectral 

quality was sufficient and the need for manual labor (such as protein expression and 

purification) would be reduced, we proceeded with this concentration.  

Figure 11. LMPG and DMSO concentration optimization for C99 screening. A) Three overlaid spectra 
of 15N-labelled C99 at different LMPG concentrations. Overall, C99 spectra looked similar at 2.5% w/v 
and 17.5% w/v concentrations, but looks markedly worse at the lower 0.25% w/v point. This suggested 
that higher levels of detergent would provide higher quality NMR spectra than lower. B) Five overlaid 
C99 spectra at DMSO concentrations ranging from 0% to 4% v/v. Overall, DMSO had very little effect 
on C99 spectral quality, suggesting it was resistant to the ‘DMSO effect’. 
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We next sought to minimize the LPMG (detergent) concentration to 

characterize what minimum concentration of LMPG would be sufficient to avoid the 

cohabitation (forced colocalization) of multiple C99 molecules in one LMPG micelle. This 

is a feature common to membrane proteins when protein:micelle ratios are high and they 

have intrinsic properties of self-oligomerization (as C99 does). Considering that we 

wanted to screen against the monomer form of C99, we had to have a sufficiently high 

C99:micelle ratio, so we tested LMPG bulk concentrations of 0.25% w/v (approximately 

5.2 mM bulk detergent; 0.08 mM micelle), 2.5% w/v (approximately 52 mM bulk detergent; 

0.8 mM micelle), and  17.5% w/v (approximately 364 mM bulk detergent; 5.6 mM micelle). 

The micelle concentration was determined using the published LMPG aggregation 

number of 65 molecules per micelle.194 NMR spectral quality was relatively poor at 0.25% 

LMPG, but was significantly improved by 2.5%, and remained largely identical to the 2.5% 

sample at 17.5% (Figure 11A). Since 2.5% LMPG meant we had approximately 0.8 mM 

(800 µM) micelles and our working concentration of protein was 50 µM, the protein:micelle 

ratio would be 1:16. Taken together, the NMR spectra of C99 was sufficient at 50 µM and 

the protein:micelle ratio at 2.5% LMPG was high enough that C99 molecules would 

usually not cohabitate micelles with other C99 molecules. We therefore used these 

conditions for most of the high throughput screens discussed later. 

The final condition we wanted to explore was the limit of acceptable DMSO 

concentrations before C99 spectra were perturbed. Most of the compounds screened in 

this thesis were dissolved in a DMSO vehicle, and we wanted to eliminate any spectral 

effects that would arise from the ‘DMSO effect’. We tested DMSO concentrations from 

0% to 4% v/v at the constant C99:LMPG micelle ratio discussed previously. We found 
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that C99 was quite tolerant to DMSO up to 4% v/v, with only marginal shifts observed, 

primarily for peaks from solvent-exposed parts of the protein (Figure 11B).  At a constant 

DMSO concentration (4% v/v), three replicate samples revealed that C99 spectra were 

reproducible and suggested DMSO would not be a problem vehicle during screening. 

With that reasoning in mind, we continued to attempt our first try at a screen plate using 

the discussed conditions. 

Another point that should be covered regarding the screening conditions 

was the type and concentration of buffer. All the early screens that I conducted, were 

carried out in imidazole NMR buffer, which contained 25 mM Imidazole, 100 mM NaCl, 

and 0.5 mM EDTA at pH 6.5. While imidazole is a good buffer at that pH, peak overlap 

from its protons even at 25 mM with protein amide resonances at high concentration 

provide problematic. This was particularly true for the Fesik Fragment Library, where the 

relatively high concentrations of fragments with acidic or basic groups could significantly 

alter the pH of the sample with only 25 mM buffer. This led to me eventually swap from 

using imidazole to PIPES buffer (50 mM PIPES, 100 mM NaCl, and 0.5 mM EDTA at pH 

6.5).  PIPES enabled use of a sufficient buffer concentration without introducing peaks 

that overlap with key C99 resonances. The final point I want to cover in this section is that 

this screening protocol is amenable to use for either 3 mm or 5 mm NMR tubes, which 

use 200 μL or 500 μL of sample volume, respectively. This is important because tubes 

could be selected based on the protein/compound requirement to achieve the desired 

final concentrations or the distribution layout of the prospective compound library. For 

example, the entire FDA-approved drug library was screened using 3 mM NMR tubes 

because we could only access 1 μL of 10 mM FDA-approved drug and we wanted to 
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maximize drug concentration by using lower total sample volumes. Inversely, the entire 

Fesik Fragment library was screened using 5 mm NMR tubes because the fragments 

were effectively unlimited for our purposes, and 5 mm NMR tubes produced C99 NMR 

spectra with significantly higher signal-to-noise. The major advantage to using 3 mm 

tubes was they used less total sample volume, such that approximately 0.14 mg of C99 

(2.5 times less protein than 5 mm tubes) was required to achieve the desired 50 μM final 

concentration at 200 uL final sample volume and still produced usable signal-to-noise, 

albeit the intensity of C99 resonances was markedly lower. On the contrary, 50 μM protein 

in a 5 mm tube required 0.35 mg of C99 in 500 μL but produced significantly stronger 

NMR signal intensities due to the increased number of total molecules (N) present in the 

spectrometer window. For our C99 system, either tube was suitable because protein 

quantity was not a rate limiting step for the screening. However, should protein quantity 

be the rate limiter in a prospective screening project, I would suggest using 3 mm tubes. 

 

Results of an initial test screen using a Fesik Fragment Library mixture plate 
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The initial plate we screened was from the Fesik Fragment Library, mixture 

plate 2 (for plate barcodes and compound identifiers, refer to Materials and Methods). 

This plate contained 96 wells of compound mixtures, with 12 compounds per well for a 

total of 1152 compounds in the plate. Most of the wells did not have any obvious signs of 

C99 spectral perturbation; however, one well gave rise to obvious shifts in C99 

transmembrane residues A713-L723 (Figure 12A/B). This mixture well was then 

deconvoluted into mixtures of three, then individual compounds to reveal the causative 

agent. The compound producing these shifts was found to be 2-(4-fluorophenyl)-5-propyl-

4H-pyrazol-3-one, designated VU0410776 (VUx76 for short; shown in insert in Figure 

12A). Interestingly, this compound demonstrated a slow-exchange binding on the NMR 

timescale, suggesting that the complex with C99 was tight and long-lived. However, 

Figure 12. 1st hit compound: the discovery that VU0410776 is a C99 binder. A) Five overlaid 15N-C99 
spectra at varying [VU0410776] concentrations reveals slow exchanging peaks upon compound 
addition. B) Shifting peaks map to C-terminal transmembrane/juxtamembrane region of C99 sequence. 
C) Binding isotherm of the emerging peak integral of the C99 bound-state vs. [VU0410776] 
concentration. D) Notch-1 TM/JM titration with [VU0410776] reveals non-specific, fast-exchange 
interactions that do not saturate. 
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titration of this compound revealed only modest KD values of ~400 µM when monitoring 

the peak volume of the emerging bound-state resonance (Figure 12C). We then also 

tested this compound for non-specific binding against Notch-1 TM/JM in the same 

conditions (Figure 12D). We found that while this compound did indeed shift some Notch 

resonances, they were in the fast-exchange timescale and did not saturate binding, 

confirming that the interaction with Notch was much weaker than for C99 and likely non-

specific. On top of confirming that this screening method would likely discover some C99 

binders, it was foreboding that we would also find several non-specific membrane binders 

that appear to interact non-specifically with the Notch-1 control embedded in the 

membrane mimetic.   The discovery of such molecules and characterizing their properties 

is the major thesis of Chapter 4 in this dissertation. 

Beyond this one compound, VUx76, it seemed notable that the rest of the 

wells examined in our preliminary study (1152 total compounds) did not give rise to 

titratable hit compounds. This meant that the hit-rate for a screen of this type, if 

extrapolated from this sample, would produce 1 hit compound out of 1152, or an 

approximate 0.1% hit rate. While this rate appeared low, it suggested that any hits that 

would be found by further screening were likely true positives. This established the 

precedent for the potential success of this work, providing my first evidence that non-

sterol/non-lipid small molecules could form specific, titratable interactions with a single-

pass transmembrane domain such as C99. 
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Discussion 

 

The initial screen of a single Fesik Fragment Library plate (1152 

compounds) revealed a small molecule fragment that bound C99 in its 

transmembrane/juxtamembrane region with 400 µM KD. The weak KD value, which was 

calculated by measuring the peak volume of the bound-state resonance, was surprising 

for a slow-exchanging event. As explained in the introduction of the thesis, slow exchange 

on the NMR timescale is typical for tight binding (<10 µM KD), and it puzzles me as to why 

it was seen for an observed KD values of 400 µM. However, this type of phenomenon is 

not entirely unexpected for a membrane system, as the interaction could be diffusion 

limited due to membrane binding, resulting in slow-exchange behavior. I am still currently 

attempting to parse out why this phenomenon was observed, so the deconvolution of this 

problem, which includes SAR by NMR, protein mutagenesis, and mass spectrometry, is 

presented in greater detail in the Future Directions of this thesis under the Exploration of 

the Phenazone Fragment subsection. 

Regardless of the exchange phenomenon, it was clear that this method 

would be able to detect C99 binders and we had estimated a preliminary hit rate of 0.1%. 

After these initial experiments, the project temporarily shifted direction towards screening 

an entirely different library of small molecules. We postulated that the fragments were 

unlikely to result in tight binders since they were so-called molecular fragments offering 

limited chemical contacts and would likely require significant medicinal chemistry to 

develop further. Before returning to complete screening of the FBDD library (see Chapter 
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5), we decided to screen the available SelleckChem library of FDA-approved drugs. This 

library harbored approximately 1,200 small molecules that were approved as of 2018, 

meaning they were both efficacious for treating their respective ailments and importantly, 

safe for use in preclinical and clinical settings. The next chapter of this document will 

describe the minor alterations of this high throughput pipeline to adapt it for that library, 

and the discovery of a macrocyclic small molecule verteporfin that specifically bound C99 

and was a Notch-1 sparing γ-secretase inhibitor.  We then will return to the FBDD 

fragment library. 
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Chapter 4 

The FDA-approved drug verteporfin is a substrate-selective γ-secretase inhibitor 

that binds the Amyloid Precursor Protein transmembrane domain2 

Introduction 

 The APP gene encodes the amyloid precursor protein (APP), a single-span 

membrane protein implicated in neurological development, axon guidance, learning and 

memory, and general neuronal homeostasis.22-23, 195 Heritable mutations affecting the 

APP gene were the first to be discovered to cause Alzheimer’s disease (AD).10, 21, 196 

Gene-duplication of APP as well as a number of missense mutations in APP found in and 

around the region encoding the  

amyloid-β (Aβ) domain are associated with inherited forms of AD. 28, 30, 195, 197-198 

Historically, these associations between genetics and AD have been 

thought to be the consequences of toxic oligomer and amyloid fibril formation by Aβ 

polypeptides released after successive proteolysis of APP by the β- and γ-secretase 

proteases (Figure 13A).197, 199-200 These proteolytic events and the subsequent 

aggregation of Aβ—referred to as “the amyloidogenic pathway”—have been extensively 

targeted pharmacologically.5, 201 However, previous clinical trials of inhibitors of γ-

 

2 This work is published in: Castro, M. A., et al. (2022). Verteporfin is a substrate-selective γ-
secretase inhibitor that binds the Amyloid Precursor Protein transmembrane domain. Journal of 
Biological Chemistry, Article 101792 
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secretase have failed, in large part due to toxicity associated with lack of substrate-

specific inhibition of γ-secretase, which has many dozens of substrates.36, 202 Particularly 

notable is toxicity resulting from inhibition of  

Notch-1 cleavage, which disrupts essential signaling from this receptor.155, 203 In this 

paper, we describe our efforts to find compounds that act as substrate-selective γ-

secretase inhibitors. Specifically, we sought to discover compounds that inhibit cleavage 

of C99—the product of APP cleavage by β-secretase and the immediate precursor of Aβ, 

while at the same time allowing Notch cleavage by γ-secretase to proceed uninhibited. 

In addition to their potential utility in reducing Aβ production, compounds 

that inhibit C99 cleavage would be valuable tool compounds for studying C99 biology. 

Intact C99 may be directly involved in of some of the cellular pathologies associated with 

Figure 13. The amyloidogenic pathway and our screening workflow for compounds that bind to the C99 
protein. A) Aβ amyloidogenesis begins with proteolysis of the full-length amyloid precursor protein (APP) 
by β-secretase, liberating the soluble extracellular domain (sAPPβ) and the transmembrane 99 residue 
C-terminal (C99) domain. C99 is then further proteolyzed by the γ-secretase complex in its 
transmembrane domain, generating both the amyloid intracellular domain (AICD) and Aβ, the latter of 
which can then go on to form Aβ oligomers and and amyloid plaques. B) For high-throughput C99 
screening, C99 is expressed in E. coli cultured in 15N isotopically-enriched media and purified from cells 
by affinity chromatography into detergent micelle solutions suitable for solution NMR spectroscopy. The 
protein in NMR conditions is then mixed with small molecule binding candidates (in DMSO) in 96-well 
plates and transferred to an NMR tube. NMR data is collected and then processed and analyzed. 
Standard NMR sample conditions are: 200 µl of 50 µM C99 in 2.5% w/w LMPG, 50 mM PIPES, 100 mM 
NaCl, 0.5 mM EDTA, pH 6.5, 318 ºK (45 ºC) and 50 µM of the test compound, all in a 3 mm NMR tube. 
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AD, such as defects in mitophagy, autophagy, mitochondrial structure, bioenergetics, lipid 

homeostasis, and AD-model animal behavior.107, 158, 161-162, 165, 204-205 These discoveries 

suggest that C99 is itself directly involved in AD pathogenesis. Thus, a C99-specific 

binder that selectively inhibits its degradation would be a useful tool for further 

investigating the relationship between C99 and AD. 

We are not the first to consider the concept of substrate-selective 

modulators of amyloidogenesis.206-209 Indeed, “Notch-sparing” modulators of γ-secretase 

that bind directly to the enzyme have been reported in the literature, with one entering 

clinical trials.210 This compound, however, possessed questionable selectivity for C99211 

and caused toxicities due to suppression of Notch cleavage at higher doses.154 Moreover, 

some compounds initially reported to selectively modulate C99 cleavage by binding free 

C99206 were later shown NOT to bind free C99, but instead act by interacting directly with 

γ-secretase, perhaps cooperatively with C99-dependent binding.212-216 Another group 

reported the discovery of benzofuran compounds that appear to bind full-length APP and 

inhibited its proteolysis by γ-secretase.209 Studies such as these motivated this study to 

further explore this substrate-directed inhibitory approach. 

Here, we report the results of our search for compounds that act by 

specifically binding to the C99 substrate rather than by targeting the protease itself. We 

describe the discovery that the porphyrin-based drug verteporfin directly binds C99 in 

model membranes to form a 1:1 complex with a KD of ca. 17 μM. Moreover, verteporfin 

inhibits γ-secretase cleavage of C99 at concentrations where it does not inhibit Notch 

cleavage. 
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RESULTS 

Optimization of conditions for screening for small molecules that bind C99. We 

previously determined the 3D structure of monodisperse C99 in model membranes using 

solution nuclear magnetic resonance (NMR) spectroscopy (PDB: 2LP1).217 Previous 

studies from our lab established that NMR can be used to detect and characterize the 

interactions of C99 both with small molecules such as cholesterol and with other 

proteins.212, 217-220 We therefore set out to screen a library of 1184 FDA-approved drugs 

using NMR to detect C99-binders and then to exhaustively validate binding and to 

determine the binding affinity, as outlined in Figure 13. 

Before initiation of the screen, various NMR conditions such as the C99 

protein concentration, detergent concentration, tolerable concentration of DMSO 

(vehicle), and NMR pulse programs/parameters were explored. While several conditions 

produced high-quality NMR spectra, we settled on screening conditions consisting of 50 

µM C99 in 2.5% w/v (52 mM) lyso-myristoylphosphatidylglycerol (LMPG) micelles at pH 

6.5, with NMR spectra being acquired using the BEST-TROSY pulse sequence. 221-222 

These conditions were similar those used in our previous determination of the structure 

of C99.217 Nearly all C99 resonances exhibited satisfactory signal-to-noise even at 50 μM 

protein concentration and using a short data acquisition time (35 minutes, Figure 14A). 
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This approach enabled the screening of all 1184 samples in 36 days with the assistance 

of a Bruker SampleJet automated sample changer.  

Figure 14. TROSY NMR spectral overlays of representative initial hit spectra from primary screen. 
Spectra for hit compound-containing samples are shown in red, overlaid onto the vehicle control 
(DMSO) spectrum in black. Initial hits were recognized based on chemical shift perturbations at one or 
several C99 residues. The initial NMR screen of approximately 1,200 compounds produced 20 hits that 
were followed-up on (12 shown here). Verteporfin (cyan spectrum) was seen to induce spectral 
perturbations such as peak broadening and shifting to degrees that were more obvious and widespread 
than induced by any of the other hits. 
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Verteporfin binds C99 avidly, but not Notch-1. Using the optimized conditions 

described above, we completed a screen of the available SelleckChemical library of FDA-

approved drugs. We identified 20 compounds as potential hits based on the observation 

that 50 μM concentrations of these compounds perturbed the resonances of 50 μM C99 

(Figure 14). Of these 20 compounds only verteporfin yielded results that stood out when 

C99 was subjected to a titration by each compound. Specifically, only verteporfin led to 

changes in the positions of C99 peaks during titration that were seen to saturate at sub-

millimolar concentrations. Chemical shift perturbations were observed in TROSY amide 

backbone NH resonances from multiple C99 peaks, most arising from sites in and around 

Figure 15. Verteporfin binds C99 in LMPG micelles and does not bind to the Notch-1 TM/JM. A) Five 
overlaid C99 TROSY NMR spectra of C99 with varying concentrations of verteporfin. B) C99 topology 
diagram highlighting residues that undergo perturbations in response to verteporfin binding. Sample 
conditions: 50 µM C99 in 50 mM PIPES buffer, 100 mM NaCl, 0.5 mM EDTA, 2.5% w/v LMPG, pH 6.5, 
318 K, 3 mm NMR tube. C) Plotted chemical shift perturbations for the titration summarized in panel A. 
The average result of three replicate experiments were fit by a 1:1 binding model. Error bars indicate 
the standard error of the mean (SEM). D) TROSY spectral overlay for the Notch-1 TM/JM domain at 
varying concentrations of verteporfin. For more direct comparison with selected peaks in the C99 data 
(insets to panel A), peaks are highlighted in insets D1-D6, showing the minimal spectral perturbations 
seen for Notch in response to verteporfin treatment. The data shown in D have also been collected in 3 
technical replicates. 
 



77 
 

the transmembrane domain and amphipathic C-helix (Figure 15A and 15B). For 

experiments in LMPG micelles, fits of the 1:1 binding model to the titration traces from 

multiple different peaks (Figure 15C) led to determination of an average dissociation 

constant (KD) of 17 ± 11 µM across multiple residues in and around the TM domain. The 

presence of both fast and slow-exchanging resonances is consistent with the determined 

micromolar KD value. Peaks that undergo large changes in resonance frequency upon 

complex formation fall in the slow exchange regime, where both complexed and free 

protein peaks are directly observed. Peaks that undergo smaller changes in frequency 

upon complex formation were in the fast exchange regime, where only a single peak is 

observed at a population-weighted average frequency between the free and fully 

complexed peak frequency limits.  

We have previously used NMR to characterize the structure of the Notch-1 

transmembrane domain flanked by its juxtamembrane segments (residues 1721-1771, 

“Notch-1 TM/JM)).223 Titration of Notch-1 TM/JM by verteporfin in LMPG micelles under 

the same conditions as used for the titration of C99 revealed only minor perturbations of 

Notch resonances in response to increasing levels of verteporfin (Figure 15D). That there 

are minor verteporfin-indued shifts that are small and must less extensively seen than for 

C99 is not surprising in light of data shown below that verteporfin does bind non-

specifically to micelles. Overall, these NMR titration results indicate that verteporfin binds 

C99 but not Notch-1. 
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Verteporfin binds to C99 in other membrane mimetics. To confirm that binding of 

verteporfin to C99 is not highly dependent on the nature of the membrane mimetic in 

which C99 is solubilized, we repeated TROSY-monitored titrations of C99 in two model 

membrane systems that differ in important ways from anionic LMPG micelles: (1) 

zwitterionic bicelles composed of 3:1 (mol:mol, q = 0.33) dihexanoylphosphatidylcholine 

(D6PC):dimyristoylphosphatidylcholine (DMPC) and (2) non-ionic beta-dodecylmelibiose 

(DDMB) micelles. NMR titration of C99 in D6PC-DMPC bicelles by verteporfin revealed 

Figure 16. Verteporfin binds C99 in D6PC/DMPC (q=0.33) bicelles with an observed KD of 17 ± 4 µM, 
whereas verteporfin does not bind the Notch-1 TM/JM. A) Five overlaid C99 TROSY NMR spectra of 
C99 at varying concentrations of verteporfin. The central insert zooms in on the boxed region near T761, 
and shows a new peak appearing in response to increasing verteporfin concentrations. The sub-panels 
to the right illustrate the individual spectra of the T761 peak from the titration series. The free (0 M 
verteporfin) resonance of T761 disappears as the new bound state T761 resonance appears nearby in 
a verteporfin-dependent manner. B) Topology plot for C99, highlighting sites for which verteporfin 
binding induced either gradual (fast exchange) changes in peak positions or the slow exchange 
disappearance of free protein peaks in concert with the appearance of the corresponding complexed-
protein peaks. C) Plotted chemical shift perturbations for two peaks from the titration shown in panel A. 
KD values were derived from fitting these data to the 1-site binding model, where error values were 
derived from the error of the fit. D) TROSY spectral overlay for the Notch-1 TM/JM at varying 
concentrations of verteporfin in bicelles, indicating that verteporfin does not bind to Notch-1. It is worth 
noting that spectral perturbations are noticeable at 300 μM verteporfin, which are shown as insets D1-
D7. However, these weak effects are likely due to non-specific perturbation of the membrane mimetic. 
Data shown in this figure are n=1, and the error shown in panel C are the errors of the fit. 
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both fast- and slow-exchange perturbations, similar to what was observed in LMPG 

(Figure 16A). The perturbed residues (regardless of NMR exchange regime) mainly 

mapped to the transmembrane and amphipathic C-helix residues (Figure 16B). Fitting of 

two of the titration curves revealed KD of 17 ± 4 µM and KD of 16 ± 4 µM, corroborating 

well with what was seen in LMPG micelles (Figure 16C). A corresponding titration of the 

Notch-1 juxtamembrane/transmembrane domain in micelles by verteporfin again 

revealed only minor spectral changes at very high concentrations that are much less 

extensive than seen for C99 and likely arise from affects related to non-specific binding 

of verteporfin to the protein-containing micelles and bicelles (Figure 16D).  

 

Figure 17. Verteporfin binds untagged C99 in DDMB micelles with a KD of 45 ± 22 µM and does not bind 
the Notch-1 TM/JM domain. A) Five overlaid C99 TROSY NMR spectra at varying concentrations of 
verteporfin. B) C99 topology diagram highlighting residues that undergo perturbations in response to 
addition of verteporfin. C) Chemical shift perturbations from the verteporfin titration shown in panel A. 
D) Notch-1 TM/JM TROSY spectral overlay at varying concentrations of verteporfin. Insets D1-D6 
highlight minor spectra changes oberserved in Notch-1 spectra at high concentrations of verteporfin, 
likely arising from non-specific membrane perturbations. These data are n=1, where the uncertainties 
for the KD in C are the error of the fit. 
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Verteporfin titration of C99 in non-ionic DDMB micelles confirmed binding 

in this medium as well, with fitting of the data for two different peaks yielding KD of 43 ± 

17 µM and 47 ± 22 µM, a little weaker than seen for LMPG micelles and DHPC-DMPC 

bicelles (Figure 171A-C). Again, the peaks that shifted were mostly located in the 

transmembrane domain and amphipathic C-helix. Verteporfin titration of Notch-1 in 

DDMB revealed little change in the spectrum of Notch-1 until a concentration of 300 μM 

(Figure 17D), consistent with interactions between Verteporfin and Notch-1 that are only 

very weak and/or non-specific.  

The DHPC-DMPC bicelle and DDMB micelle results corroborate the LMPG 

micelle results to show that verteporfin binds C99 in a wide range of membrane-like 

conditions and that the affinity exhibits only modest variation (KD in the range of 15-47 

μM) across multiple different classes of model membranes. 

 

Verteporfin associates with membrane mimetics. We tested to see if verteporfin 

interacts with LMPG micelles in the absence of protein to investigate the possibility that 

verteporfin interactions with C99 might be modulated by the intrinsic affinity of verteporfin 

for membranes. We therefore titrated empty LMPG micelles with verteporfin, as 

monitored by examining the 1-D 1H NMR spectra of LMPG as a function of verteporfin 

concentration. Concentration-dependent changes in the position of the LMPG acyl chain 

methylene peak envelope revealed that their resonance frequencies were shifted by 

increasing verteporfin concentrations (Figure 18A). A fit of the 1 verteporfin binding to 1 

detergent micelle binding model to these changes yielded a reasonably good fit and a KD 

of 53 ± 21 μM (Figure 18B). Dynamic light scattering (DLS) measurements revealed that 
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verteporfin had only modest effects on micelle particle size over a range of concentrations 

from 0-200 μM (Figure 18C).  

We also carried out a reciprocal titration in which the 1H NMR resonances 

from constant 100 μM verteporfin resonances were monitored as LMPG was titrated up 

through and far beyond its critical micelle concentration (CMC), which is ca. 0.2-0.5 mM 

at neutral pH values.224 Verteporfin resonances were very broad at LMPG concentrations 

below CMC (Figure 18D), indicating aggregate formation by verteporfin in micelle-free 

aqueous solutions. Above CMC the quality of its spectrum increased gradually as the 

Figure 18. Verteporfin binds to LMPG micelles, which suppress its aggregation in aqueous solution. A) 
Overlaid 1D 1H NMR spectra showing the LMPG methylene resonances from empty LMPG micelles as 
verteporfin is titrated in. Sample conditions: 200 µl of 2.5% LMPG in 50 mM PIPES buffer, 100 mM 
NaCl, 0.5 mM EDTA, pH 6.5, 318 ºK, 3 mm NMR tube. B) LMPG micelle acyl chain methylene peak 
resonance chemical shift perturbations reveal binding of verteporfin to LMPG micelles. Data is n=1. C) 
DLS measurements show that the size of the LMPG micelles under the same conditions as A is 
insensitive to verteporfin concentrations in the 0-200 μM range. Data is n=3. D) Overlaid 1D 1H NMR 
spectra of constant 100 µM verteporfin in NMR buffer with increasing concentrations of LMPG. 100 µM 
verteporfin in 50 mM PIPES buffer, 100 mM NaCl, 0.5 mM EDTA, pH 6.5, 318 ºK, 3 mm NMR tube. E) 
The peak heights of verteporfin aromatic resonances are increased (due to line-narrowing) in response 
to increasing LMPG concentration. Data is n=1. F) DLS reveals that as 100 µM verteporfin is titrated 
with LMPG that soluble aggregates of verteporfin are fully dispersed by the point where the LMPG 
concentration reaches 50 mM. Data represents n=3 technical replicates. For panels C and F, error bars 
reflect the SEM of triplicate experiments. 
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LMPG concentration were increased to 10 mM, suggesting dispersal of the constant 

population of verteporfin from interacting with a small number of micelles at LMPG 

concentrations near the CMC to interactions at higher LMPG levels in which each micelle 

has fewer associated verteporfin molecules (Figure 18E). DLS measurements further 

illuminate that even in the mixture of 10 mM LMPG and 100 μM verteporfin, there is a 

persistence of large verteporfin aggregates, which are fully dissolved only near the point 

at which the LMPG concentration approaches that present in NMR screening conditions 

(50 mM) (Figure 18F). This indicates that micelle formation is required to disperse the 

verteporfin aggregates and that the concentration of the micelles needs to be high enough 

to ensure that multiple molecules of verteporfin do not interact with same micelle. 

Taken together, our results indicate that verteporfin binds to LMPG micelles, 

which suppresses verteporfin aggregation at higher micelle concentrations. The results 

also indicate that verteporfin does not significantly alter the size or structure of the 

micelles with which it associates, provided that there are a sufficient number of micelles 

present. We conclude that verteporfin’s membrane affinity helps bring this compound in 

contact with C99 by solubilizing the drug and by providing the model membrane 

environment in which these two molecules can encounter each other. However, it is 

notable that under identical conditions Notch-1 in LMPG micelles does not exhibit 

interactions with verteporfin, indicating that micelle binding by verteporfin alone is not the 

determinant of C99-verteporfin interaction. 
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1H,1H-NOESY confirms direct contact between verteporfin and C99. To verify that 

that complex formation between verteporfin and C99 truly involves direct intermolecular 

contact, we recorded a 2D 1H,1H-NOESY spectrum for a 1:1 mixture of verteporfin and 

C99 in 2.5% d27-LMPG (deuterated acyl chains) micelles to see if cross-peaks can be 

observed between well-resolved verteporfin and C99 resonances. Figure 19 documents 

the unambiguous presence of at least two such cross-peaks, which confirms direct 

Figure 19. 1H,1H-NOESY of the C99-verteporfin complex. A) 2D 1H,1H-NOESY experiment applied to a 
sample containing 300µM C99 and 300 µM verteporfin revealed cross-peaks between well-resolved 
aromatic verteporfin and C99 resonances. B) 1H spectra of four samples containing either NMR buffer 
only (purple spectrum), 300 µM verteporfin in NMR buffer (green spectrum), 300 µM C99 in NMR buffer 
(red spectrum), and the NOESY sample containing both verteporfin and C99 (blue). The verteporfin 
inner-ring proton resonance (green spectrum, orange box, 9.55 ppm) exhibits an NOE interaction with 
a C99 amide resonance (red spectrum, orange box, 7.5 ppm). The corresponding resonances in the 
NOESY sample (blue spectrum) are broadened due to intermediate exchange, similar to what was seen 
for some C99 residues in the corresponding TROSY NMR spectra. These data were only collected 
once. 
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binding of verteporfin to C99. Other verteporfin-C99 cross-peaks were also likely present 

but are difficult to unambiguously assign due to peak overlap with the intense resonances 

from the nondeuterated glycerol backbone of d27-LMPG. These data confirmed direct 

verteporfin-C99 interactions. 

 

Mutations in C99 reduce the affinity of verteporfin for C99. We tested to see if 

verteporfin binding to C99 could be attenuated or eliminated by mutations in the protein. 

Figure 20. C99 point mutations that ablate affinity for verteporfin. A) Two NMR spectra of C99 T761A 
with vehicle-treated in black overlaid by spectra for samples containing 300 µM verteporfin in red. There 
were no chemical shift perturbations seen at any concentrations for this mutant, suggesting complete 
lack of binding. B) Two NMR spectra of C99 L723A, with vehicle-treated in black overlaid by the red 
spectrum representing the 300 µM verteporfin condition. There were only noisy shifts seen for this 
construct when treated with verteporfin, suggesting a nearly complete lack of binding. These data are 
representative spectra taken from the highest and lowest (zero) titration point from the series. The 
titrations were done once (n=1) per mutant. 
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The single-site mutations L723A, and T761A were chosen both because we observed 

chemical shift perturbations for these residues in one or all the previously discussed 

model membrane conditions and because of their dispersal across the C99 primary 

sequence. As shown in Figure 20, we observed that binding was disrupted by both 

mutations and that peak shifts were either non-existent or weak as a function of 

verteporfin concentration and could not be fit by binding isotherms, indicating that these 

residues played critical roles in mediating interactions between C99 and verteporfin. It is 

worth noting that peaks from transmembrane residues such as G708, G709, and A713 

continued to undergo small shifts or broadening in the spectra from these mutants, likely 

reflecting the residual effects of verteporfin’s affinity for detergent micelles and forced 

cohabitation of verteporfin with C99 molecules at high verteporfin concentrations, as was 

also seen for Notch-1, but only at high verteporfin concentrations. 

 

Native ion mobility-mass spectrometry and chemical cross-linking indicate 

verteporfin binds to the monomeric form of C99 and does not induce 

homodimerization. We sought to determine whether verteporfin binds to the monomeric 

form of C99 and if binding of verteporfin induces a change in the oligomeric state of C99. 

C99 is known to form monomers or dimers depending on concentration, lipid composition, 

and model membrane type, or mutation.225-227 Glutaraldehyde (GA) crosslinking of 

verteporfin-C99 mixtures in LMPG micelles in NMR-like conditions showed no increase 

in higher-order C99 species upon increasing GA concentration when compared to the 

DMSO-only treated control (Figure 21). This finding was confirmed by showing no 

change in oligomeric state when the GA concentration was maintained constant and 
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verteporfin was increased. These results indicated both that verteporfin binds to 

monomeric C99 and that binding of verteporfin does not induce protein dimerization.  

Native ion mobility-mass spectrometry (IM-MS) has proven to be a useful structural 

biology tool capable of interrogating complex mixtures. With the use of membrane 

mimetics, the native conformation of membrane proteins can be retained and studied 

Figure 21. Glutaraldehyde crosslinking of C99 reveals no change in oligomeric state in response to 
verteporfin.  A) SDS-PAGE gel of crosslinking experiment at constant 100 µM verteporfin and treatment 
with increasing levels of glutaraldehyde from 0-0.5% w/v at final dilution. B) Quantified C99 band 
intensities from gel shown in A, indicating no changes of the oligomeric state of C99 in response to 
verteporfin treatment when compared to the DMSO treated control. C) SDS-PAGE gel of crosslinking 
experiment with C99 being treated with increasing amounts of verteporfin at a constant low 
concentration (0.0064% w/v) of glutaraldehyde, where basal levels of dimer crosslinking can be seen. 
D) Quantification of the gel from B also verifies that C99 remains a robust monomer in response to 
titration with verteporfin. All data shown here are representative of n=3 technical replicate experiments, 
which were quantified by densitometry using ImageJ, where the error bars denote the standard deviation 
of the replicate values. 
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using IM-MS.228-233 IM separates the ions based on their size, shape, and charge. In 

Figure 22. IM-MS indicates that verteporfin does not alter C99 mass or induce dimerization. A) A 
representative mass spectrum (top) and IM-MS spectrum (bottom) showing the various states of C99 
oligomerization. Native C99 monomer charge states (4-9+) are denoted by a single green cylinder, and 
dimer charge states (8-12+) are shown as two purple cylinders. No changes in C99 mass were 
observed, suggesting that no chemical modifications were made to the protein in response to drug 
treatment. B) The relative intensities of each species were used to calculate the percent of each 
oligomeric species for C99 at 0 μM, 10 μM, 20 μM, 30 μM, 40 μM, 50 μM verteporfin, respectively. To 
avoid overlapping monomer/dimer peaks, monomer charge states 9-11+ and dimer charge states 9+ 
and 11+ were included in analysis. Quantification of the IM-MS data indicates that C99 does not undergo 
any significant change in oligomeric state upon addition of Verteporfin, indicating that Verteporfin 
interacts with the C99 monomer. Data is n=3, where error bars indicate the standard deviation of three 
technical replicate experiments. 
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native IM-MS experiments, we can separate different conformations and oligomeric states 

of membrane protein ions.234-238 All IM-MS data were collected using a Synapt G2 HDMS 

IM-Q-ToF mass spectrometer (Waters, Milford, MA), with a direct infusion nESI source 

set to positive ion mode. Instrument settings were tuned to dissociate detergent micelles, 

with minimal perturbation of protein structure prior to the IM separator. Arrival time 

distributions of charge states that were known to be uniquely monomer or dimer, as 

indicated in Figure 22, were extracted using a text-based format using TWIMExtract.239 

IM-MS of C99-verteporfin mixtures in LMPG and DDMB micelles revealed that verteporfin 

causes only a marginal increase in the population of dimeric C99 in low detergent 

conditions (high protein-to-detergent ratio), which indicates verteporfin-induced 

dimerization would be insignificant at the much higher detergent concentrations (and 

lower C99-to-detergent ratios) of our NMR-based binding experiments. We note that 

verteporfin was not detected in complex with C99 by IM-MS experiments, and this may 

be due to the dissociation of verteporfin with the surrounding detergent molecules during 

collision-induced dissociation.  

The IM-MS data also revealed that the mass of C99 remained intact 

following complex formation with verteporfin, indicating no covalent modification of the 

protein by verteporfin or induced oxidation (Fig. 22A). This is a significant observation as 

verteporfin is a photoactivatable molecule that can stimulate the production of radical 

oxygen species (ROS) in the presence of ambient light and O2.240 Stringent precautions 

were taken throughout these studies to ensure that verteporfin-containing samples were 
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maintained in the dark. The IM-MS data confirmed that our observations are unrelated to 

potential photoactivation of verteporfin. 

Figure 23. Verteporfin inhibits γ-secretase cleavage of C100-Flag more potently than than for Notch-1. 
A) Anti-Flag tag Western blot of verteporfin inhibition of C100-Flag cleavage by 30 nM purified γ-
secretase at different levels of verteporfin. The legend below the blot denotes the added components: 
E is enzyme (γ-secretase), S is substrate (C100), I is inhibitor (30nM LY411,575), and V is 
verteporfin in micromolar units. Top band: C100-Flag substrate; bottom band; AICD-Flag (intracellular 
domain product of γ-secretase cleavage of C100-Flag). The presence of both enzyme and substrate 
produces the amyloid intracellular domain (AICD) band, indicating C100 cleavage. Upon addition of 
increasing amounts of verteporfin, the cleavage efficiency is greatly reduced in a concentration-
dependent manner. The AICD band intensities were quantified using densitometry using ImageJ, as 
shown in the next panel (3 replicates). B) Quantitation of the data for verteporfin inhibition of AICD 
production from panel A (plus replicates). “% Baseline” refers to the amount of AICD that is observed 
relative to the 0 verteporfin conditions. These data indicate an IC50 of 164 ± 45 μM (n=3, technical 
replicates). C) Western blot of the γ-secretase assay showing cleavage of Notch-1 TM/JM to release 
NICD, as detected using an antibody against the V1744 neoepitope. Notch-1 TM/JM is recombinant 
Notch-1 transmembrane/juxtamembrane construct (residues 1721-1771). The legend below the blot 
denotes the added components: E is enzyme (γ-secretase), S is substrate (Notch-1 TM/JM), I is 
inhibitor (30 nM LY411,575), and V is verteporfin in micromolar units. The presence of both enzyme 
and substrate produces the Notch Intracellular Domain (NICD) band, indicating Notch cleavage. It is 
seen in these data that verteporfin first activates then inhibits γ-secretase cleavage of Notch-1. The 
AICD band intensities were quantified using densitometry (plus results for two additional replicates) 
using ImageJ, as shown in the next panel. D) Quantitation of the (n=3) data for verteporfin inhibition of 
NICD production from panel C. ”% baseline” refers to the amount of NICD that is observed relative to 
the 0 verteporfin conditions. The error for the dataset was propagated using the standard deviation of 
three technical replicates.Upon addition of increasing amounts of verteporfin, it is seen that Notch-1 
cleavage is bi-phasic: cleavage is first activated by verteporfin until a concentration of 200 μM, then 
inhibited at higher concentrations, with an estimated IC50 of 240 ± 66 μM (n=3). 
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Verteporfin inhibits γ-secretase cleavage of C99 with an approximate two-fold 

selectivity over Notch-1. We tested whether formation of the C99-verteporfin complex 

resulted in inhibition of C99 cleavage by γ-secretase. γ-Secretase assays were conducted 

in vitro for both C100 (C99 with an N-terminal start methionine) and Notch-1 TM/JM as 

substrates (Figures 23A,B and 23C,D, respectively). Verteporfin induced dose-

dependent inhibition of γ-secretase-catalyzed production of the amyloid intracellular 

domain (AICD), with an IC50 of 164±45 μM under these assay conditions. (Figure 23B) 

The degree of inhibition levels off at approximately 75%, with some residual cleavage 

activity being observed even at apparently saturating levels of verteporfin. In another 

condition, where the enzyme concentration was much lower, verteporfin exhibited a 15 ± 

1 μM IC50 for γ-secretase cleavage of C99 (Figure 24) which correlated well with the 

observed KD values between verteporfin and C99 (Figures 19, 20, 21). The lower IC50 

observed in this experiment relative to that of Figure 23A,B reflects the lower 

concentration of γ-secretase: With less enzyme in competition for C99 binding, verteporfin 

can more effectively protect C99 from proteolytic processing. 

 

For Notch-1 (Notch-1 TM/JM), concentrations of verteporfin below 200 μM 

actually enhanced Notch-1 cleavage by γ-secretase relative to 0 verteporfin conditions 

(Figure 23C,D). However, at higher concentrations verteporfin inhibited γ-secretase 

cleavage of Notch-1 with an IC50 of 240 ± 66 μM. As for C99, saturating concentrations 

of verteporfin reduced cleavage by approximately 75%.  
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Taken together, these data indicate that at lower concentrations verteporfin 

binding to C99 shields the protein from γ-secretase cleavage without inhibiting γ-

secretase cleavage of Notch. For example, when the concentration of verteporfin is at the 

IC50 of 164 μM, there is 50% maximal inhibition of C99 cleavage, but no inhibition of 

Notch-1 cleavage (Figure 23). Moreover, the fact that verteporfin was not seen by NMR 

to bind to Notch under three different sets of model membrane conditions, but can 

nevertheless inhibit Notch cleavage at higher concentrations, suggests that inhibition is 

likely be the consequence of interactions of high levels of verteporfin with γ-secretase 

and/or with the model membranes employed in the γ-secretase assays. 

 

Figure 24. Verteporfin inhibits γ-secretase cleavage of C100-Flag (C99) in low enzyme and substrate 
conditions. C100-Flag is recombinant C99 with an N-terminal start methionine and a C-terminal Flag 
epitope tag. A) Anti-Flag tag Western blot of 2 µM C100-Flag cleavage by 1 nM purified γ-secretase. 
Cleavage of C100-Flag proceeds as expected in lanes 3 and 4 (bottom band; AICD-Flag = intracellular 
domain product of C100-Flag cleavage by γ-secretase). However, upon addition of 100 µM verteporfin, 
the cleavage efficiency is greatly reduced (lanes 5 and 6), but not as fully as seen in lane 7, which 
contained 30 nM of the potent γ-secretase-inhibitor, LY411,575. B) Sandwich ELISA of Aβ40 production 
from C100-Flag cleavage by purified γ-secretase performed as in panel A. Inhibition by verteporfin is 
concentration-dependent. Curve fitting reveals a half-maximal inhibitory constant (IC50) of 15 ± 1 µM 
verteporfin. These data are from single n=1 experiment, and the error was interpolated from the error of 
the fit. 
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Modelling the C99-verteporfin complex. Although verteporfin induced spectral 

perturbations across many regions of C99, the focal points were primarily in and around 

the transmembrane domain and amphipathic C-helix. We sought to use experimentally 

restrained Rosetta modeling to generate structural insight on how the complex may look 

and to illuminate possible mechanisms of γ-secretase inhibition. Using our previously 

published C99 structure (PDB: 2LP1) as a template, we generated models of the complex 

showing that verteporfin localizes to the transmembrane domain (Figure 25). In the top-

scoring model, verteporfin is seen to adopt a binding pose in which its planar macrocyclic 

ring is in contact with transmembrane C99 residues near the TM kink. The semi-polar 

Figure 25. Most favorably scoring model from experimentally restrained Rosetta modeling of the micellar 
verteporfin-C99 complex. Experimentally restrained Rosetta suggests that the planar face of verteporfin 
interacts with the transmembrane domain. It appears the entire macrocycle of the compound is 
embedded in the micellar model membrane and contacts transmembrane residues near the 
transmembrane kink. The positions of the semi-polar methyl ester chains generally point towards the 
solvent-membrane interface and form contacts with the N- and C-terminal amphipathic helices. The grey 
sphere represents a detergent micelle. 
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verteporfin methyl ester arms extend toward the surface of the membrane and may be 

responsible for the chemical shift perturbations seen in the amphipathic N- and C-helices.  

 

DISCUSSION 

APP can be classified as a member of the single-pass transmembrane 

receptors (SPTMRs), a collection of membrane proteins that make up approximately 6% 

of the human protein-coding genome and play critical roles in essential biological 

processes such as cell growth, adhesion, metabolism, and immunity.179 The close 

relationship between SPTMRs and human health and disease suggests that many 

proteins of this class may be viable drug targets; however their transmembrane domains 

have been thought to lack the druggable pockets that are associated with multi-span 

membrane or water-soluble proteins.241 Nevertheless, at least one drug does indeed 

target the transmembrane domain of an SPTMR. Eltrombopag is an FDA-approved 

thrombopoietin receptor (TPoR) agonist that activates the receptor by binding to its 

transmembrane domain.242-244 The present study was inspired, in part, by the hope that 

the paradigm in molecular recognition established by the Eltrombopag/TPoR interaction 

could be extended to the discovery of molecules that specifically bind to the 

transmembrane C99 domain of the human APP. 

Our study establishes verteporfin binds specifically to monomeric C99 with 

an affinity in the 10-50 µM range under a variety of model membrane conditions. 

verteporfin does not induce dimerization of C99. Future work will be required to determine 

if a medicinal chemistry campaign can identify verteporfin analogs or derivatives with an 

even higher affinity for C99. Binding of verteporfin to C99 is facilitated by the intrinsic 
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affinity of this compound for membranes, which increases the local concentration of this 

compound in the vicinity C99. NMR NOE measurements confirmed that the C99-

verteporfin interaction is direct. Moreover, the fact that NOEs were seen between 

verteporfin and both C99 and detergent under conditions in which the vast majority of 

verteporfin was C99-associated strongly suggests the C99-verteporfin interactions are at 

the detergent-protein interface. The fact that verteporfin binds C99 with similar affinity in 

LMPG micelles (anionic), dodecylmelibioside micelles (non-ionic), and DHPC-DMPC 

bicelles (zwitterionic) indicates that binding of verteporfin to C99 is independent the 

detailed chemistry and structure of the molecules comprising the membrane mimetic. At 

the same time, interfacial binding of verteporfin to C99 is structurally specific: it is 

saturable, and affinity can be reduced by mutating specific residues in C99. Moreover, 

verteporfin was shown not to bind to another single span membrane protein, the Notch 1 

receptor.  

Verteporfin was found to inhibit cleavage of C99 by γ-secretase, with an 

IC50 that ranged from 15 μM (near KD) to 164 μM, depending on the exact conditions. For 

γ-secretase, IC50—the concentration of compound that inhibits 50% of product formation 

from an enzyme reaction—will vary with enzyme and substrate concentrations and other 

assay conditions. In this case, verteporfin was seen to compete with γ-secretase for C99, 

binding much more effectively in the presence of 1 nM enzyme (IC50 15 ±1 µM) than in 

the presence of 30 nM enzyme (IC50 164 ± 45 µM).  

Under the same conditions where IC50 for inhibition of C99 cleavage was 

164 ± 45 μM, verteporfin was seen to stimulate Notch-1 cleavage at concentrations of up 

to ca. 200 μM, above which verteporfin inhibits cleavage with an IC50 value of 240 ± 66 
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μM, depending on the specific Notch-1 substrate used. In light of our results that 

verteporfin does not bind directly to Notch-1 and that verteporfin exhibits membrane-

disrupting effects at concentrations above 200 μM, we think it is likely that both activation 

and inhibition of Notch-1 cleavage by different concentrations of verteporfin are the 

consequence of verteporfin perturbation of the membrane mimetic used in the cleavage 

assays. This is consistent with previous results showing that the activity of purified γ-

secretase is sensitive to membrane conditions, such as phospholipid composition and 

cholesterol content, as well as to solubilizing detergent type and concentration. 245-247  

Our results suggest the feasibility of finding compounds that bind even more 

tightly to C99 without binding to Notch-1. This would be a welcome development, as 

inhibition of Notch-1 receptor cleavage by γ-secretase inhibitors causes severe toxicity 

that has thwarted efforts to explore these inhibitors as potential Alzheimer’s 

therapeutics.86-87, 154, 248 

Verteporfin is a porphyrin-based molecule that is FDA-approved for 

subfoveal choroidal neovascularization, typically derived from age-related macular 

degeneration. Commonly sold under the trademark Visudyne®, verteporfin is 

administered intravenously and is absorbed by retinal blood vessels behind the eyes. The 

patient’s eyes are then irradiated with red light (689 nm), which causes verteporfin to 

produce radical oxygen species that cause local damage to the blood vessels and 

enhance their clearance. Beyond its FDA-approved use, verteporfin has several other 

reported biological effects. For example, when exposed to ambient light, verteporfin can 

induce cross-linking of proteins in cells, leading to cell death.249 Other effects include but 

are not limited to inhibition of cellular autophagy250 and inhibition of cell growth by 
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modulating the Hippo pathway.251-252 The photochemistry of verteporfin combined with 

these cytotoxic properties and likely problems with bioavailability dictate that verteporfin 

cannot be regarded as a promising clinical candidate as an inhibitor of C99 cleavage by 

γ-secretase, much less as a possible Alzheimer’s therapeutic. Moreover, our results also 

show that while verteporfin does not directly bind Notch-1, it nevertheless does perturb 

its cleavage at high concentrations. Despite these obvious flaws in verteporfin as a drug 

lead or even as a tool compound, our discovery does confirm a previous study 209 that 

molecules can be found that inhibit γ-secretase cleavage of C99 through direct interaction 

with this substrate. It can be expected that high-throughput screening of much larger 

compound collections than the library of FDA-approved drugs will lead to the discovery 

of other C99-specific binders that have more attractive chemical, pharmaceutical, and 

pharmacological properties. It is hoped that the results of this study will motivate future 

studies to identify and develop molecules of this class. Such molecules may provide 

potent tools for sorting out the great complexity of the amyloidogenic pathway, the C99 

protein fragment, and its relationship to Alzheimer’s disease.195 Finally, we note our hope 

that the power of using NMR spectroscopy as a primary tool for detecting molecules that 

bind to C99 is evident from this work. 

Conclusion 

Here we show findings from an NMR-based high-throughput screen that the 

FDA-approved porphyrin molecule, verteporfin, forms a direct 1:1 complex with the 

transmembrane domain of the human amyloid precursor protein, C99. It was the only 

compound out of 1,200 molecules that reproducibly bound during titration. The complex 

is robust and detectable across a variety of membrane conditions and does not bind to 
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the Notch-1 transmembrane domain. Certain mutations in C99 disrupt complex formation. 

Verteporfin was seen to behave as a selective inhibitor of C99 proteolysis. We think these 

data further validate the proof-of-concept that substrate-specific modulators of single-

pass transmembrane proteins such as C99 can be discovered by coupling NMR-based 

high throughput screening to rigorous validation experiments. 
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Chapter 5 

 

PAINS in the membrane: discovery of small molecule fragments that non-

specifically bind membrane proteins in membrane mimetics3 

 

Introduction 

 

Drug discovery against transmembrane (TM) proteins is an emerging field 

of interest for academic and pharmaceutical interests alike, and certain TM proteins can 

be validated drug targets due to their roles in human health and disease. There is little 

known about what hit rates to expect when conducting small molecule screens or what 

types of molecules may present themselves as false positives during screening. 

Specifically, there remains a significant gap in knowledge pertaining to what types of 

artifacts may arise when screening TM proteins in detergent-solubilized conditions or how 

small molecules may interact directly with the detergent. In this study, some of these 

knowledge gaps were addressed by screening small molecule fragments against the 

Alzheimer’s disease (AD) implicated C99195 protein in anionic lyso-

myristoylphosphatidylglcerol (LMPG) micelles using NMR spectroscopy. 

The Vanderbilt University curated Fesik Fragment Library contains 

approximately 15,000 small molecule fragments that are optimized for fragment-based 

 

3 This work is in preparation. Putative title: Castro, M. A., et al. (2022). PAINS in the membrane: 
discovery of small-molecule fragments that non-specifically bind membrane proteins in 
membrane mimetics. Journal TBD. 
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drug discovery (FBDD). FBDD has the advantage of expediting early drug discovery by 

allowing for quick sampling through chemical space using fragments of drug-like 

molecules (typically (< 300 Da).193 Fragment hits can then be used to drive lead-

optimization to create highly potent and specific ligands for a given biomolecular target. 

However, fragment libraries and small molecule libraries more generally may also contain 

PAINS compounds that can mislead and derail drug discovery efforts by leading to false 

positives via a number of mechanisms.253 PAINS compounds are typically small 

molecules that lead to false positive activity assays (such as binding assays, receptor 

activation assays, etc) by indirect phenomena including colloidal aggregation, non-

specific covalent modification of the target, pH-changing effects, or membrane disruption. 

There are many reports describing the structures of common PAINS compounds that 

have proven useful for certain formats of small molecule discovery.253-254 However, little 

is known about what types of compounds may be PAINS for detergent-solubilized protein 

systems and how different types of detergents or membrane mimetics may influence 

small molecule-protein interactions. In this manuscript, we describe the results of an 

NMR-based screen of the entire Fesik Fragment Library against C99 solubilized by 

anionic LMPG micelles. We present the discovery of six initial hit compounds that turned 

out to be putative membrane protein PAINS that should be cautiously explored if 

appearing to be hits in future screens of this sort. Furthermore, we detail our hit-to-PAINS 

deconvolution strategy using one such compound, 2,5-dimethyl-N-(pyridine-2-

ylmethyl)analine, as an example. 
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Results 

Our strategy for screening the fragment library is detailed in Figure 26. It is 

important to note that the LMPG screening condition was chosen because it stabilizes 

monomeric C99, which has an assigned HSQC NMR spectrum and a published 3D 

structure (PDB: 2LP1).217 Several screening conditions, such as tolerable DMSO and 

LMPG concentrations, as well as 2D NMR pulse programs were explored to maximize 

reproducibility and signal-to-noise before screening. The fragment library screen was 

expedited using fragment mixtures, which contained 12 compounds per well dissolved in 

DMSO. Mixtures that perturbed C99 TROSY-HSQC NMR spectra relative to the vehicle-

only (DMSO) treated control were considered hits. Hit mixtures were then deconvoluted 

using mixtures of 3 compounds then single compounds. Isolated hit compounds were 

then subjected to titration against C99 to reveal observed dissociation constants (KD) if 

Figure 26. High throughput screening strategy used to discover small molecule binders of C99 in LMPG 

micelles. Like the protocol discussed in Chapter 4, C99 was purified from E. coli culture and combined 
with fragment mixtures (12 per well) in 96-well plates. Samples are transferred to NMR tubes 
and screened using BEST-TROSY NMR experiments. Upon discovering a hit, the mixture is 
deconvoluted to reveal the causative single compound. Individual hit compounds are then 
titrated and subjected to a myriad of validation experiments including titrations against of other 
proteins, titrations in other model membranes, and SAR by catalog.  
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saturable. Overall, it took approximately 36 days of 600 MHz NMR time and 400 mg of 

15N-labelled C99 to screen the entire fragment library using a Bruker  

Compound 
(VUID) 

Structure KD for C99 
(LMPG) 

Perturbs 
C99 in 
Bicelle? 

Perturbs 
other TM 
proteins in 
LMPG? 

VU0408786 

 

>10 mM 
(linear shifts) 

Yes Yes 

VU0410776 

 

450 µM 
(slow-
exchange) 

No Yes, but only 
to a minor 
degree 

VU0408483 

 

4-9 mM 
(linear shifts 

Yes Yes 

VU0021995 

 

>10 mM 
(linear shifts) 

Yes Yes  

VU0421317 

 

2 mM No Yes 

VU0410688 

 

>10mM 
(linear shifts) 

No Yes 

VU0410488 

 

1.5mM Yes Yes 

Figure 27. Structures and properties of hits from the Fesik Fragment Library. This table shown the six 
hits that perturbed C99 spectra in LMPG in a dose-dependent fashion. The left column indicates the 
VU-ID numbers for these fragments, which can be searched for using the ChemCart or Waveguide 
software. The corresponding structures are shown in the second column, and their respective KD values 
for C99 in LMPG are shown in the third. The fourth column indicates whether the respective compounds 
perturbed C99 spectra in bicelles (perturb does not necessarily mean saturate binding). And the final 
column indicates whether the compound non-specifically perturbed other TM proteins, such as Notch-1 
or KCNQ1-VSD, in LMPG.   
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Figure 28. NMR titrations of C99 in LMPG with five of the six fragment hits. A) Five NMR spectra of C99 
in LMPG at increasing concentrations of VUx86. B) Five NMR spectra of C99 in LMPG at increasing 
concentrations of VUx83. C) Five NMR spectra of C99 in LMPG at increasing concentrations of VUx17. 
D) Five NMR spectra of C99 in LMPG at increasing concentrations of VUx688. E) Five NMR spectra of 
C99 in LMPG at increasing concentrations of VUx488. All titrations go from zero (DMSO only) fragment 
to 3.2 mM. Other titrations were also conducted at concentrations up to 10 mM to verify that 
perturbations did not saturate (data not shown). The structure of each respective fragment is shown in 
the corresponding titration series. 
 



103 
 

SampleJet robotic sample changer. 

The library produced seven hit compounds that were followed up with more 

extensively (Figure 27 and 28). As will be seen, only one (VUx76) was a verified C99 

binder, as deemed because its binding was avid and saturable and was eliminated by 

mutagenesis (appendix Figure 39). The other 6 compounds were determined to be false-

positive PAINS-like molecules due to non-specific interaction effects that were seen for 

both for C99 and other proteins or effects on sample pH. These PAINS molecules  did not 

saturate their effects at concentrations even up to 5-10 mM, which suggested that their 

effects were not likely due to stoichiometric complex formation. 

 Before focusing on a single compound for the rest of this chapter, I will give 

an explanation about why the other compounds shown in Figure 27 and 28 were dropped 

from the discussion. One such compound, VUx86, produced very minor, almost 

indistinguishable linear shifts (Figure 28A) that did not saturate at relevant 

concentrations. When titrated with empty LMPG micelle, it produced linear CSPs in the 

methylene envelope, indicating that it is a membrane-binding compound; however, the 

compound had no notable effect on micelle size as measured by DLS. Furthermore, IM-

MS could not detect this compound in complex with C99, furthering the notion that this 

compound induced perturbations on C99 only indirectly because of membrane binding. 

However, its effects were reproducible even from commercial sources, confirming its 

weak membrane-binding properties. It is concluded hat this compound was partitioning 

into the membrane and non-specifically caused spectral changes in both C99 and Notch-

1.  
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VUx83 (Figure 28B) produced larger CSPs in C99 and Notch-1, but also 

did not saturate and were primarily seen for juxtamembrane solvent exposed residues. 

Again, IM-MS could not detect this compound in complex with C99, suggesting its C99 

perturbations were non-specific and not due to true complex. This compound also had no 

observable effect on membrane size by DLS, and produced linear CSPs on empty LMPG 

methylene resonances, confirming membrane binding. Overall, this compound displayed 

similar non-specific properties that are a theme of this chapter. 

VUx17 (Figure 28C) was more interesting than most because this 

compound yielded titration curves the exhibited evidence of saturation and to which the 

1:1 binding model could be fit, yielding an apparent KD of 2mM.  However, its binding was 

not specific to C99, with perturbations also seen for Notch-1 in LMPG. Furthermore, 

VUx17 did not appear to bind to C99 in bicelles, suggesting that the LMPG was playing 

a direct role in the interaction. However, the most interesting feature of this hit was that it 

was the only compound detected to be in complex with C99 by IM-MS. This discovery 

suggested to that this compound, which contains an anhydride group, covalently reacted 

with C99, as multiple mass shifts (1-3) were observed in C99, indicating that the 

stoichiometry was certainly not 1:1. Overall, this compound is likely a PAINS due covalent 

modification, which is still under investigation. 

Both VUx688 and VUx488 (Figure 29D/E) produced some of the larger 

chemical shift perturbations that I witnessed in my studies. They appeared to be inducing 

a dose-dependent conformational shift in C99, particularly in solvent-exposed regions of 

the protein. However, both compounds bound only with weak affinity (COULD Kd BE 

DETERMINED?) and were also seen to perturb the NOTCH spectrum.  Furthermore, they 
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exhibited marked reduced affinity for C99 in bicelles, indicating that their effects were 

likely mediated by the LMPG detergent. However, the most striking thing about these 

compounds was that tour initial results were not reproduced when we repeated 

experiments using the putatively same compounds from commercial sources. This 

suggests some problems with these compounds in the original library we employed.   

The most remarkable hit that arose from screening and primary example 

discussed in this chapter was 2,5-dimethyl-N-(pyridine-2-ylmethyl)analine, which is 

referred to henceforth as VUx95 (structure shown in Figure 29A inset). VUx95 was 

unique because it induced massive chemical shift perturbations (CSPs) in C99 TROSY-

HSQC spectra, suggestive of  a binding-induced conformational change (Figure 29A). 

The residues that underwent the most extreme CSPs by [VUx95] titration, such as G696 

and S697, as well as G756 and A740, and V736, were the water-soluble loops both N- 

and C-terminal to the C99 TM domain, respectively (Figure 29B). Interestingly, the 

transmembrane domain was only slightly affected, however smaller CSPs were observed 

in TM residues including A713, T714, and G700/704. Upon plotting the CSPs at various 

water-soluble residues, it became clear that the shifts were mostly linear with respect to 

[VUx95] dose up to 10 mM (Figure 29C). The lack of saturability and regiospecificity for 

the CSPs on C99 suggested that this compound was non-specifically perturbing solvent-

exposed residues, which we confirmed by titrating [VUx95] against the topologically 

similar Notch-1 transmembrane/juxtamembrane (Notch-1 TM/JM) domain (Figure 29D). 

223 We found that, like C99, Notch-1 TM/JM NMR spectra were linearly perturbed primarily 
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at solvent-exposed residues. Taken together, these data indicate that VUx95 is a weak 

Figure 29. VUx95 non-specifically perturbs C99 and Notch-1 NMR spectra in LMPG and does not 
saturate binding. A) NMR titration of C99 in LMPG with VUx95 reveals large, non-saturable shifts in C99 
residues, primarily in solvent-exposed regions. B) C99 topology map highlighting residues that 
underwent spectral perturbations in response to [VUx95] dose. C) Plot of C99 chemical shift 
perturbations (CSPs) in response to [VUx95] dose reveals that shifts do not saturate at the tested 
concentrations, suggesting very weak binding. D) NMR titration of Notch-1 in LMPG with VUx95 reveals 
large, non-saturable shifts in Notch residues, primarily in solvent-exposed regions like C99. 
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and unspecific membrane protein binder in LMPG micelles.  

To confirm that VUx95 was inducing a conformational change in C99, we 

tested the solvent exchange properties of C99 with and without VUx95 present using a 

CLEANEX NMR experiment. The presence of a peak in the CLEANEX spectrum indicates 

Figure 30. CLEANEX (Clean Exchange) HSQC (non-TROSY) NMR spectral overlaps of C99 with or 

without 10 mM VUx95 fragment. A) 2D CLEANEX-HSQC spectra (red) of C99 overlaid onto the 
corresponding HSQC (black) shows that the majority of C99 residues are undergoing 
exchange with the solvent in the absence of VUx95. The majority of C99 residues are solvent-
exposed and undergo exchange, with the exception of transmembrane residues (such as the 
glycines at the top left). B) 2D CLEANEX-HSQC spectra (red) of C99 overlaid onto the 
corresponding HSQC (black) shows that the majority of C99 residues are undergoing 
exchange with the solvent in the presence of VUx95. VUx95 induces a major structural change 
in C99 that reduces the solvent-exchange of otherwise solvent-exchanged residues, such as 
those in the N- and C-loops. 
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the backbone amide is undergoing chemical exchange with the water solvent that is fast 

compared to the mixing time of the NMR pulse sequence. The DMSO-only treated C99 

CLEANEX presented approximately 50 peaks that arise primarily from the N- and C-loops 

that underwent solvent exchange, consistent with the known topology of C99 (Figure 

30A). However, addition of 10 mM VUx95 drastically reduced the solvent accessibility of 

C99 to only 15 residues, confirming VUx95 was likely altering the global conformation for 

C99 and subsequently alters its water accessibility in typically water-soluble regions 

(Figure 30B). Importantly, we noted the presence of both intense (rapidly exchanging) 

and weak (slowly exchanging) CLEANEX peaks in the presence of [VUx95]. This result 

was critical because it suggested that the changes in amide exchange were not due to 

Figure 31. Titration of empty LMPG micelles with VUx95 indicates that the micelle size is unchanged, 
but that LMPG methylene dynamics likely have. 1H NMR spectral overlay of the LMPG methylene 
envelope in response to [VUx95] dose displays a non-saturable line-narrowing of the LMPG peak, 
suggesting the compound is causing a change in the micellar dynamics. Inset: DLS measurements of 
the LMPG micelle in response to increasing [VUx95] indicates that the particle size is not changed by 
VUx95, indicating that the global micellar structure is largely unchanged. 
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pH shifts in the sample, which would result in global effects on solvent exchange 

dynamics in C99 amides. In general, we found these NMR data further supportive of an 

induced conformational change in C99 in response to [VUx95].  

We wanted to verify that VUx95 effects were not a consequence of its 

effects on micellar size. Using dynamic light scattering (DLS), we monitored the size of 

the LMPG particle as a function of [VUx95] concentration (Figure 31 inset). There was 

no significant effect on LMPG particle size in response to VUx95, implying that this 

compound was not causing changes in the macrostructure of the micellar aggregate. 

Furthermore, we monitored the chemical shift of the LMPG methylene envelope without 

protein using 1H NMR and found that VUx95 caused dose dependent linear CSPs, 

indicative  of only non-specific interactions of VUx95 with micelles. Moreover, we 

observed line narrowing of the LMPG peak, possibly indicating a change in the dynamics 

of the acyl chains (Figure 31). Taken together, these data indicated that this compound 

was interacting with the LMPG micelle and likely altering its organization and without 

altering the global size of the particle. 

It was expected that the shifts this compound induced were far too large 

and widespread to indicate any sort of sequence specificity against C99, which was 

corroborated by the initial titration against the Notch-1 TM/JM construct. The non-specific 

nature of the interacting compound with transmembrane proteins was confirmed by 

performing titrations in LMPG against the topologically distinct tetraspan transmembrane 

voltage-sensing domain of the KCNQ1 ion channel (Figure 32A).255 These data also 

showed non-specific and widespread linear CSPs in response to [VUx95] dose, 

suggesting that VUx95-induced effects were indiscriminate of membrane protein 
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secondary or tertiary structures and were likely mediated by interactions with the LMPG 

membrane mimetic. To test that idea, VUx95 was titrated against C99 in zwitterionic 

bicelles composed of 3:1 (mol:mol, q = 0.33) dihexanoylphosphatidylcholine 

(D6PC):dimyristoylphosphatidylcholine (DMPC), which is both structurally and chemically 

distinct from anionic LMPG micelles (Figure 32B). Interestingly, we found that there were 

markedly fewer CSPs in C99 in bicelles, with unsaturable shifts observed at only 

approximately ten residues. Furthermore, the shifts were significantly smaller in 

magnitude compared to the equivalent titration in LMPG, where massive shifts were 

documented. Taken together, these data provided initial evidence that the LMPG 

Figure 32. Titration of VUx95 against KCNQ1-VSD protein in LMPG and against C99 in DHPC/DMPC 
bicelles confirms the fragment’s non-specificity and LMPG-dependance, respectively. A) NMR spectral 
overlay of KCNQ1-VSD, a tetraspan integral membrane protein, in LMPG in response to increasing 
[VUx95] dose confirms that VUx95 non-specifically interacts with membrane proteins in LMPG and is 
indiscriminate of protein topology. B) Titration of bicelle-embedded C99 with increasing amounts of 
[VUx95] revealed only minor shifts in C99, suggesting that the effects observed in LMPG were LMPG-
dependent. However, the fact that shits are still observed here does suggest that there are direct 
interactions with VUx95 and C99. 
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membrane mimetic was playing a critical role in mediating the interaction between 

membrane proteins and VUx95, although some interaction of this compound with C99 in 

bicelles was seen. 

Up to this point, the evidence was mounting that VUx95 was exhibiting 

PAIN-like behavior in the LMPG system. We hypothesized that this compound’s relatively 

hydrophilic pyridine lobe was likely driving the interactions with the solvent-exposed 

regions of C99. We tested this idea by conducting SAR by NMR of VUx95 analogs that 

altered the chemistry of one or both lobes (Figure 33). All analogs except one either 

entirely lost or reduced the ability to cause CSPs in C99 NMR spectra. However, one 

analog, VUx95_C, still caused interesting shifts after replacement of both lobes with 

toluene moieties meanwhile retaining the chemistry of the amine linker. Remarkably, 

VUx95_C significantly altered the CSP profile of VUx95, such that chemical shifts were 

observed primarily in TM residues including I712, A713, T714, and N-loop residues 

including G700, E693, G696, and G697. Similarly, we observed that the C-loop residues 

were almost entirely unperturbed by this analog, indicating it had a preferred binding 

region near the N-terminus of the TM domain. However, binding of CX99 by this 

compound remained weak (KD > 10 mM) and produced non-saturable linear CSPs on 

C99 spectra, suggesting that it was inducing effects in a non-specific manner, like the 

Figure 33. SAR by catalog of VUx95 did not significantly enhance the binding affinity for C99 in LMPG. 
This figure shows the terse SAR-by-catalog I did to see if VUx95 affinity could be increased by exploring 
analogs. Overall, the affinities remained the same or were weakened compared to the VUx95 parent.   
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VUx95 parent fragment. The inability to further advance the specificity or potency of these 

compounds led us to cease further exploration of its class. These data provided sufficient 

evidence that these compounds were likely PAINS for detergent-embedded proteins and 

were likely driven by interactions with hydrophilic headgroups and/or hydrophobic 

membrane partitioning. Another alternative explanation is that VUx95 is a generally sticky 

molecule and binds both the micelles and all exposed domains of C99, however the exact 

mechanism is not entirely clear. 

A final control experiment using a soluble protein Calmodulin was done to 

verify if the VUx95 effects were specific to membrane proteins. Using the same conditions 

as the other titrations (minus the presence of membrane mimetic), linear perturbations in 

Calmodulin were observed using NMR (Figure 34, left panel). These perturbations 

appeared like what was seen for C99, Notch-1, and KCNQ1-VSD, and suggested that the 

Figure 34. Calmodulin titration with VUx95, with or without pH control. Left: NMR-observed titration of 
water-soluble 15N-Calmodulin with [VUx95] reveals linear, dose-dependent shifts across the protein. 
Right: After pH adjustment of VUx95-containing samples back to the normal pH of 6.5, the massive 
shifts are reversed, indicating pH-change was responsible for the massive spectral shifts observed. 
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linear effects that I observed in all the proteins were entirely independent of the membrane 

mimetic. It was then hypothesized that VUx95 was changing the properties of the solvent 

in a global way that was primarily affecting solvent-exposed regions of proteins. It was 

found that the pKa of the pyridine lobe on VUx95 was approximately 5.1-5.2, so the pH 

of protein-containing samples of were tested after the addition of VUx95. The pH of the 

samples containing high concentrations (5-10 mM) of [VUx95] were significantly more 

acidic, having transitioned from pH 6.5-6.6 without compound to pH 5.2 in the presence 

of 10 mM [VUx95]. This result was unexpected, because the NMR samples contained 50 

Figure 35. pH-controlled titration of C99 with VUx95. This figure depicts the residual spectral 
perturbations resulting from titration of LMPG-embedded C99 with VUx95. All samples had their pH 
brought to 6.5-6.6 after addition of VUx95, resulting in the abolishment of the large spectral shifts that 
were previously observed without pH control. However, weak and liear spectral perturbations were still 
observed for some transmembrane/juxtamembrane residues (L723, G696, G709, S697, etc), indicating 
that VUx95 is still a PAINS molecule beyond its pH-changing properties. 
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mM PIPES, which has strong buffering capacity at neutral pH. It was then clear that the 

VUx95 that was being used was likely in the acidic salt form, which resulted in linear pH 

changes with respect to [VUx95] concentration. When the pH of VUx95-containing 

Calmodulin samples were corrected back to pH 6.5-6.6, the global spectral changes that 

were observed originally were almost entirely abolished (Figure 34, right panel). 

However, some resonances continued to shift linearly with respect to [VUx95] 

concentration, suggesting that VUx95 was still likely a PAINS molecule even with proper 

pH control.  

The pH-dependent spectral shifts were confirmed by a pH-corrected 

titration of VUx95 against C99 in LMPG, where the massive and global spectral changes 

in solvent-exposed residues were replaced by minor and linear perturbations of both 

solvent-exposed and some transmembrane residues (Figure 35). However, minor linear 

perturbations in certain transmembrane C99 residues were observed, suggesting that the 

compound was still behaving like a PAINS molecule, likely by membrane insertion and 

disruption because no shifts were not observed for Calmodulin after pH correction. These 

data highlighted the importance of using high concentrations of buffer during high-

throughput screening to avoid any pH effects that the small molecules may induce. 

Discussion: 

  The combination of the work described in Chapter 3 with this chapter 

describes the general methodology used to discover small molecule binders for a 

transmembrane protein in detergent micelles. Furthermore, this work details useful hit 

validation experiments that should be employed when conducting such screens to identify 

and eliminate membrane protein PAINS from unnecessary exploration. Although this 
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manuscript focuses on the anecdotal discovery and deconvolution of one such compound 

(VUx95), these types of validation experiments were also conducted for the remaining six 

mentioned hits from the 15,000-fragment screen (Figure 27). All except one (VUx76; see 

Chapter 6 Future Directions) were determined to be false-positives and likely PAINS due 

to one or multiple of the following properties: non-specific interactions with membrane 

proteins and/or detergent micelles, detergent-dependent binding resulting in 

irreproducibility in other membrane mimetics, or likely reactivity with membrane proteins. 

Despite providing only a single potentially useful compound for small molecule probe 

development, these results remain significant as they provide a framework for membrane 

protein drug discovery and highlight issues that may arise during screening and 

subsequent hit-to-lead validation.  

We previously successfully used this HTS method to discover a more potent 

(KD = 17 μM) and C99-selective small molecule from a different small molecule library, 

confirming its usefulness beyond PAINS discovery.256 The original intention for this 

fragment screening project was to discover and/or develop small molecules that bind C99 

selectively and potently by coupling FBDD to medicinal chemistry. However, that goal is 

not currently feasible because we are confident the six remaining initial hit fragments 

presented here are exhibiting PAINS-like interactions with C99 rather than forming a 

stoichiometric complex. Regardless of their properties in our system, it is possible that 

these compounds may still be useful as building blocks of drug-like molecules without 

PAINS activity. 257 For that reason, we do not intend for this study to prescribe the 

elimination of these compounds from small molecule libraries. Rather, we suggest that 

the future re-discovery of such compounds in HTS screens involving membrane proteins 
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should take these results into account—care should be taken to clarify whether they are 

bona fide hits or not. 

The work in the Chapter also highlights the importance of doing upfront 

control experiments to validate the robustness of the screening system. As shown by 

Figures 34 and 35, the controls should also include verifying the buffer capacity of the 

system. While most of the PAINS molecule presented and discussed in this chapter did 

not have an effect on pH, pH validation should be considered a necessary part of the HTS 

pipeline, particularly when dealing with compounds in the millimolar or higher range. 

Many membrane proteins are well validated drug targets of significant interest for drug 

development. It is becoming increasingly clear that membranes and membrane mimetics 

themselves can act as mediators of membrane protein-small molecule interactions, 

particularly if the binding site is at the protein-membrane interface.258-259 We highlight that 

it is imperative to execute drug discovery screens only after substantial justification is 

made for the type of membrane mimetic used to solubilize the target protein(s). 

Furthermore, we illustrate the importance of reproducing binding experiments against an 

array of membrane proteins and membrane mimetic systems to confirm the breadth and 

selectivity of hit compounds. We hope this study provides useful insight for small molecule 

discovery in detergent-solubilized systems, and that these lessons result in reduced time 

and resources spent following up with PAINS compounds. 

 

 

Chapter 6 

Concluding Discussion and Future Directions 
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 My PhD project was intended to primarily address two objectives: 1) to 

develop a high throughput screen and hit validation pipeline that is amenable to single 

span transmembrane proteins; and 2) to use this pipeline to discover small molecule 

binders of the AD-implicated C99 protein and characterize their effects. Chapter 3 of this 

document covers the early stage of the project, focused on developing a screen by 

exploring a myriad of conditions such as sample and NMR parameters. Chapter 4 

describes the initial use of the pipeline, where I screened a library of 1,200 FDA-approved 

small molecules and found one, verteporfin, that bound C99 with low-micromolar (17) KD 

and functioned as a substrate-selective inhibitor of γ-secretase. Conversely, Chapter 5 

described a later use of the pipeline on a library of 15,000 small molecule fragments, and 

that produced a single selective binder of C99 plus six PAINS-like compounds that non-

specifically perturbed all TM proteins in LMPG, with questionable reproducibility in other 

model membrane conditions.  One of these PAINS, VUx95, was studied in detail.  This 

final chapter will discuss the take-home points from this work and the future directions 

where it may lead, as well as any outstanding questions and preliminary data that will 

guide this work moving forward. 

Before diving deep into the final discussion, a few personal points that 

highlight my passion for this work should be reviewed. When I made the decision to join 

the Sanders lab, my knowledge of the C99 / Alzheimer’s disease project was relatively 

limited. I had an understanding that C99 was the precursor to amyloid-β (Aβ), an 

Alzheimer’s hallmark and putative disease-causing peptide that was covered several 

times during my undergraduate biochemistry and biology classes. However, the first time 
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I had heard the name amyloid-β was when I was 10 years old in the car with my 

grandfather, who would listen to NPR on his car radio while he drove me to piano lessons. 

The NPR pundit was interviewing a scientist who was discussing a putative cause of 

Alzheimer’s that developed into the plaque-like substance in the brain. This was one of 

many radio topics that were covered on his radio over the years, however it is the only 

one I can remember in such detail. Since then, I have always been interested in the 

concept of amyloid and my interest in neurodegeneration more globally was certainly 

enhanced by my grandfather’s lost battle with neurodegeneration (ALS).  

That radio segment was around circa 2004, and I now understand that was 

a time where Aβ was at the center of the Alzheimer’s spotlight. The genetic disease 

evidence from the 1980’s and 90’s had spurred a widespread interest in Aβ by doctors, 

scientists, and pharmaceutical companies alike. A lot of seminal work was accomplished 

around that time with regards to figuring out the details of how Aβ is created in the brain, 

its destructive biological effects, and how it could be destroyed or reduced by 

pharmacological intervention. However, the laser focus on Aβ ironically resulted in a 

significant gap in knowledge in the basic biology of amyloid-β precursor protein (APP) 

and the immediate precursor to Aβ, C99. While I admit that gap in knowledge is closing, 

there is still a lot of work to be done before the scientific community understands just how 

many ways this protein and its proteolytic products are involved in AD, aging, and human 

development.  

I figured that I could make a small dent in this knowledge gap by studying 

C99, which is a single-pass TM receptor protein that the Sanders lab had made significant 
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progress studying over nearly two decades. Dr. Sanders had brought up the concept of 

trying to develop a drug for the protein in my final lab rotation, and it seemed like an 

intriguing idea that would give me training that was relevant to my previously honed skills 

in membrane protein biochemistry/biophysics and my emerging interests in drug 

discovery. I now understand that the work I would do was unlikely to ever amount to a 

drug that could be used in humans, much less that it would even amount to a successful 

drug in preclinical models. However, the principles of the project and the potential 

implications generated a notable excitement in me. This project would allow me to drive 

research into a major scientific question: could we find a small drug-like molecule that 

binds a simple, single-pass transmembrane protein such as C99? 

If a C99-specific small molecule binder could be discovered or developed, 

new aspects of APP biology could be probed chemically and could theoretically further 

close the gaps in knowledge related to this protein and its biology. However, C99 is a 

non-ideal drug target for several reasons, including its limited and membrane-embedded 

druggable surface area. Most “good” drug targets have significant surface area in their 

binding pockets, and C99 has only a single-span transmembrane domain with floppy 

flanking loops on either side. However, it does have a limited tertiary structure because 

of the amphipathic N- and C- helices that partially partition into the membrane and create 

a concave pseudo-pocket in its 3D structure. Indeed, cholesterol binds C99 specifically 

in the concave pocket between the TM helix and the amphipathic N-helix, and that 

suggested other molecules, such as cholesterol analogs, lipids, or hydrophobic drugs, 

could bind C99 in that same pocket or the equivalent between the TM helix and the C-

helix. The well-studied interaction between C99 and cholesterol was the original proof-of-
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concept suggesting C99 could bind other small molecules, and I wanted to take that 

feature to the next level by screening the protein against thousands of them.  

The first binder that I detected was serendipitously from the first plate of 

small molecules that I ever tested: plate 2 from the Fesik Fragment Library. The 

compound, which I refer to as VUx76 and is discussed more heavily future directions 

section below, appeared to bind C99 specifically in the C-terminal segment of the 

transmembrane domain. The KD was a weak ~400 μM, but it was the initial reinforcement 

the project needed to suggest that our screening parameters could detect C99 binders. 

The VUx76 binder, which is initially discussed in Chapter 3 and recapped in Chapter 5, is 

still under investigation and regarded as a future direction because there are still 

outstanding questions on that front. Specifically, the questions pertain to reproducibility 

issues with this compound and its analogs, which I heavily discuss in the Future Directions 

section. However, the initial discovery of VUx76 propelled this project to switch gears from 

screening the Fesik Fragment library to a library of FDA-approved drugs in hopes of 

finding something that could be more immediately useful in cellular and preclinical AD 

models. 

Screening the SelleckChem FDA-approved drug library produced about 20 

initial hit compounds that had effects on C99 NMR spectra. Upon reproduction and 

titration of the hits, only one compound, called verteporfin, convincingly displayed binding 

properties at relatively potent (KD = 17 μM) concentrations. This affinity was almost 20-

times stronger than the original VUx76 fragment compound and remains the tightest 

binding small molecule for C99 that my studies unearthed. Early on in this project, a 
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collaboration was started with Dr. Mike Wolfe from the University of Kansas, who is a 

pioneer of the amyloidogenesis/γ-secretase field. We sent him and his postdoc, Dr. Ilyas 

Beg, some verteporfin to see if it had any effect on γ-secretase cleavage of C99. 

Specifically, they monitored the cleavage of C100 (C99) by γ-secretase as a function of 

verteporfin concentration in detergent-solubilized assays. Strikingly, they observed the 

first evidence that verteporfin was inhibiting γ-secretase, with an initial IC50 value of ca. 

15 μM.  This result was impressive because it matched perfectly with our observed 

verteporfin KD for C99 and encouraged us to switch the aims of the project from simply 

discovering small molecule binders of C99 to discovering small molecule binders of C99 

that selectively inhibit γ-secretase proteolysis, which is largely where the project is now. 

γ-secretase inhibitors to reduce amyloid burden have been widely explored 

up through clinical trials but have largely been abandoned as a clinical concept because 

of off-target effects of early generation γ-secretase inhibitors (GSIs). However, a route 

that has been only partially explored was to discover and optimize a C99-selective γ-

secretase inhibitor, or a compound that targeted the C99 substrate itself and reduced 

amyloid burden without disrupting γ-secretase cleavage of other essential substrates 

such as Notch. At that point, the Sanders-Wolfe collaboration hit full gear, as we wanted 

to explore if verteporfin exhibited C99-selective properties by running the same assays 

against the Notch-1 substrate, of which proteolytic inhibition is toxic. Overall, we found 

that verteporfin acted as a γ-secretase inhibitor for both substrates at high concentrations, 

but at low concentrations where C99 cleavage was inhibited, Notch cleavage was 

activated. This meant that, with proper dosing, verteporfin was a C99-selective GSI with 

a 2-3-fold selectivity, depending on the exact Notch substrate used. Considering our 
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results showed that verteporfin had a negligible affinity for Notch-1 in model membranes, 

the bi-phasic (activator at low and inhibitor at high verteporfin concentrations) Notch 

cleavage result suggested that verteporfin was likely affecting its cleavage by non-specific 

effects such as membrane or γ-secretase perturbation. 

To point towards a mechanism of verteporfin-induced γ-secretase inhibition, 

I extensively studied this interaction in various model membranes using NMR, mass 

spectrometry, and chemical crosslinking techniques. Our data pointed to the conclusion 

that verteporfin bound the C99 monomer and had a negligible effect on inducing 

dimerization of C99. This concept was useful to prove because I had an early hypothesis, 

based off preliminary ion-mobility mass spectrometry (IM-MS) data, that verteporfin was 

inducing dimerization of C99. Dimerization of C99 is a known mechanism for reducing 

amyloid production because γ-secretase can only recognize and proteolyze the 

monomeric form of C99, such that an induction of dimerization could explain why 

verteporfin inhibited γ-secretase cleavage of it. However, neither IM-MS nor 

glutaraldehyde crosslinking of C99 revealed any change in oligomeric state in response 

to verteporfin dose, indicating verteporfin bound the C99 monomer. This led us to 

postulate a γ-secretase inhibition mechanism where verteporfin binds the monomeric 

C99, forming a complex that is inaccessible to the γ-secretase active site and results in 

reduced C99 proteolysis. 

Overall, the verteporfin discovery and characterization manuscript was well 

received at the Journal of Biological Chemistry, requiring no experimental revisions before 

acceptance. Simultaneous with the completion of the verteporfin project, I was also 
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concluding my work on the Fesik Fragment Library. The fragment library produced seven 

initial hit compounds that reproducibly induced dose-dependent NMR spectral 

perturbations in C99 and were followed up with. However, upon further exploration, it 

quickly became clear that six of the seven were likely non-specific compounds that bound 

transmembrane proteins in the LMPG membrane mimetic. I could only confidently assert 

that one compound, VUx76 (that is still under investigation), was a true C99-specific 

binder. The six other fragments displayed properties that made them appear to be pan-

assay interference compounds (PAINS) for transmembrane proteins in LMPG, which is 

the main topic of Chapter 5.   

PAINS compounds are an increasingly discussed phenomenon in the 

medicinal chemical and high-throughput screening literature. They are small molecules 

that typically lead to false-positive hits due to a target-independent sample perturbation. 

253-254, 260 Some mechanisms for PAINS activity include but are no limited to compound 

aggregation, non-specific covalent modification of the target, and fluorescent assay 

disruption. As PAINS compounds are identified in the literature, they may be removed 

from small molecule libraries to avoid future false-positive assay readouts. Most of the 

PAINS that have been reported produce false positive hits in purified soluble-protein or 

cellular phenotypic screening experiments. There is a significant gap in knowledge 

pertaining to what types of molecules may be PAINS for transmembrane proteins in 

model membranes. Although it was not the intention for the fragment screening project, 

the PAINS-like compounds I discovered when screening C99 may provide insight into 

that concept. 
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Chapter 5 heavily outlined the type of work I did to generate evidence that 

one such compound (VUx95) was a PAINS, and those types of experiments were mostly 

done for the remaining five compounds. Unsurprisingly, all the compounds were partially 

or entirely hydrophobic and aromatic, and likely partitioned into the LMPG micelle or 

interacted with its negatively charged headgroup. Other than similar degrees of 

aromaticity, the compounds were all structurally distinct from one another and displayed 

unique NMR spectral perturbations in C99 that were difficult to compare between them. 

However, an interesting observation I made was that VUx95 and VUx488 induced quite 

similar shifts in C99. I posit that the similarity is due to the pyridine moiety present on both 

compounds, because when I found analogs of VUx95 that replaced the pyridine with a 

benzene ring, those widespread effects were almost eliminated. SAR was not conducted 

on VUx488 to confirm this finding for that compound but that I hypothesize it would, and 

that the pyridine moiety was interacting with the LMPG headgroup. 

For a more general perspective, the major take-home message from the 

fragment screening project was that small molecule fragments may not be the best 

method of high-throughput screening for this type of protein. I find it more likely that 

screening of a larger library of larger and more drug-like molecules, such as those in the 

Vanderbilt Discovery Library, would have produced tighter-binding hit compounds with 

more desirable pharmacological properties. I started screening a curated subset of the 

most structurally diverse compounds in that library, which contained approximately 

10,000 out of the 150,000 small molecules that are present in the entire library. I was able 

to screen approximately 3,000 out of the curated 10,000 and saw no evidence of any hits, 

which resulted in me largely abandoning the project to focus on finishing up the FDA-
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approved and Fesik Fragment projects. However, considering my low hit rates (< 0.1%) 

from the Fesik Fragment or FDA-approved drug libraries, it is likely that there would be 

C99-binding molecules in that library that may have not been present in the initial 3,000 I 

screened.  Furthermore, the conditions that I used to screen the Discovery library were 

relatively dilute (20 μM of each compound) compared to the FDA-approved (50 μM) and 

Fesik Fragment libraries (~600 μM). The Discovery Screen was intentionally designed to 

be dilute because it would select for tighter binding molecules, however I realize now that 

may have been a mistake because the screen would also select against possible weak 

binders that could also have been good starting points for medicinal chemistry. This leads 

me to draw a major conclusion that NMR-based small molecule screening should likely 

be done at higher concentrations of small molecule, if possible, to ensure that binding 

events are saturated enough to be detected in the NMR spectra.  

Another major question that drove this work was “how druggable is the C99 

protein?”, and more generally, “how druggable are single-pass TM proteins in/around 

their transmembrane domains?” This question is loaded and may not be entirely 

answered, but my work has provided some insights. Based on my findings, it appears 

that C99 is certainly druggable, but it is not an ideal drug target and is unlikely to bind 

small molecules much tighter than the compounds I present in this thesis. That being 

said, my screening work was not comprehensive enough to conclude that C99 binders 

could not be tighter, especially if medicinal chemical SAR optimization was employed. I 

believe that if the fragment project worked out as we intended it to and gave way to at 

least two true C99 binders (non-PAINS), we would have had a better shot at generating 

a tight binder (KD < 1 μM). However, it is not clear that type of work was ever possible for 
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C99, because it lacks the necessary tertiary structure to have multiple nearby pockets 

sites for small molecule fragments to bind. Overall, I think the work I present in Chapter 

5 of this document is suggestive that FBDD may not be the best route to develop ligands 

for SPTMR proteins such as C99 in model membranes. However, my work does not 

eliminate the potential FBDD to work for multipass TM proteins, which offer more 

druggable surface area as well as internal pockets. A future direction investigating such 

a concept is currently under works in the Sanders lab, where colleagues of mine are 

screening the Fesik Fragment Library against a tetraspan membrane protein called 

PMP22. I find the likelihood of discovering PMP22-binding fragments far more plausible 

and the discoveries from that project will add to the growing body of knowledge pertaining 

to the druggability of recalcitrant membrane proteins. 

Another major conclusion to draw from my work is that screening membrane 

proteins in model membranes inherently selects for hydrophobic or amphipathic small 

molecules. This means that hit compounds will likely have a significant potential to bind 

proteins at the protein-membrane interface and may lead to a greater degree of non-

specificity than a more simple, soluble protein system. Most of the compounds my studies 

unearthed were hydrophobic molecules that had an affinity for membrane mimetics even 

in the absence of an integral membrane protein. Furthermore, all the screens discussed 

in this thesis were done in extremely high levels of detergent (2.5% w/v, 50+ mM). The 

protocol was intentionally designed this way to ensure a 16-fold excess of detergent 

micelles relative to protein, with the rationale that it would eliminate potential false positive 

binders due to forced cohabitation of detergent-partitioning small molecules with C99 by 

diluting them away. However, my discoveries suggest that this type of design paved the 
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way for different artifacts by providing sufficient membrane space for hydrophobic 

molecules to embed into. In other words, I wonder if screening C99 in lower detergent 

concentrations, such as 1:1 or 1:3 protein:micelle, would have eliminated the selection 

for these membrane binders. Did having a 1:16 protein:micelle ratio bias towards 

discovering more hydrophobic, membrane-loving compounds? I think answering that 

question, which would require rescreening the library at the lower protein:micelle ratio 

and comparing the hydrophobicity of the hit molecules, would offer great insight for future 

high-throughput screening strategy. I consider that type of work another future direction 

for another person, and in some ways, the fragment screening with PMP22 may provide 

some insights into it. As mentioned, my colleagues are currently screening it against the 

Fesik Fragment library, and they are doing so at a lower protein:micelle ratio (1:10). Their 

findings may not directly translate to my system or answer the question, but taken 

together with my findings, I suspect it will provide insight and help guide future high-

throughput screen design for membrane proteins. 

Regardless of whether the approach I took to discover C99 binders was the 

most perfect, I do still think that C99 itself is a validated drug target. I heavily discuss this 

concept in Chapter 1, and I think the discovery that verteporfin both binds C99 and inhibits 

amyloid formation is significantly provocative in favor of that assertion. Small molecules 

fragments may not be the best approach to develop a chemical probe for C99, but I have 

long wondered if an antibody or nucleotide aptamer targeting the extracellular domain 

would be a fruitful approach to reduce amyloid burden. Specifically, an antibody or 

aptamer that could potently bind the N-loop C99 region would likely occlude C99 from 

being recognized by γ-secretase and reduce amyloid formation in a highly potent and 
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specific way. To my knowledge, such a concept has not been fully explored for C99 and 

may be worth trying if a chemical probe for C99 is still desired in the future. 

A major contraindication of the work I conducted in this thesis should be 

discussed before concluding the document. As I mention in Chapter 1, inhibition of γ-

secretase mediated proteolysis of C99 may pose its own deleterious biological 

consequences, as accumulation of C99 also has implications in AD pathogenesis. I have 

held that idea in the back of my mind throughout the entire process of my PhD and for 

that reason, I do not make any bold claims that this route of therapeutic intervention would 

be useful clinically. Over 400 AD-targeting therapeutics have entered and left clinical trials 

over the last three decades, many of which have targeted the amyloidogenic pathway in 

some way and reduced amyloid burden without benefiting cognitive or behavioral 

impairment.  As such, my confidence in amyloid-centric therapeutic intervention is 

dwindling because it is becoming clearer that amyloid is only part of the AD puzzle and is 

probably the tip of the iceberg. The recent FDA-approved drug aducanumab, a 

monoclonal antibody that targets highly toxic soluble amyloid-β oligomers, is a great 

example of how amyloid burden may be more of a symptom of disease rather than a 

cause. Aducanumab has a marked effect on reducing amyloid burden in the human brain, 

however it has a near-negligible effect on stopping or reversing cognitive decline. The 

early clinical trial evidence of this antibody was not compelling enough to consider it a 

disease-modifying therapy, at least in my opinion. Nonetheless, the FDA approved 

aducanumab in the summer of 2021 and spurred significant controversy that brought into 

question the efficacy of the FDA approval process. Whether this antibody will pan out to 
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be a useful treatment in the long run will be seen in the coming years, but I do not expect 

it to last long on the market.  

An important future direction of the AD field will be to develop  therapeutics 

that target the APOE-ε4 variant. APOE is an apolipoprotein that functions as the primary 

lipid transporter of the brain. 261 There are dozens of APOE variants in the human 

population but the most well studied are APOE-ε2, -ε3, and -ε4.  Significant evidence is 

having mounted showing that the ε4 allele is the largest genetic risk factor for AD, with ε3 

being the wildtype-like normal sequence, and ε2 being protective against AD. The 

mechanisms by which why these variants play their roles in AD are largely conjecture, 

but they appear to mediate or perhaps propagate toxicity associated with amyloid 

oligomers and plaques. 262 Early evidence of pharmacological disruption of APOE-ε4 is 

promising. 263 I predict that APOE-ε4 targeting therapeutics will be a more fruitful 

approach to AD treatment than amyloid-centric treatments, at least until we understand 

the amyloidogenic pathway better. 

My PhD work was largely amyloid-centric in nature, and I often wonder 

where my work will leave the field, or if it will be largely forgotten as new discoveries 

implicate novel targets for Alzheimer’s disease intervention and shift the field away from 

the amyloid cascade hypothesis. Indeed, there are now dozens of therapeutic avenues 

that are being pursued in the global endeavor to defeat this debilitating and truly horrific 

disease. Dr. Alzheimer’s early discovery of amyloid in Auguste Deter’s brain, coupled to 

the more recent genetic and biological evidence implicating the amyloidogenic pathway 

in AD, have resulted in a hyperfocus on the amyloid cascade hypothesis. At this point in 
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history, amyloid-centric therapeutics still have the major market share with regards to 

scientific and clinical investment, but over the last decade, that share has reduced. If the 

trend continues and amyloid-targeted therapies proceed to fail on delivering efficacious 

AD treatments, I can only imagine that the field will shift to other therapeutic avenues 

such as metabolic and symptomatic management.  

I think that my research over the years, both in terms of empirical lab work 

and literature searching, alludes to a major upcoming shift in the AD field. Specifically, I 

predict that the future of the AD field will shift away from focusing on AD hallmarks and 

set its sights on tackling the more general phenomenon of human aging. Indeed the 

biggest risk factor for AD is age, and a deep understanding of how aging changes the 

physiology of the brain and body generally may provide insides into how we can slow 

aging down or reverse it. Furthermore, a deep understanding of aging would likely 

translate to therapies or changes in lifestyle choices that will also modify the onset and 

progression of Alzheimer’s disease. It is for that reason that the foreseeable future of my 

scientific career will work on understanding underlying mechanisms of aging and general 

age-related diseases. 

With this final discussion, I conclude the main text of this document. I refer 

the reader to the contents below for detailed methods and preliminary data that may be 

revisited in the future by others and/or myself. I believe that I have left the C99 project 

significantly more advanced than when I inherited it and have made contributions to the 

way the Sanders lab thinks about drug discovery. The Sanders lab is now pursuing drug 

discovery projects on membrane proteins from a variety of angles, including NMR-based 
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drug discovery, which I think is motivated, at least in part, by the precedent that I helped 

set. More generally, I hope this work shifts how the scientific community thinks about 

drugging C99 with regards to amyloidogenesis, and perhaps other disease related 

SPMTRs beyond C99. That may never happen, but I take solace in the idea that my work 

may not have immediate implications, but may one day it may spark a revolution, just as 

Dr. Alzheimer’s work did 100 years ago.   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials and Methods 

Reagents: 
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β-n-Dodecyl melibioside (DDMB; Part# ME12) was purchased from Anatrace. 1-
myristoyl-2-hydroxy-sn-glycero-3-phospho-(1'-rac-glycerol) (LMPG; CAT# 858120), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC; CAT# 850345), and 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DHPC; SKU: 850305) were purchased from Avanti Polar 
Lipids. Imidazole (CAT# I3386), lysozyme (CAT# L6876), RNAse (CAT# R4875), and 
DNAse (CAT# DN25) were sourced from Sigma-Aldrich. 15NH4Cl (CAT# NLM-467-PK) 
and 99% D2O (CAT# DLM-4-PK) was sourced from Cambridge Isotope Labs. Amicon 
Centrifuge Concentrators 10 kDa molecular weight cut-off (MWCO) spin filters were 
purchased from Fisher Scientific (CAT# UFC901024). Lauryl betaine (Empigen), 30% 
solution, was purchased from BOC Sciences (CAT# 66455-29-6). HisPur Ni-NTA resin 
(CAT# A50591) was purchased from ThermoFisher. Isopropylthiogalactoside (IPTG: 
CAT# 367-93-1), dithiothreitol (DTT; CAT# 3482-12-3), and HEPES (CAT# H75030-
1000) were purchased from Research Products International. Verteporfin was sourced 
from SelleckChem (CAT# CL 318952), MedChemExpress (CAT# CL 318952), or Sigma-
Aldrich (CAT# SML0534). Tris-HCl (J65594) was sourced from Alpha Aesar. PIPES 
(P6757), Sodium Acetate (S2889), Ammonium Acetate (73594), potassium phosphate 
monobasic (P0662), and sodium phosphate dibasic (S9763) were all sourced from 
Sigma-Aldrich. NMR tubes were sourced from WilMad (WG-3000-4-SJ). 
 
Fragment Compounds from VU HTS Core: Most compounds discussed in this 
document are discussed in terms of their VU IDs. These IDs are denoted as VU0 followed 
by a 6-digit identifier, such as VU0410776. These compounds can be tracked using web 
browser-based WaveGuide (BioVIA), which is free to VU users, or the paid-for ChemCart 
software. 
 
Fragment Compound Reagents (not from VU HTS): 
 
VU0021995 analogs A and B was sourced from Chem-space.com using the IDs 
CSSS00015312339 and CSSS000000291920, respectively.   VU0021995 analogs 
C and D were sourced from Chem-Space.com using the Chemspace IDs 
CSSS00000277133 and CSSS00017544602, respectively. 
 
Buffers:  
 
C99 lysis buffer: 25mM Tris, 150mM NaCl, pH 7.8 
Notch-1 lysis buffer: 40mM HEPES, 150mM NaCl, pH 7.8 
Imidazole NMR buffer: 25mM Imidazole, 100mM NaCl, 0.5mM EDTA, pH 6.5  
PIPES NMR buffer: 50mM PIPES, 100mM NaCl, 0.5mM EDTA, pH 6.5 
Acetate NMR buffer: 50mM NaOAc, 100mM NaCl, 0.5mM EDTA, pH 4.5 
GA X-linking buffer: 250mM Imidazole, 100mM NaCl, pH 7.8 
IM-MS buffer: 100mM Ammonium Acetate (AmAc), pH 4.5, 0.5mM EDTA 
APOE Lysis Buffer: 20mM NaPi, 300 mM NaCl, pH 8.0, 1 mM TCEP 
APOE Ion Exchange (IEx) Buffer A: 20mM NaPi, pH 8.0, 1 mM TCEP 
APOE Ion Exchange (IEx) Buffer B: 20mM NaPi, 300 mM NaCl, pH 8.0, 1 mM TCEP 
APOE Size Exclusion (SEC) Buffer: 20mM NaPi, 100 mM NaCl, pH 8.0, 1 mM TCEP 
APOE NMR Buffer: DPBS, pH 7.4, 10 mM DTT 
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Expression of C-terminally tagged C99 (C99I109W) 
C-terminally hexa-His-tagged C99 with an added tryptophan to increase its light extinction 
coefficient at 280 nm (I109W C99, was expressed in BL21DE3 strain E. coli using a 
pET21b expression vector system as previously described by Hutchison et al. 237. A 
freshly transformed colony (or a colony from a freshly prepared glycerol stock) was used 
to inoculate a 250 ml baffled flask containing 80 ml LB starter culture with 50 µg/ml 
ampicillin. The starter culture was grown at 30 ºC overnight in a shaking incubator at 200 
rpm for a total of 18-20 hours. The following morning, 5 ml of the densely grown starter 
culture was transferred into a 2.8 L baffled flask containing 1 L of 15N-NH4Cl-labelled 
minimal media (M9) enriched with 0.4% dextrose, 1xMEM vitamins (from 100x stock [New 
England Biolabs]), 1mM MgSO4, 0.1 mM CaCl2, and 50ug/ml ampicillin. The M9 culture 
was grown at 37 ºC in an incubated shaker at 220 rpm until an optical density (OD) of 
0.6-0.8 (usually about 5 hours after subculture), at which point IPTG was added to a final 
concentration of 1mM. The incubator temperature was then lowered to 20 ºC and tumbled 
overnight. The following morning, the bacteria were harvested by centrifugation at 
10,000x g for 20 minutes using a JLA8.1000 rotor in a Beckman J-20 XP centrifuge. The 
supernatant was discarded, and cell pellets were collected and stored at -80 ºC in 50 mL 
conical vials until further use. 
 
Purification of C99 
C99 pellets were removed from 80 ºC and thawed at room temperature for 30 minutes. 
The thawed pellet was then resuspended in 10 ml of C99 lysis buffer per gram of wet cell, 
followed by addition of 1mM PMSF from a 0.1M stock in EtOH and 20 µg Lysozyme, 2 
µg DNase, and 2 µg RNase from a 500x stock. The sample was then tumbled at 4ºC for 
1 hour and then sonicated on ice at 60 amps, alternating 5 seconds on /5 seconds off, for 
a total of 10 minutes. The lysate was then transferred to centrifuge tubes and spun at 
50,000g for 20 minutes at 4ºC using a JA25.50 rotor in a Beckman J-20 XP centrifuge. 
The supernatant was discarded, and the C99-containing pellet was dislodged by spatula 
into 10 ml of C99 Lysis buffer per gram of pellet. The pellet debris was then fully 
resuspended using a Dounce homogenizer until the solution was cloudy and white in 
color. The homogenized solution was again sonicated on ice at 60amps, 5 seconds on / 
5 seconds off, for a total of 10 minutes, and centrifuged at 50,000x g for 20 minutes at 4 
ºC. The supernatant was discarded, and the pellet (now mostly inclusion bodies) was 
Dounce homogenized again in 10ml of C99 Lysis buffer per gram of pellet. The fully 
resuspended solution was then transferred to 50ml conical vials, at which point Empigen 
(lauryl betaine) was added to a final concentration of 3% w/v (from 30% stock). The 
solution was then tumbled at 4 ºC overnight to ensure solubilization of the inclusion 
bodies. 
 
The following morning, the sample was centrifuged at 50,000x g at 4 ºC for 20 minutes, 
keeping the supernatant and discarding the pellet. The supernatant was then tumbled 
with 1 ml of pre-equilibrated Nickel NTA resin per 50ml of lysate for 1 hour at 4 ºC. The 
resin was then spun down in a table-top centrifuge at 500x g for 5 minutes and transferred 



134 
 

to a column. The column was first washed with 25 column volumes (CV) of C99 lysis 
buffer + 3% w/v Empigen, then 25 CV of C99 lysis buffer + 1.5% w/v Empigen. Once fully 
drained, the column was then wash/exchanged into 25 CV of C99 lysis buffer + 0.05% 
w/v LMPG (14:0 lyso-myristoylphosphatidylglycerol; Avanti 858120) detergent. Then, 
weakly bound proteins were removed by adding 25 CV of C99 lysis buffer + 0.05% w/v 
LMPG + 10 mM imidazole. The remaining weakly bound proteins were washed away 
using 25 CV of C99 Lysis buffer + 0.05% w/v LMPG + 30 mM imidazole, collecting some 
of the flow-through for an SDS-PAGE sample. *Note that LMPG can be exchanged for 
any desired membrane mimetics before elution, such as DDMB or D6PC/DMPC bicelles. 
Finally, the protein was eluted from the column using 5-10 CV of C99 lysis buffer + 0.2% 
w/v LMPG + 500 mM imidazole. The eluate was then buffer exchanged into NMR Buffer 
(PIPES or imidazole NMR buffer, depending on the experiment) using an Amicon 10kDa 
cutoff centrifugal concentrator. When thoroughly buffer exchanged (after at least 3 cycles 
of concentration then 10x dilution), the C-terminally His-tagged I109W C99 concentration 
was determined by UV280 absorbance using the concentrator flow-through as a blank and 
the 280 nm extinction coefficient (ε) of 11,420 OD units per molar per cm. Typical yields 
for C99 I109W are approximately 5mg of pure protein per liter of M9 cell growth. The 
protein was then concentrated to 200 µM and flash frozen in liquid nitrogen in 250µl 
aliquots and stored at -80ºC until further use. 
 
Expression, purification, and thrombin cleavage C99-NT2 (His tag-cleavable) 
Thrombin-cleavable N-terminally His-tagged C99 (C99-NT2) was expressed in BL21DE3 
strain E. coli using a pET21a expression construct follows the same steps as the C-
terminally tagged C99 (inclusion body extraction/purification) mentioned above. C99-NT2 
pellets were lysed and purified in the same way as mentioned above for C-terminally His-
tagged C99. After elution into C99 lysis buffer + 0.2% LMPG + 500 mM imidazole, the 
sample pH was brought up to 8.0 using NaOH, and 500 units of thrombin protease was 
added to the eluted solution. The sample was tumbled at room temperature overnight to 
ensure 100% proteolysis, which was confirmed by SDS-PAGE. After cleavage was 
verified, the imidazole in the solution was buffer exchanged away by at least 3 cycles of 
10x concentration/dilutions into C99 Lysis buffer using an 10kDa-cutoff Amicon 
centrifugal concentrator. After imidazole was diluted to <1 mM, the sample was passed 
over a fresh NiNTA column equilibrated with C99 lysis buffer, collecting the flow-through. 
The sample was repassed over the resin at least two more times to ensure that all free 
His-tag peptides were bound, collecting the flow through each time. After the final flow-
through was collected (which contains the purified untagged C99), the resin was eluted 
using C99 lysis buffer + 500 mM imidazole, collecting the sample in a separate tube. The 
flow-through sample (containing C99) was then buffer exchanged into NMR buffer (PIPES 
or imidazole NMR buffer, depending on the experiment) using an Amicon 10 kDa cutoff 
centrifugal concentrator. When thoroughly buffer exchanged (after at least 3 by 10x 
dilutions into NMR buffer), the protein concentration was determined by UV280 
absorbance using the concentrator flow-through as a blank and the UV280 nm extinction 
coefficient (ε) of 5,960 units per molar per cm. Typical yields for untagged C99 after 
thrombin cleavage and repurification were around 2-5 mg of pure protein per liter of M9 
cell growth. The protein was then concentrated to 200 µM and flash frozen in liquid 
nitrogen in 250 µl aliquots and stored at -80 ºC until further use. 
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Expression, purification, and thrombin cleavage C99 truncations C55 and C74 (His 
tag-cleavable) 
These expressions and purification were done exactly as described for C99-NT2 above, 
however the proteins were concentrated using 3 kDa MW cutoff Amicon filters. 
Furthermore, due to lack of aromatic residues to contribute to extinction coefficient, 
protein concentration was determined using Bradford or BCA assays. Typical yields were 
2-3 mg/liter of M9 growth. 
 
Expression and purification of Notch-1 TM/JM  
His-tagged Notch-1 TM/JM; as previously described by Deatherage et al.223, 264) was 
expressed in the BL21DE3 Star strain of E. coli using a pET21b expression vector system. 
The expression protocol for this construct follows the same steps as the C-terminally 
His-tagged I109W C99 expression protocol mentioned above.  
Notch-1 TM/JM pellets were removed from -80ºC and thawed at room temperature for 30 
minutes. The thawed pellet was then resuspended in 10 ml of Notch-1 Lysis buffer per 
gram of wet cell, followed by the addition of 1 mM PMSF from a 0.1 M stock in EtOH and 
20 µg Lysozyme, 2 µg DNase, and 2 µg RNase from a 500x stock. The sample was then 
tumbled at 4 ºC for 1 hour then sonicated on ice at 60 amps, 5 seconds on / 5 seconds 
off, for a total of 10 minutes. DTT (dithiothreitol) and Empigen™ were then added to the 
lysate to a final concentration of 1 mM and 3% w/v, respectively. The sample was then to 
tumbled overnight at 4°C to ensure whole cell solubilization. The next day, the solution 
was transferred to centrifuge tubes and spun at 50,000x g for 20 minutes at 4 ºC using a 
JA25.50 rotor in a Beckman J-20 XP centrifuge.  
 
The following morning, the sample was centrifuged at 50,000x g at 4 ºC for 20 minutes, 
keeping the supernatant and discarding the pellet. The supernatant was then tumbled 
with 1 ml of pre-equilibrated Nickel NTA resin per 50 ml of lysate for 1 hour at 4 ºC. The 
resin was then spun down in a table-top centrifuge at 500x g for 5 minutes and transferred 
to a column. The column was first washed with 25 CV of Notch-1 lysis buffer + 3% w/v 
Empigen + 1 mM DTT, then 25 CV of Notch-1 Lysis buffer + 1.5% w/v Empigen + 1 mM 
DTT. Once fully drained, the column was then wash/exchanged into 25 CV of Notch-1 
Lysis buffer + 0.05% w/v LMPG (14:0 Lyso PG; Avanti 858120) detergent. Then, weakly 
bound proteins were removed by adding 25 CV of Notch-1 lysis buffer + 0.05% w/v LMPG 
+ 25 mM imidazole + 1 mM DTT, collecting a sample for an SDS-PAGE sample. The 
remaining weakly bound proteins were washed away using 25 CV of Notch-1 lysis buffer 
+ 0.05% LMPG + 65 mM imidazole + 1 mM DTT, collecting some of the flow-through for 
an SDS-PAGE sample. Finally, the protein was eluted from the column using 5-10 CV of 
Notch-1 lysis buffer + 0.2% w/v LMPG + 500 mM imidazole + 1 mM DTT. The eluate was 
then buffer exchanged into NMR Buffer (PIPES or imidazole NMR buffer, depending on 
the experiment) using a 50 ml Amicon 10 kDa cutoff centrifugal concentrator. When 
thoroughly buffer exchanged (after at least 3 cycles of 10x concentration/dilutions into 
NMR buffer), the protein concentration was determined by UV280 absorbance using the 
concentrator flow-through as a blank and the molar extinction coefficient (ε) of 6,990. 
Typical yields for Notch-1 TM/JM are 5-10 mg of pure protein per liter of M9 cell growth. 
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The protein was then concentrated to 200 µM and flash frozen in liquid nitrogen in 250 µl 
aliquots and stored at -80 ºC until further use. 
 
Expression and Purification of KCNQ1-VSD 
 
The sequence encoding human KCNQ1 VSD (residues 100-249) was cloned into a 
pET16b expression vector as previously described [Peng D, Kim JH, Kroncke BM, Law 
CL, Xia Y, Droege KD, Van Horn WD, Vanoye CG, Sanders CR (2014). Purification and 
structural study of the voltage-sensor domain of the human KCNQ1 potassium ion 
channel Biochemistry 53:2032–2042.]. The resulting cloned plasmid encodes the KCNQ1 
VSD with the N-terminal hexahistidine tag sequence MGHHHHHHG. This plasmid was 
then transformed into E. coli strain C43(DE3) harboring the rare tRNA-encoding plasmid 
pRARE from E. coli strain Rosetta™(DE3) (Novagen). Individual transformants were 
cultured overnight in Luria-Bertani medium containing 100µg/mL ampicillin and 30µg/mL 
chloramphenicol. 4mL of this starter culture was used to inoculate each liter of M9 minimal 
medium for protein expression. M9 minimal medium was supplemented with the same 
antibiotics as in the starter culture, as well as MEM vitamins (Mediatech), and 50μM 
ZnCl2. To ensure complete 15N-labeling of KCNQ1 VSD, 1g 15NH4Cl was included per 
liter of M9 minimal medium. Cultures were incubated at 20ºC with shaking at 220rpm until 
the OD600 value reached 0.8, upon which expression was induced by the addition of 
isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1mM. Cultures 
were harvested 24 hours after induction by centrifugation at 4,000 x g and the cell pellets 
were stored at -80ºC until further use. 
 

Cell pellets were thawed and resuspended in lysis buffer (75mM Tris-HCl, 300mM NaCl, 
and 1mM Ethylenediaminetetraacetic Acid (EDTA), 5mM Mg(Acetate)2, 1mM 
phenylmethylsulfonyl fluoride (PMSF), 0.02mg/ml DNase, 0.02mg/ml RNase, 0.2mg/ml 
chicken egg white lysozyme) and tumbled for 30 min. The cells were lysed by probe 
sonication on ice at 4ºC for 20 minutes. Inclusion bodies were then isolated by 
centrifugation of the lysate at 20,000 x g for 20 minutes at 4°C. Inclusion body pellets 
were resuspended in fresh lysis buffer using a Dounce homogenizer, then the sonication 
and centrifugation steps were repeated. The refined inclusion body pellet was then 
resuspended in 10mL buffer A (40mM HEPES, 300mM NaCl, pH 7.5) containing 0.5% 
(w/v) dodecylphosphocholine (DPC) (Anatrace, Maumee, OH) and 2mM TCEP per 1g of 
initial cell pellet. Inclusion bodies were fully solubilized by overnight tumbling at 4°C. Next, 
insoluble debris was removed by centrifugation at 20,000 x g for 20 minutes at 4ºC. The 
supernatant was then incubated with 1mL Superflow Ni(II)-NTA resin (Qiagen, 
Germantown, MD) per 1L M9 culture for 3 hours at 4°C. The resin was then loaded into 
a gravity-flow column and washed with 10 column volumes (CV) of buffer A containing 
0.5% (w/v) DPC and 2mM TCEP. Nonspecifically bound proteins were washed from the 
resin with 15CV of buffer A containing 0.5% DPC, 2mM TCEP, and 40mM imidazole. 
Detergent exchange was then performed by washing with 10CV of buffer A containing 
0.2% (w/v) LMPG (lyso-myristoylphosphatidylglycerol) and 2mM TCEP. The KCNQ1 VSD 
was eluted 0.5CV fractions of buffer A containing 0.2% (w/v) LMPG, 2mM TCEP, and 
500mM imidazole until A280 measured less than 0.05. Eluted protein was concentrated 
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twenty-fold by centrifugation (3700 x g, 4°C) in an Amicon Ultra-15 centrifugal filter 
cartridge (10,000 Da molecular weight cut-off). The concentrated sample was then 
clarified of insoluble aggregates by passage through a 0.22µm polyvinylidene difluoride 
(PVDF) filter. The sample was then purified by size-exclusion chromatography (SEC) 
using a Superdex 200 Increase 10/300 GL column and Äkta 

Pure FPLC with 0.5mL sample injection loop. SEC was carried out in buffer A containing 
0.2% (w/v) LMPG and 5mM TCEP at a constant 0.5mL/minute flow rate with 0.5mL 
fraction collection. Fractions corresponding to peaks on the chromatogram were analyzed 
by SDS-PAGE, and those showing the isolated 18kDa band corresponding to KCNQ1 
VSD were pooled. The pooled fractions were then diluted ten-fold in VSD NMR buffer 
(50mM PIPES, 100mM NaCl, 0.5 mM EDTA, 1mM TCEP, pH 6.5) and reconcentrated in 
a centrifugal concentrator as above. This process was repeated a total of four times. Final 
KCNQ1 VSD concentration was approximated by A280 using an extinction coefficient of 
34950M−1cm−1, suggesting a final yield of roughly 3mg protein per liter of culture. Purity 
was approximated to be greater than 99% by colorimetric scanning of a Coomassie G250-
stained SDS-PAGE gel loaded with 2µg purified KCNQ1 VSD. 

High-throughput Screening 
 
Hit compound sourcing 
Compounds in hit wells were identified using either WaveGuide (BioVIA) or ChemCart 
softwares. Compounds were then ordering using the WaveGuide system and picked up 
from the HTS Core upon completion of compound distribution. SAR was conducted by 
locating analogs of hit compounds using the Structure Similarity Search function in 
WaveGuide and were distributed by the HTS core. For analogs that were unavailable at 
the HTS core, commercial sourcing was done using PubChem structure similarity 
searches and the compounds were purchased from various companies. 
 
 
Compound Distribution 
Compounds were provided by the Vanderbilt University High-Throughput Screening Core 
using a robotic Echo compound dispensing system. The FDA-approved drug library was 
acquired from the SelleckChem Company. Solid compounds from SelleckChem were 
dissolved by the HTS core in DMSO to a final stock concentration of 10 mM, and a 1 µl 
drop of each compound stock was dispensed per well on 96-well plates. To these pre-
dispensed plates, premixed NMR samples were added (see C99 NMR screening 
sample preparation). 
 
Compound Storage 
If the compounds were not used the same day of distribution (ideally they are used the 
same day of distribution), the compounds were frozen at -20 ºC in DMSO (or as powers) 
until the day of use.  
 
Sample preparation and mixing for screening  
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The preparation of NMR screening samples consisted of final concentrations of 50 µM 
C99, 2.5% w/v LMPG, 50 mM buffer imidazole, 5% v/v D2O, 0.5 mM EDTA, pH 6.5. To 
ensure that these final conditions were maintained, the individual components of the 
screening samples were added from stocks in a specific order. For example, to make 10 
ml of screening sample in imidazole NMR buffer, the following was added: 1) 10 by 250 
µl frozen stocks of 200 µM protein were thawed on ice and transferred to a 15 ml conical 
vial. 2) 1.25 ml of 20% w/v LMPG stock (dissolved in H2O) was added to the conical vial, 
which was mixed by vortexing. 3) 1 ml of 10x concentrated imidazole NMR buffer was 
added to the conical vial and mixed by vortexing. 4) The sample was then diluted to 10 
ml by adding 4.75 ml of ddH2O and 0.5 ml of D2O and allowed to reach equilibrium for at 
least 60 minutes. This final pool contained 50 µM C99, 25 mM imidazole, 100 mM NaCl, 
2.5% LMPG, 5% v/v D2O, 0.5 mM EDTA, pH 6.5. At that point, the samples (199 µl for 
each well) were distributed into 96-well plates containing pre-dispensed compounds, 
thoroughly mixed by pipette, and the complete 200 µl mixtures were transferred to 3 mm 
x 4 inch NMR tubes. At this point, each 3 mm NMR tube contained a 200 µl sample of 50 
µM C99, 50 µM Compound, 25 mM imidazole, 100 mM NaCl, 2.5% w/v LMPG, 5% v/v 
D2O, 0.5% v/v DMSO, 0.5 mM EDTA, pH 6.5. Loaded NMR tubes were cleaned with 
100% Ethanol on a kimwipe, securely capped, and transferred to an NMR tube rack 
compatible with a Bruker SampleJet system. 
 
 
NMR Spectroscopy 
 
High-throughput NMR Screening of C99 
A Bruker Avance III 600 MHz NMR spectrometer equipped with a cryoprobe (CPTCI), 
and automated sample changer (SampleJet) was used to collect NMR spectra. Sample 
details are described above. For high-throughput screening data collection, the 15N-1H 
BEST-TROSY (b_trosy3gpph.2) experiment with 64 scans for each of 96 increments and 
a relaxation delay of 200ms was run at 318 oK for a total data acquisition time of 35 
minutes per sample. To achieve enhanced signal-to-noise, follow-up titrations and control 
experiments were conducted using the BEST-TROSY pulse program with 200 scans per 
96 increments at 318 oK, for a total data acquisition time of 110 minutes per sample. Data 
was processed using Bruker Topspin 3.6 using a Gaussian window function with a line 
broadening of -10 and a gaussian max of 0.1 in both dimensions. NMR data was then 
further processed and analyzed using NMR-FAM SPARKY, plotted using GraphPad 
Prism 9, and prepared for publication figures using Affinity Designer. 
 
Fitting of NMR Binding Data  
2D 15N-1H HSQC NMR data used to calculate dissociations constant (KD) values by first 
normalizing 2D data using the established formula265 (equation 1):  
 

Equation 1: 
 

𝛿(1H, 15N) = √(1/2 [𝛿2
𝐻 + .14 ∗ 𝛿2

𝑁]) 
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Where, δ(1H,15N) is the square root of linear chemical shifts in each respective 
dimension, δH and δN with the Nitrogen normalization factor of 0.14. 
 
After 2D normalization, the data was fit to a hyperbolic binding isotherm using one of the 
following formulas depending of the data: 
 

Equation 2:   𝑌 =
𝐵𝑚𝑎𝑥∗𝑋

(𝐾𝐷+𝑋)
+ 𝑁𝑆 ∗ 𝑋 

 
Equation 2 was used for situations where titrations revealed linear shifts at high 
concentrations of ligand and saturation could not be fully reached. For this equation, Y is 
the total binding, Bmax is the maximum binding in the same units as Y, X is the added 
ligand in molar units, KD is the equilibrium dissociation constant in the same units as X, 
and NS is a linear term to account for either vehicle or nonspecific verteporfin effects. 
 

Equation 3:    𝑌 =
𝐵𝑚𝑎𝑥∗𝑋

(𝐾𝐷+𝑋)
 

 
Equation 3 was used for fitting situations where chemical shift perturbations saturated 
during titration and did not have linear shifts due to non-specific effects. For this equation, 
Y is the total binding, Bmax is the maximum binding in the same units as Y, X is the added 
ligand in molar units, KD is the equilibrium dissociation constant in the same units as X. 
1D NMR binding curves were generated by directly inputting 1D chemical shift 
perturbations directly into the proper version of equation 2. Peak height data was first 
generated using the peak-picking function in NMRFAM Sparky, and peak heights as a 
function of ligand concentration were used to generate a KD by addition into Equation 2. 
 
1D 1H Data Acquisition and Processing Parameters 
1D 1H NMR spectra were collected using the zgesgp pulse program from Bruker with 4 
dummy scans (DS), 16 NS and 32768 TD for a total experimental time of 50 seconds. 
Spectra were typically centered with an offset (O1) of 4.7 PPM, but was adjusted to a low 
as 4.39 depending on DMSO content of the sample to ensure solvent suppression. Data 
were processed using a QSINE window function with a sine bell shift SSB of 2. Peak 
heights and chemical shifts were all calculated manually using the TopSpin 3.6.2 Analyse 
function. Data were plotted using the TopSpin 3.6.2 Publish feature and graphically 
enhanced using Affinity Designer. 
 
 
15N-1H CLEANex-HSQC acquisition and processing parameters 
These data were collected on either a Bruker Avance 800 MHz or 900 MHz NMR 
spectrometers both equipped with cryoprobes (CPTCI). The HSQC portion of the 
experiment was collected using the Bruker fhsqcf3gpph pulse program with 16 DS, 256 
NS, and 2048 x 128 TD in the 1H F2 and F1 dimensions, respectively. The CLEANEX 
portion of the experiment was collected using the Bruker fhsqccxf3gpph pulse program 
using the same settings with a 100 ms mixing time. Both sets of data were processed 
using a gaussian window function with -10 LB and 0.1 GB in both dimensions. If 
necessary, peak volume was determined using the Analyse function in TopSpin 3.6.2. 
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Data were then plotted using NMRFAM SPARKY and graphically enhanced using Affinity 
Designer. 
 
1H-1H NOESY acquisition and processing parameters  
These data were collected on the more sensitive Bruker Avance 800 MHz and 900 MHz 
NMR spectrometers both equipped with cryoprobes (CPTCI). A sample was prepared 
containing 300 µM C99 and 300 µM Verteporfin in 2.5% d27-LMPG (deuterated alkyl 
chains), 50mM d4-Imidazole (deuterated imidazole), 100 mM NaCl, 0.5 mM EDTA, 1mM 
DSS, pH 6.5 in 85% D2O. The 1H-1H NOESY experiment was recorded on the 800 MHz 
spectrometer with a mixing time of 120ms, relaxation delay of 2 sec, 4k x 1k data 
acquisition matrix, using the standard Bruker pulse program (noesyphpr). Data was 
processed and analyzed using TopSpin 3.6 and graphically enhanced using Affinity 
Designer. 
 
 
Other Methods 
 
Glutaraldehyde (GA) crosslinking 
C-terminally His-tagged C99 was expressed from E. coli as mentioned above, and the 
sample was eluted into a buffer containing 0.1% w/v LMPG, 350 mM Imidazole, 100 mM 
NaCl, pH 7.8. The protein sample was buffer swapped into GA X-linking buffer containing 
0.25% w/v LMPG, 250 mM imidazole, 100 mM NaCl, pH 7.8 and the protein was 
concentrated to a stock of 300 µM C99. Protein stocks were either used right away or 
flash frozen in LN2 and stored at -80 ºC until further use. 
 
On the day of the experiment, fresh glutaraldehyde (from 25% w/v ampoule) was used to 
prepare serial dilutions and stored on ice. Reaction volumes were set at 50 µl, containing 
30 µM C99, 25 mM Imidazole, 100 mM NaCl, pH 7.8 and 2.5% w/v LMPG. For a typical 
GA reaction setup, the following components were added to Eppendorf tubes in this 
specific order: 
5 µL of 300 µM C99 was added to the bottom of the tube, followed by 6 µL of 20% w/w 
LMPG solution, then the sample was diluted to 50 µL using 39 µl of GA X-linking buffer. 
The sample was mixed by vortex and allowed to sit for at least 30 minutes. After 
incubation, 1 µL of Verteporfin stock (typically 10 mM in DMSO) was added to the mixture, 
vortexed, and allowed to incubate for at least another 30 minutes in the dark. Finally, 1 µl 
GA was added from the corresponding stock (depending on the concentration needed) 
to the side of the Eppendorf tube. After all the samples had GA droplets added to the 
sides of the corresponding tubes, the drops were plunged to the bottom by centrifugation 
at 10,000g for 10 seconds and the tubes were mixed by vortex and allowed to react for 
30 minutes. After the reaction time was completed, the reactions were quenched using 2 
µl of 1 M Tris/Glycine buffer and allowed to sit for at least 5 more minutes to ensure 
complete quenching. Then, SDS loading buffer was added directly to the reaction tubes 
and the samples were visualized using SDS-PAGE and analyzed by densitometry using 
ImageJ. Data were fit using the following one-phase exponential decay function (equation 
4): 
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Equation 4: 
 

𝑌 = (𝑌0 − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢) ∗ 𝑒−𝐾∗𝑋 + 𝑃𝑙𝑎𝑡𝑒𝑎𝑢 
 
Where Y starts at Y0 and decays down to the Plateau (Yfinal), X is concentration, and K is 
the rate constant in the reciprocal units of X.  
 
Ion mobility- mass spectrometry (native mass spectrometry) 
IM-MS data were collected using a Synapt G2 HDMS IM-Q-ToF mass spectrometer 
(Waters, Milford, MA), with a direct infusion nESI source set to positive ion mode. The 
instrument settings were tuned to generate intact C99-verteporfin complex ions while 
completely dissociating them from detergent LMPG micelles, including appropriately 
tuned settings for the sampling cone 80 V, trap cell accelerating potential 80 V and the 
transfer cell accelerating potential 70 V. The trapping cell wave velocity and height were 
116 m/s and 0.1 V, respectively. The IMS wave velocity and height were 250 m/s and 15 
V, respectively. The transfer cell wave velocity and height were 300 m/s and 10 V. Prior 
to analysis, C99 in LMPG micelles at a protein concentration of 20 µM C99 and 100X 
CMC LMPG or DDMB samples were prepared by incubating 20 µM C99 with 100X CMC 
LMPG for 30 minutes, then titrating in DMSO or Verteporfin and incubating in the dark 
overnight. Verteporfin binding buffer conditions were 200mM Ammonium Acetate at pH 
4.5. For all C99-verteporfin LMPG micelles measured at 0 μM, 10 μM, 20 μM, 30 μM, 40 
μM, 50 μM, and DMSO verteporfin concentrations, C99 was observed as monomeric and 
dimeric species, with the monomeric species having a charge state distribution between 
9+ - 4+, and the dimeric species having a charge state distribution between 12+ - 
8+.These charge state distributions were observed to persist across all verteporfin and 
DMSO concentrations and were extracted into a text-based format using TWIM extract to 
compute the relative intensity of each species at a given weight percentage.  
 
γ-Secretase assay   
The γ-secretase-dependent proteolysis assays with both substrates (C100-FLAG and 
HexaHis Notch 1 JM/TM) were performed in a weak zwitterionic detergent (CHAPSO, 3-
[(3- cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate) solubilized 
conditions. 266-267 C100 is C99 with an added N-terminal Met residue. Stock solution of 
purified γ-secretase268-269 was diluted to 30 nM in standard assay buffer containing 50 
mM HEPES (pH 7.0), 150 mM NaCl, 0.1 % DOPC (phosphatidylcholine), 0.025% DOPE 
(phosphatidylethanolamine) and 0.25% CHAPSO) and incubated at 37 oC for 30 min, 
whereupon stock solution of verteporfin or inhibitor (LY411,575) was added to achieve 
the desired concentration with 1% final DMSO concentration. Proteolytic reactions were 
initiated by adding purified substrates (either C100-FLAG266 or HexaHis-Notch 1 
JM/TM264) and incubating at 37 oC (16 h for C100Flag and 4 h for HexaHis-Notch 1 
JM/TM). Reactions were quenched with SDS, and the cleaved intracellular domain 
products (AICD-FLAG released from C100-FLAG or truncated intracellular domain 
(NICD) released from the proteolysis of Hexa-His Notch 1 JM/TM) were visualized by 
Western blot using specific primary antibodies, anti-FLAG antibody for FLAG tagged 
AICD and neoepitope-specific anti-V1744 antibody for NICD.267, 270-271  
 



142 
 

IC50 measurements 
Purified γ-secretase was diluted in standard assay buffer to specified concentrations and 
incubated at 37 °C for 30 minutes, followed by the addition of stock solution of verteporfin 
in DMSO to achieve various final verteporfin concentrations and 2% final DMSO 
concentration. Purified C99 FLAG was then added to start the proteolytic reactions, which 
were incubated for 2 h at 37 °C. The concentrations of Aβ40 produced during the 
proteolysis of C100 FLAG by γ-secretase were determined using a specific sandwich 
ELISA (Invitrogen). Aβ40 concentrations were plotted as a function of verteporfin 
concentration, and the resultant sigmoidal curves were fitted to Equation 5 to determine 
IC50 values.267, 270  
 

Equation 5:   𝑌 = 𝑀𝑖𝑛 +
(𝑀𝑎𝑥−𝑀𝑖𝑛)

1+(
𝑋

𝐼𝐶50
)

𝐻𝑖𝑙𝑙 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

 
Dynamic light scattering 
Samples of were made according to NMR Sample Conditions. Solutions were first filtered 
with a 0.2 µm syringe filter then centrifuged at 10,000x g to remove insoluble debris. The 
solution was then added to the inner chamber of the disposable DLS cuvette. The 
disposable DLS cuvette was capped and loaded in the DLS instrument. Experiments were 
carried out at 25 °C. The DLS software (Dynamics 7.5 software; Wyatt Technologies) 
calculates an apparent hydrodynamic radius (Rh) via the Stokes-Einstein equation 
(Equation 6):   
 

Equation 6:    𝑅ℎ =
𝑘𝑇

6𝜋𝜂𝐷𝑡
 

 
where k is Boltzmann’s constant, T is the absolute temperature, 𝜂 is sample viscosity, 
and Dt is the diffusion coefficient. The apparent molecular weight of the detergent or 
verteporfin particles was calculated in the Dynamics software, as based on the measured 
apparent radius of hydration, using the assumption that the density of the particle was 
similar to that of a globular protein. 
 
Preparation of protein structures for docking 
The full-length structure of C99 in micelles was obtained from the RCSB PDB Database 
(PDB: 2LP1). The PDB file was relaxed within an implicit membrane in Rosetta 3.13 using 
RosettaMP protocols.272 273 274 Implicit membrane position and thickness was set to span 
residues A701-V721. 500 relaxed models were generated using the FastRelax mover 
within the implicit membrane and scored by an all-atom membrane score function. The 
model with best total score was selected as the representative to be used for docking 
simulations. 
 
Preparation of verteporfin conformers for docking 
The 2D structure of verteporfin was obtained from PubChem (CID: 11980904) and 
converted to a 3D conformer using CORINA. BCL Conformer Generator was then used 
to create a conformer library (250 conformers) from this 3D template.275 
 
Local docking of verteporfin to C99 
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The verteporfin conformer library was docked to the relaxed C99 model within an implicit 
membrane in Rosetta 3.13 by coupling RosettaLigandDocking and RosettaMP protocols. 
272-274, 276 277 278 Conformers were initially placed between the C99 transmembrane helix 
and the C-helix to be near perturbed residues identified by 15N-1H TROSY experiments. 
Large conformer moves were sampled by a 1000-step low resolution Monte Carlo search 
of the binding pocket using the Transform mover. Next, six cycles of the the 
HighResDocker Mover were used to sample alternate rotamers near the ligand and 
perform small ligand sampling, repacking the protein-ligand interface every third cycle. 
Finally, the FinalMinimizer Mover was used to perform in-membrane gradient-based 
minimization of the pose, refining it to a final output model. 65000 models were generated 
in this manner and scored within a membrane all-atom score function as during relaxation. 
 
Model evaluation and RMSD analysis Docked models were sorted by their within-
membrane interface scores and the best-scoring model was selected as the 
representative structure. All models were then evaluated against the best scoring model 
by plotting their interface scores versus their RMSD to the best-scoring model. Plots were 
generated using the ggplot2 package (version 3.3.2) in R (version 4.0.2). 
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Preliminary Data 

 

Discovery and “SAR by Catalog” optimization of hydroxypyrazole-class 

compounds that bind C99 

 

As discussed in Chapters 3 and 5 of this thesis, a preliminary single-plate 

screen led to the discovery that C99 binds VU0410776 (2-phenyl-5-methyl-4H-pyrazol-3-

one), shown as an insert in Figure 36A. It was found that approximately 8 peaks 

underwent chemical shift perturbations that were in the slow-exchange regime on the 

NMR timescale, suggesting a tightly bound complex with a slow off-rate. (Figure 36A) 

These resonances mapped back to residues in the C-terminal region of the C99 

Figure 36. Discovery that VU0410776 is a C99 binder. A) Five overlaid 15N-C99 spectra at varying 
[VU0410776] concentrations reveals slow exchanging peaks upon compound addition. B) Shifting 
peaks map to C-terminal transmembrane/juxtamembrane region of C99 sequence. C) Binding isotherm 
of the emerging peak integral of the C99 bound-state vs. [VU0410776] concentration. D) Notch-1 TM/JM 
titration with [VU0410776] reveals non-specific, fast-exchange interactions that do not saturate, 
suggesting VU0410776 does have non-specific interactions with membrane, but prefers C99 over 
Notch. 
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transmembrane/juxtamembrane alpha-helix (including residues A713, V717, L720, 

M722, L723, T729), which is highlighted in Figure 36B. Remarkably, C99 was nearly 

bereft of spectral perturbations at other residues, including those adjacent to the binding 

site such as G709 or K724. The emergence of bound-state resonances were monitored 

and plotted using the bound-state peak integral as a function of [VU0410776] 

concentration, leading us to uncover a KD of ca. 416 µM for C99. (Figure 36C) Finally, 

we titrated the compound against the Notch-1 TM/JM control and found that there were 

minor perturbation in 2 Notch residues, however the effects could would not saturate up 

Figure 37. SAR by Catalog optimization of VU0410776 analogs reveals tighter and weaker binding 
analogs. The right side of this figure shows VU0410776 analogs that revealed no binding, suggesting 
bulky modifications to the 4- and 5- positions of the hydroxypyrazole ring were not suitable for chemical 
optimization. Inversely, truncation of the 5-propyl to a 5-methyl group and elimination of the para-fluoro 
atom increased affinity to C99 by 20-fold (VU0412456). Addition of an ortho-chloro group to VU0412456 
partially reduced affinity by 5-fold, indicating a potential region for chemical modification. N-methylation 
or triflation of the hydroxypyrazole ring, shown on the left, eliminated binding entirely. 
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to 10 mM [VU0410776], over 20 time higher than the KD for C99. (Figure 36D) Taken 

together, these data indicate that VU0410776 binds C99 in a specific region of the TM/JM 

region and exhibits only non-specific interactions with Notch-1, which we hypothesized 

was because of non-specific membrane interactions. 

The next question was whether this compound be optimized for tighter and 

more C99-specific binding by testing a series of available VU0410776 analogs, a process 

known as SAR by Catalog. We sourced approximately 12 VU0410776 analogs that tested 

various degrees of chemical space while maintaining the key hydroxypyrazole backbone, 

shown in Figure 37. We first tested analogs of VU0410776 that extended or altered the 

alkyl chains on the 4- and 5- positions of the pyrazole ring. Interestingly, longer or bulkier 

alkyl chains entirely ablated the affinity of these compounds (VU0411890, VU0411860, 

and VU0411884) for C99, with no NMR spectral perturbations seen for any of them. This 

suggested that face of the hydroxypyrazole class was likely in direct contact with C99 

residues. Inversely, truncation of the 5-propyl group to a 5-methyl drastically increased 

the affinity to C99 from KD = 450 µM for VU0410776 to  KD = 20 µM for VU0412456, 

confirming the role of that position for C99 binding (Figure 37; pink). At that point, we 

explored further analogs of VU0412456 and found that an ortho-chloro analog, 

VU0306253, (Figure 37; purple) bound with a modestly reduced affinity for C99 (~100 

µM KD). This indicated to us those substitutions of the phenyl ring were viable candidates 

for medicinal chemical optimization of this compound, contrary to what we found for the 

4- and 5-positions of the hydroxypyrazole ring. Interestingly, isomerization of the 3-

hydroxy group to a 4-hydroxy analog, N-methylation of VU0412456, and triflation of the 

VU0412456 methyl group eliminated C99 binding entirely. We were pleased to see that 
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the three binding compounds affected the same region of C99 residues, ranging from 

A713-L723 in the transmembrane helix with some other biding residues seen in the C-

loop. As seen in Figure 38, VU0412456 bound the same overall position on C99, but also 

appeared to recruit two more residues, S750 and E758, into the complex. The additional 

binding energy contributed from those residues could explain why VU0412456 binds 20-

times tighter than the parent VU0410776 compound. Furthermore, VU0412456 had 

virtually no effect on the Notch-1 spectrum at the concentrations tested, suggesting that 

this compound was a C99-specific binder and would be a good starting point for medicinal 

chemical optimization. 

We decided to pause further SAR and continue using the tightest binding 

V00412456 and the VU0410776 parent compounds for further studies. To verify whether 

Figure 38. Discovery that VUx76 analog VU0412456 is a tighter and more specific C99 binder than its 
parent. A) Five overlaid 15N-C99 spectra at varying [VU0412456] concentrations reveals slow 
exchanging peaks upon compound addition. B) Shifting peaks map to C-terminal 
transmembrane/juxtamembrane region of C99 sequence, with similar residues as what was seen for 
the VU0410776 parent. C) Binding isotherm of the emerging peak integral of the C99 bound-state vs. 
[VU0412456] concentration, revealing a KD of ca. 20 µM. D) Notch-1 TM/JM titration with [VU0412456] 
revealed no spectral perturbations at the concentrations tested, suggesting this compound specifically 
bound C99. 
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these interactions were truly direct and not exclusively a consequence of likely detergent 

interactions, we tested both the parent VU0410776 and optimized VU0412456 

hydroxypyrazole analogs against a mutated C99. Specifically, L723, which was directly 

in the middle of the C99 binding sequence and underwent a large chemical shift 

perturbation upon titration, was mutated to alanine and titrated with either of the 

compounds. Remarkably, we found C99 L723A had no affinity for these compounds, 

confirming the direct interaction between the protein and the compound and confirming 

the importance of this residue (Figure 39). 

Discussion and Disclaimer 

 

A major disclaimer about these data must be shared to complete 

transparency and is the reason I consider this data preliminary. Perhaps the most 

Figure 39. C99 L723A mutant loses all affinity for VUx76 and VUx56 fragments, confirming binding site. 
A) C99 L723A shows only minor, fast-exchanging perturbations in response [VU0410776] titration, 
reflecting what was seen before for Notch-1. B) C99 L723A shows only minor, noisy shifts in response 
to [VU0412456] titrations, confirming the role that L723 plays in binding. C) C99 topology plot 
highlighting the mutated L723 residue that lies in the middle of the hydroxpyrazole binding site.  
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puzzling aspect of this class of compounds was the fact I have had trouble reproducing 

the effects of these compounds from commercial sources. The compounds that were 

used in the figures shown in this section were all sourced from the Vanderbilt University 

High Throughput Screening (VUHTS) core, at least originally. VU0410776 was sourced 

from Hit2Lead.com, and reproducibly bound C99 from their batch over the years (Figure 

36), which does lend hope that these effects are real. However, VU0412456 was sourced 

from three different companies and none of them reproduced the shifts in C99 that were 

shown in the figures above. Interestingly, VU0412456 from the VUHTS core was blue in 

color, but was yellow / pale yellow from two companies and green from another. 

Furthermore, 1H NMR spectra of VU412456 from the HTS core was very slightly different 

from the commercially sourced equivalent. This suggested to me that the VU412456 

compound from the HTS core was likely oxidized or degraded in some way, as the 

compounds had been sitting in 200 mM DMSO stocks at room temperature for several 

years since their synthesis. Alternatively, they could have been improperly purified after 

synthesis and residual metals or biproducts could have been the causative agents in 

binding. The preliminary SAR I conducted suggests that there really is something about 

this pharmacophore that interacts with C99, but commercial reproducibility is a major 

concern that could invalidate all the SAR data. Regardless, these reproducibility issues 

remain a mystery and are still an ongoing investigation in my research. 

Another contraindication for these compounds is that they only bound C99 

in LMPG micelles, with only negligible effects observed in DHPC/DMPC bicelles and 

DDMB micelles (data not shown). This suggested that this class of binders, or whatever 

the binding agent(s) in the HTS sample was, likely were forming a ternary complex with 
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C99 and LMPG. Specifically, I hypothesize the negatively charged phosphoglycerol 

detergent head group played a role in recruiting the binding compounds and stabilizing 

the complex. This idea could also explain why the binding event was undergoing slow 

exchange on the NMR timescale despite only having weak KD values (20-450 µM). 

Specifically, it is possible that the compounds were ‘diffusion-limited’, such that they had 

a very slow binding off-rates due to the combined energetic contributions of the LMPG 

and C99 binding, leading NMR spectra to reflect slow-exchange. An alternative 

hypothesis for the slow exchange is that the hydroxypyrazole compounds themselves had 

nothing to do with the binding, and it was actually a contaminant, biproduct, or degradation 

product in the DMSO vehicle that was in much lower concentration and was truly a tight 

binder. Extensive liquid chromatography-mass spectrometry (LC-MS) of these 

compounds suggested that the degradation hypothesis was likely untrue, as the 

compounds appeared to be majorly intact (Data not shown). However, the MS data could 

not rule out the presence of low-abundance impurities in the samples, which are 

extremely difficult to detect by conventional analytical methods.  

Taken together, the discovery of the hydroxpyrazole class of C99 binders 

has been fascinating but not reached a conclusion. Work is still ongoing to parse out 

these issues, however it appears that I may have been misled to some degree and these 

binders may be false positives. If these compounds turn out to be true positives, their 

discovery would be a monumental advancement for C99 chemical probe development, 

as they are relatively tight, C99-specific binders. Furthermore, these compounds are 

primary metabolites of well-studied phenazone NSAID drugs, which have a long history 

of human use and are tolerable up to millimolar concentrations in human serum. If the 
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binding turns out to be true, these compounds could be fed right into cellular and animal 

models of AD to investigate their effects on APP/C99 biology. Considering the region of 

C99 to which they bind, I hypothesize they would likely be γ-secretase inhibitors and may 

also have neat properties in perturbing APP/C99 signaling in cells. 
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