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ABSTRACT 

Alzheimer’s Disease (AD) is a neurological disease currently affecting close to 6 million 

Americans.3 A major neuropathological hallmark of AD is the presence of senile plaques 

in the cerebral cortex and hippocampus.3 Senile plaques (amyloid plaques) are mainly 

composed of extracellular aggregates of amyloid β-peptides (Aβs); it has been 

hypothesized that Aβ deposition initiates a pathological cascade resulting in cognitive 

decline characteristic of AD.9-11  

γ-secretase (GS) cleaves amyloid precursor protein (APP) in its transmembrane domain 

generating Aβ40 and Aβ42 that aggregate into the insoluble aggregates of senile 

plaques.5,11 GS has been a target of anti-AD drug discovery projects with limited 

success.23-25 Two broad spectrum GS inhibitors (GSIs), avagacestat and semagacestat, 

failed due to worsening cognition in patients in addition to other serious adverse effects 

largely attributable to the 90 endogenous substrates of GS.23-25 Despite GSIs’ failure, 

there is compelling evidence that Aβ is a causative agent in AD, including but not limited 

to: human genetics of familial AD (FAD) 12-14 and Down’s syndrome. 30-31 

To circumvent issues from GS inhibition we aimed to target the GS substrate in the 

amyloidogenic pathway, the transmembrane domain of APP (APPTM). Multiple screening 

methods resulted in two different binders of APPTM that inhibited APPTM cleavage by 

GS or presenilin homolog (PSH), 6H8 and N1. 6H8, a covalent modifier of APPTM found 

in a fragment library, modifies C-terminal lysines in APPTM via a Michael addition 

mechanism. While N1, a non-covalent modifier found by DNA encoded library screen, 

binds to APPTM though both hydrophobic and electrostatic interactions. 6H8 and N1 

inhibit cleavage of APPTM with IC50 values in the low micromolar and tens of nanomolar 



 

xi 

ranges, respectively. 6H8 may be engineered into a targeted covalent inhibitor while N1, 

with nanomolar efficacy, is a promising lead compound for lowering amyloid load for 

managing AD.  
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1 BACKGROUND OF ALZHEIMER’S DISEASE  

1.1 Alzheimer’s Disease  

1.1.1 AD Facts and Figures  

Alzheimer’s Disease is a neurodegenerative disease first described by German 

psychiatrist and neuropathologist Dr. Alois Alzheimer in his 1906 article.1,2 AD is currently 

affecting close to 6 million Americans and 35 million people worldwide.  Over the next 

decade AD is projected to affect 65 million people.2-4 AD is the sixth leading cause of 

death overall and the fifth for people over the age of 65 and the most common form of 

senile dementia. With our rapidly aging population, a cure for AD remains at the forefront 

of the unmet medical across the globe.3-5 AD dementia is characterized by progressive 

cognitive decline that affects memory, speech, behavior/personality, reasoning, and 

visuospatial orientation, among many other cognitive dysfunctions.2,5 

1.1.2 Pathological Hallmarks of AD 

There are several, both macro- and microscopic, pathological hallmarks of AD. 

General macroscopic features include atrophy of cortical neurons and the brain.2,5 

Microscopic pathological hallmarks include accumulation of abnormal proteins both within 

and outside of neurons referred to as senile plaques and neurofibrillary tangles (NFTs), 

respectively.5 The plaques and tangles localize in the cerebral cortex and spread along 

neural pathways that are involved in memory formation and cognitive abilities.5 Both 

plaques and NFTs can be accumulating decades before onset of dementia. As the 
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disease progresses these pathologies become more prevalent and give rise to the 

macroscopic pathologies such as brain atrophy and memory loss.2 

Tau protein’s normal function is to stabilize microtubules of the axons of neurons 

along with providing structural support to vesicles.5-6 NFTs are aggregates of hyper-

phosphorylated tau that has become dissociated from microtubules. It is hypothesized 

that NFT formation disrupts normal transport of neurotransmitters along axons of neurons 

leading to neuronal dysfunction and death.5-6 NFT pathology progresses in a defined 

temporal and spatial order starting in entorhinal cortex, to the hippocampus, and then 

finally to the neocortex, spreading in a prion-like manner.7-9 The spread of tau pathology  

Fig. 1. Amyloidogenic pathway for APP processing and Aβ generation. Cleavage of APP by β-
secretase generates the 99 C-terminal residues of APP (C99). Intramembrane proteolysis of C99 by 
γ-secretase (GS) generates Aβ40 and Aβ42. Aβ aggregates to form senile plaques, a major 
pathogenic hallmark of AD. 

correlates well with cognitive decline of AD patients implicating its involvement with 

disease progression.7,10  
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In addition to NFT, senile plaques are another major pathological hallmark of AD 

that are comprised mostly of Aβ peptide aggregates. Aβ is generated from amyloid 

precursor protein (APP). APP is a type I transmembrane protein that is cleaved 

consecutively by two proteases: β- and γ-secretase (Fig. 1).5,11 β-secretase cleaves APP 

and generates a C-terminal 99-residue construct (C99). GS then cleaves C99 in the 

transmembrane domain (APPTM) which releases Aβ into the extracellular or luminal 

space.11 Aβ aggregates and forms oligomer and fibrils with dense β-sheet secondary 

structure.5 Aβ, has two major isoforms: Aβ40 and Aβ42, composed of 40 and 42 residues, 

respectively. Aβ40 is benign in comparison to Aβ42, which has much higher propensity 

to aggregate into neurotoxic oligomers and fibrils.11 Senile plaques are hypothesized to 

illicit an inflammatory response, which eventually leads to neuronal death.2,5 Substantial 

evidence supports that Aβ deposition is an early pathological process of AD, preceding 

onset of dementia by up to 20 years though there remains a debate if senile plaques or 

NFTs are responsible for initial onset of AD.2,5 

1.1.3 Familial AD (FAD)  

Significant evidence for the involvement of Aβ exists in familial AD (FAD). FAD is a 

genetic form of AD characterized by early onset dementia with symptoms appearing 

before age 65.2 FAD results from mutations in the APP/GS cascade (Fig. 1). Most FAD 

mutations occur within the gene of presenilin (the active subunit of GS), underlining the 

role of GS in AD pathology.12 A feature of FAD is an elevated Aβ42/Aβ40 ratio which 

contributes to the early onset of AD. To better characterize AD and FAD, our lab 

previously solved the structure of APPTM, via solution NMR in DPC micelles along with 



4 

FAD mutations (V44M and V44A).13 These mutations were found to enhance the flexibility 

and therefore the accessibility of the initial Ɛ-cleavage site for Aβ42 production line, 

promoting the higher Aβ42/Aβ40 ratio in FAD.13  Our lab also demonstrated that C-

terminal lysine cluster of APPTM (K53-K55) participates in the initial docking of APPTM 

to intramembrane protease, coupled with helical unwinding to ready the substrate for 

peptide bond hydrolysis.14 Recently, the cryo-EM structure of GS complexed with APP 

substrate revealed an α-helical to β-strand transition at the C-terminus of APPTM. This 

transition exposes the initial ε-cleavage sites to interact with the active site of γ-

secretase.14 

1.2 FDA Approved Treatments for AD and Current Drug Discovery 

1.2.1 FDA Approved Treatments for AD  

There are several drugs approved by the FDA to combat AD. Most of which are 

cholinesterase inhibitors that prevent the breakdown of acetylcholine, a neurotransmitter 

responsible for synaptic plasticity and transmission along with the firing of neurons.15 

These cholinesterase inhibitors are Donepezil and Rivastigmine; additionally 

Rivastigmine also prevents the breakdown of butyrylcholine (neurotransmitter similar to 

acetylcholine).16 Both Donepezil and Rivastigmine are used in the treatment of severe AD 

while another drug Memantine is used in the treatment of moderate to severe AD. 

Memantine is distinct from other treatments in that it is an N-methyl D-aspartate (NDMA) 

receptor antagonist.17 These receptors have important functions in learning and memory, 

specifically spatial memory and are over activated in moderate to severe AD pathology.17  
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The most recent approved anti-Aβ treatment is aducanumab, whose approval was 

not without controversy. The presence of elderly patients that have resistance to AD 

and/or do not exhibit cognitive decline implicated that their immune system offered a 

protective barrier against AD. This protection is the basis of aducanumab’s discovery in 

a human B-cell library of an elderly patient without dementia symptoms.18-19 Aducanumab 

is a human immunoglobulin that recognizes soluble oligomers and insoluble fibrils of Aβ 

at the linear epitope formed by amino acids 3-7. Following initial toxicity and efficacy study 

in mice, human clinical trials began.18 An interim assessment in March 2019 ended the 

phase III clinical trial due to inability to reproduce positive results observed in initial 

studies.19 Following the discontinuation in October 2019, the initial analysis was discarded 

as it had been based on less accurate statistical analysis and another phase III trial was 

initiated to assess the long-term efficacy of mAb.19 Aducanumab was approved through 

the FDA’s accelerated approval pathway, used for drugs that treat life threatening 

illnesses with no current treatment. This decision was met with skepticism and critique 

from the AD community, though completion of phase IV long term efficacy trials will tell if 

FDA approval was the correct choice or not.19  

1.2.2 Overview of Current Drug Discovery for AD  

As AD is the sixth leading cause of death considerable time and effort is being 

devoted to developing anti-AD drugs.2,20  As of January 2021, there were 126 compounds 

in 152 clinical trials (phase I-III) requiring roughly 38,000 participants, taking 

approximately 2.5 million participant in-trial weeks.20 This time does not account for: time 
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of researcher participation in trials, time devoted to screening, time required for trial 

organization, or people excluded from trials early on.20  

Generally, there are two major classes of drugs (biologics and small molecules) 

targeting three different stages of AD (prevention, prodromal/mild-AD, and moderate-

severe AD).20 Biologics are drugs derived from living organisms such as: vaccines, 

antibodies, therapeutic proteins, and oligonucleotides. Biologics are much larger in 

molecular weight than small molecule drugs.  Small molecule drugs have a molecular 

weight under 500 Da and are usually obtained from screening of large libraries.20 Of the 

126 compounds in clinical trials the majority are small molecules (approximately two 

thirds) with biologics making up only one third of the trials.20 There are three wings of AD 

drug discovery that encompass both biologics and small molecules: disease modifying 

treatments (83% of trials), cognitive enhancement treatments (10%) , and behavioral and 

psychiatric symptom reduction treatments (7%).20 We specifically focus on disease 

modifying treatments as they make up the largest portion of clinical trials and are more 

relevant to our drug discovery efforts targeting the reduction of amyloid plaques. 

There are 104 (83% of total) disease modifying treatments in clinical trials with: 23 

species in phase I, 64 species in phase II, and 17 species in phase III, with an 

approximate 70/30 split between small molecules and biologics respectively.20 

Throughout phase I – III trials the most common disease pathology targeted is amyloid 

plaque formation (16 compounds, ≈ 15%) followed by tau (11 compounds, ≈ 11%).20  

In phase III trials there are five drugs that target amyloid pathology.20 Four of the 

five are biologics in the form of monoclonal antibodies (mAbs); gantenerumab targets Aβ 
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plaques and oligomers, lecanemab targets Aβ protofibrils, solanezumab targets Aβ 

monomers, and a combination of gantenerumab and solanezumab targets both 

monomers and oligomers. The one small molecule in phase III trials is Azeliragon is an 

advanced glycation endpoint receptor (RAGE) antagonist that reduces the neurotoxicity 

of Aβ oligomers by preventing their binding to RAGE.21 

Phase II trials has eleven compounds (17%) targeting amyloid pathology. There 

are five mAbs, two other immunotherapy biologics, and four small molecules.20 The mAbs 

present target multiple forms of Aβ, crenezumab targets soluble oligomers, 

gantenerumab targets plaques and oligomers, lecanemab targets protofibrils, 

donanemab targets the pyroglutamate form of Aβ, and gantenerumab that is an anti-Aβ 

mAb with improved blood brain barrier (BBB) penetration.20 The other biologic species in 

phase II trials are ABvac40 an active immunotherapy treatment and IVIG a polyclonal 

antibody both of which remove Aβ.20 Lastly for phase II there are four small molecules: 

Alz-801, APH-1105, PQ912, and thiethylpera (TEP).20 Alz-801 is a prodrug of 

triaminoprostate that inhibits the aggregation of Aβ peptides.20 APH-1105 modifies α-

secretase  to reduced production of Aβ peptides while PQ912 inhibits glutaminyl cyclase 

enzyme to reduce production of the pyroglutamate species of Aβ.20 The last small 

molecule TEP accelerates the removal of Aβ by activating the transport protein ABCC1 

that is implicated in clearing Aβ from the brain.20,22 Lastly there is one remaining anti-

amyloid drug in a phase I clinical trial, mAb LY3372993 that aims to reduce the Aβ load 

in the brain.20 
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1.2.3 Targeting the Substrate of GS (APPTM) to Inhibit Senile Plaque 

Formation and Avoid Previous GS Inhibitor (GSI) Pitfalls  

Prior to current clinical trials, there was significant focus on GS as a drug target 

given its involvement in senile plaque formation and FAD with two notable clinical trials.23-

27 Two broad spectrum GS inhibitors (GSIs), avagacestat and semagacestat, failed due 

to worsening cognition in patients in addition to other serious adverse effects.23-25 One 

major implication for the failures for both avagacestat and semagacestat is that GS has 

over 90 other physiological substrates.28 Therefore, inhibiting GS may result in major 

disruptions of homeostatic functions, such as cell adhesion and signaling.  

Despite of the failure of GSIs in clinical trials and the aducanumab controversy, 

there is compelling evidence that Aβ is a causative agent in AD, including: human 

genetics of familial AD (FAD) 13, 28-29 and Down’s syndrome, 30-32 Aβ toxicity and related 

neuron inflammation, 33-34 and potentiation of tau pathology by amyloid deposition.35  

Because APPTM is the substrate for GS that generates Aβ, an alternative 

approach previously explored by the Wang lab is to target the substrate (APPTM) to 

reduce production of Aβ.36 A substrate-specific inhibitor is not anticipated to affect GS 

complex formation, presenilin function, or the normal functions of GS with other 

endogenous substrates, thereby reducing the potential side effects of broad GSIs. Our 

previous work found compound C1 that covalently modifies APPTM at the amine groups 

at the end of lysine sidechains via Michael addition.36 C1 though covalent modification of 

APPTM alone inhibited cleavage by GS with low micromolar IC50 (3.9 μM for Aβ40 and 



9 

1.9 μM for Aβ42).36 From the success of C1 we decided to move forward searching for 

more covalent modifiers of APPTM as a way to reduce amyloid load.  

1.3 Covalent Drugs and Targeted Covalent Inhibitors  

1.3.1 Overview of Covalent Drugs  

Traditionally the pharmaceutical industry largely shunned covalent inhibitors for 

fear of off target effects.37 This hesitancy was largely based on fear of off target effects 

leading to severe side effects/acute toxicity. An example of this toxicity is the 

hepatotoxicity of approved covalent drugs such as halothane.38 Despite the rejection by 

the pharmaceutical industry many covalent drugs existed on the market before 1980 such 

as antibiotics and aspirin.37,39 There has been a recent surge in covalently modifying drugs 

studied and approved by the FDA; 32 approved since 1990, 13 in the last decade, and 7 

since December 2020.40  

There are several benefits to covalent inhibition that is appealing in drug discovery 

programs including: high potency and efficacy, lower dosing, novel selectivity, minimal off 

target effects, and uncoupled pharmacodynamics and pharmacokinetics.37 Higher 

potency and efficacy with lower dosing is an effect of the covalent modification as there 

is zero off rate of the drug from the target. This zero off rate also imparts the decoupling 

of pharmacokinetics and pharmacokinetics. As pharmacokinetics is how the body 

interacts with the drug such as how it absorbs and is excreted, where it is distributed, and 

how is it transformed by the body and pharmacodynamics are the effect of the drug over 

time.41-42 They are decoupled with covalent modification as pharmacokinetics is no longer 
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dictated by the off rate of the drug from the target but by the turnover rate of the target.37-

39 

1.3.2 What is a Targeted Covalent Inhibitor 

Targeted covalent inhibitor (TCI) is a newer addition to drug discovery, the term 

being coined in the late 1990’s.40 TCIs is composed of a non-covalent binder and a 

covalent warhead within a single drug molecule and operates by having the specific non-

covalent drug to direct the covalent warhead close to a target residue where an 

irreversible bond is formed between the residue and covalent warhead.37 The inception 

of TCIs came from the abundance of bioinformatics on small molecule/protein interactions 

generated by numerous drug screening campaigns.37 The majority of the available 

structural bioinformatics information were from analysis by nuclear magnetic resonance 

(NMR) and X-ray crystallography, and in recent years, by cryo-EM.37 From this structural 

information rationale drug designed could be used to synthesize a TCI. TCIs perform 

“protein silencing” as opposed to “suicide inhibition” as TCIs bind to the drug site without 

needing to be activated by the enzyme as suicide inhibitors do.37-38 

There has been seven FDA approved anti-cancer TCIs that target multiple 

lymphomas and lung cancers.37 Notably there are two TCI drugs (selegiline and 

rasagiline) that are approved by to treat the neurodegenerative disease Parkinson’s 

Disease.40 Most of the approved TCIs target kinases and cancer pathways though there 

are current phase II and III clinical trials for TCIs targeting autoimmune diseases like 

alopecia, multiple sclerosis, and rheumatoid arthritis.37 Current TCIs usually target the -
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SH group of cystine sidechains, but the amine of the lysine sidechain can also be 

targeted.   

1.3.3 Side Chain Reactivity and Covalent Warheads  

Current TCIs usually target the -SH group of cystine sidechains, but the amine of 

the lysine sidechains is also a viable target for covalent modification,37-39,43 as there are a 

multitude of lysine residues on enzymes and protein binding sites.37, 39  

There are many different electrophilic covalent warheads available for 

implementation in a TCI.39,43 There is evidence that both Michael acceptors and sulfonyl 

fluoride (SF) groups can be used as covalent warheads.39,43 Different Michael acceptors 

can be tuned electronically to make specific lysine modifications with limited off target 

effects.43 SFs are one of the more prominent electrophiles targeting lysine ε-amine 

group.43 SF groups are active groups in pesticides that have been around for 100 years; 

they are biocompatible and resistant to hydrolysis and reduction.43 It is these two 

warheads (SF and Michael acceptor in the form of an α,β unsaturated ketone) that we 

have chosen to study in TCI development. With previous exploitation of Michael acceptors 

as covalent modifiers done with covalent modifier C1, we propose continuing this work in 

developing 6H8 as a covalent warhead that preforms a Michael addition to lysine groups 

of APPTM.36 We have also undertaken efforts to develop a non-covalent inhibitor of GS 

cleavage N1 into a TCI by attaching a SF covalent warhead to target lysine amine groups 

of APPTM.   
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2 COVALENT FRAGMENT 6H8 INHIBITS INTRAMEMBRANE 

PROTEOLYSIS OF PSH 

2.1 Abstract 

Alzheimer’s disease (AD) is a serious public health crisis with only one current 

modifying treatment. The reduction of amyloid load by targeting γ-secretase (GS) has 

been a leading approach in AD drug discovery and development. Despite the focus on 

GS inhibition, multiple GS inhibitors (GSIs) have failed in clinical trial as a result of side 

effects including exacerbated cognitive decline. These side effects are largely attributable 

to inhibition of normal GS function. Standard enzyme inhibitors target catalytic or allosteric 

sites of the enzyme, including the active site presenilin, as previous GSIs did. To avoid 

issues observed from broad spectrum GSIs we discovered that fragment 6H8 that 

covalently binds to the substrate of GS, the transmembrane domain of amyloid precursor 

protein (APPTM). NMR combined with MALDI-TOF-MS established 6H8 covalently binds 

to APPTM. 6H8 acts as a Michael acceptor and covalently links to the side chain amines 

of lysine residues, specifically targeting a cluster of C-terminal lysines K53 – K55. 

Through this modification, 6H8 can inhibit intramembrane proteolysis of an archaeal 

homolog of presenilin (the active subunit of GS) via substrate binding with a 2 – 4 μM 

IC50, determined by a gel-based cleavage assay. 6H8, while too small to be an effective 

drug candidate, can be combined with a specific non-covalent partner and function as an 

effective covalent warhead of a targeted covalent inhibitor (TCI). The future development 

of the 6H8 fragment into the covalent warhead of a TCI is, to our knowledge, a novel 

approach in AD drug discovery. 
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2.2 Background Information  

2.2.1 Alzheimer’s Disease Pathology of Senile Plaques 

Alzheimer’s Disease (AD) is a progressive neurological disease currently affecting 

close to 6 million Americans.3-4 A major neuropathological hallmark of AD is the presence 

of senile plaques in the cerebral cortex and hippocampus.29 Senile plaques (amyloid 

plaques) are mainly composed of extracellular aggregates of amyloid β-peptides (Aβs); it 

has been hypothesized that these plaques initiate a pathological cascade resulting in 

cognitive decline.29,43  

2.2.2 γ-secretase, the Final Enzyme in the Amyloidogenic Cascade 

γ-secretase (GS) has four essential proteins subunits, presenilin (PS), nicastrin 

(Nct), anterior pharynx-defective 1 (Aph-1), and presenilin enhancer 2 (Pen-2), where PS 

is the catalytic subunit.44-51 GS is intramembrane-cleaving protease (I-CLiP) that 

hydrolyses peptide bonds located inside the membrane lipid bilayer allowing for the 

release of bioactive peptide fragments.52-56 I-CLiPs are critical for a myriad of biological 

processes and therefore are implicated in a number of disease pathologies like AD.57-58 

While there are multiple classifications of I-CLiPs, GS (and subsequently PS) is a di-

aspartyl protease which is characterized by two catalytic aspartates. One catalytic 

aspartate is adjoined by a GXGD motif where G is glycine, X is any amino acid, and D is 

aspartate.59-60 GS cleaves APP’s transmembrane domain, in addition to over 90 other 

physiological substrates including Notch.28,61-62 As a result, inhibiting GS may result in 

major disruptions of homeostatic functions, such as cell adhesion and signaling.  
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2.2.3 Amyloid-β (Aβ) and its Isoforms 

Aβ, the major component of senile plaques, is generated from amyloid precursor 

protein (APP). APP is cleaved consecutively by two proteases: β- and γ-secretase (Fig. 

1).11 β-secretase cleaves APP and generates a C-terminal 99-residue construct (C99). 

GS then cleaves C99 in the transmembrane domain (APPTM) which releases Aβ into the 

extracellular or luminal space.11 Aβ has two major isoforms: Aβ40 and Aβ42, composed 

of 40 and 42 residues, respectively. Aβ40 is benign in comparison to Aβ42, which has 

much higher propensity to aggregate into neurotoxic oligomers and fibrils.  

2.2.4 Targeting the Substrate of GS 

The large number of endogenous substrates of GS presents a significant obstacle 

for the development of GSIs, exemplified by the aforementioned clinical trial failures.28 

Additionally, GSIs that bind the catalytic subunit of GS (PS) pose a particular issue; PS 

is involved in learning, memory, and neuronal survival, which may have contributed to the 

exacerbated cognitive decline observed in clinical trials.28, 63-68 Considering that APPTM 

is the substrate for GS that generates Aβ, an alternative approach previous explored by 

the Wang lab is to target the substrate (APPTM) to reduce production of Aβ.36 A substrate-

specific inhibitor is not anticipated to affect GS complex formation, presenilin function, 

and most importantly normal function of GS with other endogenous substrates, thereby 

reducing the potential side effects of broad GSIs.   

A main consideration of making APPTM the target of drug discovery is that 

transmembrane helices, like APPTM, are difficult drug targets, due to the lack of binding 

pockets. This issue can be mitigated with the implementation of a covalent modifying drug 

compound that does not require a specific binding pocket to dock while also benefiting 



15 

from a zero off rate. We report a novel compound, 6H8, which covalently modifies APPTM 

at three adjacent lysines in the C-terminal juxtamembrane. With only one disease 

modifying therapy approved by the FDA, 6H8 serves as a covalent warhead poised to be 

used in rationale drug discovery that spares the activity of GS and as a novel drug 

discovery avenue.18-19 

2.3 Materials and Methods  

2.3.1 APPTM Overexpression and Purification 

The fusion construct maltose binding protein APPTM (MBP-APPTM) was 

transformed into BL21DE3 Codon Plus RIPL cells. Colonies with ampicillin resistance 

were inoculated into a 200 mL LB culture and grown O/N at 37°C. The culture was spun 

down, washed to remove lingering LB, and transferred to 15N labeled minimal media (1 M 

MgSO4, 1 M CaCl2, 20% (w/v) glucose, 1 g/L 15NH4Cl). The culture was grown at 37°C 

until an OD600 of ~0.6, then induced with 2 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG). Cultures were allowed to overexpress at 16°C for 27 hrs, harvested by 

centrifugation, and stored in -80°C until lysis.  

Cells were resuspended in aqueous buffer (20 mM Tris, 500 mM NaCl, 20 mM 

Imidazole, 0.5 mM PMSF) for lysis via microfluidizer at 80 psi. Insoluble cell debris was 

pelleted by centrifugation (10,000 xg, 4°C), and membranes were harvested from the 

resulting supernatant by ultra-centrifugation using a Beckman Proteomelab XL-I 

ultracentrifuge (Ti45 fixed angle rotor, 40,000 rpm, 16-20 hrs).  

Membrane pellets were manually homogenized in a 55 mL tissue grinding 

chamber with smooth pestle (Wheaton 358054) using 30 mL solubilization buffer (20mM 
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Tris, 500mM NaCl, 20mM Imidazole, and 2% w/v n-dodecylphosphocholine). Membrane 

mixture was passed through two 5 mL Ni-NTA columns to purify His-tagged MBP-

APPTM. Ni-NTA columns were preequilibrated with 50 mL of H2O and 50 mL of HisTrap 

Buffer A (20mM Tris, 500mM NaCl, 20mM Imidazole, and 0.1% w/v DPC). Solubilized 

membranes were loaded onto the column, washed with 100 mL HisTrap A until A280~0, 

and eluted with an isocratic elution of HisTrap Buffer B (20 mM Tris, 300 mM, 250 mM 

Imidazole, and 0.15% w/v DPC).  

Before cleavage by thrombin, the protein was dialyzed into thrombin digest buffer 

(10 mM Na2HPO4, 140 mM NaCl, 3 mM β-mercaptoethanol, 0.05% w/v DPC). MBP-

APPTM was digested by 10 U of thrombin/mg of fusion protein at room temperature for 

48 hours. Post cleavage, APPTM was separated from cleaved tag using Ni-NTA following 

the same steps as previously described. APPTM was dialyzed into NMR buffer (25 mM 

Na2PO4 pH 7.2) and concentrated up to 4% DPC. Protein concentration determined by 

BCA assay.  

2.3.2 NMR Based Fragment Library Screening 

Using APPTM as the target, fragments compounds from Maybridge Ro3 1000 

library (under 200 Da) were screened via NMR spectroscopy. Positive hits were marked 

by significant chemical shift perturbations (CSPs) and/or selective line broadening on a 

1H-15N 2D transverse relaxation optimized spectroscopy (TROSY) NMR spectrum of 

APPTM. Negative hits result in a TROSY spectrum identical to APO APPTM spectrum. 

Multiple positive hits were obtained using this screening technique, including C1, covalent 

modifier of APPTM which we previously published.36 The library was screened by pooling 

ten compounds and incubating them with APPTM at 318 K. Samples that yielded positive 
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results were parsed by individually incubating the compounds with APPTM allowing for 

identification of individual positive hit compounds.  

2.3.3 Gel-Based Cleavage Assay by PSH MAMRE50  

This cleavage assay was used to determine efficacy inhibiting intramembrane 

proteolysis. A gel-based assay previously established in this lab to monitor the cleavage 

of APPTM and 6H8 modified APPTM by presenilin homolog MAMRE50 (PSH) was 

utilized.36 APPTM (5 μM) was incubated with varying concentrations of 6H8. Native 

APPTM and 6H8-modified APPTM were incubated with PSH (20 μM, 37°C, 24 hr) before 

running on a 12% SDS-PAGE gel (200 V for 35 minutes). III-31-C, a known γ-secretase 

inhibitor, was pre-incubated with PSH for 1h before adding the substrate serves as a 

positive control for complete inhibition. Initial IC50 PSH assay utilized a range of 

concentrations of 6H8 from 0.2 μM – 20 μM (0.2 μM, 0.4 μM, 0.6 μM, 0.8 μM, 1 μM, 5 

μM, 10 μM, 15 μM, and 20 μM) (Fig. 4A). Following initial PSH assay another assay was 

performed using a smaller range to narrower the IC50 range (1 μM, 2 μM, 4 μM, 6 μM, 8 

μM, and 10 μM). 

2.3.4 Solution NMR 

Original 15N-1H TROSY spectra of APPTM via solution NMR has already been 

accomplished and reported in the BMRB (Entry 18649).36 A well-resolved 1H-15N TROSY 

spectra were recorded in 10% D2O on an 800 MHz Bruker Advance II spectrometer 

equipped with cryogenic probes. Titrations of APPTM with 6H8 were monitored for both 

chemical shift perturbations (CSPs) and selective line broadening. CSPs are indicated by 

a linear shift and are indicative of fast exchange in the system, whereas selective line 

broadening corresponds to intermediate exchange in the system leading to a decrease in 
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peak height of affected residues. 6H8 was added to 15N-labeled APPTM sample at a ratio 

of 1:10. 1H-15N TROSY spectra were collected for APPTM before and after adding 6H8 

at 318K. Spectra were analyzed using Sparky.67 

2.3.5 MALDI-TOF-MS 

MALDI-TOF-MS was applied for the detection of 6H8 covalent modification of 

APPTM. All reactions were performed using 15N labeled APPTM in NMR buffer. Detergent 

in all samples was removed (PierceTM Detergent Removal Spin Columns 87777) for better 

detection. MALDI-TOF-MS spectra of APPTM were acquired on a Bruker Daltonics-

autoflex™ speed MALDI-TOF/TOF spectrometer. A linear mode was applied for detecting 

APPTM with sinapinic acid as the matrix. MALDI-TOF-MS spectra of APPTM (5590 Da, 

50 μM) with a 1:5 ratio of 6H8 treatment after 16 hrs incubation at 37℃  

2.4 Results 

2.4.1 6H8 Binds the C-terminus of APPTM as Shown by 2D NMR 

Initial NMR screening of a fragment library (Maybridge Ro3 1000 library) using 

APPTM as the target yielded 6H8 as binder of APPTM. We then explored the binding  

Fig. 2. Structure of 6H8. The hydroquinone moiety is readily oxidized to its active quinone form. 

interaction using 2D 1H-15N transverse relaxation optimized spectroscopy (TROSY) (Fig. 

3A.), which correlates the proton and nitrogen of the amide group of each individual 

residue in the sequence of APPTM. To have optimal line width of APPTM in  
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dodecylphosphocholine (DPC) micelles, we used a TROSY sequence for the 2D NMR 

experiments, which yields a fingerprint-like spectrum that can be used to identify and 

monitor changes to the protein. Binding events and changes to the local chemical 

environment of the protein can be observed with selective line broadening indicated by 

peak height reduction into the baseline at or near that residues’ side.  

Fig. 3. NMR titration of APPTM with covalent fragment 6H8. A. Overlay of 2D 1H-15N TROSY spectrum 
of APPTM with (green) and without 6H8 (purple). Resonances with the largest changes in peak 
intensity were labeled by residue type and number. B. Sequence of APPTM construct used in all 
experiments. Residue numbering switches to Aβ numbering at residue E22 C. Selective line 
broadening observed in 3A is quantified via I/I0 calculation, where the peak height at each residue 
of the APO spectrum (green) is I0 and the peak height per residue of titration point (purple) is I. 
Substantial line broadening is observed at and near the C-terminal triple Lys motif indicated by a 
low (under 0.5) I/I0 value. 

Overall, 6H8 had considerable reduction in signal at and near Lys residues. Fig. 

3A and 3C highlight specific residues of APPTM impacted by the 10-molar excess of 6H8 

after 3.5 hours of incubation at 37°C. Peaks that experience height reduction, indicated 

by a I/I0 value under 0.5, where over half the initial signal is lost, undergo the greatest 

chemical change with the addition of 6H8. Peaks with the lowest I/I0 values were at the 

C-terminal lysine residues K53, K54, and K55 (I/I0 values: 0.40, 0.25, and 0.42 
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respectively) and their neighbors M51, L52, L56, and E57 (I/I0 values: 0.36, 0.32, 0.41, 

and 0.22 respectively). In analyzing these values and overall spectra, we observe the 

binding interaction between 6H8 and APPTM specifically targets the C-terminal lysine 

cluster given the reactivity of the free amine groups at the end of lysine sidechains. With 

clear interaction between 6H8 and APPTM confirmed by 2D TROSY NMR, we wanted to 

further explore if 6H8 could inhibit the intramembrane proteolysis of APPTM in the 

amyloidogenic cascade (Fig. 1).  

2.4.2 6H8 Inhibits Cleavage by PS Homologue MAMRE50 (PSH) 

To determine if 6H8 could inhibit APPTM cleavage by PSH, an in vitro gel-based 

cleavage assay was employed using an archaeal homolog of presenilin (PSH) 

MAMRE50. This homologue replicates most structural and biochemical features of  

Fig. 4. 6H8-modified substrate inhibits the cleavage of APPTM by PSH MAMRE50 (PSH) in a gel-
based assay. Varying concentrations of 6H8 were incubated with APPTM and then removed before 
assay to eliminate interference with PSH. Covalently modified APPTM was further incubated with 
PSH at 37℃. Extent of cleavage was determined via SDS-PAGE gel electrophoresis.  A. Initial 
screening of 6H8 in this assay was done from 0.2 μM – 20 μM. IC50 was under 10 μM. B. Secondary 
assay with a smaller range of 6H8 (1μM – 10μM) was performed; the IC50 was between 2 μM – 4 μM. 

presenilin/GS, serving as a substitute for fully formed GS, which is difficult to overexpress 

and purify.36, 68-71 APPTM was incubated with PSH for 24 hours at 37°C to obtain full 

cleavage of APPTM under these conditions. Extent of cleavage was monitored by the 

intensity of the lower molecular weight band that appears slightly below the fully intact 

APPTM, indicating successful intermembrane proteolysis of APPTM by PSH (Fig.4).70-71  
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Control samples were run with every gel for both positive and negative hits. Our 

negative control is a sample containing only APPTM and PSH allowing for full uninhibited 

cleavage; whereas our positive control utilizes a known PSH inhibitor 31 C to represents 

fully inhibited cleavage.72 6H8-modified APPTM was incubated with PSH to determine 

the extent of cleavage at various 6H8 concentrations (Fig. 4A). The dose-dependent 

reduction in intensity of the cleavage band on the gel indicates considerable inhibition of 

PSH cleavage of 6H8-modified APPTM. Initial IC50 screening was performed with 6H8 

concentrations between 0.2 μM – 20 μM (Fig. 4A.) showing cleavage inhibition between 

0.8 μM and 5.0 μM. Following the initial screen, a smaller range of 6H8 concentrations 

was employed for a more precise IC50 determination. The smaller 6H8 range was 

between 1 μM – 10 μM, with complete inhibition observed between 2 μM – 4 μM. Given 

the low, micromolar IC50, further experiments were conducted with 6H8 for future drug 

development.  

2.4.3 6H8 Covalently Modifies APPTM 

MALDI-TOF-MS was utilized to further characterize the binding interactions 

between 6H8 and APPTM. NMR can illuminate many things about the binding 

interactions, but it lacks in the ability to distinguish between covalent and non-covalent 

interactions. Covalent modification is advantageous for drug targets like APPTM due to 

its lack of binding pocket as a helical dimer. Incubation of APPTM in the presence of five 

molar excess of 6H8 shows complete conversion of the APO protein to covalently 

modified APPTM with up to six additions of 6H8 (Fig 5). With multiple Lys in the sequence 
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(Fig.3B), there are ample positions for multiple additions of 6H8 observed in the MALDI-

TOF spectrum (Fig. 5). Differences in the original mass of the APO peak (5590 m/z)  

Fig. 5. MALDI-TOF MS demonstrates covalent modification of APPTM by 6H8. Multiple additions of 
6H8 are exhibited in peaks 1-5 of the blue spectrum. Peak one at 5598 𝒎𝒎

𝒛𝒛
 corresponds to the addition 

of active 6H8 minus one hydrogen (Δ 𝒎𝒎
𝒛𝒛

= 𝟏𝟏𝟏𝟏𝟏𝟏). The following peaks 2-5 correspond to multiple 
additions of active 6H8 molecules (Δ 𝒎𝒎

𝒛𝒛
 = 350, 525, 700, 875 and 1050 respectively).  

correspond to the molecular weight of 6H8 (176 Da) missing lacking a hydrogen (Δ𝑚𝑚
𝑧𝑧

 175) 

being added to APPTM. Molecular weight changes corresponding to multiple additions 

can be seen in Fig.5, with the maximum of six additions, shifting the APO protein mass 

by 1050 𝑚𝑚
𝑧𝑧
. Confirmation of covalent modification provides valuable information when 

determining the structure activity relationships as we know there must be covalently 

binding moiety present under given oxidizing conditions. 

  
 



23 

2.4.4 Reducing Conditions Eliminate 6H8 Binding to APPTM and Allows for 
Complete Cleavage by PSH 

In standard reaction/oxidizing conditions (25 mM HNa2PO4, 4% DPC, pH 7.2), 6H8 

readily binds to APPTM. Given that the hydroquinone moiety is known to readily oxidize 

into quinone, and the time dependent color change of 6H8 stocks in aqueous buffer (from 

colorless to yellow brown), we hypothesized that oxidation causes 6H8 to act as a pro-

drug-like molecule.73-74 The quinone conversion reveals the required α, β unsaturated 

ketone for a Michael addition with the free amines of Lys side chains and the N-terminus.  

Fig. 6. Efficacy of 6H8 in inhibiting intramembrane proteolysis and binding to APPTM under 
reducing conditions A. To confirm that efficacy of 6H8 can be eliminated with reducing agent 
another PSH gel assay was run with excess 6H8. With an excess of 0.6 mM and 0.8 mM 6H8 with 
and without TCEP (black and red respectively) as the reducing agent 6H8’s efficacy is eliminated. 
B. Comparison of 2D 1H-15N TROSY spectrum of 50μM APPTM APO (green) and 1:100:10 APPTM: 
TCEP: 6H8 (red). Notably K53-K55 are unaffected by 6H8 in the presence of TCEP indicating that in 
the presence of excess reducing agents the binding of 6H8 is eliminated. Final spectrum is 1:10 
APPTM:6H8 (purple). There is significant difference between this spectrum and its neighboring red 
spectra that has excess TCEP along with 6H8, indicating an elimination of reactivity of 6H8 under 
reducing conditions compared to oxidizing conditions. 

To test this hypothesis, we introduced the reducing agent tris(2-

carboxyethyl)phosphine (TCEP) to prevent conversion of 6H8 from inactive hydroquinone 

to active quinone form. Initial testing of this hypothesis was done using the PSH cleavage 

assay. An excess of 6H8 (0.6 mM and 0.8 mM) was incubated with APPTM and PSH 

both with and without 1 mM of TCEP (Fig 6A, red and black respectively). Given that the 
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IC50 of 6H8 was between 2 μM – 4 μM as determined by this PSH assay, this assay was 

done with an extreme excess of 6H8. Under normal oxidizing conditions, both 0.6 mM 

and 0.8 mM 6H8 completely inhibit PSH cleavage of APPTM as no cleavage product is 

present. In contrast, the lanes with the same excess amounts of 6H8 incubated with 1 

mM of reducing agent TCEP demonstrate complete cleavage of APPTM (Fig 6). These 

results confirm our hypothesis that 6H8 needs to be in an oxidizing environment to inhibit 

cleavage by PSH and by extension GS. 

2.4.5 6H8 Binding to the C-Terminus of APPTM is Diminished in Reducing 
Conditions as Shown by 2D NMR 

As a follow up to the PSH inhibition assay, a 2D NMR TROSY experiment was 

performed to determine if reducing agent can inhibit binding to APPTM in its entirety. Fig. 

6B exemplifies a 2D NMR TROSY under the same conditions as the TROSY depicted in 

Fig. 3A (25 mM Na2PO4, 4% DPC, 90% H2O/10% D2O) save for the presence of ten-fold 

molar excess of TCEP in relation to 6H8. In the presence of TCEP, there is no binding 

between 6H8 and APPTM, as demonstrated by the near identical spectra between apo 

APPTM and APPTM with 6H8 in reducing conditions (APPTM 50 μM: TCEP 5000 µM: 

500 µM 6H8). We provide a comparison with a APPTM incubated with 10-fold molar 6H8 

in oxidizing conditions to demonstrate the significant difference with active APPTM-6H8 

binding (1:10 APPTM : 6H8; Fig 6B, right-most spectrum). These results affirm that the 

oxidizing environment is essential for covalent linkage between 6H8 and APPTM. 
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2.4.6 6H8 Covalently Binds APPTM Under Oxidizing Conditions via a 
Michael Addition Mechanism 

We propose that the reaction between 6H8 and APPTM follows a water catalyzed 

Michael addition similar to that reported by J.Yadav et al. in 2008.74 The first step involves 

oxidization of the hydroquinone moiety of 6H8 to a quinone structure with water as the 

catalyst. This quinone structure provides α,β unsaturated ketone (Michael acceptor) for  

Fig. 7. Proposed mechanism of covalent modification of APPTM. 6H8 covalently links to APPTM at 
Lys residues following a Michael addition mechanistic scheme. 

Michael addition. The amine group at the end of lysine side chains K53-K55 (Michael 

donor) performs a nucleophilic attack on the unsaturated ketone, followed by solvent-

driven proton abstraction and reestablishment of resonance (Fig.7). Water is the most 

likely catalyst in our system as aqueous buffer (25 mM Na2PO4, 4% DPC, pH 7.2). Figure 

7 illustrates the mechanism described above using water as the catalyst for the reaction 

at near neutral pH (pH 7.2).  

2.5 Discussion 

Developing disease modifying strategies against AD is crucial as the US population 

ages in the coming decades. Combating senile plaque formation is a potential drug target 

to slow down the progression of AD. Senile plaques are composed of aggregated Aβ 

which are generated during the intermembrane proteolysis of APPTM in C99.66 Therefore, 

targeting the C99/γ-secretase interface is a legitimate approach to reducing Aβ 

generation and overall amyloid load. Previous clinical trials targeting the amyloidogenic 
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pathway focused efforts on inhibition of γ-secretase (GS), however these trials were 

discontinued due to acute side effects and accelerated cognitive decline. Serious side 

effects likely stemmed from inhibition of cleavage of the 90 other known physiological 

substrates of GS. The inhibition of presenilin likely resulted in the worsening cognition 

because of its established role in neuronal survival, learning, and memory retention.63-65, 

75 To avoid the pitfalls of previous trials, we focused our efforts on compounds that target 

the amyloid substrate of GS. This approach would allow GS to maintain normal function 

for other substrates as well as avoiding inhibiting the critical functions of presenilin.  

Utilizing NMR, MS, and enzyme cleavage assays, we report the discovery of a novel 

fragment named 6H8 that covalently binds APPTM and inhibits cleavage of PSH, a 

homologue of the catalytic subunit of GS. Discovery of this compound follows our 

discovery of similar compound C1 that was the first reported covalent GS inhibitor.45 The 

binding interaction of 6H8 to APPTM is similar to C1 in both mechanism and site of 

binding, undergoing Michael additions with the free amines at K28 and K53-55.66 

NMR titration showed significant interaction of 6H8 to the C-terminal juxtamembrane 

region of APPTM (Fig. 3A) targeting specifically the juxtamembrane triple Lys cluster K53-

K55. APPTM is shown to have a MW increase by MALDI-TOF-MS that indicate that 6H8 

covalently binds to APPTM. Combining the results of NMR and MALDI-TOF-MS, it is 

apparent that 6H8 covalent modifies at the C-terminal Lys cluster of APPTM. This location 

of covalent modification is advantageous as it is near the initial ε-cleavage sites of 

presenilin, T48 and L49.76 Through mutagenesis, the juxtamembrane residues of APPTM 

have been shown to play an important role in GS cleavage.77-79 Our previous NMR studies 

established that the C-terminal lysine cluster of APPTM undergoes the largest CSPs upon 
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initial docking of PSH, revealing their importance during intramembrane proteolysis.14 

Upon docking to PSH, APPTM exhibits a pattern of reduced chemical shifts of amide 

protons at the C-terminal half of APPTM indicating weakened helical hydrogen bonds, 

due to unwinding of the α-helical geometry.14 These studies reinforce the C-terminal 

region of APPTM as a promising drug target for novel drug discovery targeting inhibition 

of APP by GS.  

In our gel-based cleavage assay using PSH, 6H8 modified APPTM significantly 

inhibited cleavage of APPTM/APP by PSH with an IC50 range between 2 μM – 4 μM (Fig. 

4). Inhibition of GS cleavage of 6H8 modified APPTM can be rationalized by cryo-EM 

structure of the APP C83/GS complex. In this complex APPTM takes on an extended β 

conformation that exposes the ε-cleavage sites by forming a β-sheet with two β-strands 

from PS.80 6H8’s modification of APPTM at the C-terminal Lys (K53-55) likely interferes 

with the α to β transition and/or formation of the β-sheet complex between APP and 

presenilin, thus inhibiting cleavage by presenilin and ultimately GS.  

One major concern with covalent modifying drugs is the potential for off-target 

reactivity and promiscuous binding. While conventionally the pharmaceutical industry 

avoids covalently modifying drugs, many first-in-class drugs like aspirin and penicillin 

covalently modify their targets and encompass roughly 30% of the current drug market.81-

82 Despite the traditional hesitation towards covalent drugs, there are considerable 

benefits to these drugs, such as a zero off rate and high efficacy. Both factors facilitate 

lower concentration and less frequent dosing, which assists in mitigating off target and 

side effects while dramatically increasing patient compliance.83 There has been a surge 

in covalent drug candidates in development specifically targeting “undruggable” targets, 
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like APPTM, that have no obvious binding pocket. While 6H8 is a small fragment that is 

potentially promiscuous, we plan to design a targeted covalent inhibitor (TCI) using 6H8 

that combines the benefits of a covalent and non-covalent inhibitors.84 Our plans for TCI 

development include using 6H8s as the covalent warhead attached to a non-covalent 

binding linker.  

Inhibition of the active subunit of GS (presenilin) limits the production of Aβ and 

overall senile plaque load in the AD brain. Here we report the discovery of 6H8 a fragment 

that covalently modifies APPTM to inhibit cleavage by PSH and by extension GS. This 

study serves as a follow-up to our lab’s initial discovery of novel covalent modifier C1, in 

which we demonstrated that targeting the substrate of GS alone can sufficiently reduce 

Aβ production.66 This method of targeting the substrate of GS, APPTM, continues this 

new direction in AD discovery targeting amyloid load as the disease-modifying strategy. 

This methodology can readily be applied to other “non-druggable” targets where there is 

a vested interest in maintaining normal function of the enzyme that cleaves other 

physiological substrates.  

2.6 Summary and Conclusions  

2.6.1 Targeting the Substrate of GS (APP) Allows for Normal Function of GS 
While Reducing the Generation of Amyloid Plaques 

One major pathogenic hallmark of AD is the formation of senile plaques.85 These 

plaques are formed via intramembrane membrane proteolysis of APP by GS. Given its 

roll in plaque formation, GS inhibition has been a traditional target for AD drug discovery, 

with limited success. The 90+ endogenous substrates of GS, and two notable failures of 
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broad spectrum GSIs (avagacestat and semagacestat) in clinical trials, suggest that 

eliminating GS function is not the best approach to reducing overall amyloid load.23-27 We 

hypothesize that specifically targeting APP to reduce amyloid load while retaining the 

necessary functions of GS.  

2.6.2 NMR Screening of the Maybridge Library Yielded Fragment 6H8 Which 
Serves as an Inhibitor of Intramembrane Proteolysis of APPTM by PSH 

Initial screening using APPTM (transmembrane domain of APP) as the target 

produced 6H8 as a binding fragment (representative spectrum Fig. 3A). Binding events 

to APPTM are observed through selective line broadening at or near residues interacting 

with 6H8. Using 2D TROSY NMR we determined that 6H8 binds at the C-terminal triple 

lysine cluster K53-K55 (Fig. 3A and 3C). Inhibition efficacy of 6H8 was determined using 

a PSH gel-based cleavage assay where PSH is an archaeal homolog of the active subunit 

of GS (Fig. 4). IC50 determined by this assay was between 2 – 4 μM, putting it in a 

promising range for future drug development.86 

2.6.3 6H8 Covalently Binds to Lysine Sidechains of APPTM via a Michael 
Addition After Initial Oxidation from Hydroquinone to Active Quinone 
Form 

After observing a color change in the stock solution of 6H8, we determined the 

compound was autoxidizing in our aqueous experimental buffer (25 mM Na2PO4, 4% 

DPC, pH 7.2). Based on this observation, we performed NMR binding studies and PSH 

cleavage assays in the same reaction conditions with the addition of the reducing agent 

TCEP (1 mM for NMR studies, and 1 mM for PSH assays). The ability for 6H8 to interact 

with APPTM and inhibit PSH cleavage were completely diminished with the introduction 

of TCEP (Fig. 6).  
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Given the simplicity the fragment’s structure, there are limited oxidation sites, with the 

hydroquinone moiety being the most likely location, as the moiety is readily oxidized to 

quinone. The quinone moiety provides an α,β unsaturated ketone (Michael acceptor) to 

the amine group at the end of the Lys sidechain (Michael donor). The Lys amine performs 

a nucleophilic attack on the unsaturated ketone of 6H8 following a standard Michael 

addition mechanism (Fig.7).73-74 Covalent modification was confirmed via MALDI-TOF-

MS where up to 6 additions of 6H8 to APPTM can be observed after 16 hr incubation at 

37°C (Fig. 5).  

2.6.4 Covalent Fragments Can Serve as a Reactive Covalent Warhead in 
Rational Drug Design of TCIs 

While a covalently modifying fragment isn’t ready for implementation as a drug 

lead given a high probability of binding promiscuity, we propose can serve as a covalent 

warhead for TCI development. TCIs offers the specificity of a non-covalent binder with 

the zero off rate of a covalent inhibitor.82-84 Based on NMR titration data, 6H8 binds to 

the transmembrane region of APPTM and inhibits cleavage by PSH and is readily 

available for addition to a non-covalent binder of APPTM.  
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3 NANOMOLAR γ-SECRETASE INHIBITOR FROM SCREENING 

DNA ENCODED LIBRARY AGAINST TRASMEMBRANE 

DOMAIN OF APP (APPTM)   

3.1 Abstract 

Alzheimer’s disease (AD) is a major public health issue with few effective therapeutic 

options. A focus in AD drug discovery is γ-secretase (GS) inhibition to reduce amyloid 

load in AD patients. However, multiple GS inhibitors (GSIs) have failed in clinical trials 

due to lack of efficacy as well as severe side effects such as faster cognitive decline. 

While GS is an essential enzyme in the production of Aβ it also has roles in other 

homeostatic functions like cell signaling. Previous GSIs are traditional enzyme inhibitors 

that target GS’s active or allosteric site, leading to total GS inhibition that likely causes 

serious side effects. To mitigate these problems, we screened a tripeptide DNA encoded 

library (DEL) against the substate of GS, the transmembrane domain of amyloid precursor 

protein (APPTM). From DEL screening we discovered a non-covalent inhibitor N1 that 

inhibits APPTM cleavage by GS with an IC50 of 90 nM for Aβ40 and 60 nM for Aβ42 in 

AlphaLISA assay using human GS. NMR and MALDI-TOF MS studies were used to 

establish structure activity relationships of N1 when binding to APPTM. From these 

studies we determined that the APPTM binding sites are at N1’s amino acids 2 and 3 

(AA2 and AA3), near the peptide bonds and on their hydrophobic side chains. The 

aromatic ring of AA1 of N1 interacts with hydrophobic side chains of APPTM. To our 

knowledge this is the first reported tripeptide inhibitor of GS by DEL screening against the 

substrate APPTM. 
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3.2 Background  

3.2.1 Overview and Motivations for Using DNA Encoded Library Screening 

In effort to find a high affinity binder to the substrate APPTM we employed the use 

of a DNA encoded library (DEL). Since their inception in 1992 there has been significant 

development in the synthesis and applications of DELs making them a powerful tool in 

ultra-high throughput screening.87-89 Multiple drug leads have been discovered through 

use of DELs, such as a protein-1 kinase inhibitor currently in clinical trials.89-90 DELs are  

Fig. 8. General DEL synthesis and screening that give rise to tight binding compounds to the target 
protein. A. Generic synthesis of a DNA encoded library (DEL) using the split-and-pool method. The 
first building block (BB) is attached to the DNA tag it corresponds to, after excess DNA is removed 
the different building blocks with their DNA tags are pooled together and split into wells. In each 
new well a new building block and DNA tag is added. This process is iterated until the drug molecule 
has reached the desired size. B. Application of a DEL for ultra-high throughput screening. 
Immobilized target (protein) is incubated with the DEL. Weak and non-binding compounds are 
washed away with several wash steps leaving behind only the highest affinity binders. DNA tags 
are amplified using PCR and DNA signal is deconvoluted to determine the tag/compounds of the 
high affinity binders. 

comprised of diverse DNA-compatible building blocks that are encoded by distinctive 

DNA tags (Fig. 8.A). The large number of building blocks available for DEL use allows for 

a large swath of chemical space to be surveyed in one library.91 This high diversity is due 
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to the split-and-pool method employed in synthesis of a DEL as millions to even billions 

of compounds can be synthesized (Fig. 8.A).88 Incubation of a DEL with an immobilized 

target protein yields high affinity binders after multiple selection cycles that involved 

washing the low affinity binders away from the protein (Fig. 8B).89 With small quantities 

of each individual drug candidate in the library PCR is necessary for amplifying the DNA 

tags of each high affinity binder.89,92 

DELs serve as a low-cost ultra-high-throughput screening method used in both 

academic and industrial drug discovery efforts.88 APPTM, with its transmembrane helical 

structure, is a difficult target in drug discovery due to the lack of binding pockets. 

Therefore, the implementation of a DEL screen allowed for a large sampling of chemical 

space increasing the chance of finding a high affinity binding partner. Using a DEL of 

synthetic tripeptides, a high affinity non-covalent binder (N1) emerged as a positive hit in 

our drug discovery efforts for inhibition of APPTM cleavage by gamma-secretase.  

3.3 Materials and Methods  

3.3.1 Overexpression and Purification of Labeled Protein  

The fusion construct maltose binding protein APPTM (MBP-APPTM) vector 

pETM41 was transformed into BL21DE3 Codon Plus RIPL cells using methods previously 

reported us and other labs.61-62 

Fusion tag is removed using bovine thrombin. Before cleavage by thrombin, the 

protein was dialyzed into thrombin digest buffer (10mM Na2HPO4, 140mM NaCl, 3mM β-

mercaptoethanol, 0.05% w/v DPC). MBP-APPTM is digested by 10 U of thrombin/mg of 

protein at room temperature for 48 hours. Post cleavage, APPTM was separated from 
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cleaved tag using Ni-NTA following the same elution steps as previously described.93-94 

APPTM is dialyzed into NMR buffer (25 mM Na2PO4, DPC 4% w/v pH 7.2) and 

concentrated up to 4% DPC with final concentration. Protein concentration determined by 

BCA assay. 

3.3.2 DEL Screening Using APPTM as the Target Protein 

DEL itself was sequenced without any addition of protein as the initial sample to 

establish PCR amplification and DNA sequencing protocol. Two samples were run with 

APPTM, one with low concentration of APPTM and one with high concentration for actual 

screening of the library against APPTM. Final sample was high concentration of APPTM 

with a blank library added (DNA tags only, no active compounds) to ensure that the DNA 

tags were not responsible for the binding interactions observed from screening samples. 

APPTM was pulled down with Ni beads using the 6X His tag on APPTM.  

3.3.3 Solution NMR 

A two-dimensional proton-carbon heteronuclear single quantum coherence 

(HSQC) experiment was performed on 250 μM of N1 dissolved in APPTM NMR buffer 

(25 mM NaPO4, 4% w/v DPC, pH 7.2) at 318 K for the APO spectra. 1:1 ratio of N1 : 

APPTM (250 μM) was shown in blue spectrum. Spectra were analyzed using Sparky.67 

3.3.4 MALDI-TOF-MS 

MALDI-TOF-MS was applied to determine if covalent modification of APPTM by 

N1 was involved in the mechanism of action.  All reactions were performed using 15N 

labeled APPTM in NMR buffer. Detergent (DPC) in all samples was removed (PierceTM 

Detergent Removal Spin Columns 87777) for better detection. MALDI-TOF-MS spectra 
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of APPTM were acquired on a Bruker Daltonics-autoflex™ speed MALDI-TOF/TOF 

spectrometer. A sensitive linear mode was applied for detecting APPTM with sinapinic 

acid as the matrix. MALDI-TOC-MS spectra of APPTM (5590 Da, 50 μM) with a 1:5 ratio 

of N1 treatment after 16 hrs incubation at 37 ℃ is presented here. 

3.3.5 γ-Secretase Cleavage by AlphaLISA Assay 

A well-established AlphaLISA assay was employed to test if C1-modified substrate 

can inhibit the γ-secretase cleavage in vitro.95-97 HeLa-S3 cell was purchased from 

National Cell Culture Center and solubilized membrane was prepared as previously 

described.50,95 The Sb4 substrate based on the sequence of APP (1 µM) was incubated 

varying concentrations of N1 (0.1 μM, 0.5 μM, 1.0 μM, 5 μM, 50 μM, and 75 μM) at 37 °C 

for 4 h. After shaking with solubilized γ-secretase (40 µg/mL) at 110 rpm for 3 h at 37 °C, 

the AlphaLISA detection mixture that includes Aβ40 and Aβ42 antibody (G2-10 and 10G3, 

respectively), protein A-conjugated acceptor beads, streptavidin-conjugated donor beads 

were added and incubated overnight. The AlphaLISA signal was detected using Envision 

plate reader (Perkin Elmer). Data were processed using GraphPad Prism (version 8.1.0). 

IC50 value was fitted by a non-linear regression equation:  

𝑌𝑌 =  𝑌𝑌𝑜𝑜+(𝑌𝑌𝑚𝑚−𝑌𝑌𝑜𝑜)

1+10𝑋𝑋−𝑙𝑙𝑜𝑜𝑙𝑙𝐼𝐼𝐼𝐼50
                                           (1) 

where Ym and Y0 represent the highest and lowest Aβ level, respectively, and X is C1 

concentration. 
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3.4 Results and Discussion  

3.4.1 DEL Screening Using APPTM as the Target Yielded Eleven High 
Affinity Binders to APPTM 

A DEL of ~ 30 million tripeptides containing both synthetic and natural amino acids 

was incubated with our target protein APPTM. APPTM was pulled down using Ni beads 

as our construct contains a 6X His-tag. During the incubation process there are several 

wash steps that remove weak binding peptides in the library. Given the relative low 

Fig. 9. DEL screening resulted in structure activity lines indicative of specific amino acids involved 
in binding. A. Control experiment with blank library, DNA tags without attached compounds and 
high protein concentration.  Each axis corresponds to a different amino acid sequence. B. The color 
of each point represents the number of sequencing reads for that tripeptide, while the size of the 
data point is the fold enrichment in comparison to the original DEL enrichment. C. Lines in the plot 
indicate a series of tripeptides with two of the same amino acids. This informs structure activity 
relationships (SAR) of the repeated amino acids.  

concentration of each individual DNA tag PCR amplification is required for DNA 

sequencing. DNA sequencing and deconvolution results are represented in Figure 3. In 

the plot, the coordinate on each axis denotes an individual amino acid in the tripeptide 

(Fig. 9A). One individual point signifies one tripeptide sequenced where the size and color 
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of the data point are representative of the number of reads for that sequence and fold 

enrichment compared to initial library respectively. Structure activity relationships (SAR) 

are observed by lines that appear in the 3D plot (Fig. 9B). These SAR lines are present 

when multiple tripeptides pulled down share two amino acids. Multiple tripeptides were 

identified as binders to APPTM from the DEL screening, a representative five out of 

eleven hits selected for synthesis are depicted in Figure 10. The dipeptide composed of 

148 and 203 stands out because it appears in hits one through three. 148 (AA2) contains 

an isopropyl sidechain and 203 has a (AA1) 1,3-Di-tert-butylbenzene sidechain. Both 203 

and 148 are present in N1, 203 as AA1 and 148 as AA2, and the third amino acid present 

in N1 (AA3) has a S-Tritylcysteine sidechain. Considering that a DEL screen is only a 

binding assay that selects high affinity binders to the target APPTM, there is a need for a 

secondary assay to determine efficacy of each hit in inhibiting cleavage of APPTM by GS. 

To meet this need we employed the sensitive antibody assay AlphaLISA. 

3.4.2 Sensitive AlphaLISA Assay Was Utilized to Determine DEL Hits 
Efficacy Inhibiting Cleavage by GS 

AlphaLISA-based GS assay is a bead-based antibody assay that can recognize 

either Aβ40 or Aβ42.98-99 When the analyte (Aβ40 or Aβ42) is in solution antibodies that 

are conjugated to donor and acceptor beads are brought together so that when the donor 
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bead is excited by a 680 nm wavelength a singlet oxygen is excited and donates energy 

to the acceptor bead that emits a signal at 615 nm.98-99 Multiple hits obtained from initial  

Fig. 10. Five representative hits obtained from DEL screen using APPTM as the target. Three number 
codes represent the three amino acids that make up the tripeptide. 

DEL screen were analyzed through this method to determine which hits could be taken 

forward to determine the mechanism. Two different antibodies that recognize the C-

termini of Aβ40 and Aβ42 were used to quantify the efficacy of each compound to inhibit  
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Fig. 11. AlphaLISA results for Aβ40 and Aβ42 where N1 has an IC50 in the tens of nanomolar range 
and N3 has an IC50 in the hundreds of nanomolar range. A. Structure of N1. B. AlphaLISA results for 
N1 using human γ-secretase and C99. N1 has suitable IC50 for both Aβ40 and Aβ42 as both are in 
nanomolar range (90 nm and 60 nm respectively). C. Structure of N3, another hit identified in DEL 
screen. D. AlphaLISA results for N3, with a decent IC50 for γ-secretase (1.1 μM for Aβ40 and 1.8 μM 
for Aβ42). 

GS cleavage of C99 (C-terminal 99 residues of APP). Two representative AlphaLISA 

curves for DEL hits one and three (N1 and N3 respectively) are depicted in Figure 5. N1 

has an IC50 of 90 nM for Aβ40 and 60 nM for Aβ42 (Fig. 11A-B) while N3 has an IC50 of 

1.1 μM for Aβ40 and 1.8 μM for Aβ42 (Fig. 11C-D). Both N1 and N3 share all but one 

amino acid with both containing amino acids 148 (isopropyl sidechain) and 203 (1,3-Di-

tert-butylbenzene sidechain). Given the one-hundred-fold decrease in IC50 between N1 

and N3 there is sufficient evidence to suggest that amino acid 19 (S-Tritylcysteine 

sidechain) of N1 is more active in inhibiting GS than amino acid 33 of N3 (Arg(Pfb) 
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sidechain). Due to N1’s significantly lower IC50 value it was chosen as the main drug lead 

for further structure function characterization. 

3.4.3 Interaction Between APPTM and N1 Was Non-Covalent, 
Characterized by MALDI-TOF MS 

Initial characterization was performed using MALDI-TOF MS under sensitive linear 

mode conditions (Fig. 12). Peaks 1 and 2 (Fig. 12) in red are the apo APPTM protein 

signal and the matrix adduct of sinapinic acid respectively. Matrix associated peaks like  

Fig. 12. No indication of covalent modification of APPTM by N1. MALDI-TOF MS comparing APO 
APPTM and 1 APPTM : 5 N1 after 16 hrs incubation at 37℃. There is no covalent modification of 
APPTM observed after incubation with N1. Peaks highlighted green are matrix adducts of sinapinic 
acid.  The peaks in the APO spectra are also observed in the sample post incubation (within 3 m/z).  

the one represented in Figure 6 appear in all spectra where sinapinic acid is used. When 

comparing the APO protein (Fig. 12, blue spectrum) to the spectrum of the sample where 

APPTM was incubated with a five molar excess of N1 (37℃ for sixteen hours) (Fig. 12 

red spectrum) there is no indication of covalent modification. With covalent modification 

we would expect a new peak with MW larger than the APO peak of APPTM at 5580 m/z. 
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With no change in m/z observed in the MALDI spectrum, we conclude that the interaction 

between N1 and APPTM that is non-covalent. 

3.4.4 NMR Titration Was Used to Characterize the N1 and APPTM 
Interaction 

Looking at the structure of N1 the three side chains of the tripeptide stand out as 

the most probable structural moieties that contribute to N1 its inhibitory function of GS. A 

two-dimensional 13C-1H heteronuclear single quantum coherence (HSQC) experiment 

was performed on 250 μM of N1 dissolved in APPTM NMR buffer for the assignment of 

aliphatic the carbon-proton (CH) groups in N1 (Fig. 8A, red spectrum). Utilizing multiple 

NMR experiments, COSY (correlated spectroscopy), NOESY (nuclear overhauser effect 

spectroscopy), TOCSY (total correlation spectroscopy), and 1H-13C HSQC, the carbon 

and hydrogens of N1 were assigned (Table 1). The aliphatic carbons/protons and their 

corresponding ppm values for AA3 are as follows: CHα 53.8 ppm – 4.4 ppm, CHβ1 35.1 

ppm – 2.7 ppm, and CHβ 35.1 ppm – 2.8 ppm. In addition, the aliphatic carbon/hydrogens 

of AA2 are: CHα 59.8 ppm – 4.6 ppm, AA2 CHβ 30.8 ppm – 2.3 ppm, and AA2 CHγ 18.7 

ppm – 1.1 ppm. Upon the addition of unlabeled APPTM at equal molar ratio, the aliphatic 

peaks of both AA2 and AA3 experience significant selective line broadening that is 

indicative of binding. As we performed an 13C-1H HSQC peaks belonging to APPTM were 

low enough in signal that only N1 peaks could be observed. There is only one aliphatic 

peak for AA1 (CHζ 31.2 ppm – 1.3 ppm) that doesn’t undergo any chemical shift 

perturbations or selective line broadening that would suggest binding at that sidechain. 

Given the peaks that undergo the most change during binding it would suggest that N1 

binds to APPTM using AA2 and AA3 primarily and the aromatic ring of AA1. 



42 

Two different HSQC experiments were performed on each sample were taken to 

capture all the C-H bonds of N1. The first spectra being for the aliphatic groups as 

discussed above (Fig. 13A and 8C) and an aromatic HSQC to fully encompass all the  

Fig. 13. N1 binds to APPTM with AA2 and AA3 and the aromatic section of AA1.  A. Aliphatic HSQC 
of N1 in APPTM NMR buffer (25 mM NaPO4, 4% dodecylphosocholine (DPC), pH 7.2). The red 
spectrum is APO N1, and the blue spectrum is 1 N1:1 APPTM ([APPTM] = 50 μM). Groups that 
interact with APPTM are the α, β, and γ protons of AA2 along with the α and β protons of AA3 as 
selective line broadening is observed at these peaks. B. Aromatic HSQC (1:1 APPTM:N1) where all 
peaks experience selective line broadening. C. Spectral data from A represented as a bar graph 
comparing peak heights (I/I0 where I = N1 + APPTM and I0 = APO N1). Significant selective line 
broadening (I/I0 < 0.5) was observed at the aliphatic peaks discussed in A. D. Spectral data from B 
represented as I/I0 plots. Significant line broadening (I/I0 < 0.5) is observed at all aromatic peaks 
likely due to interactions with hydrophobic residues in APPTM. 
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C-H groups of N1 that could be involved in binding (Fig. 13B and 13D). From the HSQC 

and I/I0 plots it is evident that all aromatic moieties are involved in binding. Given the full 

scope of binding we can see that all the structural moieties of AA3 are involved in binding 

with the largest contributor to binding being: CHζ 128.1 ppm – 7.3 ppm, I/I0 = 0.04 and 

CHη 129.6 ppm – 7.4 ppm, I/I0 = 0.10. CHθ also undergoes selective line broadening, but 

to a lesser extent than CHη and CHζ as it has an I/I0 value equal to 0.4 (CHθ 126.9 ppm – 

7.3 ppm). As both CHη and CHζ are closer to the aliphatic peaks off AA3 that have a 

reduction in signal it is consistent that those peaks experience more selective line 

broadening than CHθ. AA1’s aromatic peaks CHβ (121.8 ppm – 7.9 ppm, I/I0 = 0.16) and 

CHδ (125.6 ppm – 7.7 ppm, I/I0 = 0.30) also experience reduction in peak height consistent 

with binding with the addition of APPTM.   

3.4.5 NMR Titration of APPTM with N1 

There are chemical shift perturbations (CSPs) along APPTM in the transmembrane 

domain with the addition of N1, but the main residues that experience local chemical 

change are I9, E10, V12, L52, K53, K55, and L56 (Fig. 14). As N1 has mostly hydrophobic 

sidechains it is unsurprising that there are substantial CSPs at hydrophobic residues of 

APPTM like I9, V12, L52, and L56. Interestingly, the cluster of residues with the largest 

CSP are near the C-terminus of APPTM, from L52 to L56, including the KKK (K53-K54) 

motif (Fig. 14A and B). The shift observed around KKK could be attributed to interactions 

between an electrostatic interaction with the carboxylic acid group on N1. These data 

suggest that N1 may be used in a TCI to guide a covalent warhead to these lysines. 
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Fig. 14. NMR titration of 1 APPTM : 1 N1 showed limited chemical shift perturbations (CSPs) 
indicative of binding. A. Overlayed TROSY spectra of APO APPTM (red) and APPTM : N1 (blue). 
There is limited visual CSPs but there are slight shifts at labeled residues. B. Quantification of CSPs 
observed in A. Overall there is limited CSP with the addition of N1. The largest CSPs are observed 
at residues labeled in A and consist of I9, E10, V12, L52, K53, K55, and L56.  

3.5 Summary and Conclusions  

There is a current and ever expanding need to develop disease modifying strategies 

against AD. Senile plaques are mainly composed of extracellular protein aggregates of 

Aβ42 and Aβ40. Aβ peptides are generated by the intramembrane proteolysis of APPTM 
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by GS. Clinical trials of traditional enzyme inhibitors targeting GS active site caused 

severe side effects brought about by inhibition of other normal GS function such as 

cognitive decline. To mitigate side effects experienced in previous trials we used a DEL 

to screen for tripeptides that bind to APPTM that can inhibit cleavage by GS to reduce 

amyloid load. Eleven hits were identified (representative five tripeptides shown in Fig. 10). 

Among these, N1 was most successful in AlphaLISA-based GS enzyme assays (IC50 of 

90 nM and 60 nM respectively). N1 is a tripeptide with the following side chains: AA1 Di-

tert-butylbenzene, AA2 isopropyl (valine), and AA3 S-Tritylcysteine. (Fig.10, N1).  

NMR titrations between N1 and APPTM indicate that N1 binds to APPTM using all 

three amino acids on N1 to bind to hydrophobic residues (leucine and valine) and their 

charged neighboring residues on APPTM (lysine and glutamic acid) (Fig. 13 and Fig. 14). 

MALDI-TOF MS analysis showed no covalent modification of APPTM by N1 (Fig.6).  

Initial work has been done to turn the non-covalent inhibitor N1 into a TCI. TCIs 

combine the selectivity of a non-covalent binder with the zero off rate of a covalent 

inhibitor.82-84 TCI functions by having the non-covalent inhibitor bind specifically to the 

target protein thereby putting the covalent warhead in close proximity to its target residue, 

to avoid the lack of specificity commonly associated with covalent inhibitors.  

Based on CSP, N1 binds in the proximity of lysines (Fig. 14). SFs can modify protein 

at multiple residues including but not limited to: Lys, Ser, Thr and Tyr.100-101 SFs are 

especially good at targeting the lysine ε-amine group.43 A covalent warhead phenyl-

sulfonyl fluoride (SF) for were therefore chosen to replace AA3 of N1 to generate TCI N1-
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SF. The phenyl addition to the covalent warhead was added to maintain the hydrophobic 

nature of N1 AA3 while still allowing for the covalent modification.  

Fig. 15. MALDI-TOF time course showing time-dependent covalent modification of APPTM by N1-
SF. A. N1 scaffold with AA3 replaced with an aryl-sulfonyl fluoride group for covalent modification. 
B. Multiple additions of N1-SF are exhibited in peaks 3-5 of the green, black, and blue spectra (24 
hr, 32 hr, and 46 hr respectively). Peak one at 5583 𝒎𝒎

𝒛𝒛
 corresponds to unmodified APPTM. As N1-SF 

covalently modifies protein by having the fluoride act as a leaving group we expect a Δ 𝒎𝒎
𝒛𝒛

= 𝟔𝟔𝟏𝟏𝟔𝟔 (the 
mass of N1-SF minus a fluorine. Peak three in the green, black, and blue corresponds to the addition 
of one N1-SF (Δ 𝒎𝒎

𝒛𝒛
= 𝟔𝟔𝟏𝟏𝟔𝟔). Peaks four and five are representative of two and three additions of N1-

SF respectively (Δ 𝒎𝒎
𝒛𝒛

 = 1228 and 1842 respectively).  

With initial study using MALDI-TOF MS, we show a time-dependent covalent 

addition of N1-SF to APPTM (Fig. 15). Further work needs to be done to fully characterize 

this interaction but currently there is confirmation that the covalent warhead does allow 

for the addition of N1-SF whereas N1 alone showed no addition. This marks the first step 

by our lab at generating a TCI using rational drug design. 
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By reducing Aβ load in the brain while maintaining normal GS function by targeting 

the substrate of GS, APPTM is an alternative approach to AD drug discovery.  Here we 

report the discovery of non-covalent binder N1 that inhibits APPTM cleavage by GS with 

nanomolar efficacy. This discovery marks the first tripeptide obtained from DEL screening 

used for inhibition of GS cleavage through its interactions with APPTM. From this initial 

discovery we endeavored to develop the non-covalent N1 into a TCI by adding a SF 

covalent warhead.  
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4 DISCUSSION AND CONCLUSIONS 

4.1 Similar Structural Moieties in Central Nervous System (CNS) 
Targeting Compounds 

4.1.1 Hydroquinone/Quinone Moieties in Drug Development 

There have been multiple in vitro and in vivo studies characterizing various quinone 

containing compound’s ability to inhibit protein aggregation in AD as well as other protein 

aggregation diseases (e.g. diabetes).102-106 These use the quinone moiety in conjunction 

with other small structural moieties (such as phenyl and naphthoquinone),  making them 

structurally similar to 6H8.104,106 These studies show clear inhibition of Aβ aggregation 

into fibrils and oligomers with addition of quinone containing compounds.102-106 Quinone 

containing compounds are a common metabolites from plants that have been found to be 

orally available as well as neuroprotective making them privileged groups in drug 

discovery.105, 107 With this quinone moiety, 6H8 may serve similar functions to not only 

inhibit formation of Aβ peptides but inhibit their aggregation as well, although the anti-

aggregation potential remains to be tested experimentally.  

4.1.2 Peptides and Tripeptides in Drug Development  

Since the breakthrough of insulin there has been an increase in the use of peptides 

in drug development.108 Peptides make up five percent of the global pharmaceutical 

industry as of 2021, the majority targeting the central nervous system (CNS) for pain and 

inflammatory management.108 Recently there has been work done to develop linear 

tripeptides against ALS to disrupt beta sheet formation of the aggregates generated by 

relevant ALS mutations.109 Along with ALS there is interest in using peptides for drug 

delivery as they have been shown to pass the BBB when administered nasally.110 Given 
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these promising factors, N1, as a tripeptide, could have the desired properties for the 

treatment of AD with broader efficacy. 

4.1.3 Sulfonyl Fluoride is an Electrophilic Warhead Prevalent in Drug 

Development  

Sulfonyl fluoride containing compounds (SFs) have been applied to infectious 

diseases such as malaria in the past, but more recently SFs have been used in targeting 

kinase, hydrolase, proteosome, peptidase and cholinesterase.111-117 Importantly, SFs 

inhibit acetylcholinesterase by 50% in the CNS of rats after three hours, showing equal 

efficacy between oral or intraperitoneal administration of the drug.117 A broad survey 

yielded multiple SFs that exhibit significant inhibition of acetylcholinesterase and 

butyrylcholinesterase at 20 μM dosing.116 Drugs surveyed were also measured for their 

ability to pass an artificial BBB to show that they can permeate the BBB.116 As the majority 

of SFs screened in these studies have similar molecular weight and chemical properties 

(hydrophobicity) as N1-SF there is indication that N1-SF may serve as a disease 

modifying therapy that likely permeate the BBB. 

4.2 Passing the Blood Brain Barrier 

4.2.1 Strategies for Improving BBB Permeability   

Non-invasive strategies are often used for to overcome the low permeability of the 

BBB of drug compounds.118 Drugs can act as a prodrug (similar to 6H8) where it becomes 

activated after being introduced to the system or the drug can be conjugated to soluble 

peptides as a method of overcoming the BBB.118-119 Other methods include packaging the 

drug in liposomes or nanoparticles.118-119 Liposomes are a good approach to packaging 
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hydrophobic drugs like N1, as they provide an isolated environment away from the 

aqueous environment of the body with the most common liposomes being composed of 

polylactic acid.119 Gold nanoparticles are frequently used in the delivery of anti-cancer 

drugs to the brain, a strategy that could also be applied to AD drug delivery.119 As 

previously mentioned, intranasal delivery of drugs has been demonstrated to be a viable 

method to deliver drugs to the brain in Parkinson’s patients, a disease pathology that is 

similar to AD.110,118-119 Methods that could be useful in aiding 6H8 delivery to the brain are 

conjugation to a soluble peptide that can aid in it keeping 6H8 intact until it reaches the 

desired target (APPTM interface with GS). For N1/N1-SF packaging in liposome or gold 

nanoparticles would be appropriate as a delivery method as they can serve to package 

hydrophobic drugs. 
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