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Gamma secretase cleaves numerous substrates that regulate a variety 

of cellular processes. The involvement of Gamma secretase in so many 

different signaling systems makes it a challenging enzyme to target without 

toxic side-effects. The two predominantly studied substrates are Notch and 

Amyloid precursor protein (APP). Dysregulated cleavage of the first can lead 

to cancer, while cleavage of the second results Amyloid Beta (A) production 

which contributes to Alzheimer’s Disease (AD). Therefore, the development of 

substrate specific gamma secretase modulators is of primary importance. 

To find a modulator of Notch signaling we screened a 20-amino acid 

displaying bacteriophage library for a peptide sequence that recognizes 

Notch1. Through this approach we identified a sequence that specifically binds 

to Notch1 and none of the other isoforms of Notch. The phage displaying this 

sequence co-localized and co-immunoprecipitated with Notch1 and was able 

to reduce Notch1 signaling in a Notch reporter system. Therefore, we have 

identified a novel sequence that can specifically modulate Notch1 signaling 

without interfering with cleavage of similar proteins. 

The AD field has been primarily restricted to studying two A species: 

A-40 and A-42, that are produced after gamma secretase cleavage of two 

sites on APP. While other cleavage sites have been reported, the ability to 

study and characterize them, especially in relation to Alzheimer’s Disease, has 

been hampered due to the lack of tools specific to these alternate sites. To 



 
 

address this issue, we generated, and characterized, monoclonal antibodies to 

these cleavage sites. We confirmed that these antibodies are selective for the 

alternative species, including A-43 and A-45, and utilized Alpha-LISA 

technology to quantify binding strength. We were also able to utilize some of 

these antibodies in immunohistochemistry and aggregation binding studies to 

further investigate difference in behavior of these amyloid species. The 

development of these antibodies will enable us to focus on alternative 

cleavage sites of A and study their contribution to AD. 
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Chapter 1: 

Introduction 

1. The Gamma-Secretase Complex and its Regulated Proteolysis 

Gamma-secretase (GS) is a multi-component enzyme found on the 

membrane of the cell [1, 2]. It was first found to cleave Amyloid Precursor 

Protein (APP) in the transmembrane region [2-5]. APP is a single-pass integral 

membrane protein, whose primary function is unknown, but it may be related 

to trafficking and neurite pruning. Also, the cleavage products of APP have 

been implicated in Alzheimer’s Disease [2, 3, 5, 6]. Later, additional cleavage 

targets, including the Notch family of proteins, were subsequently identified [5, 

7]. There are over ninety different substrates for gamma-secretase, giving GS 

the name “proteasome of the membrane”  [8, 9].Due to its library of substrates, 

side effects are very common when pharmacologically or chemically altering 

GS cleavage ability [10-12].  

The GS complex is made of 4 main subunits, Nicastrin, Presenilin, 

Anterior pharynx-defective-1 (APH-1), and Presenilin enchancer-2 (PEN-2) [1, 

13, 14]. These four subunits are necessary and sufficient for the complex to 

form and to become catalytically active (figure 1). Stoichiometrically, a subunit 

ratio of 1:1:1:1 is needed, but it is also possible that larger complexes form 

with altered or multiplied stoichiometry. In addition, due to the large library of 

substrates that gamma-secretase has, additional proteins or modulators must 

interact with gamma-secretase to help specify which proteins it should be 

targeting within specific cellular microenvironments. For example, Hif1 has 

been shown to directly activate GS in breast cancer [15].  
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Not all GS that resides in the cell is activated. First Presenilin must be 

endoproteolyzed into c-terminal and n-terminal fragments for GS to be 

activated [3, 16]. Gamma-secretase’s active site resides on Presenilin, 

residues D257 and D385 [3, 16]. Nicastrin, which extends above the GS 

complex is used for substrate recognition and docking [17, 18]. APH-1 and 

PEN-2 give structural stability to the overall complex. Cleavage occurs when 

Figure 1: The four proteins that make up the Gamma-secretase complex: 
Presenilin (PS1), which needs to be proteolyzed into PS1 c-terminal and n-
terminal fragments. Presenilin enhancer 2 (Pen2), which helps with the 
endoproteolysis of PS1. Nicastrin, which is used for substrate recognition. 
Lastly, Anterior pharynx-defective1 (Aph1), which is used for structural stability. 
The substrate docks within the complex allowing residues D257 and D385 to 
cleave the protein. 

Nicastrin 

PS1-CTF PS1-NTF 

Aph1 

Pen2 

-secretase 
Catalytic residues D257 D385 
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the substrate docks within Gamma-secretase, and then the aspartyl proteases 

use water to cleave the protein the mechanism is shown in figure 2 [2]. 

 

Figure 2: General cleavage mechanism of aspartyl proteases. One aspartyl 
protease attacks a water molecule which then attacks the carbonyl which is 
stabilized by the other aspartyl residue. The carbonyl reforms and the hydroxyl 
group takes a hydrogen from the second aspartyl residue.  This reforms the 
carbonyl bond, cleaves the amide-bond, and releases a molecule of water 
from the protein.  

 Due to cleavage products of APP being associated with Alzheimer’s 

Disease, initial treatments towards treating Alzheimer’s Disease consisted of 

complete inhibition of GS which will prevent the creation of APP cleavage 

products. All these pan-GS inhibitors failed in various stages of clinical trials 

due to toxicities related to GS’s function not associated with APP. This shows 

the importance of GS’s function, and that GS cannot be completely inhibited. 

Rather to properly modulate the substrates of GS to prevent the diseases 

associated with them, the regulation must happen with the substrate and not 

with GS to limit the associated toxicities. 

2. Notch Protein Cleavage and Function 

The Notch protein was first discovered in 1917 by Thomas Morgan 

who, while studying drosophila genetics, found that this protein when absent 

or mutated caused a characteristic notch in the fly wing [19]. The Notch 

 



4 
 

protein, which is a transmembrane receptor, and its signaling pathway are so 

complex that even decades later the structure of Notch, and mechanism of 

activation, are still being elucidated [20]. This complexity is needed due to the 

numerous roles Notch plays in various stages of development, differentiation, 

proliferation and apoptosis [21-26].  

There are four Notch proteins (Notch1-4), which share similar structural 

organization, with Notch1 and Notch2 having the highest sequence homology 

[27]. The four receptors have varying amounts of epidermal growth factor 

(EGF)-like repeats external to the membrane, with humans having between 29 

and 36.  Each EGF-like repeat consisting of about 40 residues and they 

contain six cysteines that form a characteristic disulfide bond formation [28]. 

Binding occurs on this domain, with EGF repeats 11-13 being the binding 

domain for Notch1. The EGF-like repeats are followed by the notch regulatory 

region (NRR) that protects the ADAM10/17 cleavage site [29, 30]. Next is the 

transmembrane region where the gamma-secretase cleavage site resides. 

The intercellular region has seven ankyrin repeats, which are integral for 

Notch function and are conserved throughout the isotypes. Each ankyrin 

domain is about 33 residues long [31]. Lastly, the c-terminal portion of the 

protein is a PEST domain to allow for speedy degradation of the protein (figure 

3) [20]. 
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The family of Notch proteins are first synthesized as ~300kDa proteins, 

and then in the Golgi apparatus, a furin-like convertase (S1 cleavage) cleaves 

the protein to generate a mature, non-covalent heterodimers [32]. It is 

generally understood that the mature Notch protein is trafficked to the surface 

of the cell, and, once exposed on the cell surface, a neighboring cell’s Notch 

ligand (Delta1, 3,4 or Jagged1,2 in mammals) binds to the EGF-like regions 

[20, 33]. As mentioned previously, in Notch1 in mammals the ligand binds in 

between EGF-like regions 11-13 [34, 35]. Once binding occurs, the NRR 

moves and uncovers the ADAM10/17 cleavage site (S2), which is the rate-

limiting step in Notch signaling [29, 30]. Then Gamma-secretase cleaves 

within the membrane [5, 36]. Once Notch is cleaved by Gamma-secretase the 

intracellular domain (NICD) translocates into the nucleus, where it associates 

with the CBF1-Se(H)-lag1 complex and converts the complex from being a 

EGF-like 

 
NRR  
 

TM  
 

TM  

NICD  
 

36 

 

36 

 

34 

 

29 

 

Notch1  
 

Notch2 

 

Notch3  
 

Notch4  
 

Figure 3: The four mammalian Notch receptors. Binding occurs in the EGF-like 
repeat domain. The four Notch receptors mailnly differ in how many EGF 
repeats are in the EGF-like repeat domain. Notch1 and Notch2 have 36, 
Notch3 has 34, and Notch4 has 29 EGF-like repeats. The Notch regulatory 
region (NRR) region is where ADAM10/17 cleaves the Notch receptors, and 
then within the transmembrane region (TM) Gamma-secretase cleaves the 
Notch receptors. The Notch intracellular domain (NICD) then translocates to 
the nucleus. 
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repressor complex to being an activating complex [37]. The downstream 

genes upregulated by Notch signaling include HES (hairy enhancer of split) 

and HEY (hairy-related transcription factor) which are the Notch effector genes 

(figure 4) [38-40].  

 

Due to the ubiquity of the components of Notch signaling, additional 

and specified regulation is required to achieve the desired signaling endpoint 

[41]. Some of these additional layers of regulation include spatial and temporal 

regulation of the expression of the components of Notch signaling [42]. In 

Figure 4: The Notch signaling system: The Notch ligand, of which there 
are 5 (JAG1,2, DLL1,3, and 4), binds to the Notch receptor, of which there 
are 4 (Notch1-4). ADAM10/17 then cleaves the Notch receptor. Once 
ADAM10/17 cleaves the Notch receptor, Gamma-secretase cleaves the 
Notch receptor within the membrane. Then the NICD translocates into the 
nucleus and transcription of the Notch-downstream genes (HES and 
HEY) occur. 

Notch 

Notch ligand 

NICD 

Translocates to nucleus 

TACE 

Transcription 
repressed 

Transcription 
activated 

HES 
HEY 

5 Notch ligands: JAG1,2, DLL1,3,4 

4 Notch receptors: Notch1-4 

Gamma-secretase 
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addition, differential post-translational modifications (i.e. O-fucosylation), 

trafficking and degradation of the components are also used by the cell to 

regulate Notch signaling [43-46]. 

Notch is needed in regular development and differentiation, as 

mentioned previously. For example, in hematopoiesis, the regulated balance 

of self-renewal and differentiation of hematopoietic stem cells is based on 

whether Notch1 or Notch2 are signaling [47]. In the myeloid lineage Notch1 

and Notch2 are increased in granulocytes, whereas in erythroid progenitor 

cells Notch1 has decreased expression [48]. Also, Notch1 expression in early 

in lymph cell development influences B-cell versus T-cell lineage 

determination [49, 50]. In the intestines Notch is crucial for differentiation into 

the stem, progenitor and crypt cells. Notch inhibition causes reduced 

proliferation, differentiation into only a subset of the intestinal cells, and 

apoptotic cell death [12, 51, 52]. 

Functionally, Notch can have various signaling determinations, and 

mutations in Notch can cause various maladies, including cancers and genetic 

disorders [53, 54]. For example, in the early 90’s a chromosomal translocation 

(t(7;9)(q34;q34.3) in T-cell acute lymphoblastic leukemia (T-ALL) involved a 

translocation of the Notch gene [55]. Other translocations also lead to 

increase, and unregulated, transcription of the downstream proteins [56]. In 

other T-ALL cases there are activating mutations in Notch1 itself, causing 

Notch1 to be oncogenic [57, 58]. Not only is Notch1 implicated in cancer, but 

other parts of the Notch signaling pathway are also associated with cancer like 

Jagged2 overexpression in breast cancer, or Notch2 activation in bladder 

cancer, for example [59, 60]. On the other hand, Notch can also act as a tumor 

suppressor. Decreased Notch activity has been shown to correlate with poor 
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prognosis for patients with certain gliomas [61]. Certain Notch ligands may 

also work antagonistically, with some binding regions or ligands being more 

oncogenic and some portions act more like a tumor suppressor within the 

same cancer. [62]. 

 

a. Notch Therapeutic potential 

Due to the breadth of Notch’s signaling, its roles as both oncogene and 

tumor suppressor, and its essentiality for cell differentiation and development, 

as shown previously, interfering with Notch signaling can cause more issues 

than it solves. Practically, this is the reason why many therapeutic avenues 

are closed off, as both full inhibition of Notch signaling and further activation of 

Notch signaling can result in disease. [63]. For example, inhibitors of gamma 

secretase were used to prevent APP aggregation in patient’s brains [64]. 

Gamma secretase inhibitors were able to properly block gamma secretase 

activity and prevent buildup of APP cleavage products, but inhibition of other 

GS substrates, including Notch, resulted in negative outcomes [65]. 

Specifically, as mentioned before, there were reports of toxicities within the 

intestines, where there was no Notch signaling. Enterocytes whose main 

function is to absorb nutrients in the intestine were not being differentiated due 

to the lack of signaling [66]. 

An alternative approach would be to reduce pathological signaling, 

while simultaneously maintaining healthy levels of Notch signaling thereby 

preventing off-target toxicities [67, 68]. Optimally, a modulation of signaling 

should be spatially defined and target specific. This is especially important, 

since the cell that is being targeted does not, necessarily, have the Notch 

receptors perform the same, or even similar, functions.  
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We want to approach this issue by using peptides to interfere with 

Notch signaling. One advantage that a peptide has to target a specific protein, 

as opposed to a small molecule, is that there are multiple points of contact that 

the peptide has with the protein, whereas the small molecule only interacts 

with a small part of the protein. Also, it is easy to modify, cheap to make and 

much smaller than an antibody, while only having perhaps a slightly lower 

specificity. 

 

3. Phage Display 

Bacteriophages (phage) are viruses for bacteria [69]. They contain 

circular DNA encased in a long protein capsid cylinder [70]. The phages infect 

the host bacterial cell and use a combination of host and self-machinery to 

replicate their DNA [70]. There has been shown to be a symbiotic relationship 

between the bacteria and the phage, since the bacteria have an increased 

lifespan relative to uninfected bacteria, with subsequent generations of 

bacteria continuing to grow phage particles [71]. 

The phage structure consists of pVIII, which is the major coat protein, 

pVII and pIX at one end, pIII and pVI at the other. The DNA within the 

structure is oriented with the packaging signal positioned towards the pVII and 

pIX end. The genome encodes 11 genes. Genes 3,6,7, 8, and 9 are for the 

capsid structure, genes 1,4, and 11 are for capsid assembly, genes 2 and 10 

are for DNA replication, and gene 5 is for binding single stranded DNA [72] 

(figure 5). 
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 Due to the flexibility of phage DNA and the amount that is incorporated 

into the phage capsid, large amounts of foreign DNA can be added to non-

essential parts of the phage DNA [73]. This process makes it possible to 

display foreign peptides or proteins on the surface of the phage particle [74]. 

Since the amino-termini are external to the phage most of the foreign peptides 

and proteins that phages have expressed have been chimeric proteins 

connected to the amino-terminus of capsid structure proteins [75]. Historically, 

pIII and pVII have been used to display proteins and peptides, and large 

libraries have been expressed fused to these proteins. Other proteins have 

been used, but with much lower efficiency [73]. Since these proteins are small 

it is possible that this lower efficiency is due to the inability of these proteins, 

Figure 5: Bacteriophage structure: pVII and pIX are localized to one end of 
the bacteriophage, and pIII and pVI localize to the other end. The DNA is 
oriented with the packaging signal towards the pVII and pIX end. The bulk 
of the structure of the bacteriophage is pVIII which covers the surface of the 
bacteriophage besides the two ends of the bacteriophage. 
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Phage DNA 
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with the added length of the library, to be trafficked to appropriate locations in 

the phage.  

Usually, proteins expressed via pVIII are inserted between the 

sequence for the pVIII signal peptide and the amino-terminal coding region for 

the mature capsid protein [76]. This type of display, which is displayed on 

every pVIII on the surface is limited to 8 or fewer amino acids, due to structural 

considerations [77]. To express longer peptides, hybrid systems are used. 

Either through encoding on the phage gene (an 88 system), or a phagemid (a 

plasmid for phages an 8+8 system) [78]. In these systems an extra pVIII gene, 

which encodes for the individual peptides in the library, usually under an 

inducible promotor, is inserted along with the original pVIII [79]. In these 

situations, most of the surface pVIII is wild type and a portion are the new 

pVIII, but enough of the library peptide is exposed on the surface to be 

immunogenic and interact with specific ligands (figure 6) [78]. At least 80% of 

pVIII expressed by the hybrid phages are wild type. Interestingly, many 

proteins that bind to phages of the 8+8 system have lower affinity but bind due 

to higher valency [80]. 

pIII can also be used to express these libraries, but it can tolerate much 

longer peptides directly inserted in the original pIII [78]. The main drawback is, 

that the infection efficiency is down. Once again, a hybrid approach, with 

similar systems, solves this issue and wild type pIII can be expressed along 

with modified pIII [81]. 
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a.  Phage Screening 

The purpose of the screening of a phage library is always the same -to 

find something that, to some extent, binds to another specific molecular 

structure. In this thesis, for the sake of uniformity, I will be speaking about a 

peptide library screen, but this can be generalized to other types of phage 

screens. The modality of the screening can change depending on the type of 

data one seeks. For example, if the researcher desires very high affinity (tight 

binding) phages to the structure, increasingly stringent washing steps are used 

to remove the background and lower affinity phages. 

In solid-phase panning either the phage, or the protein of interest is 

immobilized on a plate surface [79]. In our case, cells, which displayed the 

protein of interest, were immobilized on the plate surface. The phage is then 

incubated with the immobilized cells. The unbound, and weakly bound, phages 

are then washed off, leaving the bound phages of interest. Also, the protein 

phagemid Modified Phage DNA pVIII expressing library protein 

p(88) p(8+8) 

Figure 6: Phages displaying the two libraries. In the p(88) library the library 
DNA is on the same DNA strand as the rest of the phage DNA. More copies 
of the peptide from the library are displayed, but there is more structural 
instability conveyed to the phage. In the p(8+8) library the library DNA is on its 
own phagemid (plasmid for phage). Therefore, fewer modified pVIII proteins 
are expressed on the surface, and the peptides resulting from a p(8+8) 
screen have higher avidity then from the p(88) screen. 
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can be biotinylated and immobilized via streptavidin on plates and then the 

phage can be incubated with the immobilized protein [79]. Subsequent rounds 

of screening can introduce increasingly stringent washing conditions to 

remove lower affinity phages (figure 7). 

An alternative to the above methods is liquid-phase panning. In liquid-

phase panning an extra step of immobilization is used [79]. For example, 

biotinylated proteins are incubated in solution with a phage library. Next, the 

proteins are captured by immobilized Streptavidin. Then the unbound phage is 

washed off, the bound phage is amplified, and the process repeated. Other 

Phages incubated 
with immobilized 
protein of interest 
 

Wash 

 

Elution 

 

Protein of interest 
 

Amplification 

 

Repeat with 
different wash 
conditions 

 

Figure 7: Solid-phase phage display screening: In solid-phase phage 
display the protein of interest is immobilized on the surface and the phage 
is flowed across the immobilized protein. The non-binding phage are 
washed off. The bound phage is eluted off the protein and amplified. The 
process is repeated through multiple rounds of screening, with the phage 
being washed-off with increasingly stringent washes (ex. decreasing pH) 
leaving just strongly bound phage at the end of the process. 

Phage library 

 

Protein of 
interest 
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tags are also used to immobilize the protein and bound phage and wash off 

the unbound phage. It is also possible to use biotinylated phage particles and 

let the proteins and phage equilibrate in solution [79]. At equilibrium, higher 

affinity phages will bind more molecules than lower affinity phages, if the lower 

affinity phages bind any screening molecules at all [71]. Next, the proteins are 

captured by immobilized Streptavidin. This step is inefficient, which reduces 

yields relative to the solid-phase method. The phages that are isolated are 

relatively higher affinity. For example, with pVIII-peptide displaying libraries 

there is a linear correlation between peptide affinity to the amount of screening 

molecules bound per phage (figure 8). 

Phage library 
incubated with 
tagged-protein 
of interest 
 

Immobilization 

 

Immobilization 

Elution 

 

Protein of 
interest 

Amplification 

 

Repeat with 
different wash 
conditions 

 

protein tag 

 

Wash 

 

Figure 8: Liquid-phase phage screening: The tagged-protein is incubated with 
the phage until binding equilibrium happens. Then the phage is immobilized 
and the unbound phage is washed off. The bound phage is eluted and then 
amplified in E. coli. The process is repeated with increasingly stringent 
washes. 
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4. Amyloid precursor protein structure and cleavage 

Amyloid precursor protein is a single-pass transmembrane protein 

whose function is not known, is heavily associated with Alzheimer’s disease 

[82, 83]. Previous studies looking at postmortem brains of Alzheimer’s Disease 

patients shows characteristic amyloid plaques made from APP-derived 

peptides [84]. The human APP protein has several isoforms ranging in length 

from 365 to 770 amino acid residues, with the APP695 isoform predominantly 

associated with neurons [85]. 

Full length APP is processed by either - or -secretase and then -

secretase [86, 87]. Cleavage by -secretase generates an 83-residue 

fragment that is further cleaved by GS that is not pathogenic [88-91]. 

Whereas, a -secretase, usually BACE1, cleaves APP leaving behind a 99-

residue peptide that is further cleaved by GS that is pathogenic and does 

generate the amyloid plaques that are associated with Alzheimer’s Disease  

(figure 9) [92, 93].  

GS cleaves the 99-residue fragment either at residue 49 (A-49) or 48 

(A-48) and then proceeds to cleave in multiple other points along the peptide 

fragment, usually in 3 amino acids steps. If GS first cleaves at A-49 then it 

cleaves at A-46 then A-43 then A-40 and possibly A-37. On the other 

hand, if GS first cleaves at A-48 it then cleaves at A-45 then A-42 and then 

A-38 [94-96]. The biggest fragment that makes up the plaques is A-40 

followed by A-42 (figure 10) [97, 98]. It is assumed that A-42 is the crucial 

peptide for forming plaques due to its increased hydrophobicity, with the 

additional amino acids isoleucine and alanine, even though it accounts for less 

than 10% of the mass of the plaques [99-102]. The other fragments have only 
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been seen in vitro through mass spectrometry however the tools have not 

been developed yet to see these fragments in vivo [103-105].  

Gamma-
secretase 
Cleavage 
sites 

A-40 cleavage 
pathway 

A-42 cleavage 
pathway 

-secretase 
Cleavage 
site 

-secretase 

Cleavage 
site 

Figure 9: Plaque formation caused by APP cleavage by Gamma-secretase. APP 

is first cleaved by -secretase and then cleaved subsequently by GS. 
Depending on how GS cleaves APP plaques can be formed with the cleavage 
products. Some researches have shown an affect with AICD, which translocates 
into the nucleus and may have implications in Alzheimer’s Disease. 

Figure 10: The two possible pathways that GS can take to cleave APP. In the 

A-42 cleavage pathway GS first cleaves at A-48 and then continues down 

to A-42. Whereas in the A-40 pathway, cleavage starts at A-49 and then 

continues down to A-40. With both pathways perhaps continuing one step 

further to A-38 and A-37, respectively. 

Gamma-secretase 

Plaque formation 
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a. APP cleavage inhibition and mutations 

Due to APP’s plaque deposition being correlated with Alzheimer’s 

Disease, initially the therapeutic avenue was to inhibit all forms of processed 

APP [106]. This led to pan-GS inhibitors, and then, as mentioned above, to 

resulting toxicities [10, 107]. One of the next possibilities was to focus on 

altering GS and making it follow the A-49 pathway as opposed to the A-48 

pathway, thereby creating more A-40 in place of A-42 [108]. One of the 

reasons for this was based on the mutations found in hereditary Alzheimer’s 

Disease patients (Table 1). Multiple mutations within APP itself and within 

Presenilin led to increased amounts of A-42 as opposed to A-40 and a 

correlated increase in morbidity [109, 110]. The next idea was to inhibit A-42 

generation while limiting interference with A-40 generation [111]. At this point, 

two ways were thought of how to do this. Either to increase A-38, which 

would mean that the A-42 that was being generated is being cleaved by GS 

into a smaller fragment which is less hydrophobic. The amino acids that are 

cleaved are 2 glycines, isoleucine, and alanine. Or, it was to increase A-40, 

which would mean that GS would be starting its cleavage path down A-49 as 

opposed to A-48. There is a third possibility which is to limit the amount of 

A-42 that is being generated without increasing A-38 or A-40, rather by 

increasing A-45 or even A-48. This would mean that GS is inhibited higher 

up in its cleavage pathway. The current drawback is that there are no tools 

sensitive enough to see this in vivo. One of the most sensitive tools that would 

work in this situation would be antibodies, which are sensitive enough to 

differentiate between the A fragments, except antibodies have never been 

generated towards these epitopes. If antibodies were generated to these 
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epitopes then even in vivo, we would be able to test for the generation of 

these substrates. 

Table 1: Mutations in APP and PSEN1. Red residue mutations are known 
mutations that are pathogenic. Green residue mutations are protective 
mutations. 

Residue 
number 

Amino 
acid 

Possible 
mutation Biological affect 

709 (38) APP G S  
713 (42) APP A T, V  
714 (43) APP T A, I Increased Aβ42/Aβ40 ratio  

715 (44) APP V A, M Increased Aβ42/Aβ40 ratio. 

716 (45) APP I F, M, T, V Increased Aβ42/Aβ40 ratio 

717 (46) APP V F, G, I, L Increased Aβ42/Aβ40 ratio 

719 (48) APP T P  
246 PSEN1 A E, P Increased Aβ42/Aβ total ratio. 

248 PSEN1 L P, R  
250 PSEN1 L S, V  

384 PSEN1 G A 
Increased Aβ42/Aβ40 ratio; 
Increased Aβ42; decreased Aβ40. 

386 PSEN1 F I, S  

388 PSEN1 F L 
Increased Aβ42 and Aβ42/Aβ40 
ratio. 

 

5. Antibodies and their structure 

Antibodies are proteins secreted by B-cell lymphocytes. The general 

structure of the monomeric antibody is four peptide chains, that are 

coordinated to make the larger protein structure -two similar heavy chains and 

two similar light chains (figure 11). Each heavy and light chain is connected via 

several disulfide bonds, and this region is known as the hinge region of the 

antibody. The end of the light chain is the hypervariable region, which, based 

on genetic recombination, has unique amino acid sequences, and gives the 

antibody binding selectivity and perhaps specificity.  
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There are five isotypes of antibodies and several subtypes of the 

isotypes, with each serving specific functions [112, 113]. The five isotypes of 

antibodies are Immunoglobulin(Ig) A (IgA), IgD, IgE, IgG, IgM. IgA is secreted 

in the mucus and has 2 subtypes and is either in a monomer or dimer form. 

IgD is a monomer and its exact function still is not clear. IgE are the source of 

allergies, it is also a monomer that the body makes in response to being 

introduced to an allergen. IgM is the early response of the B-cell when 

presented with an antigen, and it exists usually as a pentamer. IgG is the most 

abundant of all antibodies. It exists as a monomer, but it has 4 isotypes IgG1, 

IgG2, IgG3, IgG4. They bind to receptors in the descending strength. 

IgG3>IgG1>IgG4>>IgG2. Also, IgGs usually have the longest half-life of over 

20 days, besides for IgG3, which has a half-life of a week similar to the half-life 

of IgM and IgA. IgD and IgE have half-lives of 3 and 2 days, respectively [114, 

115]. 

Figure 11: Structure of an IgG antibody. The antibody is made up from a set 
of heavy chains and a set of light chains that are held together by disulfide 
bonds. The variable region is where the antibody displays it specificity and 
the constant region is what defines the antibody type. 
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a. Antibody uses 

The most significant attribute that antibodies have is their ability to 

recognize specific epitopes and ignore others. This can include minor 

modifications. If the epitope is methylated the antibody will have decreased 

recognition of the epitope. This specificity is used in the lab to create affect as 

a tool, but antibodies can also be used in therapies [116]. Some modalities for 

therapy include targeting specific epitopes for degradation by macrophages, or 

the antibody can be used as a drug-conjugate to increase the specificity of the 

drug [117, 118].  
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Chapter 2: 

Discovery of Notch1 modulating peptides 

1. Introduction: 

Notch signaling is present during all stages of development [119]. It is a 

highly conserved signaling system that enables short-range communication 

between cells. Contact between cells is required for signaling to occur, and the 

resulting signaling is dependent on cellular microenvironment  [120]. For 

example, Notch can trigger cell proliferation, cell differentiation, and cell death 

throughout an organism’s lifespan [20, 119-124]. This Notch signaling is 

triggered in the same fashion, but the resulting effect can be different 

depending the cellular microenvironment [62, 125, 126]. Because of Notch’s 

omnipresence in organismal development, understanding aberrant Notch 

signaling is critical to our examination of many disorders including Alagille 

syndrome, CADASIL (cerebral autosomal dominant arteriopathy with 

subcortical infarcts and leukoencephalopathy) and multiple types of cancer 

and for the future pharmacological manipulations of the Notch signaling 

system [121, 127-132].  

Notch is a single-pass transmembrane protein, found on the surface of 

the cell [120, 125]. There are four members of the Notch receptor protein 

family (Notch 1-4), with Notch 1 and 2 having the largest sequence overlap 

[125]. For signaling to occur, Notch requires a neighboring cell to express one 

of five, Delta1, 3, or 4, or Jagged1 or 2, ligands. Binding occurs along the 

“epidermal growth factor (EGF) like-region,” which is where the Notch proteins 

have multiple copies of EGF domains, with Notch1 binding to its ligands at 

EGF domain 11-13 [133-136]. Once the ligand binds to the Notch receptor, 

there is a conformational change in the Notch regulatory region and the 
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metalloprotease ADAM 10 and ADAM 17 cleavage site is revealed [125]. The 

metalloprotease cleaves Notch external to the cell membrane. Gamma-

secretase then cleaves within the cell membrane and the Notch intercellular 

domain (NICD) is released and translocates to the nucleus. In the nucleus, 

NICD complexes with DNA-bound CSL repressor complex and recruits 

Mastermind and binds with RBPJ to make a transcriptionally active complex. 

Notch activation then transcribes the Notch downstream effector genes, most 

significantly HES and HEY [20, 125] 

Notch may act as a both an oncogenic or a tumor suppressing ligand, 

depending on the cellular microenvironment of the specific tissue [132, 137]. 

Sixty percent of all T cell lymphoblastic leukemias have activating (oncogenic) 

mutations in Notch1, including a fusion of the 3’ end of Notch1 to the T cell 

receptor β generating a truncated dominant active Notch1 protein [126, 137]. 

However, many squamous cell carcinomas have inactivating mutations, 

stopping the tumor suppressor function of Notch, including head and neck, 

cutaneous and esophageal squamous cell carcinomas [138-140]. In addition, 

alterations of Notch signaling too drastically can cause other toxic side-effects. 

For example, Clevers et al. showed that Notch inhibition turns proliferative 

cells in intestinal crypts and adenomas into goblet cells [141]. 

Pharmacological manipulations of the Notch signaling system can 

become very complicated, as outlined above. While the principle drug target 

may be to inhibit gamma-secretase cleavage of notch1, it has become well 

known that inhibitors of notch cleavage have many off-target side effects [5].  

This is due to the fact that gamma secretase, the main protease involved in 

Notch cleavage, has over 90 substrates [9]. Because Notch plays a role in 

various signaling pathways, it is critical to acknowledge this during drug 
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development.  Ultimately, complete inhibition of notch signaling is toxic.  

Therefore, drug development is critical to specifically target pathologic Notch 

signaling [131]. 

In order to specifically target Notch signaling, we have designed a 

pooled peptide screen to identify ones that bind to Notch1. Peptides represent 

a reemerging class of drugs because of their modular design, cost and overall 

ease to work with [142]. Due to their modular design, they represent an ideal 

pooled screen with the ability to screen different sequences, epitopes and 

conformations in a high throughput manner. To find a good peptide candidate, 

we used a bacteriophage that displayed a peptide library. A bacteriophage is a 

virus that infects bacteria, that can express a library of peptides on the surface 

of the phage allowing us to screen large possibilities of peptides easily. This 

screening will help us discovery new peptide-protein interactions. In our case, 

we will use high-throughput to screen the large library of peptide expressing 

M13 bacteriophages to find peptide sequences that can recognize Notch1 and 

then rescreen them to see if, and how much, they inhibit, or modulate, Notch 

signaling [78, 79]. Here, to perform the pooled screen, we screened a phage 

library (>10^9 diversity) to find a sequence that can recognize Notch1 and 

modulate Notch signaling. We not only found a sequence that recognizes 

Notch1, but is also specific for Notch1, and does not recognize other 

homologs of Notch including Notch2, which is highly homologous (>60%) [123, 

143]. In addition, we were able to make a dimer of the peptide sequence and it 

partially inhibited Notch1 signaling. 
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2. Results: 

 Phage display is a versatile way to test numerous, diverse peptide 

sequences. Here we used a library with a linear 20 amino acid variable region 

with a library size >10^9. In order to be able to display such a long peptide, 

without compromising the structural stability of the phage, the phage library 

uses a p(8+8) system. In this system a library of peptides is added via an 

additional library displaying pVIII protein that is located on a phagemid and not 

on the phage’s native DNA [144]. The structural integrity is provided by the 

native pVIII, which expresses about 2500 proteins on the surface. While the 

library is expressed on a separate pVIII that only has about 200 copies 

displayed on the phage surface (figure 12). Due to the need for structural 

stability, the library can only be expressed on a minority of the surface pVIII 

proteins [78, 144, 145].  

Figure 12: M13 bacteriophage structure. Most of the surface is pVIII with 
pVI and PIII at one end and pVII and pIX at the other end. In the modified 
M13 bacteriophage, about 10% of the surface express a modified pVIII 
protein that is located on the phagemid. This is where the library is 
expressed and exposed on the surface of the bacteriophage. 
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We screened the peptide library against stable Flp-in U2OS cells that 

upregulate human Notch1-Gal4 chimeric receptors in a doxycycline dependent 

manner (U2OS-N1) [146, 147]. First, cells that were expressing Notch1 were 

immobilized via paraformaldehyde (PFA) and incubated with the phage library. 

The unbound phage was washed off and the bound phage was dissociated 

and amplified in E. coli. Then, for a negative selection, the recovered phage 

was rescreened against U2OS cells that did not upregulated Notch. This 

negative selection removed phages that only recognized the surface of the cell 

and not Notch1. The phages that did not bind the U2OS surface were then 

amplified in E. coli and rescreened against U2OS cells that upregulated 

Notch1 for three more rounds, with each round using increasingly stringent 

dissociation steps (each dissociation was with a lower pH). The remaining 

phages after the multiple steps of biopanning would leave behind only 

peptides that strongly bound to Notch1 [148]. After all the five rounds of 

biopanning the resulting phages were sequenced and there was enrichment 

for just one peptide sequence VGGLAQLVRAYSGLNGSTTA (P1 phage) 

(Table 2). An ELISA was performed to show that the phage does recognize 

Notch1 when Notch1 is upregulated via doxycycline (figure 13).  
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Figure 13: Method used to screen the phage library to discover peptides that 
recognize Notch1. A) The phages were first screened against U2OS cells that 
upregulated Notch1 in the presence of doxycycline. The phages that bound were 
then screened against U2OS cells that did not upregulated Notch1. The phages 
that did not bind when Notch1 was not present were then reincubated with U2OS 
cells that upregulated Notch1. The phages were washed off with subsequence 
stringent washes. The result of the screen was the phage P1 phage B) P1 phage 
recognizes Notch1 in a doxycycline dependent manner. After five rounds of 
screening of the phage library against immobilized cells, an ELISA showed that 
P1 Phage recognizes Notch1 preferentially when it is upregulated and compared 
to a control phage. ANOVA test ****<0.0001 P-value ns = not significant P-value. 
Data from Dr. Villa. 
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Table 2: Sequences recovered over multiple rounds of biopanning 

After the identification of the P1 phage from the phage screen, and its 

sequencing, the binding abilities of P1 phage were assessed. P1 phage itself 

was fluorescently labeled with an Alexa Fluor 568 dye [149]. First Flp-in U2OS 

cells were plated that were, incubated with 1 ug/ml doxycycline to induce 

Notch1 expression. After 24 hours the cells were fixed with 4% formaldehyde. 

Once the cells were fixed, we incubated 10 nM of fluorescently-labeled P1 

phage with the U2OS cells. As controls we also incubated these modified P1 

phages with U2OS cells that did not upregulate Notch1. Also, we conjugated a 

control phage at the same concentration with U2OS cells that upregulated, 

and did not upregulate, Notch1 (Figure 14). Then we incubated the fixed cells 

with a human antibody that was developed to bind to the Notch regulatory 

region (anti-NRR) [150]. Lastly, a mouse anti-human Alexa Fluor 488 was 

incubated with the cells to bind to the anti-NRR antibody, which showed that 

both the fluorescently-labeled P1 phage overlapped in binding with the anti-

NRR antibody (Figure 14).  

Enrichment of Sequences after Biopanning 

 P1 Phage P2 Phage 

Round 2 0% 0% 

Round 3 3.03% 3.03% 

Round 4 87.23% 2.13% 

Round 5 97.78% 0% 
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 The four Notch receptors have some sequence homology, especially 

between Notch1 and Notch2, with Notch4 showing the least homology [123, 

143]. The signaling of the different receptors is context dependent. For 

example, Notch1 signaling causes T-cell differentiation in lymphocyte 

development, without it Notch2 cause cell differentiations into the B-cell 

lineage [151]. This shows that different Notch receptors’ signaling responses 

can actively oppose one other’s signaling [62, 132]. To see if P1 phage can 

differentiate between the different Notch receptors we incubated fluorescently 

Figure 9: P1 phage binds to cells that upregulate Notch1. Top two rows, cells 
were first incubated with doxycycline (1µg/ml), to upregulate Notch1. After 24 
hours the cells were fixed and P1 phage and control phage at 10 nM, that were 
previously conjugated to Alexa Fluor 568 was added. Bottom two rows. 
Labeled-P1 phage does not bind to cells that do not upregulate Notch1. No 
doxycycline was added and Notch1 was not upregulated. Therefore, neither the 
conjugated P1 phage nor anti-notch1 antibody bound. 10ug of human anti 
notch1 antibody was added to bind to Notch1. Alexa-488 anti-human was used 
as a secondary (1:2000). 
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labeled P1 phage with cells that inducibly, via doxycycline, express Notch1, 

Notch2, and Notch3 (Figure 15). Notch4 was not used since its homology is 

<40%. The strong red signal by the labeled-P1 phage as opposed to the other 

Notch receptors shows that P1 phage only recognizes, and therefore only 

binds to, Notch1.  

Previously, we showed that P1 phage and the Notch1 antibody 

colocalize together. However, this does not demonstrate that P1 phage 

directly binds to Notch1. In order to show direct labeling of Notch1 by P1 

phage we performed a co-immunoprecipitation pull down of Notch1 and P1 

phage (Figure 16). First, Notch1 was upregulated in U2OS cell. Next, the cells 

were lysed and harvested and then incubated with P1 phage and control 

phage separately. Then we incubated the lysate with P1 phage and control 

phage. Using anti-M13-antibodies, which recognize the M13 bacteriophage, 

we performed a pulldown, ran the components on in an SDS-PAGE gel and 

blotted with the anti-NRR antibody to show direct binding to Notch1. Then we 

probed the blot with the anti-NRR antibody showing that the P1 phage directly 

bound to Notch1.  
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Figure 15: P1 phage only recognizes Notch1 and no other isoforms of the 
Notch receptor. A) U2OS cells that are Flp-in for Notch1, Notch2, and Notch3 
were incubated with 1ug/ml of doxycycline, and then fixed with formaldehyde 
24 hours later. Then 10 nM of labeled-P1 phage was incubated with each of 
the cells expressing a different Notch receptor isoform, and the cells were 
imaged. P1 showed binding to Notch1. B) A 3d-rendering was done by 
reconstruction of the z-stacks of images of U2OS-Notch1, Notch2, and 
Notch3, with P1. C) Pixel intensity for B of as a correlation of P1 recognizing of 
the three Notch isoforms. 

notch isoforms.. P1 phage only recognizes Notch1. 



31 
 

Since the Notch1 construct is an inducible chimeric construct with Gal4 

at the c-terminus, it signals in a manner mimicking Notch1 but upregulates a 

protein downstream of the GAL4 DNA binding sequence instead of the Notch 

downstream genes. To measure Notch1 signaling we co-cultured NIH-3T3 

cells that constitutively upregulate the Jagged2 (J2) ligand. We also transiently 

transfected firefly luciferase that has an upstream signaling sequence that will 

be upregulated in the presence of Notch1-Gal4’s cleavage and translocation 

to the nucleus. As a control, renilla luciferase, which does not require any 

extraneous signaling to fluoresce, was also added. Incubating P1 phage itself 

within this culture system showed an interference with Notch1 signaling signal 

relative to the positive control. Incubating with P1 phage with U2OS Flp-in 

cells that inducible express Notch2 and Notch3 did not show a significant 

change in signaling. This experiment demonstrated that P1 phage only 

recognizes Notch1, and it also interferes with Notch1 signaling (Figure 17).  

Figure 16:  Co-immunoprecipitation of Notch1 and P1 phage. Flp-in-U2OS 
Notch1 cells were incubated for 24 hours with doxycycline. The cells were 
lysed and P1 phage was mixed with the lysate. The phage-lysate was then 
incubated with biotinylated anti-m13 to bind the phage. The bound 
phage/Notch1 complex was subsequently concentrated via magnetic 
streptavidin beads. The beads were boiled, and the eluent was run on a 
western blot and probed with the anti-NRR Notch1 antibody. 
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 Recently, there has been some data that showed that Notch1 does not 

always require a ligand on a neighboring cell to signal, also known as trans-

signaling [152]. It is possible for Notch to signal with ligands presented on the 

same cell, in what is known as cis-signaling. One possible explanation for our 

inability to completely inhibit Notch signaling is that P1 phage is binding along 

the EGF region where it may interfere with Jagged2 presented by the 3T3 

Figure 17: Notch signaling is partially inhibited by P1 phage: The Notch 
reporter signaling system is depicted with 3T3 cells expressing Jagged2, 
which is a Notch ligand, co-cultured with Notch expressing cells. The Jagged 
ligand binds to the Notch receptor and the Notch receptor is cleaved. The 
internal part of the protein, which is Gal4, translocates to the nucleus and 
binds to the UAS domain and increases transcription of firefly lucifersase. 
Here, U2OS cells expressing Notch1, Notch2, and Notch3 were separately 
co-cultured with 3T3-Jagged2 expressing cells. Only Notch1 signaling is 
interfered with by adding P1 phage at 100 nM. ANOVA testing for 
significance. ****<0.001 p-value. Background was calculated by incubating 
with jc2 (γ-secretase inhibitor). 
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cells, which is trans-signaling, perhaps, binding along this region would not 

interfere with cis-signaling.  

The next question we asked, was whether the bacteriophage itself 

contributing to the affect that we saw. In order to show that just the peptide 

sequence is needed we synthesized the monomeric peptide through solid-

phase peptide synthesis. When it was incubated with the U2OS-flp in cells that 

were upregulating Notch1, we did not see any interference with Notch1 

signaling. Also, when we directly labeled the peptide with fluorescent dyes, we 

did not see any binding of the peptide to Notch1. This can mean that the 

peptide has a high off-rate, or it a monomer of VGGLAQLVRAYSGLNGSTTA 

is not able to adopt a conformation that will be able to bind to the Notch1. It is 

also possible that the dye interfered with peptide binding, but that would not 

explain the lack of modulation of Notch1 signaling. Since we used a p(8+8) 

library, which expresses around 200 copies of the 

VGGLAQLVRAYSGLNGSTTA peptide on the surface of the phage, we 

focused next on an avidity approach. To do this we synthesized a 

VGGLAQLVRAYSGLNGSTTA dimer(dVGG) with a PEG spacer using the 

Universal PEG NovaTag resin [153]. The synthesized 

VGGLAQLVRAYSGLNGSTTA dimer was purified through C-18 reversed-

phage HPLC and its identity was confirmed by mass spectrometry. The 

synthetic steps are shown in figure 18. 
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Figure 18: Synthetic scheme to synthesize dVGG. Step one, was deprotecting 
the Fmoc from the resin and then SPPS to build the first monomer with a Boc 
protecting group after the final valine. Next, 2% TFA in DMF was used to 
deprotect the Mmt protecting group and then SPPS was performed to 
synthesize the second monomer. Lastly, reagent R was used to deprotect the 
peptide from the protecting groups and cleave it off the resin. 
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Once we synthesized dVGG, we incubated the dimer and monomer 

with the luciferase system that we used before. The peptide did not 

significantly interfere with signaling, whereas the dimer did inhibit the signal on 

a similar level to what the phage was able to do on its own (figure 19).  

 

  

Figure 19: dVGG inhibits cells signaling. Incubating our co-culture 
luminescence system individually, with monomeric peptide and dVGG, 
showed that dVGG does interfere with signaling while the monomer does not. 
(****<0.0001 P-value, ***<0.001, ns = not significant P-value 
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3. Conclusion: 

 As illustrated here, the bacteriophage can modulate Notch1 signaling. 

This modulation can be useful in that, as seen with gamma-secretase inhibitor 

clinical trials, inhibiting all Notch signaling will lead to toxic side-effects, 

whereas modulating the signal would be more useful and helpful. The seeming 

inability for the phage to completely inhibit signaling would be a step in this 

direction. As a therapy, this are multiple different diseases based on Notch 

signaling where this peptide will not be useful, due to those diseases being 

able to signal in a non-normal ligand receptor binding way. For example, 

certain T-ALLs have mutations in the NRR of Notch1. These cancers can grow 

and signal without normal ligand binding since they do not require the Notch 

regulatory region to adopt a conformational change that would allow signaling 

to occur. In these models, the peptide seemingly would not abrogate signaling. 

Whereas in other diseases in which the ligands are being over expressed, the 

dimeric peptide would be more useful.  

In addition, the dimeric peptide that was made from the phage surface 

does not necessarily mimic the surface of the phage, in that the peptide is 

locked in place on each end on the phage, and there are more copies of the 

sequence. Nevertheless, the peptide is able to interfere with signaling. This 

does broaden the tools to both study Notch signaling and at the same time 

shows a focus one a possible avenue to further look at modulating Notch 

signaling.  

4. Materials and Methods: 

Cells Lines, Transfections: The U20S-flp-in Notch1, U20S-flp-in Notch2, and 

U20S-flp-in Notch3 cells were a gift from the Blacklow lab in Harvard 

University. NIH 3T3-J2 were purchased from ATCC. All cells were cultured in 



37 
 

DMEM media with 10% heat inactivated FBS with penicillin and streptomycin. 

The pRL renilla luciferase under the CMV promotor was purchased from 

Promega. The pFR firefly luciferase under the GAL4 promoter was purchased 

from Agilent. 

Discovery of Notch1-binding phage: A 109 library of bacteriophages that 

encoded a 20-mer randomized peptide was screened against U20S-Flp-in tet-

on Notch1-Gal4 cells. The cell (U2OS control, U2OS-N1) were plated at 

10,000 cells/well. After 24 hours the cells were induced for 24 hours with 

doxycycline (Sigma-Aldrich) at 1µg/ml. Then the cells were fixed with 10% 

formalin buffer pH 7 (Electron Microscopy sciences) and incubated for 20 

minutes at room temperature, washed with tris buffered saline and 0.1% 

tween20 (wash buffer) (Simga-Aldrich) two times, and quenched with 1% 

H2O2, 0.1% NaN3 (Sigma-Aldrich) in wash buffer. The cells were blocked for 

one hour with PBS and 3% milk (Bio-rad) at room temperature. In the 

meantime, the phage was blocked in a 96-well plate with 2xPBS and 6% milk 

for 1 hour at room temperature. The cells were washed, and the blocked 

phage was added to the cells for 2 hours at room temperature. Afterwards the 

plate was washed and anti-M13 (Abcam ab24229) detection at 1:2000 dilution 

was incubated with the cells at room temperature for an hour. The plates were 

washed and incubated with 50 ul of TMB (Surmodics) for 10 minutes and then 

50 ul of 1M H2SO4 (Sigma-Aldrich) and read on an Envision (Perkin Elmer) at 

450 nm. 

Labeling of P1 phage: Following the protocol found in Jaye et al, Alexa 

Fluoro 568 carboxylic acid, succinimidyl ester was conjugated to the phage 

[149]. An Alexa Fluoro 568 solution prepared at 10µ/µl in DMSO. Also, P1 at 

1x1013 colony forming units (cfu) was resuspended in 100 ul 1 M Na2CO3/1 M 
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NaHCO3 pH 9.0 (bicarbonate conjugation buffer). 5 µl of the Alexa Fluoro 568 

solution was incubated with P1 phage. The conjugation was performed in the 

dark at room temperature rotating for 1 hour. Following incubation P1 phage 

was resuspended twice with 200 ul of 20% PEG/NaCl. 

Co-immunoprecipitation: U2OS-Flp-in Notch1 cells were seeded at 100,000 

cells per well in a six well plate. The cells were incubated with doxycycline for 

24 hours. The media was aspirated, and the cells were washed with PBS two 

times. The PBS was then aspirated and lysis buffer (1x RIPA buffer, 100µM 

phenylmethylsulfonyl fluoride (Sigma 10837091001), protease inhibitor 

cocktail (1 mM Benzamidine (Fluka 12072), 2.9µM Leupeptin (Sigma L9783), 

5µM Antipain (Fluka 10791), 100µM EDTA (ethylenediaminetetracaacetic 

acid)(Sigma 798681))) was added to lyse the cells and the plate was gently 

mixed at 4°C for 1 hour. The cells were transferred to an Eppendorf tube and 

the debris was pelleted by spinning at 13000 rpm for 10 minutes. The lysate 

was incubated with 10 nM of P1 phage or control phage for 2 hours at 4°C 

while rotating. Then 1ug/ml of biotinylated anti-M13 (Abcam ab17269 E1 

clone) phage coat protein was added and rotation continued overnight at 4°C. 

Streptavidin magnetic beads (Pierce 88816) were then added to the tube and 

the rotation was then done at room temperature for 2 hours. The beads were 

washed with 0.05 % PBST three teams. The samples were boiled at 90°C for 

5 minutes and then loaded on an SDS-PAGE gel. The gel was transferred to 

nitrocellulose paper and the the human anti-NRR Notch1 antibody was used to 

blot for Notch1. 

Peptides: The peptides were synthesized via solid phase peptide synthesis 

on a tribute peptide synthesizer (Protein Technologies, Inc.). Amino acids and 

(2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 
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(HBTU) were purchased from Advanced Chemtech, Dimethylformamide 

(DMF) and methylene chloride from Fisher Scientific, and methylmorpholine 

and piperidine were purchased from Sigma-Aldrich. Double coupling was done 

on 17th amino acid leucine, based on Protein Technology’s analysis. The 

dimer was synthesized using the Universal PEG NovaTag resin from Millipore 

Sigma (catalog number 855058). The FMOC was first removed with 20% 

piperidine in DMF. Then the individual Fmoc-AA-OH were coupled to the resin. 

The n-terminus of the final valine was protected by the t-butyloxycarbonyl 

group, in place of Fmoc. Once the first monomer was synthesized on the 

resin, the (4-methoxyphenyl)diphenylmethyl (Mmt) protecting group was 

removed with 1.0 M N-hydroxybenzotriazole in 

trifluoroethanol/dichloromethane, and then the second monomer of the dimer 

was synthesized. The final deprotection was done with reagent R 

(0.2:0.3:0.5:9 anisole:1,2-ethanedithiol:thioanisole:trifluoroacetic acid). The 

cleaved peptide was vacuum filtered and extracted several times with ethyl 

ether (Fisher Scientific), and purified on a reversed-phase HPLC with a C-18 

column (ZORBAX 300 eclipse xdb-c18 Agilent Technologies), using a 15-60% 

water/acetonitrile gradient in the presence of 0.1% trifluoroacetic acid. The 

resulting solution was lyophilized, and the peptide identity was confirmed using 

liquid chromatography/tandem mass spectrometry (Agilent Technologies). 
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Chapter 3: 

Development of antibodies to bind to multiple Amyloid Beta cleavage sites 

1. Amyloid beta cascade hypothesis and cleavage targets 

Post mortem Alzheimer’s Disease (AD) patients’ brains are mainly 

characterized by two proteins -Tau and Amyloid beta (Aβ) [154]. When Tau is 

hyperphosphorolated it forms tangles, while the Aβ protein aggregates into 

plaques [155, 156]. That Aβ plaques deposits are associated with the onset of 

AD has been the mainstream consensus for over a quarter of a century [157]. 

In both healthy and unhealthy subjects APP is cleaved either by -secretase 

or β-secretase and then is processed by γ- secretase [158-161]. The n-

terminal fragment of the protein is released extracellularly and, in healthy 

patients, degraded [162]. However, in a pathological state, there is 

accumulation of Aβ peptides, most of them being peptides cleaved at the 40 

(Aβ-40) or 42 (Aβ-42) [4, 163]. This increase in Aβ results in the accumulation 

of A peptides into plaques, which are presumed to be the cause of 

neurotoxicity (Aβ cascade hypothesis) [4]. 

Tau tangles are formed from hyperphosphorylated tau proteins, which 

form unique structural twists called neurofibrillary tangles (NFTs). In human 

pathology NFTs are found first in the entorhinal cortex region and then is 

found to spread to the limbic and neocortical areas [164]. The spreading of the 

pathology is highly correlated with a decline in cognitive ability and other 

clinical symptoms of AD [165]. 

Historically, the AD field has focused on the Aβ cascade hypothesis as 

the reason to pharmacologically target plaques and protease activity, with the 

hope of decreasing peptide processing and the subsequent plaque 
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accumulation that causes neurodegeneration [4, 166]. Numerous clinical trials 

and studies have focused on ameliorating AD by interfering with the Aβ 

cascade. Several avenues have been investigated, including trials with small 

molecules that work to inhibit different steps in the cleavage pathway of Aβ, or 

testing with antibodies against various forms of Aβ to decrease deposition 

[167, 168]. However, these clinical trials all ended in failure. Possible reasons 

for these failures include researchers’ narrow interpretations of the amyloid 

hypothesis leading to ineffective scientific approaches (i.e. inhibiting gamma 

secretase alone will halt A production), or drug targeting focused on singular 

pathogenic species of A versus a more multiplexed approach looking at all 

peptides generated in this pathway [169]. 

Aβ-40 and Aβ-42 are important because initially when the plaques that 

were found in post mortem brains were analyzed Aβ-40 and Aβ-42 were found 

to be the predominant form of Aβ [170]. It is possible that there were other 

forms of Aβ in these samples, however researchers were unable to identify 

them with the current tools and technologies. The questions that we still do not 

have a clear answer for are, while A-40 and A-42 are the most reported 

peptide species, the cleavage of A at additional sites indicates that there may 

be alternative pathological cleavages of GS. Why are these other cleavage 

products produced at such low levels, and why are they not found in 

Alzheimer’s patients’ A plaques? 

Recently, mass spectrometry has been used to find other forms of Aβ. 

Studies have shown through MS analysis, multiple forms of amyloid beta 

peptides that exist. Takami et al. found a stepwise processing of Aβ with the 

release of three amino acid (tripeptide) residues [105]. These tripeptide 
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residues are grouped into two sets of peptides that each can be from a 

different cleavage pathway.  In one set of peptide cleavage, cleavage was 

found to start at the 49th position and the rest of the set of tripeptides showed 

cleavages at AB-46, Aβ-43, and Aβ-40. The other set of tripeptides showed 

cleavage starting at the 48th position and then proceeding to Aβ-45 and Aβ-42. 

The mechanism of this tripeptide cleavage indicates that there may be pocket 

within gamma-secretase that the substrate can fit within while it gets cleaved, 

that is the size of a tripeptide [103]. These cleavage sites are shown in figure 

20. Interestingly, many Familial Alzheimer’s Disease mutations are found 

within this (Aβ-40- Aβ-49) region of APP and perhaps can contribute to the 

increase prevalence of Alzheimer’s Disease in those patients as seen in Table 

1 [171]. These Aβ fragments were only seen in vitro via mass spectrometry, 

since the tools have not been developed yet that will see these fragments in 

vivo [105]. 

Figure 20: Amyloid Beta sequence that includes the b-secretase, a-secretase, 
and the purported Gamma-secretase cleavage sites. The two possible 

cleavage pathways “A-40” and “A-42” for Gamma-secretase are illustrated, 
with the possible cleavage sites for each pathway noted. 

Gamma-
secretase 
Cleavage 
sites 

A-40 cleavage 

pathway 

A-42 cleavage 
pathway 

-secretase 
Cleavage 
site 

-secretase 
Cleavage 
site 
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Table 3: Pathologic Mutations in APP 

713 (42) APP A T  
714 (43) APP T A, I Increased Aβ42/Aβ40 ratio  

715 (44) APP V A, M Increased Aβ42/Aβ40 ratio. 

716 (45) APP I F, M, T, V Increased Aβ42/Aβ40 ratio 

717 (46) APP V F, G, I, L Increased Aβ42/Aβ40 ratio 

719 (48) APP T P  

In order to further investigate and identify these differentially cleaved A 

peptides in vivo, we developed monoclonal antibodies for the detection of 

specific A peptides. Monoclonal antibodies, through their antigen binding site 

can recognize specific protein epitopes. These epitopes can be designed as 

an overall structure or shape that a protein folds into or it can be designed to 

bind a specific sequence of amino acids. Antibodies can be produced that are 

specific enough that the change of an amino acid at any location on the 

sequence can prevent the antibody from recognizing the epitope, and properly 

binding [172]. Ultimately, the specificity of these monoclonal antibodies should 

prove effective when detecting peptides in vivo. 

 

2. Target development 

First, using solid-phase peptide synthesis (SPPS) we have synthesized 

nine amino acid sequences for Aβ-37, Aβ-38, Aβ-40, Aβ-42, Aβ-43, Aβ-45, 

Aβ-46, Aβ-48, and Aβ-49, which were confirmed through mass spectrometry. 

We chose nine amino acid fragments so that the c-terminus can be exposed, 

in order for antibodies to be made against the c-terminus of the peptide as 

opposed to other less-specific regions. The additional sequences were for 

fragments that were purported to be cleavage products of gamma secretase.  
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Antibody production requires that the introduction of a foreign species 

elicits an immune response in the organism. Since peptides themselves are 

rarely immunogenic, we synthesized the sequences with an additional 

cysteine at the N-terminus. Keyhole limpet Hemocyanin (KLH) is used 

extensively as a carrier protein due to its plentiful sites for antigen conjugation, 

its large size, and its ability to stimulate the immune system. 

With the help of the people in the MSKCC Antibody and Bioresource 

core 3-month old BALB/c mice were inoculated with the proper peptide-

adjuvant, and the response in the mice blood was tested via ELISA after 2 

months. For each peptide we inoculated 5 mice and boosted them twice. If the 

signal did not titer out to less than 50% loss in signal at 1:10000 as compared 

to 1:100 then the mice were boosted with repeated injections of the proper 

peptide-adjuvant. After the mice were boosted, they were retested 2 weeks 

later to see if the ELISA signal strengthened. The animals were split into two 

cohorts with Aβ-37, Aβ-38, Aβ-40, Aβ-42, Aβ-43 tested first, and the others 

followed in the second cohort. Several of these peptides do have antibodies 

available, either commercially, or otherwise, to their epitopes, and we will use 

those antibodies to compare to our antibodies as controls and as the current 

gold standard.  

 

a. First cohort Aβ-37, Aβ-38, Aβ-40, Aβ-42, Aβ-43 

Since the epitopes for the antibodies were very similar, with some 

antigens differing by only one amino acid, we ran cross-reactivity ELISA 

assays between similar antigens (figures 21). Cross-reactivity shows non-

specificity, whether the antibody being tested only recognizes its intended 
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target, or whether it can recognize other epitopes. In the first cohort, after 

injecting with peptide Aβ-37 conjugated to KLH the mice produced a very low 

immunogenic response to A-37. Mice inoculated with KLH-Aβ-38 also 

produced antibodies that were cross-reactive, but the highest signal was 

against the Aβ-38 peptide. The blood from Aβ-40 mice had a very strong 

signal to the Aβ-40 peptide with very low cross-reactivity. This is not 

unexpected in that A-40’s epitope is at least two amino acids different from 

the other peptides that we screened it against. Some success was found with 

Aβ-42 injected mice, as one antibody (mouse 5) generated an antibody 

against Aβ-42 with little cross-reactivity. Mouse 2 did recognize A-42 but had 

some cross-reactivity to A-43. Lastly, Aβ-43 had two mice that produced 

antibodies to the peptide (mouse 3 and mouse 5), but both had cross-reactivity 

to other peptides. Mouse 3 recognized both Aβ-42 and Aβ-43, while mouse 5 

recognized Aβ-38 and Aβ-43, even though the sequence overlap (position 34 

to position 38 MVGG) between the peptides is low. At this point in antibody 

development the entire mouse sera which includes all antibodies that the 

mouse is making are being tested. Therefore, it is expected that some 

antibodies were made to other epitopes along the peptide or are not 

necessarily specific for one c-terminus.  



46 
 

  

P
B

 3
7

a
g

a
in

s
t
 
A

b
-
3

7

a
g

a
in

s
t
 
A

b
-
3

8

a
g

a
in

s
t
 
A

b
-
4

0

a
g

a
in

s
t
 
A

b
-
4

2

a
g

a
in

s
t
 
A

b
-
4

3

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

B lo o d  fro m  3 7  m ic e

A
b

s
o

r
b

a
n

c
e

 a
t 

4
5

0
n

m

m o u s e  1

m o u s e  2

m o u s e  3

m o u s e  4

m o u s e  5

P
B

 3
8

a
g

a
in

s
t
 
A

b
-
3

7

a
g

a
in

s
t
 
A

b
-
3

8

a
g

a
in

s
t
 
A

b
-
4

0

a
g

a
in

s
t
 
A

b
-
4

2

a
g

a
in

s
t
 
A

b
-
4

3

0 .0

0 .5

1 .0

1 .5

b lo o d  fro m  3 8  m ic e

A
b

s
o

r
b

a
n

c
e

 a
t 

4
5

0
n

m

m o u s e  1

m o u s e  2

m o u s e  3

m o u s e  4

m o u s e  5
P

B
 4

0

a
g

a
in

s
t
 
A

b
-
3

7

a
g

a
in

s
t
 
A

b
-
3

8

a
g

a
in

s
t
 
A

b
-
4

0

a
g

a
in

s
t
 
A

b
-
4

2

a
g

a
in

s
t
 
A

b
-
4

3

0 .0

0 .5

1 .0

1 .5

2 .0

b lo o d  fro m  4 0  m ic e

A
b

s
o

r
b

a
n

c
e

 a
t 

4
5

0
n

m

m o u s e  1

m o u s e  2

m o u s e  3

m o u s e  4

m o u s e  5

P
B

 4
2

a
g

a
in

s
t
 
A

b
-
3

7

a
g

a
in

s
t
 
A

b
-
3

8

a
g

a
in

s
t
 
A

b
-
4

0

a
g

a
in

s
t
 
A

b
-
4

2

a
g

a
in

s
t
 
A

b
-
4

3

0 .0

0 .5

1 .0

1 .5

2 .0

b lo o d  fro m  4 2  m ic e

A
b

s
o

r
b

a
n

c
e

 a
t 

4
5

0
n

m

m o u s e  1

m o u s e  2

m o u s e  3

m o u s e  4

m o u s e  5

P
B

 4
3

a
g

a
in

s
t
 
A

b
-
3

7

a
g

a
in

s
t
 
A

b
-
3

8

a
g

a
in

s
t
 
A

b
-
4

0

a
g

a
in

s
t
 
A

b
-
4

2

a
g

a
in

s
t
 
A

b
-
4

3

0 .0

0 .5

1 .0

1 .5

b lo o d  fro m  4 3  m ic e

A
b

s
o

r
b

a
n

c
e

 a
t 

4
5

0
n

m

m o u s e  1

m o u s e  2

m o u s e  3

m o u s e  4

m o u s e  5

Figure 21: Signal and cross-reactivity between the inoculated mice from the 
peptides in the first cohort. The blood sera from all the mice in the cohort were 
screened against all the possible peptides in the screening library. Aβ-37 mice 
had very low signal and lots of cross-reactivity. Aβ-38 mice had signal in mice 
4 and 5 but had cross-reactivity to peptides from Aβ-37, Aβ-40, and Aβ-43. Aβ-
40 mice had very strong signal to the Aβ-40, which they were inoculated with 
and low cross-reactivity. Mouse 2 and mouse 4 that were inoculated with Aβ-
42 had strong signal but mouse 2 cross-reacted with Aβ-43. The Aβ-43 mice 
had signal in mice 3 and 5, but mouse 5 also recognized Aβ-38 and mouse 
Aβ-43 recognized Aβ-42. 
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 After we saw a large immunogenic response, the mice were sacrificed. 

The persons within the MSKCC Antibody and Bioresource Core harvested 

their B cells, which produced the antibodies, and immortalized the B cells by 

fusing them with a myeloma cell line, which created a hybridoma. Once the 

hybridoma was generated, we prepared dilutions of the supernatant taken 

from the hybridoma and were screened in a similar fashion to the mice sera 

against the peptide of interest, as well as against the other peptides for cross-

reactivity. After the initial screen was completed and the hits selected, the 

hybridomas from the wells were regrown and subcloned to see if the well was 

heterogenous or homogenous for the antibodies. Since each well that we 

screened can have up to six different immortalized hybridomas generating 

antibodies, the wells that should bind to a specific peptide were grown up 

diluted until one cell is plated per well. Therefore, if a heterogenous 

populations was in the original well when we screen at the one-cell-per-well 

level we will find the specific hybridoma expressing the clone of interest. 

Due to the size of the cohort and the need to check for cross-reactivity, 

we split the cohort into two sets, Aβ-38, Aβ-40, and Aβ-42, and Aβ-37, Aβ-40, 

Aβ-43. The Aβ-40 mice were part of both since the screening in the first set 

did not result in any specific antibodies, and in the second set we only found 

two specific antibodies.  

We screened serial dilutions of the supernatant fluid from the 

hybridomas. In the first set the cross-reactivity was differentiated through serial 

dilutions showing signal only remained for the specific peptide. In the second 

set we had signal only for the specific peptide and it was repeated from 

supernatant over multiple days and maintained strength over several days. 
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This showed that the B-cell that was producing this antibody was immortalized 

and only recognizing the peptide of interest. 

i. Aβ-37 

We sacrificed mouse four and mouse five for Aβ-37 (peptide 

CGAIIGLMVG), however we were unsuccessful in recovering any specific hits 

from the screen. The mices’ low immunogenic response to the conjugated 

peptide may indicate the possible causes for the low hit rate. It is possible that 

one or both conjugations of the peptide to the larger proteins did not occur. 

Either the peptide did not conjugate well to the KLH when the mice were 

inoculated, or to the BSA when the sera was screened, or both. Optimization 

is required for the generation of a sufficient immune response against these 

peptides, and furthermore for the development of an Ab-37 specific antibody.  

ii. Aβ-38 – 18A05 

From the Ab-38 (peptide CAIIGLMVGG) group of mice mouse four and 

mouse five were sacrificed and their B cells were immortalized. The resultant 

screen generated one specific clone -18a5. Table two shows the results of the 

ELISA screen of the B-cell supernatant for clone 18a5 against each of the 

peptides in the screening set. Specificity was found towards A-38 at dilutions 

ranging from 1:100 to 1:1000 when tested against the other peptides in the set 

(A-40 and A-42).  
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Table 4: ELISA results of 18A05 

iii. Aβ-40 – 12F04, 11G10 

Mice injected with Aβ-40 (peptide CIGLMVGGVV) conjugated peptides 

showed high immune response and low cross-reactivity, as measured by 

ELISA. This response allowed for the increased probability of recovering a 

specific hit. When testing the generated antibodies in the first set, there was 

no specific hit. In the second set of screening mouse 3 and mouse 4 were 

sacrificed and we were able to generate to specific clones, 12F04 and 11G10. 

Both clones showed high specificity to A-40, even when prepared at a 1:10 

dilution as seen in table 5. 

 

Table 5: ELISA results of 11G10 and 12F04 

 

 

 

 

18A05

A-38

A-40

A-42

High 

Low 

11G10

A-37

A-40

A-43

12F04

A-37

A-40

A-43

High 

Low 



50 
 

iv. Aβ-42 – 13B8, 15G11, 27G11, 29A11, 30A2, 32A6 

Mouse two and mouse five for Aβ-42 (peptide CLMVGGVVIA) were 

sacrificed. We found six highly specific clones in this screen as seen in table 6. 

 

Table 6: ELISA results of 13B08, 27G11, 29A11, 30A02, 32A06, and 15G11 

 

Because Aβ-42 is the most studied and considered to be the most 

pathogenic in AD, we decided to focus on these antibodies for further 

optimization. In order to show further specificity of these antibodies for the A-

42 epitope we synthesized an amidated Aβ-42 using a Rink resin. This adds 

an amide group to the terminal carboxylate and mimics a peptide bound. 

Binding to the amidated peptide would show that the c-terminus is not 

important for binding. We then performed an ELISA comparing the amidated 

and non-amidated versions of Aβ-42. The majority of recovered hits, (not 

including 13B08) showed specificity towards site 42 indicating that a free 

carboxylic acid terminus is necessary in order to recognize the peptide (figure 

22).  

13B08

A-38

A-40

A-42

15G11

A-38

A-40

A-42

27G11

A-38

A-40

A-42

29A11

A-38

A-40

A-42

30A02

A-38

A-40

A-42

32A06

A-38

A-40

A-42

High 

Low 
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v. Aβ-43 – 20B11 

Mouse three and mouse five were sacrificed for harvesting of potential 

Aβ-43 (peptide CMVGGVVIAT) antibodies. One successful clone, 20B1, was 

recovered and was able to show high specificity. The results are in table 5. 

Table 7: ELISA results of 20B11  

 

Figure 22: ELISA results comparing the Aβ-42 peptide and amidated Aβ-42 
peptide. The red is the ELISA signal of the amidated peptide, and the blue is 
the signal with the regular carboxylate peptide. There is only signal with the 
carboxylate peptide showing that a free c-terminus is needed for recognition. 

15G11 is representative of the rest of the anti-A-42 antibodies. 
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b. Second cohort Aβ-45, Aβ-46, Aβ-48, Aβ-49 

The second cohort of mice were injected with conjugated peptides of Aβ-

45, Aβ-46, Aβ-48, and Aβ-49.  The bleeds from these mice were first tested for 

cross-reactivity against Aβ-42, Aβ-43, Aβ-45, Aβ-46, Aβ-48 and Aβ-49. 

Unfortunately, high cross-reactivity was found for all the mice. We screened 

these mice in two sets Aβ-45/Aβ-46 and Aβ-48/Aβ-49. For Aβ-45 we chose 

mouse three and mouse four, which both showed some specificity and strong 

signal (figure 23). For mouse Aβ-46 we chose mouse two and mouse three, 

these showed strong signal, but not necessarily strong specificity. 
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Figure 23 Signal and cross-reactivity results of the mice that were 
injected with KLH-maleimide-CGGVVIATVI (Aβ-45). The mice did 
recognize all the rest of the peptides in the screen. We chose mice 
three and four which showed some specificity and strong signal.  
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The mice that were initially injected with the peptides CVIATVIVIT and 

CIATVIVITL, Aβ-48 and Aβ-49, respectively, did not show any response. We 

reconjugated the peptide to KLH and injected a new set of mice. Again, we 

were unable to detect a strong immune response in the mice. The Aβ-48 mice 

had a response after the third injection, but the Aβ-49 mice did not have a very 

strong response even after a fourth injection. Because the signal was so low, 

we did not check for cross-reactivity. We immortalized the cells from mouse 

one and two for Aβ-48 and mouse 3 and 4 for Aβ-49 (figure 24). 

 

vi. Aβ-45 – 05B01, Aβ-46 – 32F09 

The screening for A-45 and A-46 (peptides CGGVVIATVI and 

CGVVIATVIV) was done in tandem. After initially screening against A-45 and 

A-46 the hits were rescreened against A-42 and A-43 to show specificity. 

There was one hit that was specific for A-45 05B01 (Table 8). 32F09 was 
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Figure 24: The signal from the mice injected with the peptides for Aβ-48 and 
Aβ-49, respectively. The signal was very low especially for Aβ-49, and we did 
not check for cross-reactivity. 
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also chosen since it showed some selectivity, even if it did not show specificity 

(Table 9). 

Table 8:  ELISA results of 05B01 

Table 9: ELISA results of 32F09 

 

vii. Aβ-48 and Aβ-49 

There were no specific hits for Aβ-48 (CVIATVIVIT) and Aβ-49 

(CIATVIVITL). Any hit that recognized Aβ-48 had about the same or more 

recognition for Aβ-49. Aβ-49 hits were selective to Aβ-48, but when screened 

against Aβ-46 they lost all selectivity. 

 

3. Antibody characterization  

The next step in developing the antibodies is characterizing them, 

including their Kd, specificity, isotype, and its ability to bind in different assays. 

Since the maleimide-BSA has at least 20 moles of maleimide per mole of BSA 

it is very difficult to properly asses the Kd values of the antibodies. To make 

proteins with exactly one binding site per protein for Kd evaluations, we 

05B01

A-42

A-43

A-45

A-46

32F09

A-42

A-43

A-45

A-46

High 

Low 

High 

Low 



56 
 

inserted stop codons into the pIAD16 plasmid for CT1, which is an MBP-

avitag-Amyloid Beta protein under a T7 promoter. We inserted the stop 

codons by using restriction-free cloning, which uses hybrid primers containing 

complementary sequences to both the desired insert and the target plasmid, to 

insert the stop codons. The stop codons were inserted for Aβ-37, Aβ-38, Aβ-

40, Aβ-42, Aβ-43, Aβ-45, Aβ-46, Aβ-48, and Aβ-49, as seen in figure 25.  

To ascertain the Kds of the antibodies, we ran the purified proteins in 

an amplified luminescent proximity homogenous assay- linked immosorbent 

assay (AlphaLISA) [173]. AlphaLISA, is an immunological assay that is able to 

detect a signal with picomolar sensitivity. In the assay the analyte, is used to 

bring together a donor bead and an acceptor bead. A laser irradiates the 

donor beads at 680 nM which generates a singlet oxygen that can diffuse up 

to 200 nm in solution. If the acceptor bead is within this proximity, then the 

singlet oxygen converts a thioxene of the acceptor bead to a bridged 

pIAD16 

T7 
promoter 

MBP Avitag Amyloid Beta 

MDAEFRHDSGYEVHHQKLVGGAEDVGSNKGAIIGLMVGGVVIATVIVITLVMLKKKQYTS
…  

37 49 

Figure 25: MBP-protein construct with an Avitag region and amyloid beta 
sequence. The red amino acids are the amino acids where we put stop 
codons in different constructs, starting with the 37th amino acid until the 49th 
amino acid. 
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intermediate, which relaxes into a di-ketone derivative and emits light at 340 

nm. The 340 nm light excites an electron of a chelated Europium. When that 

electron returns to its ground state it emits light at 680 nm [174]. The reaction 

is shown in figure 27 and the mechanism is in figure 26. In this case the 

analyte is the MBP-biotin-amyloid beta protein, which is captured by the 

streptavidin-coated donor beads and by either Protein-A or anti-mouse 

acceptor beads.  

 

Figure 26: AlphaLISA reaction: The donor bead is excited at 680 nm. A 
singlet oxygen is transferred to the acceptor bead, which emits light at 
615 nm. This signal is then read by the plate reader. 
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Figure 27: Mechanism of AlphaLISA reaction. Upon illumination at 680 nm 
phthalocyanine converts ambient oxygen to an excited singlet O2. The singlet 
oxygen diffuses to the acceptor bead where a thioxene molecule is converted 
into a bridged intermediate, which then relaxes into a di-ketone. This emits 
light at 340 nm which excites the nearby chelated europium, which emits light 
at 615 nm when it relaxes, which is then read by the plate reader. 
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a. Kd determination 

Once we had the purified proteins, the next step was purifying the 

antibodies. The antibodies were grown for 1-2 weeks, and the supernatant 

fluid containing the generated antibodies was collected. We then purified the 

antibodies from this supernatant fluid and screened them against our purified 

MBP-avitag-peptides to confirm the antibody’s specificity to the correct A 

epitope. For the screen, controls were used to confirm accurate signals, 

specifically G210, a commercially available Aβ-40 antibody and 10G3, an Aβ-

42 antibody generously gifted from Pfizer. From the assay it was determined 

that 13B08 and 11G10 did not have a high signal, and therefore did not bind 

strongly. Alpha-LISA detection requires the use of acceptor beads that are 

able to recognize the antibody. 15G11 is not recognized well by the anti-

mouse beads that we usually used. We isotyped the antibody and it is actually 

IgG2a [175]. The anti-mouse beads were not binding to it. Also, the 10G3 that 

we received from Pfizer is not an IgG1. For those proteins we used Protein A 

beads which recognizes all the other IgGs besides IgG1 (figure 28). 

  

Figure 28: Kd for 15G11 and 10G3 against Aβ-42. 15G11 was our strongest 
antibody and 10G3 is the positive control 
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Target Antibody Kd in nM 

Aβ-38 18A05 2.437 

Aβ-40 12F04 6.888 

Aβ-40 G210 18.62 

Aβ-42 10G3 1.739 

Aβ-42 15G11 7.155 

Aβ-42 27G11 9.275 

Aβ-42 29A11 16.41 

Aβ-42 30A02 10.98 

Aβ-42 32A06 12.95 

Aβ-43 20B11 5.159 

 

b. Epitope specificity 

We continued to characterize the binding epitope of 15G11 vs. 10G3. 

We chose 15G11 since it had the strongest Kd. First, we synthesized peptides 

corresponding to Aβ-41 and Aβ-42 but with an alanine in the 41st position 

instead of an isoleucine, which we called I41A, and conjugated them to 

maleimide-PEG and ran an ELISA. The results in table 11 show that 10G3 is 

more promiscuous than thought previously. Not only does it recognize an 

amidated Aβ-42 but it also recognizes the peptide where isoleucine is 

replaced by an alanine. 

Table 10: Table of Kd values for the antibodies. G210 is a commercial 

available antibody against A-40 and 10G3 was a gift from Pfizer. The rest of 

the antibodies are ones we developed. 
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c. Aggregated A-42 recognition 

Once we saw that 10G3 and 15G11 recognized different epitopes, we 

aggregated biotinylated-Aβ1-42 to see how the antibodies recognized a more 

physiologically relevant species [176]. First, that the biotinylated-Aβ1-42 

aggregated was affirmed by atomic force microscopy (AFM). Then 15G11 and 

10G3 were incubated with the aggregated and none aggregated biotinylated-

Aβ1-42 to visualize binding, and hence recognition, by Alpha-LISA. 10G3 

binding of the aggregated biotinylated-Aβ1-42 was about 5% of the binding to 

the non-aggregated biotinylated-Aβ1-42. Whereas, binding of 15G11 was about 

1% showing that 15G11 barely recognized the aggregated biotinylated-Aβ1-42 

at all. Presumably the aggregated fibrils occluded the binding epitope of 

15G11, but for 10G3, as we saw before, the antibody is not as specific and 

was still able to bind to the aggregate (figure 29). 

15G11

40

41

I41A

42

42 amide

10G3

Table 11: Table of Kd values for the antibodies against modifed peptides 
(next page). 15G11 is more selective than 10G3, with regards to modified 

A-42 peptides, but both antibodies recognize Aβ-41, which has not been 
seen to exist in vivo. 

 High 

Low 
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d. In vivo-immunohistochemical characterization 

To further characterize the binding of 15G11 versus 10G3, we 

employed immunohistochemistry (IHC) to see if antibody binding was 

succesful on fixed mouse tissue. Using our 5xFAD mice, we sacrificed the min 

in order to isolate their brains. 5xFAD, have five Familial Azheimer’s Disease 

Figure 29: Aggregated biotinylated-Aβ1-42. The AFM images show that 
biotinylated-Aβ1-42 alone does not aggregate, but when we add HCl, 
aggregation is induced onto the peptides. 10G3 binding of the aggregate is 
about 1/20th of its binding to the non-aggregated form, but 15G11’s Kd is only 
about 1% of the aggregates to the non-aggregated forms of biotinylated-Aβ1-42 
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mutations that cause early formation of plaques (3 months) in the mice brains. 

Three of the mutations are in APP, KM670/671NL by the -secretase site, and 

the I716V and V717I mutations, which are positions 45 and 46 on A, 

respectively. They also have two additional mutations M146L and L286V in 

presenilin [100]. In order to carry out IHC, mice were sacrificed at 12 months 

of age transcardially perfused with 4% PFA, before being cryo-perserved by 

the Histology Core.10 µm brains slices were then mounted on slides. Once the 

slides were mounted, tisue was incuabted with both 15G11 and 10G3. 

Consistant with what we saw with our binding assay 10G3 was able to 

recognize the plaques in the 5xFAD brains, and 15G11 was not able to 

recognize the plaques as well as seen in figure 30.  
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e. In vitro gamma secretase activity assay 

  In order to quantify the ability of gamma secretase to cleave amyloid beta, 

our lab uses an in vitro assay. In this assay Hela membrane is used as a 

10G3 15G11 

5xFAD 

WT 

Figure 30: 5xFAD brains and wild type brains incubated with 10G3 and 15G11 
antibodies. The antibodies both were able to recognize plaques in the 5xFAD 
brains as opposed to the wild type brains, but 15G11’s binding is much lower. 
Also ,15G11 saw plaques in the thalamus and not in the cortex as expected.  
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source of gamma secretase and CT6, which is an MBP-biotin-Amyloid beta 

protein, as an A source [159]. The two are incubated together and the 

resulting cleavage is quantified using the Alpha-LISA assay. As seen in figure 

31, 15G11 was unable to recognize cleavage occurring over the control which 

used JC2 as a gamma secretase inhibitor.  

 

There are several possibilities for this occurrence. One possibility for 

this lack of signal is that, what is being detected by 10G3 is not a form of A-

42 that 15G11 is able to recognize. A more likely explanation is that there is 

too much CT6 in the system and it is occluding the ability of 15G11 to enough 

Figure 31: Alpha-LISA assay of Hela membrane cleaving CT6. 10G3 has a 
signal to noise ratio of about 3, showing that we can recognize CT6 being 
cleaved by GS. 15G11 does not have a recognizable signal over noise. ***<p-
value 0.001. ns not significant P-value. 
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substrate to bring the donor and acceptor beads together in the Alpha-LISA 

assay. As seen in figure 32, spiking in (adding in CT6 to an assay right before 

reading the singal) one-tenth the amount of CT6 that we use in the in vitro 

assay to an Alpha-LISA assay of MBP-biotin-Ab-42 that 15G11 can recognize 

very strongly and give off a very high signal, blocks all signal. When other 

biotinylated proteins were also used, the signal was also blocked. Since other 

biotinylated proteins occlude the signal from the 15G11 recognizing MBP-42, it 

can be that the lack of signal is due to that fact that over 99% of the substrate 

is not cleaved and that can occlude the signal. 

Interestingly, we were not able to get any signal from any of our 

antibodies made against A-42, but when we compare 12F04 to G210, which 

are both antibodies to A-40, we are able to see signal, albeit 12F04 does not 

a signal as strong as G210 (figure 33). 
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Figure 32: CT6 spike-in blocks 15G11 signal. Spiking-in CT6 into the Alpha-

LISA with MBP-biotin-A-42 blocks all 15G11’s signal except for the highest 

amount of MBP-biotin-A-42 showing that any biotinylated protein is enough 
to block signal in the in vitro assay. 
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f. Kd determination and characterization of second cohort of 

antibodies 

Once we saw the relative success of our ability to create, and 

characterize, antibodies for known cleavage sites of amyloid beta by gamma-

secretase we pivoted to the assumed cleavage sites higher up amyloid beta. 

Once we found clones (05B01 and 32F09) against A-45 and A-46, 

respectively, we subcloned them to make sure that they were monoclonal. We 

then screened the supernatant of the subclones in an Alpha-LISA to determine 

specificity. The results were very heterogenous. We did not get any specific 

clones, and even clones that we did get a signal from they recognized both 

MBP-biotin-A-45 and MBP-biotin-A-46, albeit at different concentrations. 

Ostensibly at this point, we should only have one clone per well, and therefore 

one epitope recognized per well. Although, the subclones seem to have 

selectivity based on concentration, as seen in figure 34, nevertheless we 
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Figure 10: In vitro Alpha-LISA measuring the amount of A-40 generated by 
Gamma-secretase cleavage of CT6. G210 and 12F04 both can recognize 

cleaved A-40. ****<p-value 0.0001 
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chose subclones that had trends over several concentrations showing a 

preference for one A species or another for further purification.  

32F09, as demonstrated earlier should be selective for A-46, which we 

do see at lower concentrations for both clones depicted in figure 34. We grew 

them up and purified them and ran Alpha-LISAs on the purified antibody. Both 

clones gave us a similar signal (a representative is in figure 35), showing that 

they are really the same subclone from the original screen. Interestingly, the 

screen shows that there is a lower Kd for the clone to bind to MBP-A-46, as 
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Figure 11: Alpha-LISA of two subclones from 32F09 screen. The clone 32F09, 

at lower concentrations, shows selectivity for A-46, but at higher 

concentrations it shows selectivity for A-45. 
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opposed to MBP-A-45, nevertheless the Ab-46 signal seems to max-out and 

we get a higher signal from MBP-A-45. This recapitulates a shift in the 

specificity at different concentrations. 

The other clone that we found 05B01, which from the sera screen 

should shows some selectivity towards A-45, the purified antibody only 

shows a slight selectivity towards it (figure 36). 

 Now that we had these antibodies and we showed that they both had 

selectivity towards Ab-45 over Ab-46 we performed a HELA Alpha-LISA to see 

how much of Ab-45/Ab-46 can be detected by the antibodies. The results are 

in figure 37 for 32F09, but 05B01 had a similar result, which show that we had 

no signal above background. 
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Figure 12: The Alpha-LISA of 32F09 against MBP-A-45 and MBP-A-46. The 

antibody does recognize both epitopes of A-45 and A-46, even though 

based on the initial ELISA screen it should only recognize A-46. It does have 

a slightly lower Kd for A-46. 
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 In addition, when we screened the two antibodies against the group of 

MBP-A proteins a different picture emerges, and it does not seem that these 
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Figure 36: Second selective clone found in the A-45 and A-46 screen. As 

was seen in the ELISA, there is a slight selection towards A-45 
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Figure 37: Alpha-LISA of HELA cleavage of CT6 detected by 32F09. There 
was no cleavage of CT6 that was detected by the 32F09. 
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antibodies are as selective as we would have hoped (figure 38). Even with the 

increased in range of epitopes that the antibodies are able to recognize, we 

still did not see any signal. 

 

Figure 38: Screening 05B01 and 32F09 against the group of MBP-

A proteins. When the two hits that were selective for A-45 were 

rescreened against an enlarged group of MBP-Ab proteins, we do 

see the recapitulation of the selectivity of A-45 vs. A-46, but 
those are not the only epitopes that the antibodies recognize. 
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4. Conclusion 

We were successful in generating the antibodies towards several 

epitopes of interest. Nevertheless, after antibody characterization, only 12F04 

was able to work in the Alpha-LISA screen. It is assumed that at most 1% of 

all CT6 is cleaved by gamma secretase in the Hela Alpha-LISA. If so, as 

demonstrated with spiking-in CT6, our antibodies would not be able to detect 

any signal. As a modality to detect the cleavages of A that are currently 

undetectable, antibodies will be very successful, and the antibodies 

discovered here, should be able to help.  

The next step is to figure out how to modify the Hela Alpha-LISA to 

detect the higher order species (A-43 – A- 49). It is possible that longer 

incubation times are needed to be able to detect higher-order species 

because they are quickly cleaved down to lower-order species (A-40 and A-

42) and only in time, perhaps with a feedback inhibition loop, is there a buildup 

of higher order species that will be detectable. It could also, be that there is 

never a feedback inhibition of GS cleaving from the higher-order species to 

lower-order species and only short incubation times can be used to find these 

Ab species. 

These antibodies can be useful both as a tool and hopefully further 

down the line as a therapeutic agent. They are used to detect the cleavages 

sites of these specific A species in vitro. Once specificity is optimized, they 

will be used to detect A species in vivo. Later, their use will be helpful in 

imaging to perhaps show an increase or a decrease in Alzheimer’s Disease 

models and eventually patients. Finally, they can be as a therapeutic agent. 

Similar to how the A antibodies are being used now, to bind to plaques, either 

to prevent plaque growth, as carrier proteins to bring a therapy to the plaques, 
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or for macrophage detection of plaques and subsequent engulfment of 

plaques. The current antibodies are directed against the wrong epitopes, 

which leaves a broad field for the antibodies discovered here. 

5. Materials and Methods  

Peptide development and injection: The peptides were synthesized via solid 

phase peptide synthesis on a tribute peptide synthesizer (Protein 

Technologies, Inc.). Amino acids and (2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU) were purchased from 

Advanced Chemtech, Dimethylformamide (DMF) and methylene chloride from 

Fisher Scientific, and methylmorpholine and piperidine were purchased from 

Sigma-Aldrich. Using maleimide activated KLH (ImjectTM Maleimide 

PEGlyated mcKLH item 77663) we conjugated the N-terminus to the protein 

via the cysteine, in conjugation buffer. The c-terminus, where the major 

differences between peptide exists, was then available to be recognized by the 

immune system. 

Rink resin: Coupling to the resin is the same, but decoupling, since the resin 

is extremely acid-labile, is done using only 10% TFA in DCM 

(dichloromethane). The resin shakes in 10% TFA in DCM for 1 hour and then 

vacuum filtered in to a glass flask. The resin is washed with 5% TFA in DCM 2 

more times. The peptide in TFA/DCM is removed under reduced pressure and 

the side chains are then cleaved in the usual manner. 

ELISA: To perform the ELISA, first, we conjugated the peptide to maleimide-

BSA in a similar fashion to the KLH (ImjectTM Maleimide-Activated BSA 

77116). Using MaxiSorb plates we coated each well with 50 ng/well and either 

the plate was left in 4°C overnight or 37° for an hour. The wells were washed 3 
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times with 0.5% PBST (was buffer). Next, the wells were blocked with 1% BSA 

in was buffer (blocking buffer) for an hour. Afterwards they were washed again 

with wash buffer and then the blood of the inoculated mice was diluted in 

blocking buffer starting at 1:100 down to 1:100000. Then the wells were 

washed 3 more times with wash buffer and then incubated with Jackson 

Immuno research (item 115-035-003) peroxidase affinityPure Goat Anti-Mouse 

IgG (H+L) diluted 1:3000 in blocking buffer for 40 minutes. Then one last set of 

4 washes. Lastly, 50ul of TMB substrate (fisher nc038303) was added for 10 

minutes to each well, and the reaction was stopped with 50 ul of 1M H2SO4. 

Antibody purification: Once the antibodies showed specificity, the antibodies 

were purified by growing large amounts of cells and pooling the supernatant 

until we had about 400 mls. We purified the antibodies using Hi Trap Protein G 

columns (GE item 29-04850-81) at 4°C. The antibody supernatant was also 

diluted 1:2 in binding buffer (0.02 M sodium phosphate, pH 7.0). Using a 

peristaltic pump 5 columns of binding buffer flowed through the column as1 

ml/min. Then the diluted antibody supernatant also flowed through the column 

at 1 ml/min. Once the antibody was loaded onto the column, 10 column 

volumes of binding buffer were used to wash off anything that did not bind to 

the protein G. Then, to break the affinity between the protein G column media 

and the antibody we used a low pH elution buffer (0.1 M glycine-HCl, pH 2.7), 

but to preserve the activity of the acid-labile antibody the tubes had 100 uls of 

neutralizing buffer (1 M Tris-HCl, pH 9.0). The purified antibody was then 

buffer exchanged into 20 mM sodium acetate pH 5.5, with 0.02% sodium 

azide. The concentration was determined at absorbance at 280 with an 

extinction coefficient of 210,000M-1cm-1. 
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Restriction-free cloning: In this method a primer is designed half that is a 

complementary sequence overlap with the insertion site on the CT1 half with 

the target plasmid. First the primers are used to amplify the insert using 

regular PCR. The resulting primer is known as a “mega-primer” and is used in 

a second PCR reaction with CT1. The mega primer inserts the stop codon by 

the insertion site. Then we use Dpn1 to break up the parental DNA. 

Table 12: Primers for MBP-A species 

Primer 
name 

Primer 
sequence    

Aβ-49_F GTGATCGTCATCACCTTG TAGTAGAAGCTTGCGGCC 

Aβ-49_R GGCCGCAAGCTTCTACTA CAAGGTGATGACGATCAC 

Aβ-48_F ACAGTGATCGTCATCACC TAGTAGAAGCTTGCGGCC 

Aβ-48_R GGCCGCAAGCTTCTACTA GGTGATGACGATCACTGT 

Aβ-46 ATAGCGACAGTGATCGTC TAGTAGAAGCTTGCGGCC 

Aβ-46_R GGCCGCAAGCTTCTACTA GACGATCACTGTCGCTAT 

Aβ-45 GTCATAGCGACAGTGATCTAGTAGAAGCTTGCGGCC 

Aβ-45_R GGCCGCAAGCTTCTACTA GATCACTGTCGCTATGAC 

Aβ-43 GGTGTTGTCATAGCGACATAGTAGAAGCTTGCGGCC 

Aβ-43_R GGCCGCAAGCTTCTACTA TGTCGCTATGACAACACC 

Aβ-42 GGCGGTGTTGTCATAGCGTAGTAGAAGCTTGCGGCC 

Aβ-42_R GGCCGCAAGCTTCTACTA CGCTATGACAACACCGCC 

Aβ-40 ATGGTGGGCGGTGTTGTCTAGTAGAAGCTTGCGGCC 

Aβ-40_R GGCCGCAAGCTTCTACTA GACAACACCGCCCACCAT 

Aβ-38 GGACTCATGGTGGGCGGTTAGTAGAAGCTTGCGGCC 

Aβ-38_R GGCCGCAAGCTTCTACTA ACCGCCCACCATGAGTCC 

Aβ-37 ATTGGACTCATGGTGGGCTAGTAGAAGCTTGCGGCC 

Aβ-37_R GGCCGCAAGCTTCTACTA GCCCACCATGAGTCCAAT 

  

MBP-peptide: The proteins were made in BL21 competent cells. 25 ng of the 

plasmid was added with 25 ng of the BirA (biotin ligase) were added to the 

BL21 competent cells.  The mixture was placed on ice for 30 minutes. Then for 

the DNA to be able to enter the cells, the BL21s were heat shocked at 42°C 

for 15 seconds and placed on ice for 30 minutes. 450 ul of SOC was added 

and then the cells shook at 37°C for 60 minutes. 50 uls of the cells were plated 
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on Kanamycin (for MBP plasmid) and Chloramphenicol (BirA) selection. The 

colony was picked and grown in 25 mls of LB overnight. The overnight culture 

is then poured into 2 liters of LB with the appropriate antibiotics and shaken 

until OD 600 is 0.6. Then 0.1 mM IPTG (Isopropyl β-D-thiogalactoside) 

(Sigma I6758) and 50 µM of biotin (Sigma B4501). LB was grown for 5 

hours and then centrifuged at 5000g for 40 minutes at 4°C. The supernatant 

was poured off and the cells were frozen overnight at -80°C. The cells were 

resuspended in buffer A (20 mM Tris base, 200 mM NaCl, pH 7.4) and 100µM 

phenylmethylsulfonyl fluoride (Sigma 10837091001), and protease inhibitor 

cocktail (1 mM Benzamidine (Fluka 12072), 2.9µM Leupeptin (Sigma L9783), 

5µM Antipain (Fluka 10791), 100µM EDTA (ethylenediaminetetracaacetic 

acid) (Sigma 798681))). The cell solution was then lysed by French Press 

(Spectronic Instruments). The lysed cells were then centrifuged at 15000 rpm 

for 40 minutes at 4°C to pellet the debris. The supernatant was transferred to 

a superloop and purified on an Acta prime with a maltose column. The 

fractions were run on a gel and then the protein concentration was visualized 

using InstaBlue (Fisher ISB1L). The fractions with the pure protein were 

concentrated (usually fractions 18-26) and protein concentration was 

determined at absorbance at 280. 

Isotyping Antibodies: Antibodies were diluted at 0.5 µg in PBS. 150 µl of the 

diluted antibodies was put into the development tube and one Isostrip (Sigma 

11493027001) black end at the bottom into each of the development tubes. 

The positive bands appear after 5-10 minutes. 

Hela Alpha-LISA: Hela (S3) cell pellet (mid-log) for membrane preparation 

was purchased from Biovest. The frozen pellet was resuspended in 1X MES 
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buffer (50 mM MES, pH 6.0, 5 mM MgCl2, 5mM CaCl2, and 150 mM KCl) 

containing 100µM phenylmethylsulfonyl fluoride (Sigma 10837091001), and 

protease inhibitor cocktail (1 mM Benzamidine (Fluka 12072), 2.9µM 

Leupeptin (Sigma L9783), 5µM Antipain (Fluka 10791), 100µM EDTA 

(ethylenediaminetetracaacetic acid) (Sigma 798681))) and lysed by French 

Press (Spectronic Instruments). Cell debris and nuclei were removed by 

centrifugation at 800g for 10 min. Supernatants were collected and centrifuged 

at 100,000g for 60 minutes. The resulting pellet was resuspended in MES 

buffer and stored at -80°C. 

The gamma secretase in Hela membrane was incubated with biotinylated 

substrate (CT6) at 1 µM in the presence of 0.25% CHAPSO (3-([3-

Cholamidopropyl]dimethylammonio)-2-hydroxy-1-propanesulfonate) 

(Sigma C3659) and PIPES buffer (50 mM PIPES, pH 7.0, 5 mM MgCl2, 5mM 

CaCl2, and 150 mM KCl) for 3 hours at 37°C. Afterwards the antibodies are 

incubated with the Hela membrane incubated solution with streptavidin-

conjugated donor beads (40 µg/ml Perkin Elmer 6760002) and with Protein-A 

or anti-mouse acceptor beads (10 µg/ml Perkin Elmer AL101M and AL105M) 

overnight. The Alpha signal is read on an envision plate reader (Perkin Elmer) 

Aggregating Aβ1-42: Biotinylated-Aβ1-42 (Anaspec as23523-05) was dissolved 

in DMSO to a 5 mM concentration. 10mM of HCl was added to an end 

concentration of 100 uM Aβ1-42. The sample was vortexed for 15s and then 

incubated at 37°C for 24 hours. After 24 hours 2 uls of aggregated and non-

aggregated Aβ1-42 

 AFM: Fluid Imaging was acquired using a MFP-3D-BIO AFM (Asylum 

Research), with an Olympus BL-AC40TS AFM probe (Asylum Research) in 
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tapping mode. Probes were tuned using an Auto Thermal method. The 

scanning was done in air. 

FIXING OF BRAINS: Mice at 12 months of age underwent intracardiac 

perfusion with 4% paraformaldehyde while under ketamine/xylazine 

anesthesia. The head was dislocated, and the brain was removed and 

cryopreserved by the Histology core. The brain was sliced at 10 µm sections. 
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Chapter 4: 

Conclusions and Implications of this Thesis 

GS is a very complex protein, and presumably a heavily regulated 

enzyme [1, 177]. This regulation is needed due to its large library of substrates 

which often overlap in their expression, and particularly since many of the 

substrates are integral for proper cell function [9]. Unregulated cleavage by GS 

can lead to various disease states [178].  

In general, GS cannot be inhibited without causing off-target toxicities 

[107, 179, 180]. Research has shown that, to successfully inhibit GS, would be 

to interfere with the mechanism for GS recognition and cleavage of individual 

substrates. For example, one method that gamma-secretase modulators use 

to interfere with the cleavage of substrates by GS is by acting as allosteric 

inhibitors [181, 182]. Assuming, that one mechanism that GS demonstrates 

specificity is by adopting a specific conformation for a specific substrate, then 

interfering with the ability of GS to adopt that conformation would effectively 

inhibit GS safely. Another method of inhibition would be to interfere with the 

proteins that bind to GS like Hif1 which activates Notch signaling in breast 

cancer models [15, 183].  

But a more successful modulation of GS cleavage can be achieved by 

altering substrate specific cleavage rather than interfering with overall 

enzymatic ability. In this thesis, we focus on two modalities to study and 

modulate GS cleavage. These modalities rely on specificity and focuses on 

the substrate and not on the enzyme. In one system, a peptide is used, and it 

interferes with Notch1 signaling, but not the other Notch proteins that are 

closely related. In the other system, antibodies were developed to multiple 
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cleavage sites of Amyloid beta with a possible use to monitor how small 

molecules can affect GS’s cleavage of Amyloid beta. 

The demonstration that dVGG interferes with Notch1 cleavage still 

leaves many questions unanswered. What amino acids are required for the 

specific binding to occur along the twenty-amino acid peptide, and can the 

sequence be optimized for an even better result? The interference was shown 

in a Notch reporter system since the Notch Intracellular Domain was replaced 

with Gal4. What happens in a regular Notch system, where feedback 

mechanisms are in place? When cleavage of Notch1 is inhibited, does that 

mean that there is increased cleavage of other Notch proteins to compensate?  

Also, a more direct question is how P1 phage and dVGG modulate 

Notch1 signaling? It is possible that a conformational change is occurring on 

Notch1 that makes S2 cleavage less likely to occur and therefore resulting in 

less signaling [184]. It could also be binding along Notch1, perhaps around 

EGF11-EGF13 region, and interfering with how the ligand is binding to Notch1, 

and therefore less signaling is being transduced [28]. Using photoreactive 

crosslinkers in the peptide, we can use LC-MS to show binding of the peptide 

to Notch1. Where dVGG binds along Notch1 would help determine its 

mechanism of modulating Notch signaling [185].   

In the second part of this thesis, antibodies were developed to specific 

cleavage sites of Amyloid Beta. We were not yet successful in developing 

antibodies that were specific for A-45, A-46, A-48 and A-49, but these 

cleavage sites should be monitored for the multiple avenues of therapeutic 

potential that they can open up. They can be used to screen for other 

molecules that modulate how GS cleaves different parts of Amyloid Beta. 
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Second, the antibodies can possibly be used themselves as diagnostics to 

identify biomarkers in body fluids for the diagnosis of patients [104]. Third, 

depending on what epitopes are exposed on the surface of the plaque, they 

can be used to target plaques either for degradation by macrophage or to be 

used as a carrier protein to transport therapeutics, like -particles, to degrade 

the plaques [186]. 

Our failure to find antibodies specific for A-45, A-46, A-48 and A-

49 is that we did not screen enough clones. For each of these peptides we 

only screened 30 plates of roughly 400 clones per plate (there are multiple 

clones per well), and we are looking for the one specific clone. Amino acid 44 

is valine, 45 is isoleucine, and 46 is valine again showing that the antibody 

that we would want needs to be extremely specific. Also, this explains the hit 

rate that we had with Ab-49, which is leucine, that also recognized Ab-46 

(valine). 

The development of therapeutics for Alzheimer’s Disease is an 

extremely difficult task as evident by the amount of ideas that have failed at 

various stages of clinical trials [187, 188]. Initially, many of these ideas 

focused on a small selection of targets (A-40 and A-42) or a ratio of these 

targets (the ratio of A-42/A-40) and focuses on GS cleavage products, but 

since then the Alzheimer’s Disease field have moved to focus on other 

portions of the APP cleavage pathway [189, 190]. Some of these ideas require 

new tools to be created, but that should not prevent those ideas from being 

developed. This is a fertile ground for both tool development and therapeutic 

potential in a specific manner to perhaps finally develop an Alzheimer’s 

Disease cure. 
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