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Alzheimer’s Disease (AD) is a progressive neurodegenerative disease
characterized by the formation of insoluble neurotoxic -amyloid (Af) plaques and loss
of cognitive function. Plaques have been shown to co-precipitate with both
acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE). Interestingly, there is a
dramatic increase in BuChE activity relative to AChE in AD patients. Neuroblastoma
cells were used to determine the effect of di-n-butyl 2-chlorophenyl phosphate (DBPP),
an irreversible inhibitor of BuChE, on formation of AB. Cells cultured in 10 uM DBPP
accumulated significant amounts of the compound without an effect on cell proliferation,
membrane integrity, or induction of apoptosis. The intracellular level of BuChE activity
was reduced and there was a decrease in amyloid precursor protein (APP) levels. In
contrast, there was a concomitant increase in the levels of both A40 and AB42 peptides.
The implication is that irreversible inhibition of BuChE activity may increase the rate of

AP formation.
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CHAPTER 1
INTRODUCTION

Cholinesterases (ChEs) belong to a family of serine hydrolases that catalyze the
hydrolysis of a variety of substrates. The predominant cholinesterases,
acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE), catalyze the hydrolysis
of choline esters. AChE is found predominantly in the brain, mainly at neuronal synaptic
junctions. BuChE is ubiquitously distributed and found in glial cells, serum, and most
body tissues (1,2). AChE has a well-defined function in neurotransmission at cholinergic
synapses. The enzyme is responsible for the hydrolysis of the neurotransmitter,
acetylcholine. In contrast, the exact role for BuChE is unknown. Although both
enzymes are capable of hydrolyzing acetylcholine, AChE is more efficient and is
primarily dedicated to acetylcholine hydrolysis in synaptic junctions. AChE and BuChE
belong to a super family of proteins that have a common o/p-fold tertiary structure and a
conserved active site catalytic triad (2). The catalytic triad consists of three conserved
amino acids: a serine, aspartate or glutamate, and histidine. Cholinesterases, unlike
serine proteases, have a glutamate residue rather than an aspartate (2,3). The catalytic
site in cholinesterases is located near the bottom of a deep gorge, in a type of pocket
formed from the folds of B-barrels.

Cholinesterases hydrolyze choline esters though nucleophilic attack by the active-

site serine. The substrate is guided into the pocket through interaction with the enzyme’s



peripheral site, specifically aspartic acid and tyrosine, which reside at the lip of the active
site gorge, directly on the access route to the active site. This site is the first encounter
where the substrate interacts with the enzyme. The acyl group of acetylcholine fits in the
acyl-binding pocket, composed of hydrophobic residues, while the quaternary nitrogen
interacts with the choline-binding site (Trp). Then, catalysis through the catalytic triad

can occur (Figure 1).

20 A

FIGURE 1. Schematic structure of the active site of cholinesterases. Catalytic triad
amino acids: serine (Ser), histidine (His), and glutamic acid (Glu); acyl-binding site
(Acyl); choline-binding site: tryptophan (Trp); peripheral site: aspartic acid (Asp) and
tyrosine (Tyr); substrate: acetylcholine.

Although the mechanism of catalysis is the same between both cholinesterases, the
substrate reactivity between the two enzymes are quite different (4). In this respect, size
matters. AChE hydrolyzes acetylcholine and small ester compounds, while BuChE

hydrolyzes larger molecules such as butyrylcholine. This difference in substrate
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reactivity is apparent when considering the structural differences in the catalytic sites
between the two enzymes.

The active-site gorge of AChE is lined with fourteen aromatic amino acid
residues. The bulky side chains of these residues create a narrow path for the substrate so
only small molecules have access to be catalyzed. Six of the fourteen aromatic residues
lining the gorge in AChE are replaced with smaller side-chain residues in BuChE, thus
allowing for larger substrates (3). For example: BuChE is missing three of the aromatic
residues that are present in AChE’s peripheral site, creating a wider entry. Additionally,
AChE’s acyl-binding site consists of two phenylalanine residues, which are replaced with
aliphatic residues, leucine and valine, in BuChE (2). These residue replacements in the
active-site pocket allow BuChE to accommodate larger substrates.

AChE and BuChE have similar tertiary structures with 55% sequence homology
(5). The cholinesterases exist in the brain as soluble and insoluble membrane-bound
proteins. The soluble cholinesterases occur as globular catalytic subunits while the
insoluble forms are anchored to the plasma membrane via proline-rich membrane anchor
(PRiMA) or to the basal lamina via proline-rich attachment domain (PRAD) within a
collagen subunit, ColQ (6, 7). ColQ is a collagen-like tail that anchors the tetrameric
cholinesterases to the extracellular matrix in the neuromuscular junction. PRiMAs are
integral membrane proteins that are able to organize cholinesterases into tetramers and
anchor them to the plasma membrane (1,6) (Figure 2). There is evidence supporting the
idea that the localization of AChE-PRiMA complexes may influence the enzymes
catalytic activity toward acetylcholine (6). Several molecular isoforms are associated

with the soluble and membrane-bound cholinesterases, each composed of identical
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subunits. Gj is the soluble monomeric form, G, is dimeric, and Gy is the tetrameric form.
G, and Gy exist as soluble as well as membrane-bound proteins. The G, form is held
together by a disulphide bridge, and the G4 consists of two G, dimers maintained by
hydrophobic interactions between seven highly conserved aromatic residues at the C-

terminal domain (CTD) of the individual subunits (2,7) (Figure 2).

G,-PRIMA

Plasma Membrane

FIGURE 2. Globular forms of cholinesterases. The soluble forms are: monomeric Gy,
dimeric G,, and tetrameric G4. The insoluble form is a tetrameric G4 anchored to the
plasma membrane (orange layer) via PRIMA (blue oval). Blue hinges represent
disulphide bonds.

Although the cholinesterases share similar structures, they demonstrate different
localizations and enzymatic characteristics. AChE is located primarily in the brain at

neural synapses and neuromuscular junctions where it is bound to the membrane (8).
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BuChE is also found in the brain; the brain level of the enzyme, though, is comparatively
much lower than other tissues (8). In the brain, BuChE is localized mainly in glial cells,
but is present at lower concentrations in neurons and endothelial cells. Interestingly, its
activity has been reported within cholinergic synapses in the brain, signifying a role in
neurotransmission (9). Although the cholinesterases reportedly localize to separate
cellular locations within the brain, cholinergic neurons that express both enzymes
suggests a potential relationship between their activities (10).

As noted previously, the exact biological function of BuChE is unknown, but it is
capable of hydrolyzing acetylcholine in AChE-knockout mice (10,11). Administration of
a BuChE-selective inhibitor in AChE-knockout mice resulted in increased levels of
acetylcholine, while the wild-type mice were unaffected (12). This suggests BuChE acts
as a “back-up” for AChE in cholinergic nerve transmission. However, BuChE-knockout
mice develop normally, adding more confusion to understanding its fundamental role
(13). These findings have sparked research to investigate other possible roles of BuChE.

It has been well established that cholinesterases have a fundamental role in
regulating the development of the nervous system. BuChE promotes cellular
proliferation (13) and influences AChE expression (14). In contrast, AChE promotes
cellular adhesion (15), differentiation (16), and neurite outgrowth (17,18).

Layer et al. concluded that BuChE expression precedes that of AChE in
developing chicken embryos. High levels of BuChE expression correlated with cell
proliferation, while high levels of AChE expression was linked to cell differentiation
(13). As the cells proliferated, BuChE expression was high, while AChE expression was
low or nonexistent. BuChE expression decreased dramatically as proliferation slowed
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and was followed by an increase in expression of AChE accompanied with differentiation
of cells and neurite outgrowth (17,19). In another study, anti-sense oligonucleotide
inhibition of BuChE expression in developing chicken retinal cells suppressed
proliferation and led to an increase in AChE expression that correlated with cellular
differentiation (14,16). Furthermore, the same expression trends were shown in a murine
embryonic stem cell line (18). Sperling et al. were able to show the expression and
coregulation of BuChE and AChE in murine embryonic stem cell differentiation (20).
Consistent with the findings of others, BuChE expression levels and enzymatic activity
were high at the beginning of differentiation, and down-regulated at later stages while
ACHhE expression levels and enzymatic activity increased over the course of
differentiation (20). These studies highlight the direct involvement of the cholinesterases
during early neuron development and provide further evidence for BuChE’s crucial role
during development.

Still, the role of BuChE in development is not only limited to neuronal cells. In
vitro studies using bone marrow cells showed that changes in BuChE expression
interfered with normal development. Antisense oligonucleotide knockdown of BuChE
expression inhibited megakaryocytopoiesis and the effect was reversed when exogenous
BuChE was introduced (21). These findings further support the importance of BuChE in
overall cell differentiation. Along with its role in cellular development, BuChE is also
involved in Alzheimer’s Disease (AD).

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease
characterized by the formation of insoluble extracellular AP plaques and loss of

cholinergic neurons (7). The formation of neurotoxic AP interferes with inter-neuronal
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communication and eventually causes neuron death (22,23). The depletion of these
neurons results in a concomitant reduction of the neurotransmitter acetylcholine, which
correlates with a loss of cognitive function in AD patients (8,24). The main components
of these plaques are 39-43 amino acid long AP peptides that are generated from the
proteolytic cleavage of amyloid precursor protein (APP) by a combination of a-, -, and
y-secretases (25). APP and these secretases are all membrane-bound proteins expressed
within neurons, with higher concentrations localized to neuronal synapses (25,26). The
resulting peptides accumulate extracellularly in a stepwise process- referred to as
amyloidogenesis- to form the neurotoxic AP oligomers and eventually the characteristic
AP plaques (27). AP formation is critical in AD, so it is imperative to determine the
molecular and cellular basis of its production.

APP is a large type I transmembrane protein with a large N-terminal extracellular
domain (ectoderm) and a short C-terminal cytoplasmic domain (Figure 3). APP is
ubiquitously expressed as various isoforms within neuronal and non-neuronal tissues.
The most predominant isoform contains 695 amino acids and is highly concentrated
within neuronal synapses (28). Although the exact role of APP is still unknown,
neurotrophic and synaptogenic roles for APP have been reported (29-31). APP may
function in synaptic formation and repair and may participate in neurite growth, neuronal
migration, and neuroprotection (29,30). Many studies have reported that elevated
expression of APP occurs during neuronal differentiation and after neural injury (28,30).
In addition, down-regulation of APP is associated with impaired neurite outgrowth and
neuronal viability in vitro (31), while siRNA-targeted reduction of APP was associated

with impaired synaptic activity in vivo (32). Furthermore, processing of APP may have
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additional roles in neurons. Some studies report that proteolytic fragments may function
as signaling molecules that promote axonal growth and regulate cellular communication
(33,34).

While the function of APP is not well understood, much is known about its
proteolytic processing in AD. APP is sequentially processed through two alternative
pathways: In the amyloidogenic pathway, - and y-secretase generate, by sequential
cleavage, the neurotoxic AP peptide, whereas in the non-amyloidogenic pathway, -

secretase cleaves within the amyloid domain and prevents its generation (Figure 3) (29).

Membrane
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FIGURE 3. Schematic diagram of APP and its cleavage to give AB. The length of APP
is represented as the predominant isoform consisting of 695 amino acids. a-secretase
cleavage site (a); B-secretase cleavage site (P); y-secretase cleavage site to produce AB40
('va0); y-secretase cleavage site to produce AB42 (y42).

The formation of these toxic A species from - and y-secretase has been extensively

studied. P-secretase is the rate-limiting enzyme responsible for the formation of these A3



peptides because its knock-out completely inhibits AP generation (35). The role of -
secretase and its association with APP to generate A is critical to understanding the
disease mechanism.

B-secretase is a type I transmembrane aspartyl protease highly expressed in
neurons. It is also found in astrocyte and glial cells, but only under conditions of chronic
inflammation, which is typical in neurodegenerative diseases (25,26). It is mainly
localized in endosomes, lysosomes, and the trans-Golgi network (28). B-secretase
cleaves APP within the extracellular domain, which results in the shedding of the
ectodomain to yield a large, soluble APP derivative (sAPP) and a membrane-bound
carboxyl-terminal fragment (CTF), the immediate precursor to AP (30). Subsequently, y-
secretase, a multi-subunit protease complex, cleaves APP at residues within the
transmembrane domain to remove the APP intracellular domain (AICD) and generates
amyloid peptides predominantly either 40 (AB40) or 42 (AP42) amino acids in length
(27). y-secretase cleavage of APP is not restricted to a single site; instead it cleaves APP
multiple times in a stepwise process within the transmembrane domain to produce
different lengths of AP (36). AB40 is the most common amyloid isoform while AB42 is
the amyloidogenic form most often associated with AD. The C-terminal amino acids in
AB42 are hydrophobic and increase the molecule’s susceptibility to conformational
changes from an a-helix to an organized B-sheet structure (37). This conformational
change plays a role in the process of AP fibrillization, which is the accumulation of AP

peptides to form insoluble fibrils and plaques (Figure 4).
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FIGURE 4. Process of AP fibrillization. Monomeric AP is able to undergo a
conformational change to that of a “misfolded” B-sheet structure. These misfolded
monomers begin to accumulate to form oligomers and eventually fibrils and plaques.

It is believed that the formation of plaques from the diffuse monomeric peptide is
a nucleation-dependent process and is associated with a structural conversion of A from
an a-helical structure to that of a B-sheet structure. The fibrillization process begins with
a slow lag phase, which is the rate-limiting step in plaque formation: at high
concentrations, AP undergoes a conformational change to form a B-sheet structure that
acts as “seed” to promote assembly into oligomers. Then the growth phase occurs, in
which these seeds rapidly develop by further addition of monomers and form larger
fibrils and the plaques (Figure 4) (38).

Early endosomes are the major cellular sites for AP production (39,40). B-
secretase is optimally active in an acidic environment, typically between pH 4-5, thus
these compartments provide the low pH required for B-secretase activity (39). If
interaction occurs with its substrate, membrane-associated APP, the two proteins are

internalized via clathrin-coated pits into early endosomes. Acidification of the vesicle
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induces the activation of B-secretase to catalyze the cleavage of APP (41). Once the
ectodomain is cleaved, y-secretase cleavage of APP follows to produce AB. After
cleavage, the endosomal AP is subsequently internalized as intraluminal vesicles (ILVs)
of multivesicular endosomes (39). Once the multivesicular endosome fuses to the plasma
membrane, the [LVs are released into the extracellular space as exosomes (42). These
AB-containing exosomes could act as “seeds” for plaque formation by promoting peptide
aggregation to form fibrils (43).

AP oligomers are more toxic to neuronal cells than mature amyloid plaques (44)
and are responsible for the progression of the disease (23,44). The toxic properties of the
peptides include synaptic dysfunction (22), mitochondrial damage, microglia activation
(23), and neurodegeneration (28). These diffuse peptides are small enough to bind to a
receptor on the surface of neurons and modify the structure of the synapse, thereby
impairing synaptic plasticity, eventually causing loss of neural synapses (22,45). Shankar
et al. sought to determine which forms of soluble AP trigger synapse loss. To do this,
they examined the effect of A} monomers and oligomers on excitatory synapses and
dendritic spines in slices of rat hippocampus. Although monomeric A had no effect on
neuronal morphology, prolonged exposure to soluble A oligomers induced progressive
loss of dendritic spines, accompanied by a decrease in excitatory synapses (22). The
study showed that accumulation of these toxic A oligomers caused cellular damage and
disrupted critical cellular processes, resulting in toxicity and cell death. AB-induced
cellular damage, however, occurs through various interactions and the effects on the cell
are much more complicated. It is important, therefore, to discern the relationship

between A and the molecules involved in its generation.
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Cellular damage from AP stimulates an inflammatory response, through the
activation of microglial cells. AP toxicity in turn promotes the production of pro-
inflammatory molecules, tumor necrosis factor alpha (TNF-a) and interleukin-1 beta (IL-
1B). These molecules reportedly interact with the APP promoter, and enhance its
production and processing to produce more AP species (46). Additionally, studies have
reported AP is able to induce and be induced by oxidative stress. AP toxicity seems to
drive the accumulation of reactive oxygen species (ROS), which then induces increased

APP processing to produce AP species (47) (Figure 5).

B-secretase

2N

ROS S———S Ag T ITLN1F§

\/

FIGURE 5. AP feedback loop. AP is at the center of a positive feedback loop, which
further elevates the levels of toxic AB. ROS, reactive oxygen species; Pro-inflammatory
molecules: TNFa, tumor necrosis factor alpha; IL-1p, interleukin-1 beta.

Additionally, several studies have shown that oxidative stress and inflammatory
molecules up-regulate the expression of B-secretase (47) while one study suggests that
AP species directly upregulate B-secretase, although the mechanism remains to be

determined. Elevated levels of B-secretase leads to increased APP processing to produce
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AP species (48). Taken together, oxidative stress and inflammation activate a loop that
proceeds with the generation of AP peptides. These resulting AP peptides play a central
role in a positive feedback loop that determines the upregulation of B-secretase and
stimulates APP processing through the induction of an inflammatory response as well as
the production of reactive oxygen species to further enhance the production of toxic Ap
species (49) (Figure 5).

The accumulation of toxic A peptides, along with other factors, participates in
the progression of the neurodegenerative disease. A number of studies have shown that
monomeric G; AChE and BuChE forms immunoprecipitate with AP plaques in AD.
Interestingly, abnormal enzymatic activities have been indicated in these complexes:
ACHhE activity is decreased while BuChE activity is increased (50). Although the direct
roles the cholinesterases play in AP formation are still unknown, there is evidence that
shows they may act as molecular chaperones in A formation and influence the process
of fibrillization (7,51). Studies have proven AChE’s ability to enhance AP
polymerization and fibril formation (51-53) and increase the toxicity of AP to enhance
neurodegeneration (54). The AChE motif that promotes AP fibril formation is located in
a small hydrophobic sequence that contains a conserved tryptophan (W279), which
belongs to the peripheral anionic site (PAS) of the catalytic subunit of AChE (53). Using
thioflavin-T fluorescence, Bartolini demonstrated that AChE accelerates amyloid
polymerization and using circular dichroism (CD) they showed that AChE increases the
B-conformation content in A prior to fibril formation (52). Inhibition studies have
further elucidated AChE’s role in amyloid formation. Cholinesterase inhibitors that
block the active site of AChE had no effect on the rate of amyloid formation; however,
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inhibitors that block the PAS were shown to reduce the effect of AChE on A fibril
formation (51,53). Thus, its pro-fibrillization activity is associated with a site, which lies
outside of its catalytic domain.

BuChE also acts as a molecular chaperone in AP formation, but unlike AChE, it
does not play a role in fibril formation. Instead, BuChE seems to associate with the
monomeric form of AP through interaction with its CTD to slow the progression of
fibrillization. This in turn stabilizes the monomeric A, thus inhibiting its aggregation to
form toxic AP oligomers and fibrils (55). The G; form is drastically increased in the
cerebral cortex of AD and correlates with the observed higher concentration of plaques in
these brains (9,56). The soluble G; form of BuChE has aromatic tryptophans located in
its CTD that are capable of forming heteroaromatic complexes with AR monomers and
oligomers (57). This interaction has been shown to stabilize the monomeric form of A}
and inhibit propagation of the fibril-formation process to form toxic protofibrils and
insoluble fibers (55). Thus, BuChE may act as an attenuator of fibril formation while
ACHhE acts as an enhancer. Interactions between the PAS of AChE and the CTD of
BuChE with AP indicate the possibility of a protein-protein interaction function of the
enzymes (51). BuChE-specific reversible inhibitor studies, however, have shown exactly
the opposite effect. Inhibition studies have demonstrated a reduction in the formation of
AP, indicating that BuChE may have a causal role in AP formation (58). Aside from this,
it is apparent that these enzymes play a critical role in AP formation.

To date, research has been focused on targeting the secretases responsible for the
production of AB. Unfortunately, development of potential therapeutics has been largely

unsuccessful. Thus, research has been investigating alternative approaches for treatment
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of AD, such as the cholinesterases, which catalytically act on acetylcholine.
Developments of various inhibitors have been found to preserve and maintain the low
acetylcholine levels and improve cognitive function (8,11,58).

Currently, there are three cholinesterase inhibitors that are prescribed to treat the
cognitive symptoms of AD: Galantamine, Donepezil, and Rivastigmine. Galantamine
and Donepezil are highly selective reversible inhibitors of AChE activity. Rivastigmine
is a pseudo-irreversible inhibitor of both AChE and BuChE activity; it covalently binds to
the enzyme’s active site upon cleavage (59). These drugs inhibit cholinesterase activity
to reduce the rate of acetylcholine breakdown, resulting in enhanced cognitive function
(11,50). However, the effects of reversible inhibitors are dose-dependent since the
effects of the drug are based upon their bioavailability and the rate at which they are
metabolized and eliminated. This often means that the dosage of the drug is high and
administered relatively often. Moreover, they have several off-target effects, alleviate
symptoms for only a short period of time, and have no effect on the progressive
deterioration of cholinergic nerves.

Although the precise role of BuChE in AD is relatively unknown, studies have
suggested a correlation between elevated BuChE activity and increased synthesis of toxic
AP peptide (58). Recent reports have suggested that selectively inhibiting BuChE, rather
than AChE, may prove to be more beneficial in the development of potential treatments
for AD (60). Greig et al have shown that selective reversible inhibition of BuChE
suppressed the formation of toxic AP species (58). The hypothesis here is that
irreversible inhibitors of BuChE will also inhibit AP peptide expression. Previously, it

was shown that aryl dialkyl phosphates are potent and highly selective irreversible
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inhibitors of BuChE (62). Considering this information, it was of interest to specifically
inhibit BuChE using di-n-butyl 2-chlorophenyl phosphate (DBPP) and examine the

resulting effects on AP formation.
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CHAPTER 2

MATERIALS AND METHODS

Culture of Neuroblastoma Cells

Human neuroblastoma cells (strain SK-N-SH) were cultured at 37°C and 5% CO,
in complete Minimum Essential Medium/Earl’s Balanced Salts (MEM/EBSS) containing
10% (v/v) FBS, 1% (v/v) Glutamax, and 0.5% (v/v) penicillin/streptomycin. Cells were
seeded at a density of 4.0-5.0x10" cells/cm® in Corning Cell Bind flasks and allowed to
grow to 80-90% confluence (four to five days). Spent medium was removed and cells
were washed with Dulbecco's Phosphate-Buffered Saline (DPBS; 137 mM NaCl, 8.1 mM
NaHPOy, pH 7.4). Three milliliters of Trypsin/EDTA (T/E; 0.05% Trypsin, 0.02%
Nay,EDTA) was added to the flask and incubated at 37°C for 5-7 min. Two volumes of
complete MEM/EBSS were added to neutralize the trypsin. The cell density was
determined using either a hemacytometer or Sceptor 2.0 Handheld Automated Cell
Counter (Millipore).

Sterility of DBPP Solutions in Methanol

To determine the sterility of DBPP solutions, an aliquot was streaked on an LB
agar plate and incubated at 37°C for 24 hrs.

Toxicity of DBPP/DEPP in Neuroblastoma Cells

For cell viability assays, cells were plated in clear (absorbance measurements)

(Corning) or black-walled (for fluorescence measurements) (BRANDplates) 96-well
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plates at a density of 40,000 cells per well in complete MEM/EBSS medium and cultured
for 24 hrs. Inhibitor solutions were prepared by dissolving DBPP in methanol to a final
concentration of 1 mM and diluting into Low Serum MEM/EBSS medium (0.5% FBS
and 1% Glutamax) (LSM) to final concentrations of 0.01, 0.1, 1, 10, and 100 uM DBPP.
The final methanol concentration was 1% (v/v) methanol. DEPP (0.1 M in methanol)
was diluted into LSM to yield final concentrations of 0.01, 0.1, 1, and 5 mM DEPP in 1%
(v/v) methanol. Spent medium was replaced with appropriate dilutions of DBPP in LSM
and incubated for 24 h at 37°C. The negative control was 1% (v/v) methanol in LSM;
LSM alone was used as the blank. The cells were analyzed for cell viability, membrane
integrity, and apoptotic induction. All samples were assayed in triplicate and analyzed by
ANOVA. P values represent samples compared to the vehicle control.

Cell Proliferation

Cell proliferation was monitored by measuring the absorbance of formazan
formation from 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) using the CellTiter 96 AQueous One Cell
Proliferation Assay (Promega). Cells were plated in clear 96-well plates and after
exposure to either compound for 24 h, 20 pL of CellTiter96 Reagent was added to each
well and incubated in the dark at 37°C for four hours. Results were expressed as the
change in absorbance at 490 nm. The change in absorbance is proportional to the rate of
cell proliferation.

Membrane Integrity

Membrane integrity was determined with CytoTox-One Homogeneous Membrane
Integrity Assay (Promega). Cells were plated in black-walled 96-well plates and after
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exposure to either compound for 24 h in LSM at 37°C, the plate was placed at room
temperature (25°C) for 30 min. Then 100 pL of CytoTox-ONE reagent was added to
each well and incubated at room temperature for 10 min. Then 50 pL of stop solution
was added to each well. Fluorescence was measured with an excitation wavelength of
560 nm and emission wavelength of 590 nm. The positive control was 2% (v/v) lysis
solution in LSM. This represents complete loss of membrane integrity and maximum
LDH activity. The change in fluorescence is a function of increased membrane
permeability.

Induction of Apoptosis

Induction of apoptosis was determined with Apo-ONE Homogeneous Caspase-
3/7 Assay (Promega). Cells were plated in black-walled 96-well plates and after
exposure to either compound for 24 h, 100 pL of Apo-ONE reagent was added to each
well and incubated at room temperature (25°C) for 18 h. Fluorescence was measured
using an excitation wavelength of 499 nm and emission wavelength of 521 nm. The
positive control was 1 uM Staurosporine in LSM, which represented maximum induction
of apoptosis. The change in fluorescence of each sample reflects an increase in apoptotic
activity.

Cell Proliferation with Methanol

Cells were plated in a 96-well plate at a density of 40,000 cells per well in
complete MEM/EBSS medium and maintained for 24 h. Methanol was diluted in LSM
to give final concentrations of 0.5%, 1%, and 2% (v/v) methanol in LSM. Spent medium
was replaced with appropriate dilutions of methanol in LSM and incubated for 24 h at
37°C. LSM alone was used as the blank. All samples were assayed in triplicate. The

19



cells were analyzed for cell viability using CellTiter 96 AQueous One Cell Proliferation
Assay (Promega).

Stability of DBPP in Low-Serum Media

Ten milliliters of LSM containing 10 uM DBPP was incubated at 37°C for 0, 4,
and 24 h. After incubation for the various time periods, 10 puL of 1,2-dichlorobenzene
(1,2-DCB) was added to the solution. 1,2-DCB was used as a recovery surrogate to
monitor extraction efficiency because it has similar structural characteristics and
chemical properties as DBPP. The solution was extracted with 1.5 ml of
dichloromethane (DCM). The extract was then dried over 0.55 g of anhydrous
magnesium sulfate. Each extraction was performed in triplicate. Extracts were analyzed
by GC/MS. One hundred microliters of Anthracene-d10 was added to each sample as an
internal standard before GC/MS analysis to quantify amounts of 1,2-DCB and DBPP.
Amounts of the two compounds were quantified using a five point standard curve. The

corrected amount of DBPP was obtained using Equation 1.

1,2-DCBadde .
Corrected ug DBPP = pg DBPPgc/ms X <|:l§1,TCBGm> Equation 1

Uptake of DBPP

Cells were cultured in Corning T25 Cell Bind flasks as described previously with
the following changes. DBPP was added to LSM to a final concentration of 10 uM.
Cells were incubated at 37°C, 5% CO for 0, 4, and 24 h. Three different flasks were
collected for each time point. The cells were collected, pelleted by centrifugation at 1800
RPM, 18°C for 10 min, and washed three times with DPBS. 1,2-DCB was added to the
cell pellet to monitor the extraction efficiency and the cells were extracted with DCM.

The extracts were dried over anhydrous magnesium sulfate. Each sample was extracted
20



three times and the extracts pooled. Anthracene-d10 was added as an internal standard
and the extracts were analyzed by GC/MS for 1,2-DCB and DBPP. Amounts of the two
compounds were quantified using a five point standard curve. The amount of DBPP was
recovery corrected using Equation 1.

Cell Culture with DBPP

Cells were cultured in complete medium as described above. Spent medium was
removed and the adherent cells washed with DPBS. A solution of | mM DBPP in
methanol was diluted with LSM to a final concentration of 10 uM in 1% methanol. The
solution was mixed well and added to culture flasks. LSM containing 1% (v/v) methanol
served as the control. Cells were collected immediately for the 0 h time point or
collected after culturing for 24 h at 37°C, as described previously. Cell pellets were
washed three times with DPBS, centrifuged at 1800 RPM and 18°C for 10 min, and
stored as pellets at -80°C.

Cell Homogenization

Cell pellets were thawed and resuspended in either 5% (v/v) glycerol, 10 mM f-
octyl glucopyranoside (OGP), DPBS, pH 7.4, and 2.5 puL of protease inhibitor cocktail
(Sigma) or RIPA (1% (v/v) Nonidet P40 (NP40), 0.5% (w/v) sodium deoxycholate, 0.1%
SDS, DPBS, pH 7.4) and 2.5 pL of protease inhibitor cocktail (Sigma), at a ratio of 1 mL
of buffer per 1.0x10” cells. The cells were homogenized in a 2 mL Dounce Homogenizer
and then placed on ice for 30 min. The extracts were centrifuged at 4°C and 10,000 RPM
for 10 min. Protein concentration of the supernatants using OGP containing buffer was

determined using a Coomassie (Bradford) Protein Assay (Pierce); for the samples
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homogenized in RIPA, protein concentration was determined using a bicinchoninic acid
(BCA) colorimetric assay (Pierce).

Effect of DBPP on Cellular Butyrylcholinesterase Activity

Cells were cultured with or without 10 puM DBPP in LSM as described previously
for uptake of DBPP with the following changes. Cells were plated at a density of
5.25x105 cells/cm®. After 24 h exposure to DBPP, cells were collected and homogenized
in OGP buffer at a ratio of 5.0x10° cells per mL of buffer as described previously.
Extracts were transferred to a 30K Amicon Ultra Centrifugal Filter (Millipore) and spun
at 4000 x g at 4°C for 15 min. The concentrate was washed twice, each with 5 mL of 5%
(v/v) glycerol in DPBS. The resulting concentrate was collected and analyzed for BuChE
activity.

Butyrylcholinesterase Activity Assay

True butyrylcholinesterase activity was determined by incubating samples with or
without tetra isopropyl pyrophosphoramide (iIOMPA, Sigma), a selective irreversible
inhibitor of BuChE. A solution of 10 mM iOMPA in distilled water was added to
extracts to a final concentration of 100 uM and incubated on ice for 30 min. A
commercially available assay, BuChE Fluorescent Activity Kit (Arbor Assays), was used
to measure BuChE activity. The kit utilizes a proprietary non-fluorescent molecule,
ThioStar®, that covalently binds to the thiol product of the reaction between
butyrylthiocholine and BuChE, generating a fluorescent product.

Extracts were mixed with an equal volume of assay buffer. Then, 100 pL of the
dilution was added to a 96-well plate (Corning). Fifty microliters of the reaction mixture

was added to each sample well and the plate incubated at room temperature for 20 min.
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Assay buffer served as the blank. Fluorescence was measured using an excitation
wavelength of 390 nm and emission wavelength of 510 nm. Fluorescent values are
proportional to the relative amount of BuChE activity present in the samples. The results
were converted to mU of BuChE activity per mg of protein.

The relative amount of true BuChE activity inhibition was determined by taking
the difference of samples treated with iOMPA from the same time point samples without
iOMPA (Table 1 and Equations 2-5). This difference gives the relative amount of true

BuChE activity in the samples at that particular time point.

TABLE 1. BuChE Activity Calculation Table

A B C
(-) iIOMPA 100 uM iIOMPA Difference (A-B)
24 h X X; X-X;
DBPP XDpBPP Xi+DBPP XpBpp-Xi+DBPP

Amount of BuChE activity, X. Amount of BuChE activity from iOMPA inhibition, X;.
Amount of BuChE activity from DBPP inhibition, Xpgpp. Amount of BuChE activity
from iOMPA and DBPP inhibition, X;:pgpp.

Amount of inhibition from iOMPA at 24 h ()
X—Xi=1i Equation 2
Amount of inhibition from iOMPA during treatment with DBPP at 24 h (i+DBPP;)
Xppp — Xi + pBPP = [ + DBPP;i Equation 3
Amount of true inhibition of BuChE from DBPP only (DBPP;)

i — (i + DBPP:) = DBPP: Equation 4
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Percent BuChE activity inhibition

% BuChE activity inhibition = 2= x 100% Equation 5

Quantification of APP by Western Blotting

Cells were cultured with or without 10 puM DBPP in LSM for 0 and 24 h. Spent
medium was replaced with fresh medium containing 10 uM DBPP after 4 and 8 h
of culture. After 24 h, the cells were collected, pelleted by centrifugation at 1800 RPM,
18°C for 10 min, washed, and lysed in RIPA buffer, as described above. Two separate
western blot procedures were performed to validate test results.

In the first procedure (Procedure 1), a volume of extract containing 10 pg of
protein was mixed with an equal volume of Laemmli sample buffer (BioRad) containing
5% (v/v) B-mercaptoethanol (BME) (Sigma) and heat denatured at 95°C for 10 min.
Samples were loaded onto a Tris-HEPES NH 4-20% gel (NuSep) and fractionated at 150
V for 45 min using 1.2% (w/v) Tris, 2.5% (w/v) HEPES and 0.1% (w/v) SDS as running
buffer. Pre-stained Protein Marker (Kaleidoscope, BioRad) was used as a molecular
weight standard. Three microliters of Magic Mark XP (Invitrogen) was used as a
positive control.

Proteins were transferred onto nitrocellulose (GenScript 0.2 um pores) overnight
at room temperature and 19 V using 0.3 mM sodium carbonate, 8§ mM sodium
bicarbonate, and 10% (v/v) methanol as transfer buffer.

Detection of APP was accomplished using a one-step western blot kit
(GenScript). All necessary reagents, buffers, and materials were provided in the kit.

The primary antibody was monoclonal anti-APP A4 antibody (MAB348, Millipore) that

recognizes amino acids 66-81 of the N-terminus on the APP protein ectodomain.
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The nitrocellulose membrane was blocked using a pretreatment solution and then
incubated in the anti-APP antibody (1:5000 dilution) for 60 min at room temperature.
The membrane was washed three times with wash solution, provided in the kit, and
exposed to LumiSensor chemiluminescent HRP substrate for five min in the dark.
Signals were detected by exposing the membrane to high-sensitivity X-ray film and the
film was developed.

In the Procedure 2, an aliquot of extract containing 10 pg of protein was mixed
with an equal volume of LDS Sample Buffer (NuPAGE) containing 10% (v/v) sample
reducing reagent (NuPAGE) and heat denatured at 90°C for 5 min. Samples were loaded
onto a precast SDS/PAGE 10% Bis-Tris gel (NuPAGE) and run at 200 V for 40 min
using 5S0mM MES, 50mM Tris Base, 0.1% (w/v) SDS, and 1mM EDTA, pH 7.3 as
running buffer. SeeBlue Plus2 Pre-Stained Standard (Invitrogen) was used as a
molecular weight standard.

Proteins were then immediately transferred onto nitrocellulose (Novex 0.2 pm
pores) using an iBlot Dry Blotting System (Invitrogen) and transferred for seven minutes.

Membranes were then incubated in a 5% non-fat dried milk powder in T-TBS
(0.02% Tween 20, 100 mM Tris pH 7.5; 150 mM NaCl) for 1 h at 25 °C. Detection of
APP was accomplished using the monoclonal anti-Af antibody 6E10 (Covance) that
recognizes an epitope of amino acids 3-8 of AB. Covance’s beta amyloid antibody 6E10
reacts to the abnormally processed isoforms, as well as precursor forms (APP).
Polyclonal rabbit B-Actin (Sigma) was used as the loading control. The membrane was
then incubated in 6E10 antibody (Covance) (1:2000) and B-Actin (Sigma) (1:10,000)
overnight at 4°C. Membranes were washed three times in T-TBS for a total of 30
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minutes and incubated in goat anti-mouse IRDye 680LT or goat anti-rabbit IRDye
800CW LI-COR secondary antibodies (1:10,000) for 1 hour at 25 °C. After three final
washes, membranes were imaged and analyzed using the LI-COR Odyssey (LI-COR,
Lincoln, Nebraska). Protein densitometry was calculated by dividing the integrated
intensity of APP by the integrated intensity of B-Actin loading control, both obtained
using the LI-COR Odyssey software. To confirm the results of the signal obtained from
6E10, the anti-APP A4 antibody MAB348 (Millipore) was used.

Quantification of A by ELISA

Cells were cultured with or without 10 uyM DBPP in LSM for 24 h, without
replacement of media. Cells were plated at a density of 5.25x10° cells/cm” in a 6-well
plate (CoStar). After 24 h, spent medium was collected and immediately stored at
-20°C. The samples were thawed on ice and concentrated in 2K filter columns
(VivaSpin) at 4000 X G and 4°C for 40 min. The concentrate was then washed twice
with DPBS. Total protein of the concentrated samples was determined with Coomassie
(Bradford) Protein Assay (Pierce).

The concentrated medium was then analyzed for AB40 and AB42 peptides using a
commercially available ELISA kit (Millipore) following the manufacturer’s protocol.
Sample Diluent served as the blank. The amount of A was quantified from a five-point
standard curve. The assay was considered acceptable when all values for the Quality
Control (QC) samples fell within the calculated QC range, provided for each kit. The
relative amount of A peptide was expressed as picograms of amyloid peptide per

milligram of protein.
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CHAPTER 3
RESULTS

Toxicity, Stability and Cellular Uptake Studies of DBPP

Previous studies have demonstrated that aryl dialkyl phosphates are potent
irreversible inhibitors of BuChE (50). The inhibitory activity of the compounds was
tested against AChE, chymotrypsin, trypsin, hexokinase and PKA and shown to have no
effect on the enzymes (62). The potential advantage of targeting AP peptide formation
with irreversible BuChE inhibitors is diminished side effects, extended pharmacological
effects at a lower dosage, and a longer period between doses. Therefore, the potential of
these compounds as inhibitors of Af formation was tested with human neuroblastoma
cells.

Sterility of DBPP Solutions

To ensure any pharmacological effects were not due to bacterial contamination of
the inhibitor stock solution, the sterility of DBPP was determined by standard
microbiological techniques. An agar plate was streaked with a 100 pl aliquot of 10 mM
DBPP in methanol and placed in a incubator at 37°C. There were no visible bacterial
colonies after twenty-four hours of culture. Thus, the solution was determined to be

sterile.
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Toxicity Studies of DBPP on Neuroblastoma Cells

Control cultures contained methanol, the solvent used to solubilize the DBPP. To
assess the effect of methanol on cellular proliferation, neuroblastoma cells were treated
with various concentrations of methanol (0.5% to 2%). Cells cultured with 1% methanol
showed little to no effect on cellular proliferation, relative to the control containing low
serum medium (LSM) without methanol (Figure 6). Cells incubated with the various
methanol treatments were statistically different than the control, P < 0.05 (ANOVA), but

no significant difference was found between the methanol test samples.
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FIGURE 6. Effect of methanol on cellular proliferation. Control, LSM only. Results are
expressed as the mean of three replicates =SEM. Asterisk indicates a significant effect of
methanol on proliferation vs. LSM control (*P < 0.05 and **P < 0.005, ANOVA).

The maximum concentration of DBPP that cells could tolerate after 24 hours of
culture without affecting their viability was then determined as described in Materials and

Methods.
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DBPP at concentrations ranging from 0.01 uM to 10 uM had no effect on cell
proliferation when compared to the methanol control (P> 0.1, ANOVA). There was no
statistical difference between 0.01 pM to 10 pM treatment samples. However, 100 uM

of DBPP was significantly toxic to cells (P < 0.0001, ANOVA) (Figure 7).
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FIGURE 7. Effect of DBPP on cellular proliferation. Solvent control, 1% Methanol.
Results are expressed as the mean of three replicates £SEM. Asterisk indicates a
significant effect on proliferation vs. methanol control (****P < 0.0001, ANOVA).

In addition, the effect of DBPP at concentrations between 0.01 uM and 10 uM had no
effect on membrane integrity (Figure 8) or induction of apoptosis compared to methanol
control (Figure 9) (P> 0.1, ANOVA). There was no statistical difference between 0.01
uM to 10 uM treatment samples. However, 100 uM of DBPP had a significant effect on
membrane integrity (P < 0.0001) and enhanced apoptotic induction when compared to

the vehicle control (P < 0.0001) (ANOVA).
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FIGURE 8. Effect of DBPP on membrane integrity. RFU: relative fluorescent units.
Solvent Control, 1% Methanol; Positive control, 2% (v/v) lysis solution. Results are
expressed as the mean of three replicates =SEM. Asterisk indicates a significant effect
on membrane integrity vs. methanol control (****P < 0.0001, ANOVA).
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FIGURE 9. Effect of DBPP on apoptotic induction. RFU: relative fluorescent units.
Solvent control, 1% Methanol; Positive control, 1uM Staurosporine. Results are

expressed as the mean of three replicates =SEM. Asterisk indicates a significant effect
on apoptotic induction vs. methanol (****P <0.0001, ANOVA).

Based on these results, 10 uM of DBPP was used in all subsequent experiments
with the neuroblastoma cells.

Once the maximum concentration of DBPP the cells could tolerate was
determined, the stability of DBPP was assessed in LSM. FBS in the culture medium
contains BuChE; therefore it was necessary to evaluate its effects on the concentration of
the compound. LSM was incubated with DBPP, and then extracted immediately, 4, and
24 hours after addition and analyzed by GC/MS. After incubation in LSM for 4 hours,
46.2% of the DBPP was still present (Figure 10). After 24 hours, 32.6% DBPP still
remained in the medium. Due to the degradation of the compound, media was replaced

with fresh 10 uM DBPP in LSM at 4 and 8 hours after the initial treatment. Replacement
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of media was performed for the following experiments: cellular uptake of DBPP, the
effect of DBPP on cellular BuChE activity, and the effect of DBPP on cellular APP

expression.
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FIGURE 10. Stability of DBPP in LSM. LSM incubated with 10 uM DBPP was
collected and extracted as described in Materials and Methods. Results are expressed as
the mean of three replicates +SEM.

Intracellular levels of DBPP after various periods of exposure to neuroblastoma
cells was determined to evaluate DBPP’s ability to cross the cellular membrane and
potentially interact with intracellular BuChE. Cells were cultured in 10 uM DBPP in
LSM and the medium replaced with fresh LSM containing 10 pM DBPP at 4 and 8
hours. The cells were collected at the time points indicated, extracted with
dichloromethane and analyzed by GC/MS. The amount of DBPP present in cells after 0,
4, and 24 hours of exposure was 37 fg/cell, 60.4 fg/cell, and 82.5 fg/cell, respectively

(Figure 11). The results indicate that the cells do in fact take up DBPP.
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FIGURE 11. Uptake of DBPP into neuroblastoma cells. Cells incubated with 10 uM

DBPP were collected and extracted as described in Materials and Methods. Results are
expressed as the mean of three replicates £SEM.

Toxicity Studies of DEPP on Neuroblastoma Cells

The cell toxicity experiments were repeated using diethyl 2-chlorophenyl
phosphate (DEPP), a significantly less potent inhibitor of BuChE (62). Neuroblastoma
cells were treated with 10 uM, 100 uM, 1 mM, and 5 mM DEPP for 24 hours and
analyzed for the effect on cell proliferation, membrane integrity, and apoptotic induction.
Concentrations as high as 100 uM DEPP had no effect on cell proliferation (Figure 12),
membrane integrity (Figure 13), or induction of apoptosis (Figure 14) when compared to
methanol control (P > 0.05, ANOVA). There was no significant difference between 10
uM and 100 uM DEPP treatment samples. However, | mM DEPP showed diminished
cell proliferation, enhanced membrane permeability, and induction of apoptosis
compared to methanol control (P < 0.05, ANOVA). Therefore, cellular uptake

experiments with DEPP and neuroblastoma cells were performed with 100 uM DEPP.
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FIGURE 12. Effect of DEPP on cellular proliferation. Solvent control, 1% methanol.
Results are expressed as the mean of three replicates £SEM. Asterisk indicates a
significant effect on proliferation vs. methanol control (**P < 0.01 and ***P < 0.001,
ANOVA).
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FIGURE 13. Effect of DEPP on membrane integrity. RFU: relative fluorescent units.
Solvent control, 1% Methanol; Positive Control, 2% (v/v) lysis solution. Results are

expressed as the mean of three replicates =SEM. Asterisk indicates a significant effect
on membrane integrity vs. methanol control (*P < 0.05 and ****P < 0.0001, ANOVA).
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FIGURE 14. Effect of DEPP on apoptotic induction. RFU: relative fluorescent units.
Solvent control, 1% Methanol; Positive Control, 1uM Staurosporine. Results are
expressed as the mean of three replicates =SEM. Asterisk indicates a significant effect
on apoptotic induction vs. methanol control (****P < (0.0001, ANOVA).

To assess the ability of DEPP to pass the membrane, cellular levels of DEPP were
measured after different periods of exposure. DEPP was undetectable in cells treated
with DEPP for 24 hours. Since cells did not accumulate detectable levels of DEPP,
experiments elucidating DEPP’s effects on intracellular APP expression and A3
formation were not performed.

Studies on the Effects of DBPP on BuChE Activity

The next step was to determine if the compound actually inhibits the target
enzyme, BuChE. The degree of intracellular BuChE inhibition by DBPP was evaluated
at 24 hours. Protein extracts from treated and untreated cells were concentrated to

enhance BuChE activity. It was important to ensure that the detergent used in the
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extraction buffer did not interfere with the assay. B-octyl glucopyranoside (OGP) is a
non-ionic, dialyzable detergent used for the solubilization and isolation of membrane
proteins. This detergent was tested and was found to have no interference with the assay.
Therefore, the possibility of inhibition from the detergent was ruled out. The 30K Ultra
Centrifugal filters allowed for the dialysis of OGP, further ensuring that there were no
extraneous interactions of OGP in the assay that might contribute to the signal. iOMPA,
a specific irreversible inhibitor of BuChE, was used to determine “true” BuChE activity.
The difference in activity between treated and untreated samples with iOMPA is the
“true” BuChE activity (Table 2, column C). The amount of “true” BuChE activity was
determined using Equations 2-5. In cells cultured for 24 hours without DBPP, the
amount of BuChE inhibition by iOMPA was approximately 3.1 mU/mg. In extracts
treated with DBPP for 24 hours, the amount of BuChE inhibited by iOMPA was
approximately 1.83 mU/mg. The difference of these gives the “true” inhibition of
BuChE from DBPP, 1.27mU/mg. It was calculated that approximately 40.97% of

BuCheE activity was inhibited after treatment with DBPP for 24 hours (Table 2).

TABLE 2. Effect of DBPP on Cellular Butyrylcholinesterase Activity

A B C
(-) iIOMPA 100 uM iIOMPA Difference (A-B)
0Oh 8.75+0.02 5.61+0.06 3.14
24 h 9.74+0.11 6.64 +0.05 3.1
DBPP 8.78 +0.12 6.95 +0.05 1.83

Expressed as mU BuChE activity per mg total protein. Data shown is the mean + SEM
(n=3).

37



Studies on the Effect of DBPP on Cellular APP Expression and A3 Formation

The next step was to assess the effect of DBPP on expression of APP and
subsequently the formation of AP peptide. APP is cleaved to produce AP peptides, which
aggregate in the process known as fibrillization, to form amyloid plaques. As noted
previously, both BuChE and AChE are associated with the plaques. Western blot
analysis of APP was performed using two procedures mentioned in materials and
methods. In procedure 1, protein extracts from cells treated with 10 uM DBPP showed a
decrease in the APP signal relative to untreated samples when probed with MAB348
(Figure 15, A). In procedure 2, protein densitometry was calculated by dividing the
integrated intensity of APP by the integrated intensity of B-actin loading control (LI-COR
Odyssey Software). Cells treated with 10 uM DBPP revealed a 37.2% reduction in the
APP signal relative to the control at 24 hours, when probed with 6E10 antibody
(Covance) (Figure 15, B). To confirm these results, MAB348 (Millipore) was used again
and revealed a 49.4% decrease in the APP signal in samples treated with DBPP (Figure
15, C). Additional bands detected from the MAB348 immunoblot may be the result of
the antibody’s nonspecific interactions, as this antibody is known to cross-react with

APP-like proteins, such as APLP2 (63).
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FIGURE 15. Immunoblot analysis of APP. Whole cell lysates from neuroblastoma cells
immunoblotted as described in Materials and Methods, procedure 1 using MAB348 (A),
and procedure 2 using 6E10 (B) and MAB348 (C). Figure Key: 0 h untreated extracts
(10 pg); 24 h untreated extracts (10 pg); 24 h 10 uM DBPP (10 pg); Procedure 2 APP
signals were calculated relative to f-actin signals (B, C).

Subsequently, the effect of 10 uM DBPP on the concentration of A in the
medium was determined using an ELISA assay (Millipore). In order to enhance the
detection capabilities of the assay for AP peptides AB40 and AB42, culture media was

concentrated in 2K VivaSpin columns and then analyzed by ELISA. In addition, the flow
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through was assessed to verify that AB40 and AB42 did not elute through the filter. The
untreated samples at 24 h contained 28.22 + 1.04 pg of AP42 per mg of total protein and
133.69 + 1.85 pg of AB40 per mg of total protein (Table 3). The samples treated with
10uM DBPP contained 140.99 + 7.76 pg of AP42 per mg of total protein and 246.32 +
6.63 pg of AP40 per mg of total protein. A significant increase in both peptides was

observed for both AB40 and AB42 peptides in cells treated with DBPP.

TABLE 3. Quantification of AP Peptides

AP 42 (pg/mg) AP 40 (pg/mg)

0h 9.39 + 0.49 2537+ 1.31
24 h 28.22 +1.04 133.69 + 1.85
DBPP 140.99 + 7.76 246.32 + 6.63

Expressed as pg AP per mg of protein. Data shown is the mean + SEM (n=4).
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CHAPTER 4
DISCUSSION

Although the primary role of BuChE neurodegenerative diseases is unknown,
there appears to be an association between elevated BuChE activity and increased A
peptide synthesis (58). As such, additional research has focused on the role of BuChE in
plaque formation. Others have shown that reversible inhibitors of the enzyme suppressed
the formation of A peptide (58). The hypothesis in this study is that irreversible
inhibitors of BuChE might be more efficient inhibitors of AP peptide expression.

Reversible and irreversible inhibitors are dose-dependent, i.e. the effects of the
drug are based upon their bioavailability and rate of elimination. Since the irreversible
inhibitors described in this study covalently modify the catalytic serine of the enzyme
(62), pharmacological effects may last longer in patients. Thus the advantages of
targeting AP peptide formation with irreversible BuChE inhibitors are several: lesser and
fewer side effects, longer pharmacological effects at a much lower dosage, and an
extended period of time between necessary doses.

Previously, aryl dialkyl phosphates were shown to be potent, highly selective
irreversible inhibitors of BuChE (50). Although these compounds are highly specific for
BuChE, there is still possibility for interaction with other enzymes. To this end, a
number of these aryl di-alkyl phosphates, including di-n-butyl 2-chlorophenyl phosphate

(DBPP), were evaluated for their inhibitory activity on a number of enzymes. These
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compounds were tested against AChE, which has a high degree of homology with
BuChE, as well as the serine proteases, trypsin and chymotrypsin, which possess similar
active sites to BuChE and were shown to have no inhibitory activity on these enzymes.
Additionally, DBPP was tested against the kinases hexokinase, and PKA and had no
inhibitory effect on these enzymes as well (62). This suggests that the off-target effects
of the aryl dialkyl phosphates are minimal.

Although the concentration of DBPP used in this study is likely higher than what
would be used clinically, the high non-lethal dosage used was to maximize the interaction
between DBPP and BuChE and observe the pathological effect on the cells. Other
studies using specific reversible inhibitors of BuChE also reported use of a higher
concentration of compound without an effect in cell viability (58,64). But these studies
only assessed LDH activity as a function of cell viability. It is difficult to compare the
dosage requirements for cell culture studies and what would be used in clinical trials due
to the fact that in vitro studies do not truly mimic the physiological state of the enzymes
in vivo (64). The use of irreversible inhibitors, however, would require a much smaller
dose than the current therapeutics used to treat AD. Although these compounds were
shown to have little toxic effects on neuroblastoma cells, it was important to show that
DBPP is actually taken up by the cells. An ideal inhibitor should have high blood-brain
barrier permeability in order to interact with its target enzyme, BuChE. To this end, the
efficiency of DBPP to cross the cellular membrane was measured.

The detection of DBPP from GC/MS analysis indicates that the compound does in
fact accumulate within the cells, thus effectively crosses the cellular membrane. Others
showed that DBPP does cross the blood brain barrier. Animals were injected with DBPP
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and 30 minutes later the brains of rats were removed, homogenized, and extracted with
dichloromethane. GC/MS analysis of the extracts detected considerable amounts of the
compound (personal communication, Roger Acey). BuChE activity was reduced in brain
homogenates treated with DBPP (65).

Preliminary data using confocal imagery suggests that BuChE is expressed on the
plasma membrane, in the cytosol, and the nucleus (66). The presence of membrane-
bound BuChE allows an immediate interaction with DBPP, which would account for the
initial accumulation of DBPP detected. This indicates that the effects of the DBPP on
BuChE are immediate, regardless of where the enzyme is expressed and that the
compound has less potential to interact nonspecifically with other enzymes. The
reduction in BuChE activity twenty-four hours post administration supports the inhibitory
effect of DBPP on the enzyme.

The toxicity of DEPP on neuroblastoma cells as well as the compound’s ability to
cross the cellular membrane were analyzed. A ten-fold increase in the concentration of
DEPP was required to see the same toxic effects as DBPP on the cells. However, GC/MS
analysis revealed the lack of detectable DEPP accumulation, even twenty-four hours post
administration. This suggests that the absence of DEPP accumulation in neuroblastoma
cells was a result of its inability to diffuse across the cellular membrane, i.e., the reduced
bioavailability is most likely due to its low hydrophobicity. Therefore, additional
experiments measuring DEPP’s effect on APP expression and A formation were not
conducted.

The effect of reversible BuChE inhibitors on A} production has been published.

Greig et al. showed that neuroblastoma cells treated with a cymserine analog, PEC, a
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reversible inhibitor of BuChE, resulted in a reduction of intracellular APP expression as
well as in the amount of AP produced (58). Other studies demonstrated similar results.
Phenserine or Tacrine, reversible inhibitors of BuChE, resulted in reduced expression of
APP as well as a concomitant decrease in A} deposition in vitro (64,67,68). There is also
evidence in vivo where there was a reduction in the A deposition in transgenic mice
overexpressing human APP (67). In this study, the initial assumption was that
irreversible inhibitors of BuChE would inhibit AP peptide expression, similar to the
effects of reversible inhibitors (58,64,67,68). In contrast, our results indicate that under
the experimental conditions used in this study, DBPP exacerbates A} pathology. The
immunoblot revealed that there was a reduction in the level of APP. There are several
possibilities that may explain this observation. Increased A secretion along with a
reduction in intracellular APP levels suggests that DBPP may affect APP processing by
regulating its synthesis or turnover. Shaw et al. demonstrated that Phenserine lowers the
translational efficiency of APP mRNA (68). They discovered that Phenserine did not
change APP mRNA levels, however, the change in APP protein levels was due to the
drug interfering with the ribosomal subunit binding to the mRNA (68). There is evidence
that Tacrine affects the trafficking of APP through the ER-Golgi pathway, attributing to
reduced levels of the protein (64). Other groups have shown cholinesterase inhibitors
target post-translational stages, such as glycosylation, phosphorylation, and secretion of
APP (67). Defining the molecular mechanism in which DBPP interacts with the cellular
processing of APP should be considered in subsequent studies.

There is evidence suggesting that cholinesterases interact with A} through non-

catalytic domains, thus inhibitors binding to this site may interfere with the interaction
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between cholinesterases and A (69,70). In regards to this study, specific domains of
BuChE to focus on would be the active site gorge and the C-terminal domain (CTD),
which is associated with attenuating A fibril formation (55). The CTD of BuChE is
capable of forming heteroaromatic complexes with soluble monomeric A; this
interaction interferes with the -sheet structure stabilization, thus attenuating fibrillization
by inhibiting its aggregation to form toxic AP oligomers and fibrils (55). It is possible
that excess DBPP may be interacting with BuChE at locations other than the active site,
such as its CTD, or it may be that the binding of DBPP to BuChE may result in some
conformational change within the CTD structure. Either of these events could disrupt the
enzyme’s association with A, thereby resulting in impaired ability to attenuate fibril
formation (55). This could possibly result in increased AP deposition, as the AP peptides
may be more susceptible to B-sheet polymerization and fibrillization (37,51,53).
Conformational studies would be beneficial to determine if interaction with this class of
compounds causes structural changes within BuChE.

Increased amounts of AP resulting from inhibition of BuChE with higher
concentrations of DBPP may also be the result of AB’s ability to induce increased
expression and processing of APP (49). This occurs through several processes. Af}
toxicity promotes the production of inflammatory molecules (TNF-o and IL-1B). These
molecules have been reported to interact with APP promoter, thereby enhancing its
production and processing to produce more AP species (46). Additionally, these
molecules also upregulate expression of B-secretase, which in turn, leads to increased
APP processing. The accumulation of A peptides, generated by B-secretase, stimulates

increased f-secretase synthesis and secretion. This would produce more AP peptides,
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which would participate further in this positive feedback system to enhance the levels of
AP peptides (49,69). Increased processing of APP could account for the reduced levels
of this protein observed by western blot. Interestingly, preliminary studies in our lab
showed that at lower concentrations of the inhibitor, normal levels of AP peptide
expression were observed and decreased further by lowering the DBPP concentration
(72). Ttis clear that the effect of the inhibitor is concentration dependent and there is a
fine line between inhibiting BuChE and AP peptide formation.

The aryl dialkyl phosphates used in this study are highly specific irreversible
BuCheE inhibitors (50). The specificity of these compounds has been tested against
numerous enzymes, but it is still possible that DBPP could interact with other enzymes.
Studies investigating BuChE’s potential interactions with related enzymes and those
implicated in AD, such as a-, -, and y-secretase, would be important to help elucidate
the molecular mechanisms involved in AD. It would be interesting to determine if
changes in the expression levels of these secretases or the products are affected by a
potential interaction with DBPP.

In this study, we did not attempt to differentiate among the various APP
derivatives generated from a-, -, and y-secretase proteolysis. Subsequent studies
evaluating the potential changes in the proteolytic fragments from these enzymes would
be of interest; these could give further insight as to possible molecular interactions
between BuChE and the enzymes involved in AD.

Future studies could be aimed at further elucidating DBPP’s effect on AP peptide
formation. It would be interesting to determine which species of AP form as the result of
BuCheE inhibition with DBPP. There are a variety of antibodies that recognize specific
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forms of these amyloid species (i.e. monomers, oligomers, or fibrils) (73), which can be
employed in ELISA assays, dot blots, and western blots to evaluate the changes, if any,
of these different species. In this study, the extent of Ap accumulation was only
measured extracellularly, i.e., the peptides secreted in the media. However, Af is known
to accumulate intracellularly as well (74); the peptide is cleaved within the cell by B-
secretase and is not always secreted to the extracellular space (39). Determining the
concentration of these species within neuroblastoma cells would aim to solve whether or
not the effects of DBPP on A are observed intracellularly, as well as extracellularly.
Furthermore, the results of this study raise questions as to whether all irreversible
inhibitors of BuChE result in increased A} concentrations, or if increased peptide
formation is just an artifact from the compound. It may be that another similar compound
may be more effective in reducing AP peptide accumulation. Future experiments will
involve the use of slightly modified aryl di-alkyl phosphate compounds to evaluate the
effect on AP production.

In summary, the data presented here provides insight into the relationship between
BuChE inhibition and A pathology and more specifically, the effect of irreversible
inhibition of BuChE on APP and A levels. Future studies would focus on whether the
effect of irreversible inhibition with DBPP is specific or a more general occurrence
affecting other proteins. The molecular mechanisms involved in AD are numerous and
rarely straightforward. The cholinesterases, however, have been shown to associate with
amyloid plaques, thus considerable effort has been directed toward developing
compounds that target these enzymes to reduce AP load in AD. Those that target BuChE

specifically have become increasingly popular, as this enzyme’s activity is elevated in
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AD. Even though there has been extensive research aiming to elucidate BuChE’s exact
role in AD, its function still remains unknown. It is certain that given the importance of
this enzyme in AD, more studies are necessary to fully understand how inhibition of

BuChE regulates A pathology.
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