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The dissertation addresses the imperative need to understand the molecular mechanisms
underlying Alzheimer’s disease (AD), traumatic brain injury (TBI), and other neurological
disorders. AD, a prevalent neurodegenerative disease, and TBI, a significant risk factor for AD,
impose severe cognitive deficits and memory loss, emphasizing the urgency for advancing our
comprehension of their pathogenic mechanisms. Cytosolic cathepsin B has been implicated in cell
death and neuroinflammation in AD and TBI, making it a potential therapeutic target. Pathogenic,
cytosolic cathepsin B in disease conditions results from lysosomal leakage of cathepsin B to the

cytosol. Research has shown elevated levels of cathepsin B in various neurological disorders,
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including AD and TBI, highlighting its involvement in disease pathology. Notably, cathepsin B
displays distinct cleavage properties at lysosomal acidic pH 4.6 and cytosolic neutral pH 7.2,
suggesting its dynamic role in different cellular compartments. To investigate this further, pH-
selective inhibitors, such as Z-Arg-Lys-AOMK and CA-074, were developed to target cathepsin
B in specific pH environments. Additionally, a novel fluorescent substrate, Z-Nle-Lys-Arg-AMC,
was designed to monitor cathepsin B activity across a wide pH range with high specificity.
Utilizing these tools, the study aims to assess the role of cytosolic cathepsin B in cell death in
mouse microglia BV2 cells and TBI mouse models. Experimental studies in a mouse model of
traumatic brain injury (TBI) show that injury increases cytosolic cathepsin B associated with motor
behavioral deficits, modulated by the neutral pH selective inhibitor of cathepsin B, Z-Arg-Lys-
AOMK. Treatment of TBI mice with Z-Arg-Lys-AOMK improved neuromotor function, and
inhibited TBI-induced cytosolic cathepsin B. Further in vivo investigation of the role of cytosolic
cathepsin B in behavioral deficits and neuropathology in animal models of neurological diseases
are needed to evaluate the therapeutic potential of targeting cathepsin B in particular brain
disorders. In conclusion, this dissertation sheds light on the complex role of cathepsin B in
neurological disorders and offers novel insights into its therapeutic targeting. By elucidating the
molecular mechanisms underlying AD, and TBI, this research paves the way for the development

of innovative treatments for future therapeutic interventions in neurological disorders.
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Chapter 1 INTRODUCTION: Assessment of Neutral pH, cytosolic Cathepsin B in
Neurological Disorders

1.1 Need for Characterizing the involvement of Cathepsin B in Pathogenic Mechanisms of
Alzheimer’s Disease, Traumatic Brain Injury, and other Neurological Disorders

Alzheimer’s disease (AD) is an age-related neurodegenerative disease that results in severe
cognitive deficit and memory loss. (1) It accounts for up to 80% of dementia cases, with one in
three people over the age of 85 diagnosed with AD. AD is preceded by the early stage of mild
cognitive impairment that transitions into the severe dementia of AD, which is often fatal. (2-4)
Traumatic brain injury (TBI) is a significant risk factor for AD (5,6); described as an external force
that causes damage to the brain leading to brain dysfunction and cognitive deficits. TBI impacts
approximately 2.8 million individuals annually in the United States and is the leading cause of
death in young adults. (7) TBI is associated with short-term and long-term effects, patients that
experience TBI have a greater likelihood of developing AD in their lifetime. Given the substantial
prevalence of AD and TBI, there is an imperative to advance our comprehension of the molecular
mechanisms of brain dysfunction that may provide future drug targets for drug discovery. More
specifically, cathepsin B has been shown to participate in the underlying mechanisms of cell death
and neuroinflammation that contribute to dysfunctions and neuropathology of AD and TBI (Figure
1.0). This dissertation addresses the scientific question of whether the inhibition of cytosolic
cathepsin B can mitigate neurodegeneration and neuroinflammation, thereby preventing the motor
deficits associated with TBl—a recognized risk factor for AD. The applicability of this dissertation

extends to scenarios where cathepsin B play a role in pathology of various neurological diseases.
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Figure 1.1 Lysosomal leakage in AD and TBI leads to neurodegeneration and
neuroinflammation, contributing to observed cognitive and behavioral deficits.

1.2 Evidence for Cathepsin B Participation in AD, TBI, and other Neurologic Disorders
Cathepsin B is a lysosomal protease that is primarily involved in maintaining homeostasis.

(8,9) It is a member of the Papain-like family of lysosomal cysteine proteases, containing 11
members that include cathepsins B, C, F, H, K, L, O, S, V, W, and X. Cathepsin B contains a
unique feature known as the occluding loop, and uniquely expresses both endopeptidase and
dicarboxypeptidase activity. (10) Although cathepsin B is normally found in the lysosome at pH
4.6 (11), it can also be found in the cytosol at pH 7.2 (12), and extracellular locations at pH 5.5
(13). Lysosomal leakage leads to Cathepsin B translocating to the cytosol, activating various
responses such as apoptosis, necrosis, ferroptosis, pyroptosis, and lysosome-dependent cell death.

(14-16) Additionally, cathepsin B is present in secretory vesicles at pH 5.5, proteolytically



processing and producing peptide neurotransmitters. (13) Significantly, cathepsin B has been
implicated in many neurologic diseases. Elevated levels of Cathepsin B are observed in the cortex,
serum, cerebrospinal fluid (CSF), and plasma of AD patients, as well as in the brain plasma and
monocytes of HIV patients, the spinal cord of ALS patients, and the CSF of both TBI patients and
aging individuals. (17,18) Elevated expression or activity of Cathepsin B is also observed in animal
models of AD, TBI, trauma, Huntington’s disease, hemorrhage, hypoxia/ischemia, brain
aneurysm, sepsis, inflammation, amyotrophic lateral sclerosis (ALS), and epilepsy. (18) In animal
models, studies have demonstrated that cathepsin B gene knockouts improve pathology by
enhancing memory loss and reducing neurotoxic AP in AD models, as well as ameliorating
neuromotor deficits and brain tissue lesions in TBI models. (19) It is evident that cathepsin B
functions across diverse environments and pH conditions and is involved in numerous of biological
pathways and disorders. To elucidate the role of extra-lysosomal cathepsin B in TBI and AD, this
study seeks to leverage the dynamic properties of cathepsin B across varying pH environments.

1.3 Cathepsin B Displays Specific Cleavage Properties at Cytosolic Neutral pH 7.2 Compared
to Lysosomal Acidic pH 4.6

Cathepsin B stands out within the family of human cysteine proteases due to its distinctive
features, encompassing both endopeptidase and dicarboxypeptidase activity, along with a unique
occluding loop structure. (8-10) It retains its proteolytic activity across varying pH environments
that allows it to continue maintaining homeostasis and process peptides. Yet, recent studies reveal
that cathepsin B exhibits distinct cleavage properties in various pH environments, specifically
distinguishing between lysosomal acidic pH 4.6 and cytosolic neutral pH 7.2 in different
subcellular compartments. (14) The study employed Multiplex Substrate Profiling by Mass
Spectrometry (MSP-MS) to ascertain the pH-dependent cleavage preferences of cathepsin B at pH

4.6 and 7.2 (20), unveiling distinctive peptide cleavage preferences that are solely pH-dependent.



Utilizing these distinctive preferences, substrates and subsequent inhibitors were developed with
pH-dependent characteristics. Notably, Z-Arg-Lys-AOMK emerged as an irreversible, neutral pH-
selective inhibitor of cathepsin B. This specificity is attributed to interactions between the P2 Arg
of the inhibitor and the Glu245 residue on cathepsin B. Given that Glu245 has a pKa of 5.1, it
carries a negative charge at neutral pH 7.2, facilitating favorable interactions with the positively
charged P2 Arg on the inhibitor. (14) The inhibitor underwent assays against other cathepsins
within the cysteine protease family and was incubated with SHSY -5Y human neuroblastoma cells;
it exhibited specific inhibitory properties against cathepsin B and demonstrated cell-permeable
characteristics.

The development of Z-Arg-Lys-AOMK established a neutral pH-selective and cathepsin
B specific inhibitor that will be utilized in this study to elucidate the role of cathepsin B in varying
pH environments on biological pathways related to cell death and inflammation, and ultimately
for drug discovery efforts in models of TBI, a risk factor for AD. While the neutral pH-selective
inhibitor showed success, the acid pH-selective inhibitor did not fare as well and an acid pH-
selective inhibitor is necessary to distinguish cathepsin B activity in varying pH environments.
Consequently, we propose the characterization of an acid pH-selective inhibitor, drawing
inspiration from known inhibitor, CA-074, and incorporating current knowledge of pH-selective
cleavage events into novel inhibitor screening, as elaborated in the following section.

1.4 Strategy for Characterizing neutral pH-selective inhibitors of Cathepsin B
Given the evidence suggesting distinct substrates and inhibitors for cathepsin B at different

pH levels, exemplified by the success of the neutral pH-selective Z-Arg-Lys-AOMK, our studies
involve the search for acid pH-selective inhibitors. These would enable selective inhibition in
either neutral or acidic pH environments, corresponding to cytosolic or lysosomal conditions. Our

exploration began with an investigation into the canonical cathepsin B-specific inhibitor, CA-074.



CA-074  (N-(L-3-trans-propylcarbamoyloxirane-2-carbonyl)-L-isoleucyl-L-proline) is an
epoxysuccinyl peptide inhibitor (21,22), originally derived from E-64 (L-trans-epoxysuccinyl-
leucylamido(4-guanidino)butane), a natural product isolated from Aspergillus japonicus (23
Specifically designed for potent and selective inhibition of cathepsin B over other cysteine
cathepsins, CA-074 is widely employed in the field for this purpose. Its methyl ester form, CA-
074Me, is also commonly utilized in cell and animal studies as a cell-permeable inhibitor,
undergoing conversion to CA-074 by intracellular esterases. (24)

Despite its extensive use, the inhibition profile of CA-074 has not been characterized for
the pH-dependent inhibition of cathepsin B. Therefore, this study aimed to assess the inhibition
profile of cathepsin B by CA-074 and CA-074Me across a range of acidic and neutral pH values
(Chapter 2). The investigation encompasses inhibitor potency, kinetic evaluation, molecular
properties, and protease specificity of CA-074 inhibition at pH 4.6, 5.5, and 7.2. The findings
indicate that CA-074 is 120-fold more potent at pH 4.6 compared to pH 7.2 for inhibiting cathepsin
B, establishing it as an acid-pH selective inhibitor.

In addition, this study also employed a pH-dependent screening effort to identify pH-
selective modulators of cathepsin B activity from a library of pure marine natural products
(Chapter 3). The difference in the acidic pH (4.6) of lysosomes compared to the neutral pH (7.2)
of the cytosol suggests that screening at different pH conditions may identify pH-selective
modulators of cathepsin B. A diverse collection of pure marine and plant natural product (NP)
compounds, along with synthetic compounds, underwent screening at pH 4.6 and pH 7.2 in
cathepsin B assays. This led to the discovery of GER-12 (Crossbyanol B) and GER-24
((72,92,12Z)-octadeca-7,9,12-trien-5-ynoic acid) marine NP inhibitors exhibiting activity at

acidic pH but not at neutral pH. While these inhibitors are less potent compared to previously



characterized Z-Arg-Lys-AOMK and CA-074 at pH 7.2 and 4.6 respectively, the results
underscore that screening natural products at distinct biological pH conditions can identify pH-
selective cathepsin B modulators.

Following the characterization of an acid pH-selective inhibitor, CA-074, and the existence
of a neutral pH-selective inhibitor, Z-Arg-Lys-AOMK, our objective was to formulate and create
a fluorescent substrate capable of measuring cathepsin B activity across a wide pH range. This
substrate aims to surpass the capabilities of current substrates employed for cathepsin B, as detailed
in the subsequent section.

1.5 Strategy for Development of a Novel Fluorescent Substrate that Monitors Cathepsin B
Specific Activity over a Broad pH Range

This study aimed to address the lack of substrates that specifically monitor cathepsin B
activity across a broad pH range without interference from other cysteine cathepsins (Chapter 4).
Current substrates, such as Z-Phe-Arg-AMC, used for cathepsin B assays, also detect cathepsin L
and other proteases. (25) Although Z-Arg-Arg-AMC is specific for cathepsin B, it predominantly
monitors neutral pH activity, neglecting acidic activity. (25) The strategy involved designing
selective peptide-AMC substrates based on cathepsin B's pH-dependent cleavage properties at
both acidic (pH 4.6) and neutral (pH 7.2) conditions. Using MSP-MS (20), the unique cleavage
properties of cathepsin B were compared with other cysteine cathepsins. The novel substrate Z-
Nle-Lys-Arg-AMC was identified, demonstrating high specific activity for cathepsin B across a
broad pH range, while remaining specific to cathepsin B over other cathepsins. Kinetic studies
revealed its greater efficiency compared to the currently used substrate, Z-Arg-Arg-AMC.
Importantly, Z-Nle-Lys-Arg-AMC specifically measured cathepsin B activity in neuronal and glial
cells, showcasing its potential for assessing cathepsin B activity under in cell studies at

physiological pH conditions. Overall, this novel substrate offers significant advantages in



monitoring specific cathepsin B activity across a wide pH range, making it valuable for
physiological assessments. To analyze the impact of extra-lysosomal cathepsin B on cell death and
inflammation, this study utilizes the neutral pH-selective inhibitor Z-Arg-Lys-AOMK, the acid
pH-selective inhibitor CA-074 (Chapter 2), and the broad pH-active fluorescent substrate Z-Nle-
Lys-Arg-AMC (Chapter 4). These tools are applied to dissect the role of cytosolic cathepsin B in
mouse microglia BV2 (Chapter 5) and in mouse models of TBI, a recognized risk factor for AD
(Chapter 6), discussed in the following section.

1.6 Evaluation of Cytosolic Cathepsin B with neutral pH-selective inhibitor in Mouse
Microglia Cells and Cell Stress

Cathepsin B contributes significantly to cellular homeostasis through protein degradation.
Its involvement in various normal biological processes and diseases, including AD and TBI, is
well-established. Under neurologic conditions, Cathepsin B translocate from the lysosome to the
cytosol, where it retains its proteolytic activity, leading to cell death and inflammation. (10, 15-
16) Targeting Cathepsin B has emerged as a therapeutic strategy, with studies showing improved
outcomes in AD and TBI mouse models upon its inhibition. (18-19) However, existing inhibitors
lack specificity for cytosolic Cathepsin B. To address this, a pH-selective inhibitor, Z-R-K-
AOMK, was developed to target cytosolic Cathepsin B while sparing lysosomal Cathepsin B. (14)

Nutrient stress, resulting from limited access to nutrients and glucose, is a common stress
factor in various disorders, particularly evident in neurodegenerative conditions where nutrient
sources may be constrained due to brain degeneration or other factors. Nutrient stress in TBI arises
from the physical inaccessibility of nutrients to neuronal cells, coupled with metabolic disorders
such as reduced glucose metabolism. (26) Furthermore, the restricted availability of energy
resources in the brain is hypothesized to play a crucial role in the pathogenesis of AD, with AD

patients exhibiting evident deficiencies in energy metabolism. (27-30) Additionally, nutrient stress



induces lysosomal membrane permeabilization, causing Cathepsin B leakage into the cytosol,
exacerbating pathological processes. (31) These studies employ nutrient deprivation as a relevant
stressor for AD and TBI to investigate the role of cathepsin B in cell death and neurodegeneration.
Mouse microglia are cultured with pH-selective inhibitor Z-R-K-AOMK, inhibiting cathepsin B
activity in cytosolic compartments within the cell (Chapter 5). The research reveals lysosomal
leakage during stress, and the associated cell death is mediated by the inhibition of cathepsin B
activity with Z-R-K-AOMK.

1.7 Treatment of Traumatic Brain Injury in Mice with Z-Arg-Lys-AOMK Inhibitor of
Cathepsin B at Neutral pH

As previously discusses, cathepsin B gene knockouts have shown improvement in
pathology, alleviating neuromotor deficits and brain tissue lesions in TBI models. (17,18) In this
section, the impact of cytosolic cathepsin B on neuromotor deficits in a mouse controlled cortical
impact (CCI) model of TBI (32) was investigated using the novel neutral pH-selective inhibitor Z-
Arg-Lys-AOMK (14) (Chapter 6). The inhibitor's efficacy was tested at different doses, and the
most effective dose was used in subsequent TBI animal studies. Following CCl injury, the inhibitor
was administered daily for five days, and motor function was assessed using the rotarod assay.
Cathepsin B activity in cortex and hippocampus brain regions was measured at various time points.
Synaptosomes from CCI-TBI and control sham mice was used to assess neuropeptidome
signatures, comparing results to control brains. (13) Cathepsin B activity was assessed in sub-
cellular compartments. The data suggests that CCI-TBI induces lysosomal leakage and
translocation of cathepsin B activity, which is inhibited by treatment with the cathepsin B inhibitor,
Z-Arg-Lys-AOMK. Treatment with Z-Arg-Lys-AOMK also mediates neuromotor dysfunction,
where mice treated with the inhibitor show significant improvement in neuromotor dysfunction,

quantified by latency to falls in rotarod assay.



1.8 Exploring Cathepsin B: A Molecular Investigation into its Role in Neurodegeneration,
Neuroinflammation, and the Impact on Alzheimer’s Disease and Traumatic Brain Injury

In summary, AD is a prevalent neurodegenerative disorder, and TBI is a significant risk
factor for AD. This dissertation explores the molecular mechanisms involving cathepsin B in
neurodegeneration and neuroinflammation, focusing on its role in TBI, a recognized risk for AD.
The study introduces the development of pH-selective inhibitors, Z-Arg-Lys-AOMK and CA-074
(Chapters 1 and 2), and a novel substrate, Z-Nle-Lys-Arg-AMC (Chapter 4), to monitor cathepsin
B activity across varying pH environments. The investigation encompasses the effects of extra-
lysosomal cathepsin B on cell death and inflammation using these tools in mouse microglia BV2
(Chapter 5) and TBI mouse models (Chapter 6). Moreover, the dissertation examines the impact
of cytosolic cathepsin B on neuromotor deficits in a CCl model of TBI, revealing that Z-Arg-Lys-
AOMK treatment mitigates neuromotor dysfunction. The research underscores the critical role of
cathepsin B in the pathogenesis of AD and TBI, providing insights into potential drug targets for
future therapeutic interventions in neurological disorders.
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Chapter 2 Molecular Features of CA-074 pH-Dependent Inhibition of Cathepsin B

pH-Dependent CA-074 Inhibition of Cathepsin B
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Figure 2.1 Chapter 2 Graphical Abstract. CA-074 is a selective inhibitor of cathepsin B, a
lysosomal cysteine protease. CA-074 has been utilized in numerous studies to demonstrate the role
of this protease in cellular and physiological functions. Cathepsin B in numerous human disease
mechanisms involves its translocation from acidic lysosomes of pH 4.6 to neutral pH 7.2 of cellular
locations, including the cytosol and extracellular environment. To gain in-depth knowledge of CA-
074 inhibition under these different pH conditions, this study evaluated the molecular features,
potency, and selectivity of CA-074 for cathepsin B inhibition under acidic and neutral pH
conditions. This study demonstrated that CA-074 is most effective at inhibiting cathepsin B at an
acidic pH of 4.6 with nM potency, which was more than 100-fold more potent than its inhibition
at a neutral pH of 7.2. The pH-dependent inhibition of CA-074 was abolished by methylation of
its C-terminal proline, indicating the requirement for the free C-terminal carboxy! group for pH-
dependent inhibition. Under these acidic and neutral pH conditions, CA-074 maintained its
specificity for cathepsin B over other cysteine cathepsins, displayed irreversible inhibition, and
inhibited diverse cleavages of peptide substrates of cathepsin B assessed by profiling mass
spectrometry. Molecular docking suggested that pH-dependent ionic interactions of the C-terminal
carboxylate of CA-074 occur with His110 and His111 residues in the S2’ subsite of the enzyme at
pH 4.6, but these interactions differ at pH 7.2. While high levels of CA-074 or CA-074Me
(converted by cellular esterases to CA-074) are used in biological studies to inhibit cathepsin B at
both acidic and neutral pH locations, it is possible that adjusted levels of CA-074 or CA-074Me
may be explored to differentially affect cathepsin B activity at these different pH values. Overall,
the results of this study demonstrate the molecular, kinetic, and protease specificity features of
CA-074 pH-dependent inhibition of cathepsin B.
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2.1 Introduction
Cathepsin B is a lysosomal cysteine protease that participates in protein degradation for

cellular protein homeostasis. (1-3) Significantly, cathepsin B generates biologically active protein
fragments that regulate functions in numerous human diseases, including neurological disorders
such as Alzheimer’s disease (AD) and traumatic brain injury (TBI), (3—8) ischemia, (9) cancer,
(10—12) autoinflammatory disease conditions, such as rheumatoid arthritis, (13—15)
atherosclerosis, (16,17) and others. (18,19) The use of the selective cathepsin B inhibitor, CA-074,
has facilitated studies of cathepsin B inhibition that ameliorates dysfunctional phenotypes in cell
and animal models of human disease conditions. (3) For example, CA-074 improves memory
deficits and neuropathology in an AD mouse model, (6) and CA-074 reduces the severity of
ischemia and provides neuroprotection. (9) These animal studies administered the proinhibitor
CA-074Me that is converted by esterases in vivo to the potent CA-074 inhibitor. (6,9)

CA-074 is an epoxysuccinyl peptide known as N-(I-3-trans-propylcarbamoyloxirane-2-
carbonyl)-I-isoleucyl-I-proline that was designed as a derivative of E-64 (I-trans-epoxysuccinyl-
leucylamido(4-guanidino)butane, (20,21) a natural product molecule originally isolated from
Aspergillus japonicus. (22) CA-074 has been reported to potently inhibit cathepsin B with
nanomolar potency (20,21) and selectivity for inhibition of cathepsin B compared to the related
cysteine cathepsins L, H, and S. (20—22) These inhibitory properties of CA-074 used purified rat
cathepsin B activity monitored at pH 5.5 with the fluorogenic substrate Z-Arg-Arg-AMC. (21)

While cathepsin B normally functions at a lysosomal pH of 4.6, (23,24) evidence shows
that in numerous human disease conditions, lysosomal leakage results in movement of cathepsin
B to the cytosol of neutral pH 7.2. (25,26) Cathepsin B in the cytosol is proteolytically active and
initiates inflammation and cell death in numerous neurological disorders. (3) Cell death lysis

results in extracellular cathepsin B that causes damage through proteolysis at neutral pH. (27,28)
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Cathepsin B also translocates to the nucleus of neutral pH (29) where it results in telomere-related
chromosome segregation defects (30) and degradation of sirtuins that promote aging. (31)
Furthermore, cathepsin B functions in secretory vesicles at a moderately acidic pH of 5.5 for
production of peptide neurotransmitters. (32) These results indicate that cathepsin B functions
under neutral pH conditions which differs from its function in acidic lysosomes.

To gain more in-depth knowledge of CA-074 inhibition of cathepsin B under neutral pH
conditions compared to acidic pH conditions, this study examined the potency, molecular
properties, and protease specificity of CA-074 inhibition at pH 4.6, 5.5, and 7.2. At pH 4.6, CA-
074 was 7-fold and 120-fold more potent than that at pH 5.5 and pH 7.2, respectively, for inhibiting
cathepsin B. CA-074 retained specificity for inhibition of cathepsin B compared to other cysteine
cathepsin family members under the acidic and neutral pH conditions. Notably, the methylated
form of CA-074, CA-074Me, (33) did not display pH-dependent inhibition and was much less
potent than CA-074. These findings reveal the pH-dependent inhibitory properties of CA-074 for
specific inhibition of cathepsin B.

2.2 Results

2.2.1 CA-074 Displays Preference for Inhibition of Cathepsin B at the Acidic pH of
Lysosomes Compared to Neutral pH of the Cytosol

We assessed cathepsin B activity under acidic to neutral pH conditions using the
fluorogenic substrate, Z-Phe-Arg-7-amino-4-methylcoumarin (Z-Phe-Arg-AMC). Z-Phe-Arg-
AMC monitors cathepsin B activity from acidic to neutral pH conditions (Figure 2.2). Data show
that robust cathepsin B activity occurs between pH 4.6 and pH 7.2 (Figure 2.2). These results
showed that cathepsin B is active at pH 4.6 of acidic lysosomes, (23,24) pH 5.5 of mildly acidic
secretory vesicles, (29) and neutral pH 7.2 of cytosol, (25,26) nuclei, (29) and extracellular
locations. (29) Thus, cathepsin B is active over a wide pH range that correlated with the

environment of multiple subcellular and extracellular locations.
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Figure 2.2 Cathepsin B activity under acidic to neutral pH conditions representing the
varying pH environments of cellular organelles from lysosomes to cytosol and extracellular
locations. Cathepsin B activity was monitored at pH 2.2 to pH 9.0 in increments of 0.4 pH units
with addition of pH 7.2. The substrate Z-Phe-Arg-AMC (Z-F-R-AMC) was utilized in the
cathepsin B assays. The biological pH conditions of lysosomes at pH 4.6, (23,24) secretory
vesicles at pH 5.5, (29,32) and neutral cellular compartments of the cytosol, nuclei, and
extracellular locations (28—30) are indicated.

2.2.2 CA-074 Potently Inhibits Cathepsin B at Acidic pH, Corresponding to its Normal
Location in Lysosomes

The potency of CA-074 inhibition of cathepsin B was assessed at pH 4.6, 5.5, and 7.2
(Figure 2.3a). At a lysosomal pH of 4.6, CA-074 was an effective inhibitor with an ICso value of
6 nM (ICso, concentration of inhibitor for 50% inhibition), but at neutral pH 7.2 it was 120-fold
less potent with an ICso value of 723 nM (Figure 2.3a.ii). Inhibition at pH 5.5 was also assessed
because cathepsin B is present in secretory vesicles. (32) The pH of 5.5 was used in the original
studies of CA-074 (21) and is also the pH condition that is routinely used in the field. (34,35) At
pH 5.5, CA-074 inhibited cathepsin B with an ICso value of 44 nM (Figure 2.3a.ii). These data
show that CA-074 at pH 4.6 is 7-fold and 120-fold more potent than that at pH 5.5 and pH 7.2,

respectively, demonstrating the pH-dependent properties of CA-074 for cathepsin B inhibition.
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Figure 2.3 CA-074 pH-dependent inhibition of cathepsin B under acidic to neutral pH
conditions requires unmodified C-terminal proline. (a) Effective pH-dependent CA-074
inhibition of cathepsin B at pH 4.6, 5.5, and 7.2. (i) CA-074 structure. The chemical structure of
CA-074 [N-3-trans-propylcarbamoyl-exirane-2-carbonyl)-1-isoleucyl-I-proline] is illustrated. CA-
074 is an epoxysuccinyl inhibitor of cathepsin B. (20,21) (ii) Potent, pH-dependent CA-074
inhibition of cathepsin B under acidic to neutral pH conditions. Potencies of CA-074 inhibition of
cathepsin B were assessed at pH 4.6, pH 5.5, and pH 7.2 over a range of concentrations of CA-
074. Inhibitory potencies were assessed by ICso values, representing inhibitor concentrations that
reduced cathepsin B activity by 50%. (b) Poor CA-074Me inhibition of cathepsin B at pH 4.6, 5.5,
and 7.2. (i) CA-074Me structure. The chemical structure of CA-074Me is illustrated, showing
methylation of the carboxylate group of the C-terminal proline of CA-074. (33) (ii) Poor CA-
074Me inhibition of cathepsin B under acidic to neutral pH conditions. Potencies of CA-074
inhibition of cathepsin B were assessed at pH 4.6, pH 5.5, and pH 7.2 over a range of
concentrations of CA-074Me. Inhibitory potencies were evaluated by ICso values, representing
inhibitor concentrations that reduced cathepsin B by 50%.

2.2.3 Methylation of CA-074 Abolishes Its pH-dependent Inhibition and Reduces Potency
Importantly, methylation of the C-terminal proline of CA-074, generating CA-074Me,

resulted in no pH-dependent inhibition of cathepsin B (Figure 2.3b). These data indicate that the
nonmethylated C-terminal carboxylate of the proline residue of CA-074 is necessary for its
potency and pH-dependent inhibition. Compared to CA-074, CA-074Me was a weak inhibitor of

cathepsin B under acidic and neutral pH conditions, shown by its high ICso values of 8.9, 13.7, and
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7.6 uM at pH 4.6, 5.5, and 7.2, respectively (Figure 2.3Db.ii). Thus, CA-074Me was less potent than
CA-074 by 1495-fold, 311-fold, and 10-fold at pH 4.6, pH 5.5, and pH 7.2, respectively.

2.2.4 Irreversible Mechanism of CA-074 Inhibition under Acidic and Neutral pH
Conditions

CA-074 has been proposed as an irreversible inhibitor based on structural binding analyses
of the inhibitor to the cathepsin B protein structure. (36,37) However, direct evaluation of the
irreversible nature of CA-074 inhibition has not yet been assessed. Therefore, the irreversible or
reversible nature of protease inhibitors was assessed for CA-074. CA-074 was incubated with
cathepsin B for 30 min at pH 4.6, pH 5.5, and pH 7.2 at 10 times the 1Cso concentrations and then
diluted 100-fold followed by addition of the Z-F-R-AMC substrate (Figure 2.4). The lack of
cathepsin B activity after dilution demonstrates the irreversible inhibitory mechanism of CA-074
under all three pH conditions. As a control, cathepsin B was preincubated without an inhibitor and
displayed a linear formation of products in the assay (Figure 2.4). These data show that inhibition
of cathepsin B with CA-074 is irreversible under acidic and neutral pH conditions.

In addition, CA-074Me also displays irreversible inhibition of cathepsin B at pH 4.6, 5.5,
and 7.2 (Figure 2.S1). These results illustrate the irreversible mechanism of the weak inhibitor CA-

074Me.
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Figure 2.4 Irreversible CA-074 inhibition of cathepsin B at pH 4.6, pH 5.5, and pH 7.2. CA-
074 at pH 4.6 (panel a), pH 5.5 (panel b), and pH 7.2 (panel ¢) was evaluated for irreversible or
reversible inhibition of cathepsin B by dilution experiments. Cathepsin B was preincubated with
inhibitor at 10 times the 1Cso concentration (corresponding to 58 nM at pH 4.6, 440 nM at pH 5.5,
and 7230 nM at pH 7.2) followed by dilution to 1/10 the 1Cso concentration, addition of substrate
(Z-F-R-AMC), and measurement of activity in time-course assays. Inhibition of cathepsin B
following dilution indicates the irreversible inhibitory mechanism of CA-074 under acidic and
neutral pH conditions.

2.2.5 Kinetic Evaluation of CA-074 K and kinact Values for Inhibition of Cathepsin B at
Acidic and Neutral pH Values

Kinetic characterization of CA-074 irreversible inhibition was conducted to assess Ki and
kinact Values based on plots of inhibitor concentration and Kobs vValues. The kobs Values were assessed
from plots of cathepsin B activity at different inhibitor concentrations (Figure 2.S2). Data showed
that CA-074 was most potent at pH 4.6 with a Ki of 22 nM (Figure 2.5) and was a less effective
inhibitor at pH 7.2 with a K of 1.98 uM (Figure 2.5). Inhibition at pH 5.5 was observed with a
moderate K, value of 211 nM. These K values showed that the potency of inhibition at pH 4.6 was
about 10-fold and 90-fold greater compared to that at pH 5.5 and pH 7.2, respectively (Table 2.1).
Thus, Ki and ICso values both indicated the greater potency of CA-074 under acidic compared to
neutral pH conditions (Table 2.1). Evaluation of kinact/Ki values showed more effective inhibition
kinetics at pH 4.6 than that at pH 5.5 or pH 7.2. At pH 4.6, the Kinact/Ki value of 4.5 x 10° M1 s?

was 4-fold and 52-fold greater than such values at pH 5.5 or pH 7.2 with values of 1.1 x 10° and
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8.6 x 10° M s1, respectively (Table 2.1). These data illustrate the kinetic properties of pH-

dependent inhibition by CA-074.
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Figure 2.5 Kinetics of CA-074 inhibition of cathepsin B under acidic and neutral pH
conditions. Kinetic analyses of CA-074 inhibition of cathepsin B was conducted at pH 4.6 (panel
a), pH 5.5 (panel b), and pH 7.2 (panel c) to determine the kinetic values of Ki, Kinact, and Kinact /K1,
conducted as described in the methods.

Table 2.1 Kinetic Values for CA-074 and CA-074Me Inhibition of Cathepsin B at pH 4.6, pH
5.5,and pH 7.22

kinetic constant cathepsin B CA-074 cathepsin B CA-074Me

pH 4.6 pH 5.5 pH 7.2 pH 4.6 pH5.5 pH 7.2
ICs, (NM) 6 44 723 8970 13,700 7560
K (nM) 22 211 1980 52,000 56,000 29,000
Kinact (871 0.010 0.023 0.017 0.016 0.014 0.014

Enaa/ (M 1) 45x10° 11x10° B86x109 31x100 25x10¢ 48x10%

31Cso values were calculated for cathepsin B based on assays with Z-Phe-Arg-AMC substrate in
the presence of a range of inhibitor concentrations (from Figure 2.2). The Ki, Kinact, and Kinact/Ki
values were calculated as described in the methods to measure kobs values at different inhibitor
concentrations (Figure 2.S2 and Figure 2.S3) for determination of Ki, Kinact, and Kinact/Ki values
shown in this Table. K calculation utilized Km values for Z-Phe-Arg-AMC substrate at pH 4.6,
5.5, and 7.2 (Figure 2.S6).

The kinetic properties of CA-074Me were assessed, indicating its poor inhibition of

cathepsin B (Table 2.1 and Figure 2.S3). CA-074Me inhibition of cathepsin B at pH 4.6, pH 5.5,
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and pH 7.2 occurred with K values of 52, 56, and 29 uM, respectively, which represented lower
potencies by 1/2363, 1/265, and 1/15 at these respective pH values compared to CA-074. The
kinact/Ki values of CA-074Me also indicated substantially weaker inhibition compared to CA-074
(Table 2.1).

2.2.6 Specificity of CA-074 inhibition of cathepsin B compared to other cysteine cathepsins
at acidic and neutral pHs.

Cathepsin B is one among 11 lysosomal cysteine cathepsin proteases consisting of
cathepsins B, C, F, H, K, L, O, S, V, W, and X (also known as cathepsin Z). (1,38) While previous
studies of CA-074 assessed its selectivity for cathepsin B compared to cathepsins L and H at pH
5.5, (20,21) selectivity for the full spectrum of cysteine cathepsins was not assessed under both
acidic and neutral pH conditions. Therefore, we evaluated the selectivity of CA-074 among the
cysteine cathepsins at pH 4.6, pH 5.5, and pH 7.2 (Table 2). At pH 4.6, 16 uM CA-074 had no
effect on cathepsins C, H, and L; CA-074 at 16 uM displayed minor effects on cathepsins K, S, V,
and X of 5-20% inhibition. At pH 5.5, 16 uM CA-074 uM had no effect on these cysteine
cathepsins C, H, L, K, V, and X; but cathepsin S was inhibited with an 1Cso value of 4.8 uM,
showing 109-fold less potency than inhibition of cathepsin B. At pH 7.2, CA-074 at 16 uM had no
effect on cathepsin C, H, K, and V, and partial inhibition of cathepsin S by 29%; cathepsins L and
X were inactive at pH 7.2. These findings illustrate the high specificity of CA-074 for cathepsin B

over other cysteine cathepsin enzymes under acidic and neutral pH conditions.
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Table 2.2 Specificity of CA-074 and CA-074Me for inhibition of cathepsin B compared to
other cysteine cathepsins.2

protease CA-074 IC5p (nM) (% inhibition) CA-074Me IC5p (nM) (% inhibition)
pH 4.6 pH 5.5 pH 7.2 pH 4.6 pH 5.5 pH7.2
cathepsin B 6 44 723 8970 13,700 7560

cathepsin C =16,000 >16,000 >16,000 =16,000 =16,000 >16,000
0% 0% 0% 2% 0% 4%

cathepsin H =16,000 >16,000 >16,000 >16,000 =16,000 >16,000

0% 0% 0% 0% 0% 19%
cathepsin L =16,000 >16,000 NA >16,000 =16,000 NA
0% 0% 0% 0%

cathepsin K =16,000 >16,000 >16,000 =16,000 =16,000 >16,000

8% 0% 0% 0% 0% 16%
cathepsin S >16,000 4800 >16,000 >16,000 5500 3800
20% 29% 22%
cathepsin V >16,000 >16,000 >16,000 12,000 >16,000 >16,000
10% 0% 0% 33% 22% 0%
cathepsin X >16,000 >16,000 NA >16,000 >16,000 NA
5% 0% 0% 0%

aInhibitors were evaluated for protease selectivity among members of the cysteine cathepsin
family. The activity of each cathepsin was assessed in the presence of CA-074 or CA-074Me at
0.5 nM to 16 uM (with the exception of 50 uM CA-074Me for cathepsin B). ICso values were
determined for CA-074 and CA-074Me for each protease. 1Cso values are indicated as >16,000
nM when partial inhibition or no inhibition was observed. NA indicates that the enzyme had no
activity at the indicated pH.
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With respect to CA-074Me, it displayed nearly no inhibition of the cysteine cathepsins
assessed at up to 16 uM CA-074Me (Table 2.2). Cathepsin S, however, was inhibited by high
concentrations illustrated by the micromolar ICso values of 5.5 uM and 3.8 uM CA-074Me at pH
5.5and pH 7.2, respectively.

2.2.7 CA-074 inhibition of peptide cleavages of cathepsin B assessed by multiplex substrate
profiling by mass spectrometry (MSP-MS).

The inhibitory properties of CA-074 have largely been evaluated with dipeptide-AMC
fluorogenic substrates such as Z-Phe-Arg-AMC and Z-Arg-Arg-AMC, (20,21) but the information
about CA-074 inhibition of diverse cathepsin B cleavages is needed to characterize the inhibitor
effects. To gain knowledge of cathepsin B peptide cleavages that can be inhibited by CA-074 at
pH 4.6 and pH 7.2 for broader substrates, we evaluated the ability of CA-074 to inhibit cathepsin
B cleavages by a global, unbiased cleavage profiling approach known as MSP-MS. (39,40) The
MSP-MS approach uses a substrate library consisting of 228 peptides (14 residues in length)
containing 2964 distinct cleavage sites. In the absence and presence of CA-074, cathepsin B
cleavage products of the library were identified and quantified by nano-liquid chromatography
tandem mass spectrometry (nano-LC-MS/MS). In the presence of 10 nM CA-074, cleavages of
peptide substrates of the library were blocked by CA-074 (Figure 2.6). At pH 7.2, 10 nM CA-074
had no effect on cathepsin B cleavage of the Z-Phe-Arg-AMC substrate (Figure 2.3) and, similarly,
had no effect on cleaving peptide substrates in the MSP-MS assay (Figure 2.6). These findings
confirm that CA-074 has selectivity for inhibiting cathepsin B peptide cleavages at pH 4.6 over

pH 7.2 for broader substrates.
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Figure 2.6 CA-074 inhibition of peptide cleavages by cathepsin B analyzed by MSP-MS. (a)
MSP-MS approach for cleavage profiling of cathepsin B in the presence or absence of CA-074.
Cathepsin B was preincubated with CA-074 (10 nM) at pH 4.6 and pH 7.2 for 30 min at room
temperature (RT) and without an inhibitor as the control. These cathepsin B conditions were then
subjected to MSP-MS assays by addition of the peptide library and incubation (at RT) for 60 min
followed by LC-MS/MS identification and quantification of peptide cleavage products. (b)
Cleaved peptide products of cathepsin B in MSP-MS at pH 4.6 (panel i) and pH 7.2 (panel ii). The
quantities of each cleaved peptide product generated in the absence of an inhibitor or in the
presence of an inhibitor were plotted as the fold-change of each cleaved peptide product relative
to no enzyme activity control. Cleaved peptides were defined as those with intensity scores of 8-
fold or more (----) above the quenched inactive cathepsin B, evaluated using the ratio of
logz(Cat.B/inactivated enzyme) for each peptide product, with p < 0.05 by the two-tailed
homoscedastic t-test.

2.2.8 Molecular Docking of CA-074 Interactions with Cathepsin B at Acidic pH 4.6 and
Neutral pH 7.2

Modeling of CA-074 binding interactions to cathepsin B at acidic pH 4.6 and neutral pH
7.2 was evaluated using the molecular operating environment (MOE) docking software. (41,42)

The MOE modeled CA-074 binding to bovine cathepsin B (PDB: 1QDQ) (36) at pH 4.6 and pH

24



7.2, showing similar orientation at the active site (Figure 2.7a). Mature human and bovine
cathepsin B share 88.3% protein sequence identity and 100% sequence identity for the amino acids
(His 110 and His111) that directly interact with CA-074. (37) The docking assessment shows that
CA-074 interacts with the S2, S1, S1’, and S2’ subsites of the enzyme according to the Schechter—
Berger nomenclature, (43) where the subsites interact with the corresponding amino acids adjacent
to the cleavage site indicated as P2-P1-|P1'-P2’. At pH 4.6, the P2’ residue of CA-074 at the C-
terminus (proline residue) shows a strong ionic interaction His110 and His111 in the S2’ subsite
of the enzyme (Figure 2.7b), reflected by a total binding energy of —58.3 kcal/mol (Table 2.3 and
Figure 2.S4). However, at pH 7.2, the P2’ residue of CA-074 at the C-terminus partially loses ionic
interaction with His111 in the S2' subsite of the enzyme (Figure 2.7¢), reflected by the altered
binding energy of —43 kcal/mol (Table 2.3 and Figure 2.S5), when compared to the binding energy
at pH 4.6. These MOE docking analyses show that CA-074 binds more favorably to cathepsin B
at pH 4.6 than at pH 7.2, which supports our experimental data illustrating the greater inhibition

by CA-074 under acidic compared to neutral pH conditions.
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(a) CA-074 pH 4.6 and pH 7.2 (b) pH 4.6 (c)pH 7.2
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Figure 2.7 Molecular docking of CA-074 to cathepsin B at pH 4.6 and pH 7.2. (a) Model of
CA-074 docking to cathepsin B at pH 4.6 and pH 7.2. Analysis of CA-074 inhibitor binding to
enzyme was conducted by MOE at pH 4.6 and pH 7.2 to illustrate the predicted docking orientation
of the inhibitor to the cathepsin B structure of PDB 1QDQ as the template for analyses. (36,37)
CA-074 interacts with S2 to S2' subsites of the enzyme substrate binding region (Schechter—Berger
nomenclature (43)), containing the active site Cys29 residue. Cathepsin B enzyme subsites are
shown as the S2 subsite in orange, the S1 subsite in blue, and the S1’ and S2' subsites in gray-
white. (b) Two-dimensional illustration of CA-074 and cathepsin B binding interactions at pH 4.6.
AtpH 4.6, the P2’ proline residue of CA-074 at its C-terminus shows strong ionic interactions with
His110 and His111 in the S2’ subsite of the occluding loop region of the enzyme (panel b, indicated
by blue arrows), indicated by the total binding energy of —58.3 kcal/mol (Table 2.3 and Figure
2.54). (c) Two-dimensional illustration of CA-074 and cathepsin B binding interactions at pH 7.2.
At pH 7.2, the P2’ proline residue of CA-074 at the C-terminus partially loses ionic interaction
with His111 in the S2' subsite of the enzyme (panel c, indicated by red arrows), reflected by the
altered binding energy of —43 kcal/mol (Table 2.3 and Figure 2.S5), when compared to the binding
energy at pH 4.6. These MOE docking analyses predict the differential binding features of CA-
074 to the occluding loop domain of cathepsin B at pH 4.6 compared to pH 7.2.

Table 2.3 Binding Energies of CA-074 to Cathepsin B at pH 4.6 and pH 7.22

pH condition binding energy
pH 4.6 -58.3 kcal/mol
pH 7.2 -43.0 kcal/mol

aThe more negative binding energy calculated for pH 4.6 compared to pH 7.2 predicts the more
favorable interaction of CA-074 to cathepsin B at pH 4.6.
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2.3 Discussion
This study demonstrates the potency, molecular features, and protease specificity of CA-

074 inhibition of cathepsin B, showing that CA-074 displays preference for inhibition at the acidic
lysosomal pH of 4.6 compared to the mildly acidic pH 5.5 of secretory vesicles and the neutral pH
of 7.2 of cytosol and extracellular locations. KI values indicate that CA-074 is 90-fold more potent
for inhibition of cathepsin B at acidic pH 4.6 compared to neutral pH 7.2. CA-074 at pH 5.5 was
about 10-fold less effective than that at pH 4.6 (based on KI) and was 9-fold more potent than that
at pH 7.2. These results demonstrate that the potency of CA-074 increases as the pH decreases
from pH 7.2 to 4.6. Under these acidic and neutral pH conditions, CA-074 maintains its specificity
for cathepsin B over other cysteine cathepsins, displays irreversible inhibition, and inhibits diverse
peptide cleavages of cathepsin B assessed by MSP-MS profiling. Molecular docking suggested
pH-dependent ionic interactions of the carboxy/late group of the C-terminal proline of CA-074 with
His110 and His111 residues at the S2 subsite of the enzyme. Notably, CA-074Me showed no pH-
dependent inhibition, indicating that methylation of the C-terminal proline of CA-074 abolishes
its pH-dependent inhibition of cathepsin B. These results demonstrate the pH-dependent structural
and kinetic properties of CA-074 for specific inhibition of cathepsin B.

The distinct features of cathepsin B that result in its preferential inhibition by CA-074 at
acidic pH suggest that this enzyme possesses different properties at acidic compared to neutral pH
environments. Indeed, cathepsin B has been shown to possess different cleavage specificities at
pH 4.6 compared to pH 7.2, (44) observed during unbiased cleavage profiling analyses by MSP-
MS. (44) Based on the peptide substrate preferences of cathepsin B under the two different pH
conditions, a neutral pH-selective substrate was modified with the AOMK warhead to generate Z-
Arg-Lys-AOMK that displayed neutral pH-selective inhibition of cathepsin B with high potency.

(44) These new findings distinguish cathepsin B properties in its normal acidic environment of
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lysosomes, versus its abnormal location in the cytosol and extracellularly in numerous human
diseases. Together, these data support the hypothesis that neutral pH cathepsin B may represent a
pathogenic form of the enzyme involved in disease mechanisms.

Our molecular docking studies by MOE demonstrated the more favorable interaction of
the C-terminal region of CA-074 with the occluding loop of cathepsin B at pH 4.6 rather than at
pH 7.2. Our molecular docking assessment by the MOE at pH 4.6 and pH 7.2 using X-ray
crystallography data for cathepsin B (36) shows the importance of the enzyme occluding loop
interaction with the C-terminal carboxylate of CA-074. Binding energies of docking at pH 4.6
compared to pH 7.2 support the hypothesis that CA-074 at pH 4.6 displays preferable interaction
with the occluding loop through its C-terminal proline carboxylate interaction with His110 and
His111 of the enzyme. His110 and His111 have been shown to be key residues for cathepsin B
exopeptidase activity. Mutagenesis of His110 to Gln, or His111 to Ala, results in reduction of
cathepsin B activity to less than 1% of the wild-type cathepsin B activity when using substrates
containing P2’ residues with a C-terminal carboxylic acid group. (45) Notably, methylation at the
carboxylate residue of CA-074, forming CA-074Me, abolished the pH-dependent property of CA-
074 with substantially decreased potency at acidic and neutral pH values. These findings indicate
that the C-terminus of CA-074 participates in its pH-dependent inhibition and potency. These
findings advance previous knowledge (20,21,36,46,47) concerning the importance of His110 and
His111 of the occluding loop for interacting with the C-terminus of CA-074 in a pH-dependent
manner.

In cellular and animal studies, the prodrug CA-074Me is widely used for CA-074 inhibition
of cathepsin B. (3) Treatment of cells with CA-074Me has been shown to more effectively inhibit

intracellular cathepsin B compared to incubating cells with CA-074. (33) It has been hypothesized
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that CA-074Me is more cell permeable and is converted by intracellular esterases to CA-074. (33)
In numerous cellular studies, the concentration of CA-074Me used to inhibit intracellular cathepsin
B generally ranges from 10 to 50 uM. (4,48—50) With the assumption that most of the proinhibitors
are converted to CA-074, the high concentration of CA-074 would be sufficient to inhibit cathepsin
B located in different subcellular pH conditions of acidic lysosomes and neutral pH locations
including cytosol. In animal studies, CA-074Me concentrations in the approximate range of 4-10
mg/kg and higher have been administered, (6,51—54) which may correspond to micromolar and
greater levels of the inhibitor that would inhibit cathepsin B at acidic to neutral pH cellular
locations. Measurements of CA-074 and CA-074Me in vivo levels and clearance in animal studies
will be important in future studies to assess in vivo inhibitor concentrations.

The new findings of this study suggest that adjustment of CA-074 concentrations may
allow assessment of cathepsin B functions in acidic lysosomes compared to neutral pH locations
such as the cytosol, nuclei, and extracellular environment. (3,11,27,30,55-57) We previously
discovered that Z-Arg-Lys-AOMK is >100-fold selective at inhibiting cathepsin B at pH 7.2 over
pH 4.6, (44) while in this study CA-074 has the opposite property for preferring inhibition at acidic
pH 4.6. Use of these two inhibitors in cellular studies, at concentrations where they maintain pH
selectivity, may allow evaluation of the functional roles of lysosomal compared to nonlysosomal
cathepsin B.

In summary, this study has demonstrated the pH-dependent inhibitory properties of CA-
074 inhibition of cathepsin B with respect to its potency, molecular features, and specificity. At
appropriate concentrations, CA-074 may potentially serve as a selective acidic pH inhibitor of
cathepsin B, with specificity for cathepsin B over other cysteine cathepsins. The proof-of concept

of these findings shows that it may be possible to develop other pH-selective inhibitors. Novel pH-
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selective inhibitors may allow studies in the future to specifically probe the role of cathepsin B in
distinct pH cellular compartments such as the cytosol that have implicated to be involved in brain
disorders and other human diseases.

2.4 Methods and Materials
2.4.1 Inhibitors, Enzymes, Peptides, and Reagents
CA-074 inhibitor was purchased from Calbiochem (Millipore Sigma #205530, St. Louis,

MO). CA-074Me was purchased from Sigma (#205531). Recombinant human cathepsin B
(accession NP_001899.1) and cysteine cathepsin proteases were from R & D Systems
(Minneapolis, MN) or Abcam (Cambridge, MA) consisting of cathepsin B (R & D #953-CY-010),
cathepsin L (R & D #952-CY-010), cathepsin V (R & D #1080-CY-010), cathepsin S (R & D
#1183-CY-010), cathepsin K (Abcam #ab157067), cathepsin C (R & D #1071-CY-010), cathepsin
H (R & D #75116-CY-010), and cathepsin X (R & D #934-CY)-010). Fluorogenic substrates
consisted of Z-Phe-Arg-AMC ((#AS-24096, Anaspec, Fremont, CA), Gly-Arg-AMC and Arg-
AMC from Bachem ((#4002196 and (#1-1050, respectively, Torrance, CA), and MCA-Arg-Pro-
Pro-Gly-Phe-Ser-Ala-Phe-Lys(Dnp)OH ((#AMYD-111A, CPC Scientific, San Jose, CA). MSP-
MS assays utilized a library of 228 peptides of 14 amino acids in length, designed, and synthesized
to contain all neighbor and near-neighbor diversity in residues, as described previously. (39,40)
These assays utilized buffer components of citric acid monohydrate (Merck #1.00244.0500,
Burlington, MA), sodium phosphate dibasic anhydrous (EMD #SX-072305, Burlington, MA),
sodium acetate (Fisher Scientific #BP-333-500, Fair Lawn, NJ), EDTA (Calbiochem #324503,
Burlington, MA), sodium chloride (Fisher Chemical #S271-1, Pittsburgh, PA), dithiothreitol
(DTT) (Promega #V351, Madison, WI), and urea (Teknova #U2222, Hollister, CA). Peptide
extraction reagents consisted of C18 LTS tips (Rainin #PT-LC18-960, Oakland, CA) and C18 for

SPE stage-tips (3 M company #2215-C18, Maplewood, MN), and (3) nano-LC-MS/MS reagents
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consisting of the BEH C18 packing material (Waters Corporation #186004661, Milford, MA),
acetonitrile (Fisher Chemical #A955-4, Pittsburgh, PA), formic acid (FA) (Fisher Chemical
#A117-50, Pittsburgh, PA), trifluoroacetic acid (TFA) (Fisher Chemical #A116-50, Pittsburgh,
PA), and HPLC-grade water (Fisher Chemical #W6-4).

2.4.2 Cathepsin B Activity Assay
Procathepsin B (recombinant) was activated to mature cathepsin B by incubation at 37 °C

for 30 min in 20 mM Na-acetate pH 5.5, 1 mM EDTA, 5 mM DTT, and 100 mM NaCl. Assay of
cathepsin B activity utilized final buffer conditions of 0.04 ng/uL cathepsin B, 40 uM Z-Phe-Arg-
AMC, 40 mM citrate phosphate (pH 4.6, pH 5.5, or pH 7.2), 1 mM EDTA, 100 mM NaCl, 5 mM
DTT, and 0.01% Tween-20. Assays were conducted at RT (25 °C) in quadruplicate, and relative
fluorescence readings (RFUSs) (excitation 360 nm, emission 460 nm) were recorded every 46 s
over a period of 30 min (for inhibitor assays) in a Biotek HTX microplate plate reader. For other
assays, RFUs were recorded every 101, 30, and 70 s for studies of pH dependence (Figure 2.1),
irreversibility (Figure 2.3), and Km values (Figure 2.S6), respectively. Enzyme velocity (RFU/sec)
calculations used the highest slope recorded for 10 consecutive fluorescent readings. RFU/s were
converted to specific activity of pmol/min/ug using AMC standards. Specific activity was defined
as pmol/min/pg enzyme. Data analysis was conducted using Prism GraphPad software.

For the pH curve experiment (Figure 2.1), cathepsin B activity was also monitored over
the entire pH range of 2.2 to 9.0 in 40 mM citrate phosphate (pH 2.2 to pH 7.4) or 40 mM Tris—
HCI (pH 7.8 to 9.0), 1 mM EDTA, 5 mM DTT, 100 mM NaCl, and 0.01% Tween-20, with
preincubation in each pH buffer for 10 min prior to initiating the assay by adding a substrate. We
noted that preincubation at pH values of 3.0 or 8.0 resulted in reduced activity when compared

with our previous studies (44) that had no preincubation step.
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2.4.3 Inhibition of Cathepsin B by CA-074 and CA-074Me in Kinetic Studies
Kinetic analyses of CA-074 and CA-074Me inhibition of cathepsin B were conducted at

pH 4.6, pH 5.5, and pH 7.2 to determine 1Cso, Ki, Kobs, and Kinact/Ki. The CA-074 inhibitor
concentrations ranged from 4096 to 0.5 nM (2-fold serial dilution) or 144 to 0.5 nM (1.5-fold serial
dilution). CA-074Me inhibitor concentrations ranged from 65,536 to 64 nM (2-fold serial dilution)
or 50,000 to 64 nM (1.5-fold dilution). Inhibitors were added to the enzyme at the start of the
incubation period (at RT); thus, there was no preincubation. A vehicle control assay without
inhibitor contained enzyme, substrate, and 2% (v/v) DMSO. Cathepsin B proteolytic assays with
CA-074 were conducted as described above. ICso values were calculated as the inhibitor
concentration that reduced cathepsin B activity by 50%.

For determination of Ki and kinact/Ki Kinetic inhibition constants, kobs constants were
determined for each inhibitor concentration by plots of cathepsin B activity in time courses with
various inhibitor concentrations by curve fitting slope data of RFU versus time into Y = Yo X
eCkops*X), where Yo is the activity for the control with no inhibitor, Y is the activity in the presence
of the inhibitor, and X is time. K and kinact Values were determined by plots of kobs and inhibitor
concentration, combined with curve fitting the kobs values with the equation Kobs = Kinact X [1]/(Ki +
[11), where [I] is inhibitor concentration, Kinact iS the maximum rate of inactivation at saturating
inhibitor concentrations, and Ki app is the x-axis inhibitor concentration where y = Kinact/2. (58,59)Ki,
values were determined from Kiapp and Km values by the equation Kiapp = Ki x (1 + [S]o/Km).
Determination of Km values is described in the next paragraph. These analyses are for irreversible
inhibitor kinetic characterization.

Km values were determined for Cathepsin B (Z-Phe-Arg-AMC substrate), Cathepsin C
(Gly-Arg-AMC), Cathepsin H (Arg-AMC), Cathepsin L (Z-Phe-Arg-AMC), Cathepsin K (Z-Phe-

Arg-AMC), Cathepsin S (Z-Phe-Arg-AMC), Cathepsin V (Z-Phe-Arg-AMC), and Cathepsin X
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(MCA-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys(Dnp)-OH) at pH 4.6, pH 5.5, and pH 7.2 (Figure
2.56). Enzymes were assayed at different substrate concentrations ranging from 225 to 4 uM (1.5-
fold serial dilution), and the slope of RFU per unit time was determined for each substrate
concentration; plots of substrate concentration and velocity were assessed by Prism 9 by curve
fitting using the equation Vo = Vmax X [S]/(Km + [S]) to determine Km values. These kinetic methods
are for irreversible inhibitor kinetic characterization.

2.4.4 Irreversible Inhibition Mechanism
The irreversible mechanisms of CA-074 and CA-074Me inhibition of cathepsin B were

conducted at pH 4.6, pH 5.5, and pH 7.2. Cathepsin B was preincubated with each inhibitor at 10
times the ICso concentration followed by dilution to 1/10 the ICso concentration, addition of
substrate (Z-F-R-AMC), and monitoring activity in time-course assays. Inhibition of cathepsin B
following dilution indicates the irreversible inhibitory mechanism of CA-074 and CA-074Me
under acidic and neutral pH conditions.

2.4.5 Selectivity of CA-074 for Cathepsin B and Cysteine Cathepsin Proteases
The selectivity of CA-074 and CA-074Me was assessed by comparing its inhibitory

potencies for cathepsin B compared to other cysteine cathepsin proteases consisting of cathepsin
V, L, K, S, X, H, and C. ICso values were determined for pH 4.6, pH 5.5, and pH 7.2 conditions
(with no preincubation of inhibitor and enzyme), consisting of 40 mM citrate phosphate, 1 mM
EDTA, 5 mM DTT, and 100 mM NacCl. The inhibitor concentrations ranged from 16.38 uM to
256 nM in 2-fold serial dilutions. When activity (RFU/s) in the presence of 16.38 uM inhibitor
was reduced by <50%, the ICso value was indicated as >16 puM. Cathepsin L (0.03 ng/uL),
cathepsin K (0.10 ng/uL), cathepsin S (0.20 ng/uL), and cathepsin V (0.04 ng/uL) were assayed
with 40 uM Z-Phe-Arg-AMC. Cathepsin C (0.51 ng/uL), cathepsin H (0.1 ng/uL), and cathepsin

X (0.20 ng/uL) were assayed with 40 uM of MCA-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-
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Lys(Dnp)OH, Gly-Arg-AMC, and Arg-AMC, respectively. Activation of procathepsin H to
cathepsin H was achieved by incubation of cathepsin H (4.4 ng/uL) with cathepsin L (1.1 ng/uL)
at RT for 2 h in 20 mM citrate phosphate pH 6.0, 5 mM DTT, and 100 mM NacCl. Cathepsin C
(13.78 ng/uL) was activated by incubation with cathepsin L (3.4 ng/uL) at RT for 1 h in 20 mM
citrate phosphate, pH 6.0, 100 mM NaCl, and 5 mM DTT. Cathepsin L did not cleave the cathepsin
C and cathepsin H substrates Gly-Arg-AMC and Arg-AMC, respectively. These fluorogenic
assays used a fluorescent microplate reader as described for cathepsin B. For assay of cathepsin
X, the reader was set to excitation 320 nm and emission 400 nm. To convert RFU/s to picomol/min,
10 uM to 0.005 uM (in 2-fold dilutions) of MCA-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-
Lys(Dnp)OH was fully hydrolyzed with excess Cathepsin X, and a standard curve was generated
using the fluorescence values measured at each concentration.

2.4.6 CA-074 Inhibition of Cathepsin B Peptide Cleavages Assessed by MSP-MS
CA-074 inhibition of peptide cleavages was evaluated by MSP-MS assays of cathepsin B.

Cathepsin B was preincubated at 25 °C for 30 min with 10 nM of CA-074 in pH 4.6 buffer or pH
7.2 buffer. As a control, cathepsin B was preincubated with 2.5% DMSO in each assay buffer. In
a total volume of 10 puL, cathepsin B (0.1 ng/uL) preincubated with CA-074 was incubated with a
mixture of 228 14-mer peptides (0.5 uM for each peptide) in assay buffer composed of 40 mM
citrate phosphate at pH 4.6 or pH 7.2, 1 mM EDTA, 100 mM NaCl, and 5 mM DTT for 60 min at
25 °C. After 60 min incubation, the 10 pL aliquot was combined with 60 pL of 8 M urea. A control
assay used activated cathepsin B in each assay buffer mixed with 8 M urea for 60 min at 25 °C for
inactivation, prior to addition of the peptide library. Assays were conducted in quadruplicate.
Samples were acidified by addition of 40 uL of 2% TFA, enriched, and desalted using C18 LTS
Tips (Rainin), evaporated to dryness in a vacuum centrifuge, and placed at —70 °C. Samples were

resuspended in 40 puL of 0.1% FA (solvent A), and 4 pL was used for LC-MS/MS.
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LC-MS/MS was performed on a Q-Exactive Mass Spectrometer (Thermo) equipped with
an Ultimate 3000 HPLC (Thermo Fisher). Peptides were separated by reverse-phase
chromatography on a C18 column (1.7 pum bead size, 75 um % 20 cm, 65 °C) heated to 65 °C at a
flow rate of 400 nL/min using solvent A and 0.1% FA in acetonitrile (solvent B). LC separation
used a 50-minute linear gradient of 5-30% solvent B with a subsequent 15-minute linear gradient
of 30—75% solvent B. Survey scans were recorded over a 200—2000 m/z range (70,000 resolutions
at 200 m/z, AGC target 1 x 108, 75 ms maximum). MS/MS was performed in data-dependent
acquisition mode with HCD fragmentation (30 normalized collision energy) on the 10 most intense
precursor ions (17,500 resolutions at 200 m/z, AGC target 5 x 104, 120 ms maximum, dynamic
exclusion 15 s).

MS/MS data analysis was performed using PEAKS (v 8.5) software (Bioinformatics
Solutions Inc.). MS? data were searched against the 228-member tetradecapeptide library
sequences, and a decoy search was conducted with sequences in reverse order. A precursor
tolerance of 20 ppm and 0.01 Da for MS? fragments was defined. No protease digestion was
specified. Data were filtered to 1% peptide and protein level false discovery rates with the target-
decoy strategy. Peptides were quantified with label-free quantification, and data were normalized
by the Loess-G algorithm and filtered by 0.5 peptide quality. Using R scripts, outliers from
replicates were removed by Dixon’s Q testing. Missing and zero values are imputed with random
normally distributed numbers in the range of the average of smallest 5% of the data £ SD. Analysis
of variance testing was performed for peptide data of control and 60 min incubation conditions;
those with p < 0.05 were considered for further analysis. Criteria for cleaved peptide products were

those with intensity scores of 8-fold or more above the quenched inactive cathepsin B, evaluated
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by logz(active/inactivated enzyme) ratios for each peptide product; with p < 0.05 by the two-tailed
homoscedastic t-test.

2.4.7 MOE Modeling of CA-074 Interactions with Cathepsin B under Acidic and Neutral
pH Conditions

The MOE molecular modeling tool was used to model CA-074 binding to cathepsin B
using the crystal structure of bovine cathepsin B (PDB 1QDQ) and a co-crystal template with the
inhibitor CA-074 as the default binding ligand. The builder function of the MOE was used to
examine binding poses that considered polar contacts and hydrogen bonds between the ligand and
the active site pocket of 1QDQ at pH 4.6 and pH 7.2. Docking simulations used energy-minimized
structures to assess ligand flexibility and poses.

2.4.8 Data availability
LC-MS/MS files for the MSP-MS experiments can be accessed at www.massive.ucsd.edu

under the dataset identifier numbers MSV000086449 and MSV000086447.
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2.5 Supporting Information
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Figure 2.S1 Irreversible mechanism of CA-074Me inhibition of cathepsin B at pH 4.6, pH
5.5, and pH 7.2. CA-074Me at pH 4.6 (panel a), pH 5.5 (panel b), and pH 7.2 (panel c) was
evaluated for irreversible or reversible inhibition of cathepsin B. Cathepsin B was pre-incubated
with inhibitor at 10 times the IC50 concentration (consisting of CA-074Me at 90 uM at pH 4.6,
137 pM at pH 5.5, and 75 nM at pH 7.2), followed by dilution to 1/10 the 1C50 concentration,
addition of substrate (Z-F-R-AMC), and measurement of activity in time-course assays. Inhibition
of cathepsin B following dilution indicates the irreversible inhibitory mechanism of CA-074Me.
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Figure 2.S2 Kinetic analysis of CA-074 inhibition of cathepsin B at acidic to neutral pH
conditions. Cathepsin B activity was monitored in time-course assays at different concentrations
of CA-074, conducted at pH 4.6 (panel a), pH 5.5 (panel b), and pH 7.2 (panel ¢). Values for Kobs
were calculated by Prism using the equation Y=Y 0*e(k°®s*X) where X is time and Y/YO0 is activity
(measured as slope of RFU vs time) with inhibitor relative to activity with no inhibitor. The Kobs
values were used to calculate kinact and K values by plotting kobs Vs inhibitor concentration (shown
in Figure 3).
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Figure 2.S3 Kinetic analysis of CA-074Me inhibition of cathepsin B at acidic to neutral pH
conditions. (a) to (c). CA-074Me and cathepsin B in kinetic studies for kobs values. Cathepsin B
activity was monitored in time-course assays at different concentrations of CA-074, conducted at
pH 4.6 (panel a), pH 5.5 (panel b), and pH 7.2 (panel ¢). Values for kobs were calculated by the
equation Y=Y0*etkbs*X) where X is time and Y/YO0 is activity with inhibitor relative to activity
with no inhibitor. The kobs Values were used to calculate kinact and K values by plotting kobs Vs
inhibitor concentration (shown in d-f). (d) to (f). CA-074Me inhibition of cathepsin B kinetics for
Ki, Kinact, and Kinact /K values. Kinetic analyses of CA-074Me inhibition of cathepsin B was
conducted at pH 4.6 (panel d), pH 5.5 (panel €), and pH 7.2 (panel f) to determine Ki, Kinact, and
kinact /K1 values, conducted as described in the methods.
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Ligand Interactions Report
Mon Oct 12 12:58:84 2028 (MOE 2019.81)

1QDQ: HYDROLASE / 1QDQ: HYDROLASE

Inhibitor Enzyme Interaction Distance E (kcal/mol)

N1 11 0 GLY 198 (A) H-donor 2.84 -2.0

02 17 0 HOH 399 (A) H-donor 2.61 -1.6 CA074:

c6 19 0 GLY 198 (A) H-donor 3.37 8.5

01 14 N GLY 74 (A) H-acceptor  3.04 2.3 Bound @ pH4.6
02 17 0 HOH 282 (A) H-acceptor  2.86 1.2

03 22 NE2  GLN 23 (A) H-acceptor  2.98 -1.4

03 22 N cYs 29 (A) H-acceptor 3.26 -1.9 .

04 28 NEL  TRP 221 (A) H-acceptor  2.89 -4.2 Total Interactions:

o 46 0 HOH 388 (A) H-acceptor  2.62 1.1

0 46 o] HOH 395 (A) H-acceptor 2.65 -3.3 -58.3 kcalfmol

oT 56 ND1  HIS 118 (A) H-acceptor  2.78 -11.2

oT 56 NE2  HIS 111 (A) H-acceptor  2.73 -10.9 .
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Figure 2.S4 Binding energy of CA-074 bound to cathepsin B at pH 4.6. Components
comprising the binding energy of CA-074 binding to cathepsin B at pH 4.6 were assessed by the
MOE docking software. Energies of the binding interactions of the inhibitor with the enzyme
(specific residues are indicated) are shown, combined with the total binding energy indicated as -
58.3 kcal/mol.
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04 28 NE1 TRP 221 (A) H-acceptor 2.90 -4.4

0 46 0 HOH 388 (A) H-acceptor 2.61 -1.1 -43.0 keal/mol

0 46 ] HOH 395 (A) H-acceptor 2.62 -3.1

oT 56 ND1 HIS 118 (A) H-acceptor 2.69 -11.1

0T 56 NE2 HIS 111 (A) H-acceptor 2.83 -6.1 Nuc-E Distance: N,’A
oT 56 ND1 HIS 118 (A) TIonic 2.69 -6.9

Figure 2.S5 Binding energy of CA-074 bound to cathepsin B at pH 7.2. Components
comprising the binding energy of CA-074 binding to cathepsin B at pH 7.2 were assessed by the
MOE docking software. Energies of the binding interactions of the inhibitor with the enzyme
(residues are indicated) are shown, combined with the total binding energy indicated as -43.0
kcal/mol.

39



(a) Cat.B (b) Cat.C (c) Cat.H (d) Cat.L
o atuew e 2
- pHas -
- pH5S %nou -pH
- oo
1
i 0.002
<
' T o 0008
° L] we " 0 ° 50 100 %0 ° % ! -9
Concentration Z-F-R-ANC (uM) Concentrati jon G-R-AMC (M) Concentration R-AMC (M) Concentration Z-F -R-AMC (M)
PHAE _pHSS  oHT2 PHAD [EE) pHT2 PHAG PHES oHTZ PHAB pH5S
Michachs Merten Mchacks Merton Mxhaoks Monten Mchaoks Monten
Best ft valuos Best-ft vatues Best 8 vaiues Best ¢t vatues
Vmax 1489 1208 09523 Vmax 00006405 0002235 0001181 Vemax 0002871 001064 0008764 Vimax sm 5104
Km s ssor nes Km wn Lk ] 7668 Km 5 4149 4663 Km 944 are
S Emor Sud. Emor S Esror Su Emor
Vimax 007385 00633 00535 Vimax 61110005 00002045 00002298 Vmax 00009534 0001363 0001427 Vmax 02077 o217
Km 6893 6714 5234 Km $ 305 1168 252 Km 28 11.28 15.53 Km 1284 1.016
(e) CatK (f) Cat.S (g) Cat.v (h) Cat.X
w " Gow > o
- pHas - - - pH4S
EH - Eoo- - 5 - pH é" - pHSS
g 28 H 2 - o
008 -
2o 04
004
os 002 LEs
00 T T T L 00
° » " L} 50 100 " 200 ° s 00 150 200 ° » "
Concentration Z-F-R-AMC (M) Concentration Z.F-R-AMC (M) Concentration Z-F-RAMC (M) Concentration MCA-RP-P.G-F.S-AF-K(Dnp)-OH (uM)
P48 _ pH58  oHT pHAS _ pHSS  oHTZ PHAD _pHBS pHTZ PHAE  pH5S
Mihacks Menten Mchacius Morten Muhscis Merten Machaols Menten
Bost M valoos Best 1t valves Bost 8 valuos Best ¢ values
Vmax 176 1889 139 Vmax 008020 009827 00883 Vmax 2m 1642 06528 Vmax 07455 02420
Km nM %80 1612 Km 2063 nn 7898 K 105 6754 o Km 1508 NS
S Emor Sad. Error Sad Emor St Eevor
Vmax 01623 008706 005697 Vimax 0009208 001130 0007741 Vmax 008852 005992 03739 Vimax 003007 002245
Km 6802 2470 2004 K 1974 18.96 1543 m 1718 1139 5035 Km 1645 6 544

Figure 2.S6 Km plots for cathepsin B and cysteine cathepsins at pH 4.6, 5.5, and 7.2. Km values
were determined for cathepsin B (panel a) and the cysteine cathepsins (cathepsins C, H, L K, S,
V, and X with each of their indicated substrates, shown in panels b, c, d, e, f, g, and h, respectively.
Michaelis-Menten kinetics was used for Km data analysis (conducted as described in the methods)
using the equation vo=Vmax*[S]/(Km+[S] with curve-fitting using Prism 9. Cathepsin L and
cathepsin X had no activity at pH 7.2 and, therefore, Km was determined for pH 4.6 and 5.5.
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Chapter 3 Discovery of pH-Selective Marine and Plant Natural Product Inhibitors of
Cathepsin B Revealed by Screening at Acidic and Neutral pH Conditions
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Figure 3.1 Chapter 3 Graphical Abstract. Dysregulation of cathepsin B, which involves the
translocation of the enzyme from acidic pH lysosomes to the neutral pH cytosol, followed by the
initiation of cell death and inflammation, occurs in numerous brain disorders. The wide difference
in the acidic pH (4.6) of lysosomes compared to the neutral pH (7.2) of the cytosol suggests that
screening at different pH conditions may identify pH-selective modulators of cathepsin B.
Therefore, a collection of pure marine and plant natural product (NP) compounds, with synthetic
compounds, was screened at pH 4.6 and pH 7.2 in cathepsin B assays, which led to the
identification of GER-12 (Crossbyanol B) and GER-24 ((7Z,9Z,12Z)-octadeca-7,9,12-trien-5-
ynoic acid) marine NP inhibitors at acidic pH but not at neutral pH. GER-12 was effective for the
reversible inhibition of cathepsin B, with an ICso of 3 pM. GER-24 had an ICso of 16 uM and was
found to be an irreversible inhibitor. These results show that NP screening at distinct biological
pH conditions can lead to the identification of pH-selective cathepsin B modulators. These findings
suggest that screening efforts for molecular probes and drug discovery may consider the biological
pH environment of the target in the disease process.
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3.1 Introduction
Cathepsin B is a lysosomal cysteine protease that is normally involved in molecular

pathways that maintain cellular homeostasis through proteolysis and protein catabolism. (1,2)
Dysregulation of cathepsin B has been implicated in brain disorders, including Alzheimer’s disease
(AD), traumatic brain injury (TBI), and others, (2) as well as cancer (3) and inflammatory diseases.
(4,5) The inhibition of cathepsin B activity has been an area of interest to assess the mechanistic
role of cathepsin B in disease pathogenicity and drug discovery efforts.

Evidence for the participation of cathepsin B in brain disorder pathogenicity has spurred
much investigation into agents that inhibit cathepsin B to ameliorate dysfunctions associated with
neurodegenerative diseases. Cathepsin B is involved in the inflammatory pathways and cell death
pathways of AD and TBI, which are hypothesized to involve the leakage of lysosomal cathepsin
B into the cytosol. (2) In vivo inhibition or gene silencing of cathepsin B in AD mouse models
results in improved memory deficits and alleviates neuropathology. (6—8) In vivo studies of TBI
mouse models show that gene knockout of cathepsin B improves motor dysfunction and reduces
brain tissue loss. (9) Furthermore, clinical patient studies indicate elevated levels of cathepsin B
in AD and TBI. (10,11) Thus, there is interest in the field to discover new cathepsin B inhibitors.

Marine and plant natural products (NP) provide rich sources of chemically diverse
compounds that are biologically active and useful as active therapeutic agents. (12,13) Studies
have shown that potent and effective protease inhibitors can be identified from NP sources. (14,15)
For example, gallinamide A is a potent and selective inhibitor of the lysosomal cysteine protease
cathepsin L discovered from marine cyanobacteria, (16) which has the potential to reduce SARS-
CoV-2 infection. (17) Natural products, both marine and terrestrial, account for ~50% of small-

molecule drugs approved for the treatment of cancer and related conditions; this includes their
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novel structures as well as their derivatives. (18) Thus, NP small-molecule libraries provide rich
and novel resources to search for selective inhibitors of cathepsin B activity.

Screening of small molecules in drug discovery efforts has traditionally utilized optimal
enzyme assay conditions for the assessment of effective modulators. However, drug targets in
biological systems may be located at different pH conditions within subcellular and extracellular
locations in diseases compared to normal healthy conditions. For example, cathepsin B in
numerous brain disorders (2) and cancer (3) mediates disease deficits at abnormal neutral pH
locations, including the cytosol and extracellular locations; however, cathepsin B is normally
located in lysosomes containing an acidic internal pH. (1,2) The large pH differences between
pathogenic and normal enzyme locations in biological systems suggest that drug discovery should
target the pathogenic pH form of the enzyme in screening programs.

Significantly, our previous studies showed that cathepsin B is selectively inhibited by Z-
Arg-Lys-AOMK at neutral pH 7.2 with a nanomolar (nM) potency, with no inhibition at acidic pH
4.6 at nM inhibitor concentrations. (19) The Z-Arg-Lys-AOMK inhibitor was designed using the
pH 7.2 preferences of residues adjacent to the cleavage sites of cathepsin B proteolysis. Cleavage
profiling analysis of cathepsin B using a defined library of diverse peptide substrates led to the
design of the neutral-pH-selective substrate Z-Arg-Lys-AMC and an acid-pH-selective substrate
Z-Glu-Lys-AMC. We propose that the use of these pH-selective substrates in compound screening
efforts may uncover pH-selective modulators of cathepsin B.

For these reasons, the goal of this study was to evaluate the hypothesis for differential
screening outcomes of natural product (NP) modulators, from marine and plant organisms, of
cathepsin B by comparing screening assays conducted at the acidic lysosomal pH of 4.6 to those

conducted at the neutral cytosolic pH of pH 7.2. Indeed, results of such a screening approach
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identified NP inhibitors effective at acidic pH, but not at neutral pH, for inhibition of cathepsin B.
These findings indicate that NP compound screening at distinct biological pH conditions can lead
to the differential identification of cathepsin B enzyme modulators. Furthermore, the finding of
pH-dependent NP modulators may reflect natural pH-dependent activities of NP molecules in their
native ecological environments.

3.2 Results

3.2.1 Strategy to Assess Marine and Plant Natural Product (NP) Modulators of Cathepsin
B at Acidic and Neutral pH Conditions Using pH-Selective Peptidic Substrates

A collection of purified natural product compounds consisting of 151 chemical molecules
from marine organisms of cyanobacteria, Rhodophyta, sponge, mollusk, and Phaeophyceae
combined with NP molecules from plants were utilized to discover pH-dependent inhibitory
modulators of human cathepsin B proteolytic activity (Figure 3.2). Our unique cathepsin B
screening strategy was conducted at the lysosomal pH of 4.6 and the cytosolic pH of 7.2. These
cathepsin B assays used pH-selective substrates Z-Glu-Lys-AMC and Z-Arg-Lys-AMC that
monitor cathepsin B activity at acidic pH 4.6 and neutral pH 7.2, respectively. (19) NP molecules
displaying at least 50% inhibition of cathepsin B activity were further assessed for potency by
calculating IC50 values, the reversible or irreversible mechanism of inhibition, and the specificity

of the NP inhibition of cathepsin B compared to other cysteine cathepsins.
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Marine and Plant Natural Products (MNP) Library Screening

with Cathepsin B
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Figure 3.2 Workflow for screening marine and plant natural products (NP), and synthetic
compounds, in cathepsin B assays at acidic and neutral pH conditions. A collection of pure
NP compounds was assessed for modulators of human cathepsin B using acidic pH 4.6 and neutral
pH 7.2 screening assay conditions. NP molecules that inhibited cathepsin B by >50% were
characterized for potency, a reversible or irreversible inhibition mechanism, and specificity for
cathepsin B compared to other cysteine cathepsins.

3.2.2 Inhibitors of Acidic Cathepsin B Activity Revealed through Screening a Collection of
Pure NP Compounds at Neutral and Acidic pH Assay Conditions

The library of pure NPs from marine and plant organisms was assessed for the modulation
of human cathepsin B activity. Assays were conducted by preincubating (30 min) each NP with
cathepsin B at pH 7.2 and pH 4.6, followed by adding the substrate and monitoring the proteolytic
activity. Screening of the NP compounds utilized pH-selective substrates Z-Arg-Lys-AMC at pH
7.2 and Z-Glu-Lys-AMC at pH 4.6, which led to the identification of several active compounds
that showed varying degrees of cathepsin B modulation (Figure 3.3). Seven compounds were
observed to significantly (p < 0.05) inhibit cathepsin B activity at pH 4.6 by at least 50% at NP
concentrations of 1-10 uM, with no inhibition of cathepsin B at neutral pH 7.2 (Table 3.1).
Furthermore, at pH 4.6, one NP molecule activated cathepsin B at least 200% or greater compared

to controls (100%), with no effects at pH 7.2. Additionally, two other NPs activated cathepsin B
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at pH 7.2 without effects at pH 4.6 (Table 3.1). These results illustrate the differential discovery
of NP inhibitors or activators of cathepsin B activity at acidic pH 4.6 compared to neutral pH 7.2.
Inhibition of cathepsin B has been predicted in the field to ameliorate several conditions of brain
disorders, cancer, infectious disease, and others. (2—9) Therefore, we continued with the
characterization of NP inhibitors of cathepsin B.

Table 3.1 Identification of pH-Selective Marine Natural Product Modulators of Cathepsin
Ba

Natural Concentration Cathepsin B Activity Compound
Product pH 4.6 pHT7.2 Structure

Compound Z-E-K-AMC  Z-R-K-AMC
None 0 100% 100%
GER-12 1.6 pM 43+5" 78+ 15

(2 pg/ml)
GER-24 8.0 yM 23¢1* 117 +5

(2 pg/mi)
GER-151 52 pM 205+21" 109 + 11

(2 pg/mi)
GER-163 22pM 48+7" 118 + 11

(2 pg/ml)

\
!

GER-165 8.6 yM 4a7+4" 120 £ 13

(2 pg/mi)
GER-169 4.4 M B+7" 128+7

(2 pg/mi)
GER-170 6.0 yM 50+4" 118+3

(2 pg/ml)
ST024730 2.0pM 50+7" 173433
ST024752 2.0pM 111+£33 241+ 21"

°

ST024772 20pMm 73+22 205+21"

A collection of pure marine natural products (purified) were assessed for the modulation of human
cathepsin B activity (with preincubation) by screening them at pH 4.6 and pH 7.2 using pH-
selective substrates of Z-E-K-AMC and Z-R-K-AMC, respectively. the asterisk indicates
compounds that resulted in a significant inhibition of <50% (blue) or activation of >200% (green)
with *p < 0.05.
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Figure 3.3 Heat map of the screening data illustrates pH-selective modulators of cathepsin
B. NP molecules were preincubated with human cathepsin B (30 min) and then assessed for the
modulation of proteolytic activity at pH 4.6 with the Z-E-K-AMC substrate and at pH 7.2 with the
Z-R-K-AMC substrate. Modulators resulted from screening marine and plant natural products and
synthetic compounds. Modulators of cathepsin B activity are illustrated in a heat map, which
shows the inhibition (blue) and activation (red) by NPs (1-10 uM) compared to the controls (100%,
no inhibitor).

3.2.3 GER-12 (Crossbyanol B) and GER-24 ((7Z,9Z,12Z)-Octadeca-7,9,12-trien-5-ynoic
Acid) NP Inhibition of Cathepsin B at Acidic pH

To evaluate the seven inhibitors at the same concentration, inhibitors were tested at 5 uM
since the initial inhibitor testing was performed in the micromolar range (shown in Table 3.1).
Reassessment of the seven inhibitors (without preincubation) resulted in two compounds, GER-12
and GER-24, that demonstrated the inhibition of cathepsin B (Table 3.2). Therefore, continued
studies examined GER-12 and GER-24 in concentration-dependent studies (Figures 3.4 and 3.5,

respectively).

52



Table 3.2 Inhibitors with No Preincubation in Cathepsin B Assays at pH 4.6 with the Z-E-K-
AMC Substrate?

inhibitor (5 pM) % control cathepsin B activity
none 100

GER-12 28

GER-24 80

GER-163 103

GER-165 112

GER-169 99

GER-170 101

ST024730 110

aThe indicated NP molecules were assessed at 5 uM, with no preincubation of inhibitor and
cathepsin B enzyme, in assays using the substrate Z-E-K-AMC at pH 4.6.

(a) GER-12 structure (b) inhibition potency (c) reversible mechanism
Br g 5 6000 ~
OH 8 s < 'gl"
Br 0=8=0 E 100 " 2 4000 ...3
B (0] (0] (0] < 2 .
HO OrU = ICs0 3 UM 3 L
OS o o o B A 2 m 2000 a?
Br Br Br g fa .l'
: | (3} o o
X 0 —— o
Br 0 -8 -7 -6 -5 4 0 50 100
Log;o[GER-12] (M) Time (min.)

@ control (no inhibitor)
@® + GER-12 inhibitor

Figure 3.4 GER-12 (crossbyanol B) potency and reversible inhibition of cathepsin B. (a) The
GER-12 NP structure, (b) the potency for inhibition illustrated by its ICso value, and (c) the
reversible mechanism of inhibition are illustrated. Potency was assessed at different concentrations
of GER-12 to assess ICso values for the inhibition of cathepsin B, and the reversible mechanism
of GER-12 inhibition was determined by dilution experiments, as explained in the section
Experimental Procedures.
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(a) GER-24 structure (b) inhibition potency (c) irreversible mechanism
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Figure 35 GER-24 ((7Z,9Z,12Z)-octadeca-7,9,12-trien-5-ynoic acid) potency and
irreversible inhibition of cathepsin B. (a) The GER-24 NP structure, (b) the potency for
inhibition illustrated by its ICso value and (c) the irreversible mechanism of inhibition are
illustrated. Potency was assessed at different concentrations of GER-12 for the inhibition of
cathepsin B, as assessed by the 1Cso value, and the irreversible mechanism of GER-12 inhibition
was determined by dilution experiments, as explained in the section Experimental Procedures.

The potencies of the NPs were assessed by calculating the concentration of each compound
that inhibited cathepsin B by 50% (ICso value). The GER-12 inhibition of cathepsin B at pH 4.6
had an ICso value of 3 uM (Figure 3.4b). The GER-24 inhibition of cathepsin at pH 4.6 had an 1Cso
value of 16 uM (Figure 3.5b). These results show the effective inhibition of cathepsin B at acidic
pH by GER-12 and GER-24 at micromolar levels of inhibitors.

3.2.4 GER-12 Reversible Inhibition and GER-24 Irreversible Inhibition of Cathepsin B
The mechanism of GER-12 and GER-24 inhibition was assessed by preincubating

cathepsin B (at 100x the enzyme concentration for the assay) for 30 min with the inhibitor (at 10x
times its 1Cs0). A 100-fold dilution was then performed on the mixture, and the Z-E-K-AMC
substrate was added to the mixture to the monitor the proteolytic activity over a time-course up to
120 min.

After GER-12 preincubation, the progress of cathepsin B activity in the time course was
similar to that for the enzyme incubated alone (no inhibitor), demonstrating reversible inhibition

by GER-12 (Figure 3.4c). Further assessment of the reversible inhibition showed that GER-12
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inhibition of cathepsin B was not observed in the presence of the nonionic detergent triton X-100
(Figure 3.S1).

After GER-24 preincubation, cathepsin B inhibition occurred over the entire time course,
which demonstrated the irreversible inhibition of cathepsin B by GER-24 (Figure 3.5¢). These data
demonstrate the different reversible and irreversible inhibition mechanisms of GER-12 and GER-
24, respectively.

3.2.5 Kinetics of GER-12 and GER-24 Inhibition
Kinetics of GER-12’s reversible inhibition of cathepsin B was assessed by Michael—

Menten and inverse Lineweaver—Burk plots (Figure 3.52). A Ki value of 1.4 uM was calculated
for the noncompetitive inhibition of cathepsin B by GER-12. GER-24’s irreversible inhibition of
cathepsin B was observed to possess the kinetic constant kinact/Ki of 4.2 x 10° uM~ st (Figure
3.S3).

3.2.6 GER-12 and GER-24 Inhibition of Cathepsin B Compared to Other Cysteine
Cathepsins

GER-12 was evaluated for the inhibition of cathepsin B compared to members of the
cysteine cathepsin family consisting of cathepsins C, H, K, L, S, V, and X. At 10 uM (pH 4.6),
GER-12 inhibited cathepsin B up to 14% of the control with no inhibitor (100%) and inhibited
cathepsins C, H, K, L, S, V, and X up to 26%, 8%, 21%, 89%, 13%, 3%, and 54% compared to
control (Table 3.3). These data indicate that GER-12 inhibits several cysteine cathepsins in

addition to cathepsin B.
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Table 3.3 Evaluation of the GER-12 and GER-24 Inhibition of Cathepsin B Compared to
Other Cysteine Cathepsin Proteases®?

protease GER-12 (10 pM) % control activity (100%, no inhibitor) GER-24 (50 pM) % control activity (100%, no inhibitor)

cathepsin B 14 0
cathepsin C 26 65
cathepsin H 8 21
cathepsin K 21 7
cathepsin L 89 84
cathepsin S 13 0
cathepsin V 3 17
cathepsin X 53 67

3GER-12 and GER-24 inhibition (no preincubation) of cathepsin B and the cysteine cathepsins
C,H, K,/ L, S, V, and X were compared. Assay conditions (no preincubation) for these human
cysteine cathepsins are provided in the procedures.

At 50 uM (pH 4.6), GER-24 inhibited cathepsin B up to 0% of control (100%) and inhibited
cathepsins C, H, K, L, S, V, and X up to 65% 21%, 7%, 84%, 0%, 17%, and 67% compared to the
no-inhibitor control (100%) (Table 3.3). Thus, GER-24 at a high concentration of 50 uM inhibits
cathepsin B and several cysteine cathepsin proteases.

These data show that the inhibition of cathepsin B by GER-12 and GER-24 occurs without

selectivity, as shown by inhibition of other cysteine cathepsin proteases.

3.3 Discussion
Results of this study highlight the incorporation of biological pH conditions for screening

NP modulators of cathepsin B at acidic pH compared to neutral pH conditions. The use of different
pH screening conditions for cathepsin B resulted in the identification of different NP compounds
that inhibited cathepsin B at lysosomal acidic pH 4.6 compared to cytosolic neutral pH 7.2. These
findings indicate the importance of considering the distinct pH environments of the biological
locations of enzyme targets in the design of screening conditions to identify NP or other types of
chemical modulators. Most chemical library screens for enzyme modulators utilize the optimum

in vitro enzymatic assay conditions, including pH. However, differential pH properties of
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enzymes, such as those for cathepsin B, suggest that the target enzyme may be treated as distinct
types of enzymes at different pH levels. Our previous finding of pH-selective modulators of
cathepsin B may reflect the enzyme’s pH-selective cleavage properties at acid and neutral pH
conditions. (19) The discovery and development of modulators through chemical screening will
benefit from specifying the pH condition of the enzyme target to address pH-specific cellular or
physiological functions.

It is of interest that cathepsin B displays pH-dependent properties for inhibitors through
compound screening at acidic pH 4.6 and neutral pH 7.2 conditions. Protease inhibitors often
mimic peptide substrate-binding properties with the protease enzyme. The substrate profiling
analysis of cathepsin B showed its pH-dependent preferences for amino acid residues adjacent to
the P1-P1’ substrate cleavage sites. (19) Notably, glutamate (Glu) is the preferred P2 residue of
cathepsin B at acidic pH 4.6, but the Glu residue is not preferred at pH 7.2. It is of interest that
GER-24 possesses a functional group of -CH2-CH2-COOH that resembles the Glu side chain of
substrates that interact with the S2 subsite (Glu-245) of the enzyme. (19) Thus, it is possible that
the -CH2-CH2-COOH group of GER-24 may interact with cathepsin B at its S2 subsite. With
respect to GER-12, its inhibitory activity was not observed in the presence of the detergent triton
X-100, suggesting nonionic detergent-dependent interactions; however, a future structural analysis
will be needed. Interactions of inhibitors with target proteases are best assessed by structural
analysis via X-ray crystallography, which has, for example, been achieved for the selective CA-
074 inhibitor of cathepsin B. (20—22) CA-074 interacts with the enzyme’s active site region at the
S2-S2' subsites. It will be of interest to assess pH-selective inhibitor interactions with cathepsin B

through future structural analyses.
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Proteases such as cathepsin B may have dual functions within acidic lysosomes and extra-
lysosomal neutral cellular compartments, including the cytosol, nuclei, and extracellular locations.
(1,2,23) Cathepsin B, for example, displays distinct substrate and inhibitor specificity at acidic pH
compared to neutral pH functions. (19,24) Therefore, it will be valuable to develop inhibitors of
neutral pH cathepsin B to allow the assessment of its functions in extra-lysosomal locations,
including cell death, inflammation, and cancer. Selective inhibitors of acidic cathepsin B functions
will enhance the understanding the enzyme’s role in protein health, namely proteostasis, which is
important for cellular functions in health and disease. Furthermore, pH-selective activators may
be utilized to gain an additional understanding of the function of cathepsin B.

Furthermore, the results of our NP screens for modulators of cathepsin B indicate that
marine natural product molecules such as GER-12 (crossbyanol B from cyanobacteria) and GER-
24 ((7Z,9Z,12Z)-octadeca-7,9,12-trien-5-ynoic acid from Rhodophyta) may possess pH-
dependent modulating functions for target enzymes. This study opens avenues to assess natural
products for the pH-selective inhibition or activation of proteases and enzymes. Therefore, natural
product screening under different biological pH conditions, as demonstrated by this study, can be
an important avenue to advance our understanding of the multiple roles of cathepsin B and
enzymes in cellular compartments of differing pH conditions.

In summary, the results of this study indicate that using different pH conditions to screen
NP chemical libraries can lead to the identification of pH-selective modulators of targeted protease
enzymes in designated biological pH environments.

3.4 Experimental Procedures
Experimental procedures are summarized here. Detailed descriptions of protocols are

provided in the Supporting Information.
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3.4.1 Materials and Reagents
The sources of enzymes, peptide substrates, and reagents are provided in the Supporting

Information.

3.4.2 Collection of Purified Marine and Plant Natural Products (NP)
Natural products have been collected and purified from multiple marine organisms of

cyanobacteria, Rhodophyta, sponges, mollusk, Phaeophyceae, and plant sources. The list of NP
molecules investigated is provided in Supporting Information Table 3.S1. Marine NP compound
stocks were 1 mg/mL and were screened at a final concentration of 2 pg/mL. The plant NP
compounds stocks were at | mM and were screened at a final concentration of 2 uM. The structures
of the NP molecules are provided in Supporting Information Table 3.S2, which indicates diverse
NP chemical structures. These molecules were utilized for screening in the cathepsin B assays.

3.4.4 NP Screening Conducted at pH 4.6 and pH 7.2 to Identify Modulators of Cathepsin B
Assays of cathepsin B (activated) with 151 pure marine natural products were conducted

in triplicate with 5 mM DTT, 1 mM EDTA, 100 mM NacCl, and 1.5% DMSO using 0.2 ng/uL
cathepsin B at pH 4.6 in 40 mM citrate phosphate buffer with 60 pM Z-Glu-Lys-AMC substrate
and at pH 7.2 in 40 mM citrate phosphate buffer with 60 uM Z-Arg-Lys-AMC substrate. Each
pure NP (151 compounds in total) was preincubated with the enzyme for 30 min at RT. To the
mixture was then added the substrate, and the sample was incubated at RT for 30 min. Fluorescence
was measured at 360 nm excitation and 460 nm emission. Cathepsin B activity in the absence and
presence of each NP was assessed for significance using Student’s t test with p < 0.05. As a positive
inhibitor control, each screening plate included CA-074 (1 uM final concentration), a known
selective inhibitor of cathepsin B; (21,22) CA-074 is a natural product originally isolated from

Aspergillus japonicus. (25)
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It is noted that the Z-Glu-Lys-AMC substrate at pH 4.6 and the Z-Arg-Lys-AMC substrate
at pH 7.2 had similar Km values of 460 and 429 uM, respectively. These similar Km values of both
substrates at a concentration of 60 uM in the screening assays represent equivalent substrate
conditions.

3.4.4 Potency of NP Inhibition of Cathepsin B as Assessed by 1Cso Values
GER-12 (crossbyanol B) and GER-24 ((7Z,9Z,12Z)-octadeca-7,9,12-trien-5-ynoic acid) at

different concentrations were incubated with cathepsin B (activated) without preincubation in
cathepsin B assay conditions (described above). I1Cso values were calculated as the inhibitor
concentration that reduced cathepsin B activity by 50%. Curve-fitting of the inhibition curves and
the calculation of ICso values were performed with Prism software (version 8). Confidence
intervals of 95% were obtained for GER-24 and GER-12 at 7.9-36.5 and 2.1-4.4 uM, respectively,
using a nonlinear regression curve fit model.

3.4.5 Assessment of Inhibitors for a Reversible or Irreversible Mechanism of Inhibition
Cathepsin B (100x) was preincubated with GER-12 or GER-24 at 10x the determined ICso

concentration for 30 min at room temperature (25 °C). Then, a 1:100 dilution of the mixture was
performed. The Z-Glu-Lys-AMC substrate was added to the diluted mixture, and the fluorescence
was monitored for proteolytic activity every minute for 2 h. The lack of inhibition of cathepsin B
activity following dilution indicates a reversible inhibitory mechanism. The reduction of cathepsin
B activity following dilution indicates an irreversible inhibitory mechanism.

3.4.6 Kinetics of the Reversible and Irreversible Inhibition of Cathepsin B
GER-12 reversible inhibition kinetics was assessed by Michaelis—Menten and

Lineweaver—Burke inverse plots to determine the Ki value for the noncompetitive inhibition of
cathepsin B by GER-12 using the equation #PVmax = Vmax(Ki /[I]o + Ki)). (26) The irreversible

inhibition by GER-24 was assessed by determining the Ki value as we previously described. (19)
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3.4.7 Evaluation of GER-12 and GER-24 for the Inhibition of Cathepsin B Compared to
Other Cysteine Cathepsins

GER-12 at 10 uM and GER-24 at 50 uM were evaluated for the inhibition of cathepsin B
compared to cathepsins C, H, K, L, S, V, and X. Assay conditions for these cathepsin proteases
are described in the Supporting Information.

3.5 Supporting Information
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Figure 3.S1 Effect of triton X-100 on GER-12 inhibition of cathepsin B. GER-12 (10 uM final
concentration) inhibition of cathepsin B was assessed in the absence and presence of 0.01% triton
X-100. Error bars indicate standard deviation (n=3). Significance is indicated by *p<0.05 (by
student’s t-test)
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Figure 3.52 GER-12 reversible kinetics for inhibition of cathepsin B. (a) GER-12 inhibition of
cathepsin B activity. Cathepsin B activity was assayed with Z-Phe-Arg-AMC substrate over a
range of concentrations in the absence and presence of the GER-12 inhibitor at 3 uM. The graph
determined Km of 54 uM Z-Phe-Arg-AMC and Vmax of 0.4 pmol AMC/min/ng cathepsin B.
Error bars indicate standard deviation. (b) Inverse plot of GER-12 inhibition of cathepsin B. Data
for 1/[S] and 1/v was plotted in an inverse plot in Lineweaver-Burk format and the Ki was
calculated as 1.4 uM. Error bars indicate standard deviation.
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Figure 3.S3 GER-24 irreversible kinetics for inhibition of cathepsin B. (a) GER-24 inhibition
of cathepsin B: inhibitor concentrations and time-course study. GER-24 inhibition of cathepsin B
was assessed over a range of GER-24 concentrations in time-course studies. (b) GER-24 inhibition

of cathepsin B and kobs values. The kobs values for inhibition of cathepsin B at different
concentrations of GER-24 was plotted and Kinact/K1 was calculated as 4.2 x 10°uM-1s,

3.6 Supplemental Experimental Procedures
3.6.1 Materials and reagents.
Recombinant human cysteine cathepsins B, L, S, V, C, H, and X, and thermolysin, were

purchased from R & D Systems (Minneapolis, MN), and cathepsin K was purchased from Abcam
(Cambridge, MA). Catalogue numbers are listed: cathepsin B (R & D #953-CY-010), cathepsin L
(R & D #952-CY-010), cathepsin S (R & D #1183-CY-010), cathepsin V (R & D #1080-CY-010),
cathepsin C (R&D #1071-CY-010), cathepsin H (R & D #75116-CY- 010), cathepsin X (R & D
#934-CY-010), thermolysin (R & D #3097-ZN), and cathepsin K (ab157067). Assays utilized
buffer components of citric acid monohydrate (Merck #1.00244.0500, Burlington, MA), sodium
phosphate dibasic anhydrous (EMD #SX-072305, Burlington, MA), sodium acetate (Fisher
Scientific #BP-333-500, Fair Lawn, NJ), dithiothreitol (DTT) (Promega #V351, Madison WI),
sodium chloride (Fisher Chemical #S271-1, Pittsburgh, PA), and EDTA (Calbiochem #324503,
Burlington, MA). Fluorogenic substrates of Z-Glu-Lys- AMC and Z-Arg-Lys-AMC were custom

synthesized by Genscript (Piscataway, NJ). Purchase of Z-Phe-Arg-AMC (Anaspec #AS-24906,
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Fremont, CA), Gly-Arg-AMC (Bachem #4002196, Torrance, CA), Arg-AMC (Bachem #1-1050,
Torrance, CA), and MCA-Arg-Pro-Pro-Gly-Phe-Ser- Ala-Phe-Lys(Dnp)OH (CPC Scientific
#AMYD-111A, San Jose, CA) provided substrates for the various cysteine cathepsin enzymes.
CA-074 (Sigma/Millipore #205531, Burlington, MA) and phosphoramidon (R & D #6333)
inhibitors were also purchased.

3.6.2 Activation of cathepsin B and other cysteine cathepsins.
Recombinant pro-cathepsin B was activated to its mature enzyme form by incubation in

activation buffer of 20 mM Na-Acetate, pH 5.5, 5 mM DTT, 1 mM EDTA, and 100 mM NaCl at
370 C for 30 minutes. Cathepsin S, and V were activated in the same activation conditions as
cathepsin B. Cathepsin H was activated with 50 pg/ml thermolysin in 50 mM MES pH 6.5, 10 mM
CaCl2, 150 mM NaCl at room temperature for 3 hours followed by addition of phosphoramidon
to 1 mM (per R&D Systems protocol). Cathepsin C was activated with 2 ng/ul cathepsin L, in
conditions 25 mM MES pH 6, 5 mM DTT, 50 mM NaCl at room temperature for 60 min.
Comparison of cathepsin B activity in the presence of each MNP was assessed by student’s t-test
with p<0.05 for significance.

3.6.3 Pure marine natural product (MNP) screen to identify modulators of cathepsin B
conducted at pH 4.6 and pH 7.2.

Assays of cathepsin B activity with 151 pure marine natural products were conducted in
conditions with 0.2 ng/ul cathepsin B, 60 uM Z-Glu-Lys-AMC, and Z-Arg-Lys-AMC in 40 mM
citrate phosphate at pH 4.6 and pH 7.2 respectively, and Z-Phe-Arg-AMC at pH 4.6 and 7.2, 5
mM DTT, 1 mM EDTA, 100 mM NaCl, and 1.5% DMSO. Assays were performed in 96-well
plates at room temperature (250 C) in a total volume of 100 pl in triplicates. Marine natural product
compounds concentrations ranging from 1.6 to 12.6 pM, with the exception of two compounds S6
assayed around 35 uM and one compound at 60.2 uM, were added to enzyme in the absence of

substrate and was incubated at room temperature (25°C) for 30 minutes, followed by the addition
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of substrate. Fluorescence was quantified at 30 minutes and 60 minutes after substrate was added,
by a Biotek Synergy HTX microplate reader with excitation at 360 nm, and emission at 460 nm,
gain 50, top optics and read height at 1 mm. Prism GraphPad software was used to analyze data.
Comparison of cathepsin B activity in the absence and presence of each MNP was assessed by
student’s t-test with p<0.05 for significance.

3.6.4 Potency of MNP inhibition of cathepsin B assessed by I1C50 values.
Evaluation of the effectiveness for GER-12, GER-24, as well as GER-163, GER-165,

GER-169, GER-170, and ST024730 for inhibition of cathepsin B was conducted at pH 4.6. Marine
natural product concentrations ranged from 0.039 to 40 uM. The inhibitors were added to the
enzyme at the start of the incubation period, at room temperature, and thus there was no
preincubation of cathepsin B with inhibitor. A vehicle control assay without inhibitor contained
cathepsin B, Z-Glu-Lys-AMC substrate, and 2% v/v DMSO. Cathepsin B assays with marine
natural products were conducted with 0.2 ng/ul cathepsin B, 40 uM Z-Glu-Lys-AMC, in 40 mM
citrate phosphate at pH 4.6, 5 mM DTT, 1 mM EDTA, 100 mM NaCl, and 2% DMSO, in 96-well
plates at RT (250 C) in a total volume of 100 ul in triplicate. IC50 values were calculated as the
concentration of inhibitor that reduced cathepsin B by 50%.

3.6.5 Assessment of inhibitors for reversible or irreversible mechanism of inhibition.
Cathepsin B was preincubated with GER-12 or GER-24 at 10 times the determined 1C50

concentration for 30 minutes at room temperature (25°C), followed by a 1:10 dilution and addition
of Z-Glu-Lys-AMC substrate and monitoring fluorescence for proteolytic activity every minute
for 2 hours. Lack of inhibition of cathepsin B activity following dilution indicates reversible
inhibitory mechanism. Reduction of cathepsin B activity following dilution indicates irreversible

inhibitory mechanism.
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3.6.6 Evaluation of GER-12 and GER-24 for inhibition of cathepsin B compared to other
cysteine cathepsins.

GER-12 at 10 uM, and GER-24 at 50 uM, were evaluated for inhibition of cathepsin B
compared to cathepsins C, H, K, L, S, V, and X. Inhibitor, cathepsin enzyme, and substrate were
incubated in 40 mM citrate phosphate at pH 4.6, 5 mM DTT, 1 mM EDTA, 100 mM NacCl, and
2% DMSO, in 96-well plates at room temperature (25°C) in a total volume of 100 ul in triplicate.
Cathepsin K (0.07 ng/ul), cathepsin L(0.004 ng/ul), cathepsin S (0.6 ng/ul), and cathepsin V (0.08
ng/ul) were assayed with 40 uM Z-F-R-AMC substrate. Cathepsin H (1 ng/ul), cathepsin C (1
ng/ul), and cathepsin X (0.1 ng/ul) were assayed with substrates consisting of 40 uM Arg-AMC,
Gly-Arg-AMC, and MCA-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys(Dnp)OH, respectively.
Inhibition was determined by comparing reduction of fluorescence values to the DMSO vehicle

control as % control activity (no inhibitor).

65
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Table 3.S1 Natural Product Compound Structures? Continued
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Table 3.S1 Natural Product Compound Structures? Continued
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Table 3.S1 Natural Product Compound Structures? Continued
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aStructures of the pure natural product compounds of the library used for screening are shown in
this Table S2. Note that the structures of GER-172 and GER-173 are currently unknown and are
under study. All structures shown are as accurate according to available data at this time. A few
structures are missing stereochemistry data at this time.
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Chapter 4 Distinct Cleavage Properties of Cathepsin B Compared to Cysteine Cathepsins
Enable the Design and Validation of a Specific Substrate for Cathepsin B over a Broad pH
Range

Z-Nle-Lys-Arg-AMC substrate monitors Cathepsin B
activity over a broad pH range

22

=2 £

S I @d
<3 J\ J\

S E

‘AN

o 0O

Qs

" g

=~ Z-Nle-Lys-Arg-AMC

-e= Other substrates

Figure 4.1 Chapter 4 Graphical Abstract. The biological and pathological functions of cathepsin
B occur in acidic lysosomes and at the neutral pH of cytosol, nuclei, and extracellular locations.
Importantly, cathepsin B displays different substrate cleavage properties at acidic pH compared to
neutral pH conditions. It is, therefore, desirable to develop specific substrates for cathepsin B that
measure its activity over broad pH ranges. Current substrates used to monitor cathepsin B activity
consist of Z-Phe-Arg-AMC and Z-Arg-Arg-AMC, but they lack specificity since they are cleaved
by other cysteine cathepsins. Furthermore, Z-Arg-Arg-AMC monitors cathepsin B activity at
neutral pH and displays minimal activity at acidic pH. Therefore, the purpose of this study was to
design and validate specific fluorogenic peptide substrates that can monitor cathepsin B activity
over a broad pH range from acidic to neutral pH conditions. In-depth cleavage properties of
cathepsin B were compared to those of the cysteine cathepsins K, L, S, V, and X via multiplex
substrate profiling by mass spectrometry at pH 4.6 and pH 7.2. Analysis of the cleavage
preferences predicted the tripeptide Z-Nle-Lys-Arg-AMC as a preferred substrate for cathepsin B.
Significantly, Z-Nle-Lys-Arg-AMC displayed the advantageous properties of measuring high
cathepsin B specific activity over acidic to neutral pHs and was specifically cleaved by cathepsin
B over the other cysteine cathepsins. Z-Nle-Lys-Arg-AMC specifically monitored cathepsin B
activity in neuronal and glial cells which were consistent with relative abundances of cathepsin B
protein. These findings validate Z-Nle-Lys-Arg-AMC as a novel substrate that specifically
monitors cathepsin B activity over a broad pH range.
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4.1 Introduction
Cathepsin B is a lysosomal cysteine protease that participates in protein degradation to

maintain cellular balance of functional protein pathways. (1-3) Cathepsin B belongs to the family
of cysteine cathepsin proteases that together function in lysosomal protein homeostasis. (4,5)
Cathepsin B and other cysteine cathepsin family members normally function within lysosomes at
acidic pH 4.6. (6—8) However, in numerous human diseases of neurological disorders (9—20)
combined with infectious diseases, inflammation, and related conditions, (21-26) cathepsin B
leaks out of the lysosome into the cytosol of neutral pH 7.2. (27,28) Cathepsin B retains its
enzymatic activity at cytosolic neutral pH and activates cell death (29—32) and inflammatory
(33—36) pathways that result in disease pathogenesis. In addition to the significant cellular function
of cathepsin B at the neutral pH of the cytosol, cathepsin B is also present at neutral pH cellular
locations of the nucleus (37,38) as well as extracellular locations, especially in human diseases
such as Alzheimer’s disease (39,40) and cancer. (41—43)

The prominent biological functions of cathepsin B at distinct acidic and neutral pH
environments of tissues (44—46) indicate the need to specifically monitor cathepsin B activity over
a broad pH range, without detecting other cysteine cathepsins. Currently, no such substrates exist
because Z-Phe-Arg-AMC that is routinely used to assay cathepsin B in the field also monitors
cathepsin L and other cysteine protease activities. (44,45,47—50) Furthermore, Z-Arg-Arg-AMC
has been found as a specific substrate for cathepsin B over other cysteine cathepsins, (44,48) but
this substrate preferentially monitors the neutral pH activity of cathepsin B rather than the
enzyme’s acidic activity. (44) Therefore, the purpose of this study was to rationally design
selective peptide-AMC substrates that specifically monitor cathepsin B activity with high specific

activity at both acidic and neutral pH conditions, without cleavage by other cysteine cathepsins.
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The strategy of this study was to design specific substrates for cathepsin B based on its
unique pH-dependent cleavage properties at acidic pH 4.6 compared to those at neutral pH 7.2.
Cleavage properties of cathepsin B were determined by multiplex substrate profiling mass
spectrometry (MSP-MS) that utilizes a defined peptide library designed to contain all known
amino acids adjacent to protease cleavage sites. (51) These substrate properties of cathepsin B
were compared to those of other cysteine cathepsins L, K, S, V, and X at acidic and neutral pH
conditions. The unique cleavage properties of cathepsin B allowed design of Z-peptide-AMC
substrates for assessment of broad pH monitoring of cathepsin B activity, with specificity shown
by a lack of cleavage by other cysteine cathepsins.

Results identified Z-Nle-Lys-Arg-AMC that monitors high specific activity of cathepsin B
at acidic to neutral pHs, and this substrate is specific for cathepsin B over other cysteine cathepsins
L, K, S, and V. Kinetic studies demonstrated greater catalytic efficiency of Z-Nle-Lys-Arg-AMC
for analysis of acidic and neutral pH cathepsin B activity compared to the Z-Arg-Arg-AMC
substrate, currently used in the field as a specific cathepsin B substrate. (44,48) Furthermore, the
novel Z-Nle-Lys-Arg-AMC substrate was demonstrated to specifically measure cathepsin B
activity in neuronal and glial cells that contain varying levels of cathepsin B and other cathepsins
(determined by proteomics assessment). Overall, the novel Z-Nle-Lys-Arg-AMC substrate
advantageously monitors specific cathepsin B activity over a broad pH range of acidic to neutral
pH conditions and, thus, will be useful for the assessment of cathepsin B activity at physiological
pH conditions.

4.2 Results

4.2.1 Analysis of Cathepsin B Substrates Z-Phe-Arg-AMC and Z-Arg-Arg-AMC for
Cleavage by Cysteine Cathepsins Demonstrate Lack of Specificity

We compared the specific activity of human cathepsin B with the fluorogenic substrates Z-

Phe-Arg-AMC and Z-Arg-Arg-AMC with that of other cysteine cathepsins (Table 4.1). Both of
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these substrates were cleaved by cathepsin B and other cysteine cathepsins L, K, S, and V,
indicating that these substrates are not specific for cathepsin B. These assays also demonstrated
that cathepsins B, K, and S were active at both acidic and neutral pHs of 4.6 and 7.2, respectively,
but cathepsins L and V displayed activity only at acidic pH 4.6 and not at pH 7.2. These data are
consistent with others with respect to the pH properties of these cathepsins. (44,45,47-50)
Significantly, these findings confirm the lack of specificity of Z-Phe-Arg-AMC and Z-Arg-Arg-
AMC substrates for cathepsin B.

Comparison of Z-Arg-Arg-AMC cleavage by cathepsin B at acidic lysosomal pH 4.6 and
at neutral pH 7.2 of the cytosol showed that this substrate displays pH-dependent cleavage
properties. Z-Arg-Arg-AMC is readily cleaved by cathepsin B at neutral pH, but this substrate has
poor cleavage activity at acidic pH that is one-third of the specific activity at neutral pH.

The lack of specificity of Z-Phe-Arg-AMC and Z-Arg-Arg-AMC for cathepsin B
compared to other cysteine cathepsins, and preference of Z-Arg-Arg-AMC to monitor neutral pH
cathepsin B, indicates the need for the development of specific substrates of cathepsin B operating
over a broad pH range.

4.2.2 Cathepsin B Displays Distinct Cleavage Properties Compared to Other Cysteine
Cathepsins Revealed by MSP-MS

The substrate cleavage properties of human cathepsin B were compared to that of the
cysteine cathepsins K, L, V, S, and X by MSP-MS analysis. MSP-MS was conducted by incubation
of each protease with a library of 228 14-mer peptides at acidic pH 4.6 and neutral pH 7.2, and
cleavage products were identified and analyzed using LC—-MS/MS. The peptide library used for
MSP-MS analysis was designed to contain all known protease cleavage sites with respect to amino
acid residues at cleavage sites combined with neighboring residues. (51) These cysteine proteases

cleaved peptides at both pH 4.6 and pH 7.2 in the MSP-MS study, with the exception of cathepsin
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X that generated a low number of cleavage products at only pH 4.6 (shown by volcano plots in
Supporting Information Figure 4.S1).

MSP-MS analysis of cleavage site locations within the 14-mer peptides showed that
cathepsin B differs in its exopeptidase and endopeptidase cleavages compared to the other cysteine
cathepsins. Cathepsin B displayed major dipeptidyl carboxypeptidase (DPCP) cleavages occurring
between residues 12 and 13 of the peptide substrates, as well as lower endopeptidase cleavages
occurring within the 14-mer substrates (Figure 4.2a). The dual DPCP and endopeptidase data of
cathepsin B activity is consistent with other studies. (4,5,44) These DPCP and endopeptidase
activities of cathepsin B distinguish it from the cathepsins K, L, S, and V, which displayed
endopeptidase activities and no carboxypeptidase activity (Figure 4.2b—e). Cathepsin X displayed
endopeptidase and monopeptidyl carboxypeptidase cleavage (Figure 4.2f) (with a low number of

five peptides cleaved), which differ from that of cathepsin B.
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Figure 4.2 Exopeptidase and endopeptidase cleavages by cathepsin B compared to other
cysteine cathepsins assessed by MSP-MS. The proteolytic cleavage properties of cathepsin B
and cysteine cathepsins K, L, S, V, and X were assessed at pH 4.6 and pH 7.2 by substrate profiling
with the peptide library in MSP-MS assays. MSP-MS analyses were conducted for cathepsins B,
K, L, S, V, and X as shown in panels (a—f), respectively. After incubation of each protease with
the peptide library for 15 min, with the exception that cathepsin X was incubated with the library
for 60 min, cleavage products were identified by nano-LC-MS/MS as described in the methods.
The number of cleavages at each peptide bond, numbers 1 to 13, is illustrated for the cysteine
cathepsins B, K, L, S, V, and X.
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The substrate cleavage specificity of cathepsin B was compared to that of the other cysteine
cathepsins by assessing preferred residues at the P4-P4’ positions surrounding the P1-P1’ cleavage
site using z-scores and iceLogo (Supporting Information Figures 4.S2 and 4.S3). Heat maps of z-
scores illustrated the preferred residues (green shade) and non-preferred residues (yellow shade)
at each of the P4 to P4’ positions. All amino acids were assessed with the exception of methionine
and cysteine; norleucine (n) was used as a sulfur-free isostere of methionine.

Comparison of the heat maps at pH 4.6 and pH 7.2 for cathepsins B, K, S, and V showed
differing patterns for each of these proteases at the acidic and neutral pH conditions (Supporting
Information Figures 4.S2 and 4.S3). We focused on the preferred residues at positions P3 to P1 for
cathepsin B (Figure 4.3) that can be utilized for designing specific Z-peptide-AMC fluorogenic

substrates spanning acidic and neutral pH activities of cathepsin B.
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Figure 4.3 Assessment of distinct cathepsin B preferred residues at P1 to P3 positions
adjacent to P1-P1’ cleavage sites compared to other cysteine cathepsins. The preferred
residues of human cathepsin B at P1 to P3 positions were compared to that of cathepsins K, L, S,
and V at pH 4.6 (panel a) and pH 7.2 (panel b) shown in heat maps of z-scores. Preferred residues
are indicated by positive scores (green shades), and non-preferred residues are indicated by
negative scores (yellow shades). The residues circled in red indicate unique residues preferred by
cathepsin B over the other cathepsins at the P1 to P3 positions. The z-scores represent comparisons
of the frequencies of amino acids at each of these positions (relative to the cleavage sites) of our
MSP-MS experimental with the “reference data set” that covers all 2964 possible cleavage sites of
the peptide library. The z-scores were, thus, calculated using the equation (X — p)/c, where X
represents the frequency of a specific amino acid in the “experimental data set”, u denotes the
frequency of that amino acid at a particular position in the “reference data set”, and ¢ signifies the
standard deviation. Positive z-scores indicate preferred residues and negative scores indicate not-
preferred residues, shown in the heat map as green to yellow shading for high to low z-scores.

For cathepsin B, we sought to identify amino acids that were preferred by cathepsin B at
both pH 4.6 and pH 7.2 (Figure 4.3). At P3, P2, and P1, the enzyme displayed preferences for basic
residues (Arg and Lys). In addition, norleucine (Nle) and Leu were preferred at P3, and Val was
preferred at P2. Cathepsins K, S, L, and V had different P3 and P2 preferences compared to

cathepsin B. In particular, Nle at the P3 position, and Arg and Lys at P2 were not preferred by

79



cathepsins K, S, L, and V (Figure 4.3). Val at P2 was preferred by cathepsin K, S, L, and V at one
or both pH conditions and, therefore, was not selective for cathepsin B. At the P1 position,
cathepsins K, L, and S preferred Lys over Arg, while cathepsin V preferred Lys over Arg at pH
4.6 and the opposite at pH 7.2. Compilation of the preferred P3, P2, and P1 residues for the five
enzymes revealed the distinct preferences of cathepsin B for Nle at the P3 position, Lys or Arg at
P2, and Arg at P1. These cleavage properties suggested that a fluorogenic peptide consisting of
tripeptides Z-Nle-Lys-Arg-AMC or Z-Nle-Arg-Arg-AMC would be selectively cleaved by
cathepsin B at both pH 4.6 and pH 7.2 relative to the other four cysteine cathepsin enzymes.

4.2.3 Design and Validation of Z-Nle-Arg-Lys-AMC as a Specific Cathepsin B Substrate for
Acidic and Neutral pH Conditions

We synthesized Z-Nle-Lys-Arg-AMC and Z-Nle-Arg-Arg-AMC and quantified cathepsin
B activity at acidic and neutral pH conditions (Figure 4.4). The specific activity of cathepsin B for
cleaving Z-Nle-Lys-Arg-AMC was higher than all other substrates at both pHs. The Z-Nle-Arg-
Arg-AMC substrate displayed about 30% and 50% less activity at pH 4.6 and pH 7.2, respectively,
compared to Z-Nle-Lys-Arg-AMC. The Z-Nle-Lys-Arg-AMC substrate monitored higher
cathepsin B specific activity compared to the commonly used cathepsin B substrates of Z-Phe-

Arg-AMC and Z-Arg-Arg-AMC.
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Figure 4.4 Z-Nle-Lys-Arg-AMC monitors high cathepsin B specific activity at pH 4.6 and pH
7.2 compared to related tripeptide and dipeptide substrates. Z-Nle-Lys-Arg-AMC (Z-n-K-R-
AMC) and the indicated tripeptide and dipeptide fluorogenic substrates (at 40 pM) were compared
for proteolysis by cathepsin B at pH 4.6 (blue bars) and pH 7.2 (red bars). One-letter codes for
amino acids are shown for the peptidic substrates. Proteolytic activity of cathepsin B is shown as

the mean + SD (n = 4).
Modifications of the P3 residues of variant tripeptide sequences of Z-Nle-Lys-Arg-AMC

were assessed (Figure 4.4). Substitution of Leu for Nle at the P3 position generated the substrate
Z-Leu-Lys-Arg-AMC, which showed less activity than Z-Nle-Lys-Arg-AMC. When the P3
residue was modified to Tyr, Phe, Ala, or Trp, the resultant substrates displayed decreased
activities at both acid and neutral pHs. When the P3 residue was changed to Gly or Val, no

cathepsin B activity was observed, correlating with Gly and Val having negative z-scores in the

MSP-MS data.

Assessment of the dibasic substrate of Z-Lys-Arg-AMC that lacks a P3 amino acid but has
the most favorable P2 and P1 residues had lower activity than Z-Nle-Lys-Arg-AMC but higher

activity than substrates that have an unfavorable amino acid at the P3 position.
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Overall, analysis of Z-Nle-Lys-Arg-AMC and related peptide-AMC substrates
demonstrated that the optimized residues at P3, P2, and P1 positions provided design and
validation of the high specific activity of the novel Z-Nle-Lys-Arg-AMC substrate of cathepsin B.

4.2.4 Z-Nle-Lys-Arg-AMC Substrate Monitors Cathepsin B Activity over a Broad pH Range
The pH properties of Z-Nle-Lys-Arg-AMC were assessed and compared to the established

substrates Z-Arg-Arg-AMC and Z-Phe-Arg-AMC (Figure 4.5). Z-Nle-Lys-Arg-AMC showed a
broad optimum pH range of pH 4.5 to pH 7.5 that represented 50% of the maximal activity
observed at pH 5.5-6.5, which was above the activity measurements monitored by the other two
Z-Arg-Arg-AMC and Z-Phe-Arg-AMC substrates. The structure of Z-Nle-Lys-Arg-AMC
illustrates its side chains of the tripeptide residues of this high activity substrate (Figure 4.5a).
Kinetic assessment by kcat/Km values showed the high catalytic efficiency of cathepsin B activity
monitored with Z-Nle-Lys-Arg-AMC and lower catalytic efficiency with Z-Arg-Arg-AMC at both
pH 7.2 and pH 4.6 (Figure 4.5b and Supporting Information Table 4.S1). Z-Phe-Arg-AMC
displayed high kcat/Km values similar to Z-Nle-Lys-Arg at pH 7.2 and had higher catalytic

efficiency at pH 4.6.
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Figure 4.5 Cathepsin B cleaves Z-Nle-Lys-Arg-AMC over a broad pH range. (a) pH profile
of human cathepsin B activity with Z-Nle-Lys-Arg-AMC compared to Z-Arg-Arg-AMC and Z-
Phe-Arg-AMC substrates. (i) Cathepsin B pH profiles with three different substrates (40 uM) were
assessed at pH 2 to 9. Data points are shown as the mean + SD (n = 3). (ii) Structure of Z-Nle-Lys-
Arg-AMC is shown. This substrate provides the highest specific activity for cathepsin B activity.
(b) Kinetic keat/Km values for cathepsin B activity with the substrates Z-Nle-Lys-Arg-AMC, Z-
Arg-Arg-AMC, and Z-Phe-Arg-AMC. keat/Km values for each of the substrates at pH 4.6 and pH
7.2 were calculated for cathepsin B by plotting the rate of AMC product formation of the y-axis
with its respective substrate concentration of the x-axis as described in the methods.

4.2.5 Z-Nle-Lys-Arg-AMC Specifically Monitors Cathepsin B Activity Compared to Other
Cysteine Cathepsins

Z-Nle-Lys-Arg-AMC specifically detected cathepsin B activity and not cathepsins L, K,
S, V, and X activities evaluated at pHs 4.6, 5.5, and 7.2 (Figure 4.6 and Supporting Information
Figure 4.S4). In contrast, Z-Arg-Arg-AMC was not specific for cathepsin B since this substrate

was cleaved by cathepsins L and V. The Z-Phe-Arg-AMC substrate was cleaved by cathepsin L
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with greater activity than that for cathepsin B; this substrate was also cleaved by cathepsins K and

V. These data demonstrate Z-Nle-Lys-Arg-AMC as a specific substrate for cathepsin B.

(a) Z-Nle-Lys-Arg-AMC (b) Z-Arg-Arg-AMC (c) Z-Phe-Arg-AMC
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Figure 4.6 Z-Nle-Lys-Arg-AMC displays specificity for cathepsin B over other cysteine
cathepsins L, K, S, and V. (a) Z-Nle-Lys-Arg-AMC: cathepsin B specific activity for cleavage
of Z-Nle-Lys-Arg-AMC was compared to that of cathepsins L, K, S, and V at pHs 7.2, 5.5, and
4.6. (b) Z-Arg-Arg-AMC: cathepsin B specific activity for cleavage of Z-Arg-Arg-AMC was
compared to that of cathepsins L, K, S, and V at pHs 7.2, 5.5, and 4.6. (c) Z-Phe-Arg-AMC.:
cathepsin B specific activity for cleavage of Z-Phe-Arg-AMC was compared to that of cathepsins
L, K, S, and V at pHs 7.2, 5.5, and 4.6. All data are shown as the mean £ SD (n = 3).

4.2.6 Specific Cathepsin B Activity in Neuronal and Glial Cells Assessed by the Z-Nle-Lys-
Arg-AMC Substrate

To evaluate the novel substrate Z-Nle-Lys-Arg-AMC in a complex biological sample that
contains other proteases and proteins, the assay of cathepsin B activity in homogenates of human
neuroblastoma cells (SHSY-5Y and SK-N-MC neuroblastoma) and mouse microglial cells (BV2
microglia) compared the use of the Z-Nle-Lys-Arg-AMC substrate to that of Z-Arg-Arg-AMC and
Z-Phe-Arg-AMC substrates. Cathepsin B activity was assessed as CA-074 sensitive activity
(Figure 4.7), ensuring that the observed activity was inhibited by the specific CA-074 inhibitor of
cathepsin B. (58,59) For the three cell types, the highest specific activity of cathepsin B was
observed at pH 5.5 compared to pH 4.6 and pH 7.2 (Supporting Information Figure 4.S5).

Cathepsin B is present in situ within the pH 5.5 environment of secretory vesicles that produce
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peptide neurotransmitters. (60) The two neuroblastoma cell lines showed similar specific activities
of cathepsin B. The microglial cells displayed high cathepsin B specific activity that was 2 to 4
times higher than that of the neuroblastoma cells depending on the pH. Notably, the Z-Arg-Arg-
AMC substrate detected none or little activity at pH 4.6 in the three cell types, whereas the Z-Nle-

Lys-Arg-AMC substrate detected robust cathepsin B activity.
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Figure 4.7 Cathepsin B assessed as CA-074-sensitive activity in neuroblastoma and
microglial cells assessed with Z-Nle-Lys-Arg-AMC compared to Z-Arg-Arg-AMC and Z-
Phe-Arg-AMC. Proteolytic activity of cathepsin B and other cysteine cathepsins were measured
by fluorogenic assays of cell homogenates incubated with Z-Nle-Lys-Arg-AMC, Z-Arg-Arg-
AMC, and Z-Phe-Arg-AMC substrates (60 uM for each substrate) at pHs 4.6, 5.5, and 7.2 with or
without pre-incubation with CA-074, a potent and selective cathepsin B inhibitor. Cells assessed
consisted of (a) human neuroblastoma SH-SY5Y, (b) human neuroblastoma SK-N-MC, and (c)
mouse microglia BV2. Results display specific activity in the absence and presence of CA-074
which indicates cathepsin B specific activity. Data show cathepsin B activity as pmol AMC/ug
enzyme protein (30 min incubation) as the mean + SD (n = 3).

To assess the prediction that mouse cathepsin B resembles human cathepsin B for substrate

preferences as demonstrated by the cellular assays, purified recombinant mouse cathepsin B was
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evaluated with the Z-Nle-Lys-Arg-AMC and Z-Arg-Arg-AMC substrates, as well as the Z-Phe-
Arg-AMC substrate at pHs 4.6, 5.5, and 7.2 (Supporting Information Figure 4.S6). The highest
specific activity of mouse cathepsin B was observed with Z-Nle-Lys-Arg-AMC among the three
substrates. Z-Arg-Arg-AMC-cleaving activity of cathepsin B was low. A moderate specific
activity was observed with Z-Phe-Arg-AMC. These activities of mouse cathepsin B with the three
substrates were represented by kcat/Km kinetic values, showing high catalytic efficiency for the
Z-Nle-Lys-Arg-AMC substrate, modest catalytic efficiency for Z-Phe-Arg-AMC, and low
catalytic efficiency for the Z-Arg-Arg-AMC substrate (Supporting Information Figure 4.S6).
These findings demonstrate Z-Nle-Lys-Arg-AMC as an excellent substrate for mouse cathepsin B
as well as for human cathepsin B.

4.2.7 Higher Abundance of Cathepsin B Protein in Microglia Compared to Neuroblastoma
Cells Represented by Cathepsin B Activities

To assess whether the higher cathepsin B specific activity in microglia compared to that in
neuroblastoma cells may be related to the greater levels of cathepsin B protein, the relative levels
of cathepsin B protein in these cells were evaluated by proteomics MS (Table 4.2). Label-free
proteomics identified and quantitated the relative levels of cysteine cathepsins. The level of
cathepsin B in microglial cells was about 3-fold greater than in the two neuroblastoma cell types,
thus, correlating with the observation of an average of about 3 times greater cathepsin B activity

in microglia compared to neuroblastoma cells.
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Table 4.1 Cysteine Cathepsins in Neuroblastoma and Microglial Cells Assessed by
Proteomics®?

cell type cysteine cathepsin identification by nano-LC-MS/MS quantifiable, peak area x 108
neuroblastoma SH-SY5Y (human) cathepsin B + 8.97+2.69

cathepsin C + (not quantifiable)
neuroblastoma SK-N-MC (human) cathepsin B + 6.11+3.84

cathepsin C + (not quantifiable)
microglia BV2 (mouse) cathepsin B + 28.08 +10.47

cathepsin C + 1.07 +0.46

cathepsin K + 17.51+5.48

cathepsin L + 7.62+2.11

cathepsin X + 21.80+ 3.66

aCysteine cathepsin proteins present in neuroblastoma SH-SY5Y and SK-N-MC cells, and in
microglia BV2 cells, were assessed by quantitative label-free proteomics. Proteomics identified
the cathepsins, and relative quantitation is provided for those that met the criteria for quantification
(described in Materials and Experimental Details).

It is interesting to observe that the microglial cells contained higher levels of multiple
cysteine cathepsins compared to the neuroblastoma cells. The microglial cells contained robust
levels of cathepsins B, D, and X, along with cathepsins A, K, L, and C. In the SH-SY5Y
neuroblastoma cells, only two cathepsins, B and D, were detected; in the SKNMC neuroblastoma
cells, cathepsins B and D were abundant and low levels of cathepsin C were detected.

These findings illustrate the cell type-specific differences in the expression levels of
cathepsin B and related cysteine cathepsins. Notably, our newly developed substrate, Z-Nle-Lys-
Arg-AMC, effectively detects the relative levels of cathepsin B activity. These results contribute
to defining the variability of cathepsin B activity among different cell types and highlight the utility

of Z-Nle-Lys-Arg-AMC as a tool for assessing cathepsin B specific activity in biological systems.

4.3 Discussion

The prominent functions of cathepsin B in health and disease occur in acidic lysosomes

and at the neutral pH of cytosol, nuclei, and extracellular locations. Notably, cathepsin B displays
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different substrate cleavage properties at the acidic pH compared to neutral pH conditions. (45—47)
It is, therefore, necessary to develop specific substrates for cathepsin B that specifically measure
its proteolytic activity over broad pH ranges. Evaluation by this study of current substrates used to
monitor cathepsin B activity, consisting of Z-Phe-Arg-AMC and Z-Arg-Arg-AMC, found that they
lack specificity since they are cleaved by other cysteine cathepsins; furthermore, Z-Arg-Arg-AMC
does not optimally assess cathepsin B activity at acidic pH. Therefore, the purpose of this study
was to conduct in-depth substrate cleavage profiles of cathepsin B compared to other cysteine
cathepsins K, L, S, V, and X for designing specific fluorogenic substrates that can monitor
cathepsin B proteolytic activity at acidic to neutral pH conditions. Cleavage profiles of these
proteases were assessed by MSP-MS that analyzed cleavages of peptide library components at pH
4.6 and pH 7.2. Analysis of the preferred and non-preferred residues at the P3, P2, and P1 positions
adjacent to the P1-P1’ cleavage sites predicted the tripeptide Z-Nle-Lys-Arg-AMC as a preferred
substrate for cathepsin B. Significantly, Z-Nle-Lys-Arg-AMC displayed the advantageous
properties of measuring high cathepsin B specific activity over acidic to neutral pHs and was
specific for cathepsin B over other cysteine cathepsins. Z-Nle-Lys-Arg-AMC specifically
measured cathepsin B activity in neuronal and glial cells which were consistent with relative
abundances of cathepsin B protein. These findings validate Z-Nle-Lys-Arg-AMC as a novel
substrate that specifically monitors cathepsin B activity over a broad pH range.

Substrate cleavage profiling analysis of cathepsin B and cysteine cathepsins conducted by
MSP-MS, at pH 4.6 and pH 7.2, revealed each protease’s distinct pattern of preferred amino acids
at P4 to P4’ positions of the P1-P1’ cleavage sites of the peptide library. We focused on the P3 to
P1 residue preferences for designing Z-peptide-AMC substrates that utilize non-prime site residues

of cleavage sites. Comparisons showed that cathepsin B displayed unique preferences over other

88



cysteine cathepsins, consisting of Nle at the P3 position, Lys at the P2 position, and Arg at the P3
position at both acidic and neutral pHs. This evaluation formed the basis for the design of Z-Nle-
Lys-Arg-AMC as a specific cathepsin B substrate. Indeed, the assessment of Z-Nle-Lys-Arg-AMC
with a series of Z-peptide-AMC substrates indicated that Nle was important over other
substitutions consisting of Leu, Tyr, Phe, Ala, Trp, Gly, or Val. Dipeptides containing dibasic
sequence combinations of Lys and Arg were poor compared to Z-Nle-Lys-Arg-AMC as the
substrate. The pH profile of Z-Nle-Lys-Arg-AMC detected cathepsin B of high specific activity at
pH 4.5 to pH 7.5, which covers the biological pH range of cathepsin B within acidic lysosomes to
modestly acidic secretory vesicles and the neutral cytosol, nuclei, and extracellular locations.

The high catalytic activity and specificity of Z-Nle-Lys-Arg-AMC were based on the
preference of cathepsin B for P3 and P2 residues adjacent to the P1-P1’ cleavage site. When
compared to the Z-dipeptide-AMC substrates, the Z-tripeptide-AMC variants with inclusion of
Nle as the P3 residue enhances cathepsin B specificity and catalytic efficiency, as shown by the
higher specific activities for Z-Nle-Lys-Arg-AMC and Z-Nle-Arg-Arg-AMC compared to their
dipeptide variants Z-Lys-Arg-AMC and Z-Arg-Arg-AMC, respectively. Notably, Val or Gly at P3
prevented any turnover of the substrate, suggesting that the P3 residue interacting with the enzyme
S3 pocket plays a key role in substrate binding even when favorable amino acids are present at
other positions. Additionally, at the P2 position, cathepsin B preferred Lys and Arg basic residues
residues at both acidic pH 4.6 and neutral pH 7.2.

In neuronal and glial cells, cathepsin B activity was measured with high specific activity
with the novel substrate Z-Nle-Lys-Arg-AMC. Cathepsin B activity was confirmed by inhibition
by CA-074, a specific inhibitor of cathepsin B, (52,53) indicating CA-074-sensitive activity. While

Z-Nle-Lys-Arg-AMC was highly sensitive for monitoring cathepsin B activity, Z-Arg-Arg-AMC
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could monitor only low cathepsin B activity. The Z-Phe-Arg-AMC substrate detected cathepsin B
as well as other cysteine cathepsin activity and, thus, was not specific for cathepsin B.
Z-Nle-Lys-Arg-AMC holds promise for evaluation of cathepsin B in various cellular and disease
conditions. For example, cathepsin B is secreted by cancer cells into the tumor microenvironment
(41-43) where cathepsin B activity can be monitored by Z-Nle-Lys-Arg-AMC. Furthermore,
bacterial infection promoted cellular cathepsin B activity at a neutral pH environment (61) and,
thus, the Z-Nle-Lys-Arg-AMC can be valuable for monitoring cathepsin B at neutral pH cellular
environments in infectious diseases. The sensitivity of this substrate is particularly advantageous
for detecting low concentrations of cathepsin B in diverse biological and pathological systems that
would otherwise not be detected with the traditionally used substrates. Therefore, use of this
substrate may enable a more comprehensive understanding of the role of cathepsin B in human
diseases and biological systems.

Findings of this study show that the novel Z-Nle-Lys-Arg-AMC substrate is specific for
cathepsin B over other cysteine cathepsins and is a sensitive substrate to monitor cathepsin B
activity over a broad pH range from acidic to neutral conditions. This substrate is advantageous
over other routinely used substrates for cathepsin B which are non-specific or unable to detect the
enzyme’s activity at low to high pH conditions. Z-Nle-Lys-Arg-AMC detects cathepsin B in
human and mouse species cell types and thus will be useful for clinical cathepsin B biomarker
studies as well as for mouse models of human disease conditions.

4.4 Materials and Experimental Details

4.4.1 Materials: Cathepsin B and Cysteine Cathepsins, Substrates, MSP-MS Library and
Nano-LC-MS/MS, Cell Culture, and Proteomics

Cathepsin B and cysteine cathepsins (human, recombinant), were obtained from R&D
Systems (Minneapolis, MN) or Abcam (Cambridge, MA). Proteases obtained for this study were

procathepsin B (R&D Systems, #953-CY-010), active cathepsin L (R&D Systems, #952-CY-010),
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active cathepsin K (Abcam, #ab157067), procathepsin S (R&D Systems, #1183-CY-010),
procathepsin V (R&D Systems, #1080-CY-010), and procathepsin X (R&D, #934-CY). Mouse
cathepsin B was obtained from R&D Systems (R&D Systems, #965-CY-010). The UniProt
identification numbers for the human cathepsin proteases studied are P07858 for cathepsin B,
P0O7711 for cathepsin L, P43235 for cathepsin K, P25774 for cathepsin L, 060911 for cathepsin V,
and Q9UBR?2 for cathepsin X (also known as cathepsin Z). The Uniprot identification for mouse
cathepsin B is P10605.

The substrates Z-KR-AMC, Z-GKR-AMC, Z-VKR-AMC, Z-YKR-AMC, Z-FKR-AMC,
Z-WKR-AMC, Z-LKR-AMC, Z-AKR-AMC, Z-nRR-AMC, and Z-nKR-AMC (“n” represents
norleucine) were custom-synthesized by GenScript (Piscataway, NJ). Z-RR-AMC was purchased
from Bachem (#4004789) (Torrance, CA). Z-FR-AMC was purchased from Anaspec (#AS-24096)
(Fremont, CA).

The design and synthesis of the 228 14-mer peptide library used for MSP-MS assays are
described in ref (51). MSP-MS assays utilized low-binding 600 puL. microtubes (Corning, Reynosa,
MX), dithiothreitol (DTT) (#V351, Promega, Madison, WI1), urea (#U2222, Teknova, Hollister,
CA), HPLC-grade water (#W6-4, Fisher Scientific), citric acid monohydrate (#1.00244.0500,
Merck, Burlington, MA), sodium phosphate dibasic anhydrous (#SX-072305, EMD, Burlington,
MA), sodium acetate (#BP-333-500, Fisher Scientific, Fair Lawn, NJ), EDTA (#324503,
Calbiochem, Burlington, MA), sodium chloride (#S271-1, Fisher Chemical, Pittsburgh, PA),
acetonitrile (#A955-4, Fisher Chemical, Pittsburgh, PA), formic acid (FA) (#A117-50, Fisher
Chemical, Pittsburgh, PA), trifluoroacetic acid (TFA) (#A116-50, Fisher Chemical, Pittsburgh,

PA), C18 LTS Tips (#PT-LC18-960, Rainin, Oakland, CA), C18 for SPE stage-tips (#2215-C18,
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3M Co., Maplewood, MN), and BEH C18 packing material (#186004661, Waters Corp., Milford,
MA).

Cell culture of human neuroblastoma (SHSY-5Y and SK-N-MC) and mouse microglia
(BV2) utilized reagents consisting of RPMI 1640, MEMa, F-12K, heat-inactivated fetal bovine
serum, and phosphate-buffered saline (PBS) (catalog numbers: 11875093, 12561056, 30-2004,
and 10082147, 10010023, respectively, from Gibco, Grand Island, NY). For proteomics, cells were
homogenized in a buffer containing a cocktail of protease inhibitors of pepstatin A, leupeptin,
chymostatin, and AEBSF (catalog numbers: 516481, 108976, 230790, and 101500, respectively,
from Millipore Burlington, MA), and E64c (catalog number: N-1655 from Bachem, Torrance,
CA).

Proteomics of cells utilized trypsin/Lys-C (V5037, Promega Madison WI), Empore C18
(octadecyl) (2215, from 3M, St, Paul, MN), and peptide assay (23,275, Pierce Waltham, MA) for
sample preparation, combined with nano-LC-MS/MS reagents of trifluoroacetic acid, formic acid,
Optima LC-MS water, Optima LC—MS acetonitrile (A116, 85178, W65, and A955, respectively,
from Fisher Scientific, Waltham, MA). LC columns utilized were a pricofrit self-pack column of
360 um OD, 75 um ID, and 15 um tip (PF360-75-15-N from New Objective, Littleton, MA) and
an Acquity UPLC BEH C18 (130 A, 1.7 um) (186004661, from Waters Corp. Milford, MA).

4.4.2 Activation of Cathepsin B and Cysteine Cathepsin Proteases
Recombinant human procathepsins B, V, and S were activated by incubation at 37 °C for

30 min in the 20 mM Na-acetate pH 5.5, 100 mM NaCl, 5 mM DTT, 1 mM EDTA activation
buffer. Recombinant human procathepsin X was activated by incubation at room temperature for

5 min in the 20 mM citrate phosphate pH 3.5, 100 mM NacCl, and 5 mM DTT activation buffer.
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4.4.3 Cathepsin B Activity with Z-Arg-Arg-AMC and Z-Phe-Arg-AMC Substrates at pH
4.6 and 7.2

Cathepsin B (0.04 ng/uL) activity was assessed with Z-Arg-Arg-AMC and Z-Phe-Arg-
AMC substrates (40 uM final concentration) in 40 mM citrate phosphate buffer pH 4.6 or Tris—
HCIpH 7.2in1 mM EDTA, 100 mM NaCl, and 5 mM DTT with incubation at room temperature
(25 °C) in triplicate, and AMC fluorescence readings per second (RFU/s) (excitation 360 nm,
emission 460 nm) were recorded over a period of 30 min by a BioTek Synergy HTX plate reader
(Software version 3.08.01). Enzyme initial velocity was calculated using the highest slope
recorded for 10 consecutive fluorescent readings within the initial 30 min. The mean and standard
deviation (SD) were determined from triplicates. RFU/s were converted to pmol/min/pg (specific
activity) using AMC standard curves. All data were plotted, calculated, and analyzed using
GraphPad Prism (version 9.4.1).

Table 4.2 Z-Phe-Arg-AMC and Z-Arg-Arg-AMC Substrates of Cathepsin B Are Cleaved by
Several Cysteine Cathepsins?

protease substrate

Z-Phe-Arg-AMC Z-Arg-Arg-AMC

pH 4.6 pH 7.2 pH 4.6 pH 7.2
cathepsin B 974 895 130 441
cathepsin L 7099 0 125 0
cathepsin K 332 420 0 0
cathepsin S 21 29 0 0
cathepsin V 546 0 23 0

aThe specific activity for cathepsins B, L, K, S, and V were determined for each substrate Z-Phe-
Arg-AMC and Z-Arg-Arg-AMC (40 uM) at pH 4.6 and pH 7.2 as described in the Materials and
Experimental Details.
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4.4.4 Protease Substrate Cleavage Profiling by MSP-MS
4.4.4.1 Peptide Library for Substrate Profiling by MS
MSP-MS was performed for cathepsins B, L, K, S, and V at pH 4.6 and 7.2 by methods

that we have described previously. (51) Cathepsin X was performed only at pH 4.6. In a total
volume of 22 pL, cathepsin B (0.1 ng/uL), cathepsin L (0.04 ng/uL), cathepsin K (0.07 ng/uL),
cathepsin S (1.2 ng/uL), cathepsin V (0.16 ng/uL), and cathepsin X (0.09 ng/uL) were incubated
with a mixture of 228 14-mer peptides (0.5 uM for each peptide) in 50 mM citrate phosphate at
pH 4.6 or pH 7.2, 100 mM NaCl, 5 mM DTT, 1 mM EDTA assay buffer for 15 and 60 min at 25
°C. 10 uL was removed at 15 and 60 min to be combined with 60 pL. of 8 M urea. A control assay
used inactivated cathepsins by incubating it with 8 M urea for 60 min at 25 °C, prior to addition
of the peptide library in the assay buffer. Assays were conducted in quadruplicate. Samples were
acidified by addition of 40 uL of 2% TFA and desalted using custom-made C18 spin tips. The
collected liquid samples were dried completely in a vacuum centrifuge and then stored at —70 °C.
For LC-MS/MS analysis, dried samples were resuspended in 40 puL of 0.1% TFA, and 4 pL was
injected into the Thermo Fisher Scientific Q-Exactive mass spectrometer with an Ultimate 3000
HPLC. Peptides were separated by reverse-phase chromatography using a C18 column at (65 °C),
which was done as we have previously described. (50,51)

4.4.4.2 PEAKS Bioinformatics Analysis
PEAKS (v 8.5) software (Bioinformatics Solutions Inc.) was used for MS/MS data

analysis. The 228 14-mer library sequence was used as the database for MS data searching and
matching, and as a control it was also searched with a decoy consisting of the 228 14-mer library
sequences in a reverse order. A precursor tolerance of 0.01 Da and 20 ppm for MS2 fragments was
used. Data were filtered to 0.9% peptide sequence false discovery rates determined from hits from

decoys. Label-free quantification (LFQ) was used for peptide quantification, and the data was
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normalized by LOESS-G normalization method using Normalyzer tool version 1.1.1. (52) Outliers
from groups of replicates were removed by Dixon’s Q test. (53) Missing and zero values were
treated the same and replaced with imputed values determined from randomized normally
distributed numbers within the range of the smallest 5% dataset = SD. The control 0 min values in
MSP-MS obtained for cathepsins B, L, K, S, V, and X at pH 4.6 were also analyzed by PEAKS
(for n = 20). To determine if the peptide intensity data in at least one of the groups of the 0, 15,
and 60 min timepoints were statistically significant, ANOVA testing with multiple testing
correction was used; those with q < 0.05 were considered for further analysis. Cleaved peptide
products at the 15 or 60 min timepoints were defined as having intensity scores of 8-fold or more
with p < 0.05 by the two-tailed homoscedastic t-test.

4.4.4.3 Cleavage Site Analysis by iceL.ogo

Evaluation of the frequencies of the P4 to P4’ amino acids adjacent to the cleavage sites
was conducted using the iceLogo software 1.3.8, where the “experimental data set” consists of the
detected cleavage sites defined earlier and the “reference data set” that consists of all possible
cleavages within the MSP-MS library of 228 14-mer peptides. z-scores were calculated by the
equation (X — p)/o, where X is the frequency of the amino acid occurring in the “experimental data
set” at a specific position relative to the cleavage site (e.g., P3, P2, and P1), p is the frequency of
the amino acid at a specific position in the “reference data set”, and ¢ is the SD. z-scores were
utilized to generate iceLogo illustrations of the relative frequencies of amino acid residues at each
of the P3 to P1 positions of the cleaved peptides where heights of the single letter amino acids
represent “percent difference”, defined as the difference in the frequency for an amino acid
appearing in the “experimental data set” relative to the “reference data set”. Amino acids shown

above the midline have positive z-scores, indicating preferred amino acids, and amino acids shown
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below the midline have negative z-scores, indicating not preferred amino acids, illustrated using p
< 0.30 cutoff criteria in the iceLogo software with p < 0.05 labeled in purple.

4.4.5 Analysis of pH-Dependent Cathepsin B Activity with Fluorogenic Substrates Designed
from MSP-MS Data

For comparison of cathepsin B activity at pH 4.6, pH 5.5, and pH 7.2 with multiple
fluorogenic substrates, cathepsin B (0.04 ng/uL) was incubated with 40 uM substrates consisting
of Z-Lys-Arg-AMC, Z-Phe-Arg-AMC, Z-Arg-Arg-AMC, Z-Gly-Lys-Arg-AMC, Z-Val-Lys-Arg-
AMC, Z-Tyr-Lys-Arg-AMC, Z-Phe-Lys-Arg-AMC, Z-Trp-Lys-Arg-AMC, Z-Leu-Lys-Arg-
AMC, Z-Ala-Lys-Arg-AMC, Z-Nle-Arg-Arg-AMC, and Z-Nle-Lys-Arg-AMC. AMC product
formation (RFU/s) monitored in 40 mM citrate phosphate, pH 4.6 and pH 7.2, 1 mM EDTA, 100
mM NaCl, and 5 mM DTT was determined from the average of RFU/s triplicates at each pH
condition.

For analysis of pH-dependent activity of cathepsin B (0.04 ng/uL), proteolytic activity was
monitored over the pH range of pH 2.2-9.0 in 40 mM citrate phosphate (pH 2.2 to pH 6.6) and 40
mM Tris—HCI (pH 7.0 t0 9.0), 1 mM EDTA, 100 mM NacCl, and 5 mM DTT, with preincubation
in each pH buffer for 10 min prior to initiating the assay by addition of Z-Nle-Lys-Arg-AMC, Z-
Arg-Arg-AMC, or Z-Phe-Arg-AMC to a final concentration of 40 uM to generate the pH curve
data.

For evaluation of cathepsin B and cysteine cathepsins for substrate selectivity, each
cathepsin was incubated with 40 uM substrates consisting of Z-Phe-Arg-AMC, Z-Arg-Arg-AMC,
and Z-Nle-Lys-Arg-AMC, and the activity was monitored in 40 mM citrate phosphate (pH 4.6,
pH 5.5 and pH 7.2), 1 mM EDTA, 100 mM NacCl, and 5 mM DTT for cathepsin B (0.04 ng/uL),
cathepsin K (0.03 ng/uL), cathepsin L (0.03 ng/uL), cathepsin S (0.14 ng/uL), cathepsin V (0.04

ng/uL), and cathepsin X (0.20 ng/uL). Since cathepsin X cannot cleave any of the AMC substrates,
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MCA-RPPGFSAFK(Dnp)-OH (R&D Systems #ES005) was used to verify that cathepsin X was
active.

4.4.6 Kinetic Parameters of Cathepsin B Assessed by kcat and Km Values with Fluorogenic
Substrates

The kinetic parameters of kcat and Km for Z-Nle-Lys-Arg-AMC, Z-Arg-Arg-AMC, and Z-
Phe-Arg-AMC substrates were determined at pH 4.6 and pH 7.2, using substrate concentrations of
225-5.9 uM with 0.04 ng/uL cathepsin B. RFU values were converted to s~ using AMC standard
curves. The keat and Km values were obtained from curve fitting the converted RFU data using
GraphPad Prism9 software to the equation vo = (Vmax[S])/(Km + [S]), where vo is the initial velocity
of the enzyme with its corresponding [S] substrate concentration and Vmax is the maximum enzyme
velocity at saturated [S]. Vmax = keat[E]T, where [E]t is the total cathepsin B concentration used in
the assay. Km is the x-axis value [S], where y = Vmax/2. SD values for kcat and Km were determined

from curving fitting the vo and [S] data from triplicates.

4.4.7 Neuronal and Microglial Cell Culture

Human neuroblastoma SH-SY5Y (54) and SK-N-MC (55) cells and embryonic mouse
microglia BV2 (gifted by Christopher Glass, Ph.D, UC San Diego) were grown in 5% CO:2 at 37
°C under sterile conditions. Growth media conditions were 10% heat-inactivated fetal bovine
serum (Life Technologies, Carlsbad, CA) and media consisting of 90% MEMa (Life
Technologies) for SK-N-MC cells, 45% Ham’s F12-K (ATCC, Manassas, VA), and 45% MEMa

(Life Technologies) for SH-SY5Y and 90% RPMI (Life Technologies) for BV2.

4.4.8 Cathepsin B Activity in Human Neuroblastoma and Mouse Microglia
Characterization of the Z-Nle-Lys-Arg-AMC substrate in proteolytic activity assays for

specific cathepsin B activity of cell homogenates (prepared in 0.32 M sucrose) was conducted at
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40 mM citrate phosphate pH 4.6, 5.5, and 7.2, 5 mM DTT, 1 mM EDTA, 100 mM NacCl, 1.2%
DMSO, and homogenates of human neuroblastoma cell lines, SHSY-5Y and SK-N-MC, and
mouse microglia cell line, BV2. A concentration of 60 uM Z-Nle-Lys-Arg-AMC, Z-Arg-Arg-
AMC, and Z-Phe-Arg-AMC substrates was used in the proteolytic activity assays. Cell
homogenates were diluted 1:10 prior to addition to assays. Homogenate protein concentrations
were measured by the Biorad protein assay kit (Biorad #5000113, Hercules, CA). The cathepsin
B specific inhibitor, CA-074, was used to specifically inhibit cathepsin B activity at concentrations
of 1 uM at pH 4.6 and 5.5 and 10 uM at pH 7.2. Assays were performed in 96-well plates at room
temperature (25 °C) in a total volume of 100 uL with triplicates. Cell homogenates were incubated
with CA-074 or inhibitor controls at RT for 30 min in the absence of substrate, followed by
addition of the substrate and incubation at 37 °C. Fluorescence was quantified at 15, 30, and 60
min after substrate was added, by a Biotek Synergy HTX microplate reader with excitation at 360
nm, emission at 460 nm, gain 50, top optics, and read height at 1 mm. Prism GraphPad software
was used to analyze data.

4.4.9 Proteomics Identification and Quantitation of Cysteine Cathepsins in Neuronal and
Microglial Cells

Analysis of neuronal and microglial cells by proteomics MS utilized protocols that we have
previously described elsewhere. (56,57) To summarize, approximately 102 cells were collected
from 90% confluent flasks with PBS washing and centrifugation at 500g. Cell pellets were lysed
by dounce homogenization in ice-cold 100 mM Tris pH 7.4, 50 mM NaCl, 1 mM EDTA, and
protease inhibitors [10 pM pepstatin A, 10 uM leupeptin, 10 uM chymostatin, 100 pM AEBSF
(Millipore, Burlington, MA), and 10 uM E64c¢ (Bachem, Torrance, KA)]. Tryptic digests for
proteomics analyses were prepared from 200 mg of total cellular protein as described previously,

(59) with two biological flask replicates per cell line and triplicate technical replicate injections
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per biological replicate. Tryptic peptides were diluted to 0.5 mg/mL in 2% acetonitrile, 0.1%
trifluoroacetic acid, and 2 pg total amount injected by nano-LC-MS/MS on a Dionex UltiMate
3000 nano LC and Q-Exactive mass spectrometer (Thermo Fisher Scientific). Spectra were
acquired as described previously. (59) For protein identification and quantitation, spectra were
queried against a custom database consisting of the protein sequences of 15 human cathepsins (SH-
SY5Y and SK-N-MC) or 15 mouse cathepsins (BV2) with PEAKS v. 8.5 using decoy-fusion and
LFQ methods (Bioinformatics Solutions Inc., Waterloo, ON), with search parameters described
previously. (59) Proteins were considered identified if present in at least 2 of 3 technical replicates
and at least 1 biological replicate. Proteins were considered quantifiable based on the same criteria

as for identification. Peak intensity areas of quantifiable data are expressed as mean + SD.
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4.5 Supporting Information
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Figure 4.S1 Cathepsins B, K, L, S, V, and X cleavage profiling analyzed by MSP-MS. Volcano
plots of cathepsin B (panel a), cathepsin K (panel b), cathepsin L (panel c), cathepsin S (panel d),
cathepsin V (panel e), and cathepsin X (panel f) peptide cleavages from MSP-MS data show the
log2 ratios of relative quantities of peptide products generated by each of these cathepsins
compared to no enzyme activity controls, illustrated by —logio p values. Peptide products generated
with at least an 8-fold change above controls and with p < 0.05 were analyzed for the frequencies
of amino acid residues at the P4—P4' positions of the P1—|P1’ cleavage site in the heatmaps and
iceLogos depicted in Figures 4.2 and 4.3.
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Figure 4.52 Cathepsin B and cathepsin K cleavage profiles at pH 4.6 and pH 7.2 assessed for
preferred residues at P4 to P4' positions adjacent to P1-P1' cleavage sites. (a) Cathepsin B
cleavage profiles at pH 4.6 and pH 7.2. The preference of cathepsin B cleavages for amino acid
residues at each of the P4 to P4' positions adjacent to the P1-P1' cleavage site was deduced from
MSP-MS data cleavage profiling data. Z-scores provided quantitation of preferred (green shades)
and non-preferred (yellow shades) residues illustrated in a heat map. The z-scores were utilized
for iceLogo illustration of the primary preferred residues at the P4 to P4' positions shown above
the mid-line, with non-preferred residues shown below the mid-line. The purple letters indicate
significance of p < 0.05, and the black letters indicate p < 0.3. (b) Cathepsin K cleavage profiles
at pH 4.6 and pH 7.2. The preference of cathepsin K cleavages for residues at P4 to P4’ positions
was defined from MSP-MS data, indicated by z-scores shown in a heat map for preferred residues
(green shades) and non-preferred residues (yellow shades). The primary preferred residues, based
on z-scores, were plotted in iceLogo illustrations. The purple letters indicate significance of p <
0.05, and the black letters indicate p < 0.3.
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Figure 4.S3 Cathepsins L, S, and V cleavage profiles at pH 4.6 and pH 7.2 assessed for
preferred residues at P4 to P4" positions. The preferences of each cathepsin protease for residues
at P4 to P4' positions were defined by MSP-MS data, and indicated z-scores for preferred residues
(green shades) and non-preferred residues (yellow shades). IceLogo illustrated the main preferred
residues (above the line) and preferred residues with significance of p < 0.05 are shown in purple
letters.
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Figure 4.S4 Evaluation of cathepsin X to cleave Z-peptide-AMC substrates of Z-Nle-Lys-
Arg-AMC, Z-Phe-Arg-AMC, and Z-Arg-Arg-AMC. Cathepsin X activity is illustrated with its
standard substrate Mca-RPPGFSAFK(Dnp)-OH, showing activity at pH 4.6 and pH 5.5 (but not
at pH 7.2). Cathepsin X was assessed for proteolytic cleavage of the Z-Nle-Lys-Arg-AMC, Z-Phe-
Arg-AMC, or Z-Arg-Arg-AMC substrates (40 uM substrate concentrations) at the three pHs tested
of pH 4.6, 5.5, and 7.2. Cathepsin X did not display cleavage of these fluorogenic substrates.
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Figure 4.S5 Specific cathepsin B activity monitored with novel Z-Nle-Lys-Arg-AMC
substrate in human neuroblastoma and mouse microglia cells. Cathepsin B activity in cell
homogenates from human neuroblastoma SHSY-5Y cells (panel a), human neuroblastoma SK-N-
MC cells (panel b), and mouse microglia BV2 cells (panel ¢) was assessed with the substrates Z-
Nle-Lys-Arg-AMC, Z-Arg-Arg-AMC, and Z-Phe-Arg-AMC (60 uM) at pH 4.6, 5.5, and 7.2. Data
show cathepsin B activity as pmol AMC/ug enzyme protein (30 min incubation) as the mean + SD
(n=3). Significance is indicated by *p < 0.05 (student’s t-test) comparing proteolytic activity with
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Figure 4.56 Mouse cathepsin B displays pH-dependent activity with the substrates Z-Nle-
Arg-Lys-AMC, Z-Arg-Arg-AMC, and Z-Phe-Arg-AMC. (a) pH-dependence of mouse
cathepsin B activity with Z-Nle-Lys-Arg-AMC compared to Z-Arg- Arg-AMC and Z-Phe-Arg-
AMC substrates. Cathepsin B specific activity with the three different substrates (40 uM) were
assessed at pH 4.6, 5.5, and 7.2. Data points are shown as the mean + SD (n = 3). (b) Kinetic
kcat/Km values for cathepsin B activity with the substrates Z-Nle-Lys-Arg, Z-Arg-Arg- AMC and
Z-Phe-Arg-AMC. keat/Km values for each of the substrates at pH 4.6 and pH 7.2 were calculated
for mouse cathepsin B as described in the methods. (The asterisk indicates that the Kcat /Km was
determined from the linear slope of the curve since the curve did not plateau out.

Table 4.S1 Kinetic values of human cathepsin B assessed with substrates Z-Nle-Lys-Arg-
AMC, Z-Arg-Arg-AMC, and Z-Phe-Arg AMC at pH 4.6 and 7.2.

Z-Nle-Lys-Arg-AMC
2-0KR-AMC (pH 4.6) | 2-\KR-AMC (pH 7.2) |
Keat (5) 185 * 85 74 ¢ 10
Ko (M) | 1254 * 649 216 ¢ 50
| KeaKen (M) | 14761 34035
2-Arg-Arg-AMC
" 2.RR-AMC (pH4.6) | z-RR-AMC (pH7.2) |
Kewt (57) nd.* | 28 t 02
Ko (M) nd.* 395 + 42
| KenKin (5'M ‘)l 930" | 7065
Z-Phe-Arg-AMC
2FRAMC (pH4.6) | 2.FR-AMC (pH 7.2) |
Keae (8) 15 ¢+ 04 10 ¢ 01
Ko (M) 552 & 74 299 * 50
| KeadKen (5'M) | 26885 33645

Kinetic values were determined from three independent determinations assessed for Michaelis-
Menten Kinetics with standard deviation (conducted using GraphPad Prism). n.d. = not determined.
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Chapter 5 Involvement of Cytosolic Cathepsin B in Cell Death Induced by Low Nutrient
Stress in Microglia Cells

Z-R-K-AOMK Inhibits Cytosolic Cathepsin B Activity Mitigating Cell Death
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Figure 5.1 Chapter 5 Abstract. Cathepsin B's involvement in neurological conditions like
Alzheimer’s disease (AD) and traumatic brain injury (TBI) stems from its ability to move from
lysosomes to the cytosol, where it activates pathways linked to cell death and inflammation,
worsening disease progression. Our study utilizes nutrient stress, commonly seen in neurological
disorders, as a model for AD and TBI. Nutrient stress induces mitochondrial dysfunction, leading
to metabolic disruptions that cause lysosomal leakage, cathepsin B translocation, and activation,
exacerbating neuropathology. Our study aims to elucidate the mechanisms underlying cathepsin B
activation during stress and evaluate the efficacy of the novel inhibitor Z-R-K-AOMK in
mitigating its activity. We found that Z-R-K-AOMK effectively inhibits mouse cathepsin B
activity, exhibiting a preference for neutral pH environments. Under nutrient stress, characterized
by low fetal bovine serum (FBS) conditions, we observed increased cell death and cathepsin B
activity. Incubation with Z-R-K-AOMK significantly reduced cell death and cathepsin B activity,
highlighting its therapeutic potential. Fractionation of subcellular organelles revealed an induction
of cytosolic cathepsin B activity under low nutrient conditions, incubation with Z-R-K-AOMK
significantly reduced cytosolic cathepsin B activity corroborating our hypothesis. In conclusion,
our study underscores the pathogenic role of cathepsin B in stress-induced cell death in
neurological diseases. Targeting cytosolic cathepsin B with Z-R-K-AOMK emerges as a
promising therapeutic strategy, though further investigations into cathepsin B inhibition, cell death
mechanisms, and cellular localization are warranted to develop effective treatments for these
conditions.
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5.1 Introduction
Cathepsin B, an essential lysosomal cysteine protease, plays a fundamental role in protein

degradation essential for maintaining cellular homeostasis. (1-3) Significantly, cathepsin B is a
bioactive protease that produces biologically active proteins and peptides. (3) These molecules
intricately modulate various normal biological processes and are implicated in the pathogenesis of
numerous human diseases. While typically localized and functional within the acidic environment
of the lysosome at pH 4.6 (4-5), in numerous neurologic conditions, cathepsin B translocate from
the lysosome to the cytosol at neutral pH 7.2, retaining its proteolytic activity. (1, 6-9) The
biologically active peptides produced by cytosolic cathepsin B activate cell death (10-12) and
inflammatory pathways (13-14) leading to neurodegeneration and neuroinflammation that
contribute to disease pathogenesis of many neurological disorders, including Alzheimer’s disease
(AD), traumatic brain injury (TBI), inflammatory neurological diseases, aging, and more. (15)
Cathepsin B has emerged as a novel therapeutic target in AD and TBI, attributed to its
involvement in lysosomal leakage and the distinct pathogenic properties of cytosolic cathepsin B.
(16) Research indicates that cathepsin B contributes to the underlying mechanisms driving the
neuropathogenesis of AD and TBI. In AD mouse models, increased expression of cathepsin B is
observed, and knockout (KO) of the gene leads to improvements in memory deficits and reduction
of AB. (17) Similarly, studies employing controlled cortical impact (CCI) mouse models of TBI
reveal elevated expression and activity of cathepsin B, with KO of the gene reducing TBI-induced
dysfunctions and blocking increased production of proapoptotic Bax. (16, 18) Previous work from
our lab demonstrated that chemical inhibition of cathepsin B by E64d improves behavioral
dysfunctions and neuropathology in AD and TBI mouse models. (19) However, E64d, a pan-
cysteine protease inhibitor, lacks selectivity for cytosolic cathepsin B over lysosomal cathepsin B

or other lysosomal cysteine cathepsins.

112



To explore the specific role of cytosolic cathepsin B in AD and TBI pathogenesis, the
development of a selective inhibitor was essential. Given the drastic difference in pH between the
cytosolic neutral pH 7.2 and lysosomal acidic pH 4.6, a pH-selective inhibitor, Z-R-K-AOMK,
was designed to capitalize on the differences. (20) This inhibitor leverages differences in
conformation or ionization states, thereby increasing potency for cathepsin B in neutral pH
environments compared to acidic pH environments. By exploiting the pH disparity and cleavage
properties between cathepsin B in the cytosol and the lysosome, the goal of developing pH-
selective inhibitors was to selectively and specifically inhibit neutral, cytosolic cathepsin B without
affecting acidic, lysosomal cathepsin B or other lysosomal cysteine cathepsins. Studies assessing
cathepsin B activity with a diverse set of peptides in different pH environments have revealed
distinct cleavage selectivity. (20-21) The present study aims to utilize the neutral pH-selective
inhibitor, Z-R-K-AOMK, and pH differences in the cytosol and lysosome to investigate the impact
of lysosomal leakage of cathepsin B into the cytosol and evaluate whether inhibiting cathepsin B
activity in the cytosol can mitigate cell death associated with AD and TBI.

Among AD, TBI, and the various neurologic diseases, there is a common occurrence of
nutrient stress. Cell death results in large part from low nutrient stress. Metabolic disturbances,
encompassing sugars, lipids, proteins, and iron often manifest following TBI, (22) and often seen
are dysfunctions in glucose uptake and utilization (23-24), leading to systemic metabolic changes.
(25) Similar dysfunctions in glucose uptake and utilization are evident in AD, exacerbating energy
deficiencies within the central nervous system. (26) Glucose transport and metabolism decrease
with age, and in some cases of AD, glucose hypometabolism precedes decades before the cognitive
decline. These effects provide a feedforward loop where cell death and inflammation trigger

dysfunctional energy metabolism, that further exacerbates neurodegeneration. (27) Mitochondrial
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dysfunctions from metabolic dysfunction are commonly linked with lysosomal dysfunction. The
lysosome serves a role in nutrient sensing, utilization, and recycling, and compromising lysosomal
function can lead to severe metabolic and neurologic impact, contributing to disease pathology.
(28) In light of these observations, nutrient deprivation is utilized in this study as a stressor,
modeling AD and TBI. Nutrient stress induces lysosomal membrane permeabilization (29), which
in turn causes cathepsin B translocation from the lysosome to the cytosol, activating cell death and
inflammatory pathways, thereby exacerbating the pathological cascade seen in AD and TBI, and
various other neurological disorders.

To delve deeper into the mechanisms by which nutrient deprivation triggers cathepsin B
activity in the cytosol, this study employs the neutral pH-selective inhibitor, Z-R-K-AOMK (20),
in conjunction with nutrient deprivation in mouse microglia BV2 cells. The aim is to investigate
the impact of leakage of cathepsin B from lysosomes into the cytosol, and to assess whether
inhibiting cathepsin B activity in the cytosol can attenuate cell death associated with AD and TBI.
Understanding the mechanisms by which cytosolic cathepsin B exerts its detrimental effects on
neuronal viability is crucial for developing targeted therapeutic interventions. By elucidating the
intricate pathways involved in cathepsin B-mediated neurodegeneration, researchers can identify
novel drug targets and strategies aimed at preserving neuronal function and halting disease
progression.

5.2 Results
5.2.1 Z-R-K-AOMK effectively inhibits mouse cathepsin at neutral cytosolic pH
The effectiveness of Z-R-K-AOMK inhibition of mouse cathepsin B was evaluated at both

pH 4.6 and 7.2 (Figure 5.2). At a cytosolic pH of 7.2, Z-R-K-AOMK proved to be a potent
inhibitor, displaying an ICso value of 25 nM (I1Cso, concentration of inhibitor for 50% inhibition).

However, under lysosomal conditions with a pH of 4.6, the inhibitor exhibited reduced potency,
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as evidenced by an ICso value of 2,500 nM. These findings indicate a significant 100-fold
difference in potency between neutral pH 7.2 and acidic pH 4.6, underscoring the pH-dependent

inhibitory characteristics of Z-R-K-AOMK against mouse cathepsin B.
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Figure 5.2 Z-R-K-AOMK pH-dependent inhibition of mouse cathepsin B under acidic and
neutral pH conditions. Potencies of Z-R-K-AOMK inhibition of mouse cathepsin B were
assessed at pH 4.6 and pH 7.2 over a range of concentrations of Z-R-K-AOMK. Inhibitory
potencies were assessed by ICso values, representing inhibitor concentrations that reduced
cathepsin B activity by 50%. Poor pH-dependent inhibition was displayed at pH 4.6, while potent
pH-dependent inhibition was displayed at pH 7.2.

5.2.2 Cell death and cathepsin B activity are induced by low nutrient stress, a prevalent
stressor in AD and TBI

We examined cell death (Figure 5.3a) and cathepsin B activity (Figure 5.3b) in embryonic
mouse microglia BV2 cells under normal nutrient (10% FBS) and low nutrient stress (0% FBS)
conditions. Cell death was evaluated through LDH activity in the cell culture media, while
cathepsin B activity was assessed using a fluorogenic substrate in cell homogenates. The results
illustrate that cell death increases under low nutrient conditions, as evidenced by the 223.58%
increase in media LDH activity between the normal and stressed conditions (Figure 5.3a). Notably,

treatment with the Z-R-K-AOMK inhibitor mitigates this increase in media LDH activity at 0%
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FBS, decreasing LDH activity by 45.96%, suggesting a reduction in cell death upon inhibitor
incubation. Furthermore, the data demonstrates a significant decrease in cathepsin B activity in
BV2 cell homogenate upon treatment with the Z-R-K-AOMK inhibitor, observed across both 10%

and 0% FBS conditions, with a reduction of cathepsin B activity of 72.22% and 90.08%

respectively (Figure 5.3b).
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Figure 5.3 Mouse microglia BV2 cells display increased cell death and cathepsin B activity
under stressed conditions, reduced by Z-R-K-AOMK inhibitor. (a) Cell death in normal
nutrient, 10% FBS, and low nutrient, 0% FBS, conditions with and without Z-R-K-AOMK
incubation, monitored by media LDH. Data show LDH activity in cell culture media as nmol
NADH/ug total homogenate protein as the mean = SEM (n=3). Significance is indicated by *
p<0.05 (student’s t-test), compared to 0% FBS without Z-R-K-AOMK, 45.96%decrease in LDH
activity. ** p<0.005 (student’s t-test), compared to 10% FBS without Z-R-K-AOMK, 223.58%
increase in LDH activity. (b) Cathepsin B activity in cell homogenate from mouse microglia BV2
cells were assessed with substrate Z-Nle-Lys-Arg-AMC (60 uM) at pH 5.5. Data show cathepsin
B activity as nmol AMC/ug enzyme protein (30 min incubation) as the mean + SEM (n=3).
Significance is indicated by *** p<0.0005, compared to 10% FBS without Z-R-K-AOMK, 72.22%
inhibition of activity. **** p<0.00005, compared to 0% FBS without Z-R-K-AOMK, 90.08%
inhibition of activity.

5.2.3 Cytosol and lysosome isolation by density gradient fractionation
Subcellular organelle compartments from mouse microglia BV2 cells in normal nutrient

and low nutrient conditions, with and without Z-R-K-AOMK incubation were meticulously
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isolated through density centrifugation, following the outlined protocol in the methods section.
Initially, BV2 cellular homogenate underwent two rounds of centrifugation to effectively separate
cellular debris, nuclei, and mitochondria from the cytosol and lysosomes (Figure 5.4).
Subsequently, the resulting supernatant, termed S2, underwent ultracentrifugation within a sucrose
gradient comprising concentrations of 0.32, 0.8, 1.5, and 2.2 M sucrose. Expectedly, cytosolic
compartments should emerge at the uppermost layer, characterized by a sucrose concentration of
0.32 M, while lysosomes are anticipated to appear within the intermediate layers, typically
spanning between 0.8 and 1.5 M sucrose. Following the centrifugation process, twenty distinct
fractions were meticulously collected and subjected to further analysis, as elaborated in subsequent
sections.

5.2.4 Cathepsin B activity assessed in cytosol and lysosome gradient fractions from cells
treated with stress and Z-R-K-AOMK inhibitor

We investigated the cathepsin B activity and LDH activity within the fraction samples
obtained from the organelle isolation process through density gradient fractionation of microglia
BV2 cells under low nutrient stress (0% FBS) and normal nutrient (10% FBS) conditions (Figure
5.5). In the fractions derived from the stressed condition, discernible peaks in cathepsin B activity
were evident in fractions F1-3 and F8-12 (Figure 5.5a.i), indicative of cathepsin B activity within
the anticipated layers corresponding to the cytosol and lysosomes, respectively (Figure 5.4).
Conversely, within the fractions from the normal nutrient condition, similar peaks were observed
in fractions F1-3 and F8-12, resembling the pattern observed under the low nutrient condition.
However, noteworthy differences emerged, particularly in the cytosolic fractions where cathepsin
B activity appeared notably increased in the stressed condition compared to the normal condition

(Figure 5.5a.ii).
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Figure 5.4 Cellular cytosol and lysosome fractions separated by density gradient. Subcellular
fractions of cellular cytosol and lysosomes were obtained through density gradient fractionation.
Mouse microglia BV2 cell homogenate underwent sequential centrifugation steps at 600 x g for
10 minutes to isolate supernatant S1, followed by centrifugation of S1 at 800 x g for 15 minutes to
obtain supernatant S2. The resulting supernatant S2 underwent ultracentrifugation at 100,000 x g
for 90 minutes in a sucrose gradient. Fractions of 200 ul were collected from the top after
ultracentrifugation. Differential centrifugation and sucrose gradient separation facilitated the
isolation of subcellular compartments based on differences in density.

LDH activity was employed as a cytosolic marker. In the low nutrient stress condition,
LDH activity was confined to fractions F1-3 (Figure 5.5b.i), suggesting these fractions as the
cytosolic compartments. This observation was consistent in the normal condition, where LDH
activity persisted solely within fractions F1-3 (Figure 5.5b.ii). Given that cathepsin B activity is
characteristic of lysosomal proteases that may translocate into the cytosol under certain conditions,
the exclusive presence of LDH activity in fractions F1-3 indicates them as the cytosolic fractions.
Consequently, the remaining fractions harboring cathepsin B activity, namely F8-12, are presumed

to represent the lysosomal fractions.
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Figure 5.5 Cathepsin B and LDH activity in fractions separated by density gradient. (a)
Cathepsin B activity was evaluated in fractions obtained from mouse microglia BV2 cells under
low-nutrient (0% FBS) and normal-nutrient (10% FBS) conditions using substrate Z-Nle-Lys-Arg-
AMC (60 uM) at pH 5.5. The data represent cathepsin B activity as nmol AMC/ug enzyme protein
after a 30-minute incubation period, presented as the mean = SEM (n=3). (b) LDH activity, serving
as a cytosolic marker, was measured in fractions collected from mouse microglia BV2 cells under
low-nutrient (0% FBS) and normal-nutrient (10% FBS) conditions. LDH activity in cell culture
media is expressed as nmol NADH/ug total homogenate protein, represented as the mean + SEM
(n=3).

5.2.5 Cathepsin B activity in cytosol is induced by stress and inhibited by Z-R-K-AOMK
The impact of low nutrient stress and incubation with the Z-R-K-AOMK inhibitor on

cathepsin B activity within the cytosol and lysosomes of mouse microglia BV2 cells was
investigated. Under the 10% FBS condition, the Z-R-K-AOMK inhibitor demonstrated a 34.75%
inhibition of cathepsin B activity in the cytosol (Figure 5.6a) and a 46.09% inhibition in the

lysosome (Figure 5.6b). Conversely, at the 0% FBS condition, the inhibitor exhibited a similar
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effect, inhibiting cathepsin B activity by 72.39% in the cytosol and 63.89% in the lysosome (Figure
5.6a and Figure 5.6b). Notably, cathepsin B activity was increased by 109.79% between the 10%
FBS and 0% FBS conditions within the cytosol (Figure 5.6a), while no significant changes were
observed in the lysosome (Figure 5.6b). This observation suggests that low nutrient conditions

induce cathepsin B activity in the cytosol, which is effectively inhibited by incubation with the Z-

R-K-AOMK inhibitor.
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Figure 5.6 Cathepsin B activity in the cytosol is induced by stress and inhibited by Z-R-K-
AOMK. (a) Cathepsin B activity in cytosol from mouse microglia BV2 cells in normal nutrient
and low nutrient conditions, incubated with 2 uM Z-R-K-AOMK, were assessed with substrate Z-
Nle-Lys-Arg-AMC (60 uM) at pH 5.5. Data show cathepsin B activity as nmol AMC/600 pl of
cytosolic fractions x10* (60 min incubation) as the mean = SEM (n=3). Significance is indicated
by * p<0.05 at 10% FBS Z-R-K-AOMK inhibited Cathepsin B activity by 34.75%. At 0% FBS,
Z-R-K-AOMK inhibited Cathepsin B Activity by 72.39%, * p<0.05. Cathepsin B Activity
increased by 109.79% between 10% and 0% FBS, * p<0.05. (b) Cathepsin B activity in lysosome
from mouse microglia BV2 cells in normal nutrient and low nutrient conditions, incubated with 2
UM Z-R-K-AOMK, were assessed with substrate Z-Nle-Lys-Arg-AMC (60 uM) at pH 5.5. Data
show cathepsin B activity as nmol AMC/1000 pl of lysosomal fractions x10* (60 min incubation)
as the mean + SEM (n=3). Significance is indicated by * p<0.05 at 10% FBS, Z-R-K-AOMK
inhibited Cathepsin B activity by 46.09%, * p<0.05. At 0% FBS, Z-R-K-AOMK inhibited
Cathepsin B Activity by 63.89%, * p<0.05.

5.3 Discussion

The role of cathepsin B in human physiology and neurological diseases is noteworthy, as

products of cathepsin B proteolytic activity activate many biological pathways. Under stressful
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conditions, lysosomal leakage prompts the translocation of cathepsin B from the lysosomal milieu
into the cytosol, where it retains its proteolytic activity, consequently activating biological
responses that may exacerbate cell stress, including cell death. (10-13) Cathepsin B in the cytosol
is involved in multiple kinds of programmed cell death, including apoptosis, pyroptosis,
ferroptosis, necroptosis, and autophagy. (10-14) It is therefore necessary to evaluate the pathogenic
role of cathepsin B in conditions that are relevant to neurological disease. This study aims to
evaluate the impact of lysosomal leakage and cytosolic cathepsin B, a prevalent occurrence in
many neurological diseases, and assess the effects of inhibiting cathepsin B on neurodegeneration.
Specifically, the study seeks to ascertain whether cytosolic cathepsin B contributes to cell death
induced in stressful conditions and whether inhibition of cytosolic cathepsin B can ameliorate cell
death. Employing a novel inhibitor, Z-R-K-AOMK, specifically designed for cathepsin B and
selective to neutral pH, this study delves into the analysis of cathepsin B activity within different
subcellular organelles of mouse microglia BV2 cells, focusing on the cytosol and lysosome, in
conditions of nutrient deprivation, a common stressor in AD and TBI, and Z-R-K-AOMK
application. Remarkably, the study reveals that low-nutrient conditions exacerbate cell death,
while inhibition of cytosolic cathepsin B attenuates cell death induced by nutrient deprivation.
These findings underscore the pathogenic involvement of cytosolic cathepsin B in cell death,
shedding light on potential therapeutic strategies for mitigating neurodegeneration in neurological
diseases.

The study investigates the efficacy of the inhibitor Z-R-K-AOMK in inhibiting mouse
cathepsin B, revealing its preference for inhibition at neutral pH 7.2 over acidic pH 4.6, mirroring
previous findings on human cathepsin B. (20) Notably, under cytosolic conditions of pH 7.2, Z-R-

K-AOMK exhibits an ICso value that is 100-fold more potent compared to lysosomal pH 4.6.
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Previous research suggests that the P1 position (according to Schecter-Berger nomenclature) (30)
of cathepsin B favors basic residues such as Arginine and Lysine. Furthermore, it was observed
that basic residues are also preferred in the S2 substrate positions, likely due to interaction with
the positively charged Glu245 residue at acidic pH. (20-21) Interestingly, both murine and human
cathepsin B exhibit similar preferences, emphasizing the consistency of properties across species,
(31) and it is evident in the current study that the inhibitor retains the pH-dependent inhibition of
potency on cathepsin B. These findings affirm that the inhibitor retains its pH-dependent potency
against mouse cathepsin B, suggesting its potential utility in inhibiting mouse cathepsin B in
neutral pH environments.

The study investigated the impact of low nutrient stress on cell death in mouse microglia
BV2 cells, dysfunctions in access to nutrient is common in many neurologic disorders, including
AD and TBI and often exacerbate dysfunctions. Our studies utilize 10% Fetal Bovine Serum (FBS)
representing normal nutrient conditions and 0% FBS representing low nutrient conditions as a
model of stress in AD and TBI. Remarkably, our findings demonstrate that low nutrient stress
significantly elevates lactate dehydrogenase (LDH) activity in cell culture media compared to
normal nutrient conditions (Figure 5.3a). LDH activity in the media serves as a reliable indicator
of cell death, as LDH, typically confined to the cytosol, is released into the media upon cellular
lysis and demise. The observed increase in LDH activity between normal and low nutrient
conditions unequivocally underscores the induction of cell death by low nutrient stress.
Furthermore, our study reveals a noteworthy reduction in media LDH activity following incubation
of BV2 cells with the pH-selective inhibitor Z-R-K-AOMK, indicating a significant decrease in
cell death consequent to inhibitor treatment. Examination of cathepsin B activity upon Z-R-K-

AOMK incubation demonstrates a substantial decrease under both normal and low nutrient
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conditions (Figure 5.3b). Intriguingly, the data indicate more pronounced inhibition of cathepsin
B activity under low nutrient conditions, suggesting enhanced efficacy of Z-R-K-AOMK in
mitigating cathepsin B-mediated cell death during our stress induced model. These findings lend
support to the notion of cathepsin B's pathogenic role, prompting further inquiry into the
translocation of cathepsin B from the lysosome to the cytosol, where cytosolic cathepsin B
activates cell death pathways. Additionally, the study aims to ascertain whether Z-R-K-AOMK
effectively inhibits cytosolic cathepsin B, thereby providing valuable insights into potential
therapeutic avenues for alleviating cell death associated with neurodegeneration.

In our study, we employed sucrose density ultracentrifugation to fractionate subcellular
organelles in mouse microglia BV2 cell homogenate, aiming to investigate the effects of low
nutrient stress model for AD and TBI, and Z-R-K-AOMK incubation on specific organelles,
specifically the cytosol and lysosome. The homogenate underwent separation based on density,
following the described methods, where fractions were collected from least dense to most dense.
Previous research has established the cytosol's location in the uppermost, least dense layers, while
lysosomes were typically found in the intermediate layers. As LDH serves as a cytosolic marker,
being an enzyme localized in the cytosol, our findings indicate that the first three fractions harbor
LDH activity, likely representing our cytosolic compartments. Cathepsin B, a lysosomal protease
known to translocate to the cytosol under certain conditions, was observed in the fractions
perceived as cytosolic and in the intermediate fractions, which were identified as lysosomal based
on prior research. Notably, cathepsin B activity was found to be elevated in the cytosolic fractions
under stressed conditions (0% FBS) compared to normal conditions (10% FBS), suggesting that

low nutrient stress induces cathepsin B activity in the cytosol, commonly known in the field.
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Additionally, we observed dispersed cathepsin B activity, possibly attributable to variations in
lysosomal sizes and densities. (32)

In our investigation, we analyzed cathepsin B activity within compartments designated as
cytosolic (fractions F1-3) or lysosomal (fractions F8-12), based on data from the previous section,
to assess the impact of stress and simultaneous Z-R-K-AOMK incubation. Notably, we observed
an increase in cytosolic cathepsin B activity under low nutrient stress conditions compared to
normal nutrient conditions. Importantly, this increase in cytosolic cathepsin B activity induced by
low nutrient stress was effectively inhibited by Z-R-K-AOMK. These findings align with our
hypothesis that cytosolic cathepsin B is induced by stress and that inhibition of cytosolic cathepsin
B can mitigate cell death. An unexpected observation emerged regarding the inhibition of
lysosomal cathepsin B activity by the Z-R-K-AOMK inhibitor. Despite being a pH-selective
inhibitor with more potent inhibitory activity for cathepsin B at neutral cytosolic pH environments
compared to acidic lysosomal pH environments, our data revealed inhibition of cathepsin B
activity in lysosomal compartments with Z-R-K-AOMK at 2 uM—a concentration lower than the
indicated 2.5 UM ICso value determined for Z-R-K-AOMK on mouse cathepsin B at pH 4.6. This
observation may be elucidated by the prolonged incubation period of BV2 cells with the inhibitor,
lasting 24 hours. This extended timeframe likely allows the irreversible inhibitor to effectively
inhibit Cathepsin B activity at acidic lysosomal pH, albeit less potently than at neutral pH, thus
accounting for this discrepancy.

In conclusion, our study highlights the critical role of cathepsin B in cellular homeostasis
and its implications in AD, TBI, and other neurological diseases. Cathepsin B, a lysosomal
protease, exhibits heightened activity in the cytosol during stressed conditions, contributing to cell

death and inflammatory responses observed in various neurological disorders. Our findings
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underscore the potential of cytosolic cathepsin B inhibition as a therapeutic strategy to mitigate
cell death. Moreover, our investigation into the inhibitory properties of Z-R-K-AOMK, a pH-
selective inhibitor, provides valuable insights into its effectiveness in modulating cathepsin B
activity. Utilizing sucrose density ultracentrifugation, we elucidated the spatial distribution of
cathepsin B activity within cytosolic and lysosomal fractions, confirming its induction in the
cytosol under low nutrient conditions. The inhibition of cytosolic cathepsin B activity by Z-R-K-
AOMK further corroborates its role in mediating cell death during nutrient stress. Overall, our
study offers an understanding of the molecular mechanisms underlying stress-induced cell death,
highlighting the therapeutic potential of targeting cathepsin B in neurological disorders. Further
research into the interplay between cathepsin B inhibition, cell death, and cellular localization may
unveil novel avenues for therapeutic intervention in neurological diseases.

5.4 Materials and Experimental Details
5.4.1 Cathepsin B Activity in Recombinant Mouse Cathepsin B Assay
Mouse recombinant cathepsin B (R&D no. 965-CY-010, Minneapolis, MN) was activated

in pH 5.5 buffer consisting of 20 mM Sodium Acetate (sodium acetate, Fisher Scientific #BP-333-
500, Fair Lawn, NJ), 100 mM NacCl (Fisher Chemical no. S271-1, Pittsburgh, PA), 1 mM EDTA
(Calbiochem #324503, Burlington, MA), 5 mM dithiothreitol (DTT, Promega, #V351, Madison,
WI), incubated for 30 min at 37° C. Once activated, 0.04 ng/uL mouse cathepsin B was assayed
in pH 4.6 and pH 7.2 buffer consisting of 40 mM Citrate Phosphate (citric acid monohydrate,
Merck #1.00244.0500, Burlington, MA; sodium phosphate dibasic anhydrous, EMD no. SX-
072305, Burlington, MA), 100 mM NaCl, 1 mM EDTA, 5 mM DTT, 0.01% Tween20, and 1.5%
DMSO (Vehicle for substrate and inhibitor). Cathepsin B activity was measured using 40 uM Z-
FR-AMC (Anaspec no. AS-24096, Fremont, CA) under the presence of inhibitor concentration

ranging from 0 nM to 8,304 nM using 1.5-fold serial dilution for Z-R-K-AOMK in quadruplicates.
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Substrate and inhibitor solutions were prepped in the 384-well plate first, then enzyme was added
last, and then activity was immediately recorded using plate reader to ensure activity was detected
from non-preincubation conditions of inhibitor and enzyme. Activity was measured in RFU/s as
the highest slope value detected in 10 consecutive fluorescent readings (46 sec apart) observed in
the 30 min assay using the microplate reader (Biotek Synergy HTX) with the following settings:
Excitation=360 nm, emission=460 nm, gain=50, top optics with read height at 1 mm from 384-
well plate. Relative activity % was obtained from the ratio of observed activity in presence of
inhibitor over the activity observed for 0 nM DMSO control and then multiplying by 100.
Cathepsin B relative activity % detected from its corresponding inhibitor concentration were
plotted with SEM error bars using GraphPad Prism (Version 9) to determine the IC50.

5.4.2 Mouse Microglia BV2 Cell Culture
Embryonic mouse microglia BV2 cells, provided by Dr. Christopher Glass from UC San

Diego, were cultured in a 5% CO2 environment under humidified conditions at 37°C under sterile
conditions. The growth media comprised varying concentrations of heat-inactivated fetal bovine
serum, (FBS, Gibco, Grand Island, NY) and 90% RPMI (Gibco) specifically for BV2 cells. Cells
were passaged every 3 to 4 days at an amount of approximately 4000 cells per ml of growth media.
Experimental conditions included RPMI 1640 with no FBS (0% FBS) and the conventional growth
media of RPMI 1640 containing 10% FBS.

5.4.3 Mouse Microglia BV2 Cells Treated with Inhibitors
Embryonic mouse microglia BV2 cells were cultured in media as described in previous

sections. The cells underwent incubation with Z-Arg-Lys-AOMK (made by the Gerwick Lab
(doi/10.1021/acsomega.3c08629) for 24 hours at 37°C. Z-Arg-Lys-AOMK was applied at a

concentration of 2 uM, in media with varying proportions of 90% RPMI and either 10% or 0%
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FBS. Following the treatment incubation periods with inhibitors, the cells were harvested for
homogenization.

5.4.4 Cathepsin B Activity in Mouse Microglia BV2 Cells
Cathepsin B activity in homogenates was assessed using the fluorogenic peptide substrate

Z-Nle-Lys-Arg-AMC. Proteolytic assays were conducted on embryonic mouse microglia BV2
homogenates and fractions, employing a substrate concentration of 60 uM in a buffer containing
40 mM citrate phosphate at pH 5.5, 1 mM EDTA, 100 mM NaCl, 5 mM DTT, and 1.2% DMSO.
Incubation was carried out for 60 minutes with readings at 15, 30, and 60-minute intervals. The
assays were performed in 96-well round bottom black plates at 37°C in a total volume of 100 pl.
Fluorescence was measured using a Biotek Synergy HTX microplate reader (excitation 360 nm,
emission 460 nm, gain 50, top optics, and read height of 1 mm). Cathepsin B proteolytic activity
was quantified as nmol AMC per pg protein in the sample per 30 minutes and presented as the
mean = SEM. Statistical significance (p < 0.05) was determined by Student’s t-test. Relative
fluorescence units (RFU) readings were converted to nmol AMC using AMC standard curves for
each plate. Protein content in homogenates was assessed using the DC protein assay Kit, as
described later.

5.4.5 Protein Measurement of Cells
Protein measurements of cell homogenates and fractions were carried out following the

instructions provided in the Bio-Rad DC Protein Assay Kit (Bio-Rad, #500-0113, 500-0114).
Protein standards, ranging from 0.125 to 1.5 pg/pl bovine serum albumin (BSA), were prepared.
The assays were conducted in a 96-well clear flat-bottom plate. In each sample well, 25 pl of
Reagent A was added, followed by 5 pl of standards and % to ¥ diluted samples. Subsequently,
200 ul of Reagent B was added to each well, and the contents were thoroughly mixed. The plate

was incubated at room temperature (24°C) for 15 minutes, and absorbance was read at 750 nm
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after 15 minutes, remaining stable for up to an hour. The undiluted sample protein concentration
(ng/ul) was calculated by converting sample absorbance readings to protein concentration (ug/pl)
using the standard protein curve for each plate and adjusted with the relevant dilution factor.

5.4.6 LDH assay of culture media as indicator of cell death
The cell culture media were collected according to the procedures outlined in previous

sections. The LDH assay was conducted following the instructions provided in the CYyQUANT
LDH Cytotoxicity Assay kit (Invitrogen, #C20300 and C20301). NADH standards ranging from
2.0 to 50.0 nmol/50 pl per well were prepared. The assays were performed in 96-well clear flat-
bottom plate, where 50 ul of standard or sample was added, followed by the addition of 50 ul of
the reaction mixture and thorough mixing. The plate was then covered with aluminum foil and
incubated at room temperature in a water bath (24°C). Absorbance readings were taken at 490 nm
after 15, 30, and 60 minutes of incubation. At the 60-minute mark, 50 ul of stop solution was
added, and a final absorbance was read at 680 nm. The amount of nmol NADH in a 50 pl sample
was determined using the NADH standard. NADH in 1.5 ml media was calculated and divided by
the amount of protein in the sample to ascertain the total nmol NADH in media per total g protein.
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Chapter 6 Traumatic Brain Injury Induces Translocation of Cathepsin B to the Cytosol of
Brain Cortex during Motor Deficits

Chapter 6 Abstract. Traumatic Brain Injury (TBI) remains a pressing public health
concern, with significant mortality and morbidity rates globally. This study investigates the role
of cytosolic cathepsin B in TBI pathogenesis and evaluates the therapeutic potential of the novel
inhibitor Z-R-K-AOMK. Using a controlled cortical impact (CCI) TBI model in mice, CCI-TBI-
induced motor deficits and lysosomal leakage of cathepsin B into the cytosol were observed.
Treatment with Z-R-K-AOMK mitigated motor deficits and inhibited cytosolic cathepsin B
activity, suggesting its efficacy in ameliorating TBI-induced neuropathology. These findings
underscore the importance of targeting cytosolic cathepsin B as a potential therapeutic strategy for
TBI and pave the way for further research in developing innovative pharmacological interventions

to improve patient outcomes.
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6.1 Introduction

Traumatic Brain Injury (TBI) stands as a significant public health concern, often arising
from external forces or trauma directed at the brain. (1) In the United States alone, TBI represents
a major cause of both mortality and morbidity, with over 69,000 TBI-related deaths reported in
2021. (2) It encompasses both primary injury, which occurs immediately upon impact, and
secondary injury, involving subsequent biochemical and cellular changes that exacerbate tissue
damage. (3, 4) Secondary injury mechanisms include inflammation, cell death pathways, and
oxidative stress, contributing to further neurological dysfunction. Despite advancements in
understanding these processes, effective drug treatments for TBI remain elusive. However,
research suggests that targeting cathepsin B may hold promise for improving TBI outcomes, as

evidenced by positive results in animal models. (5)

Cathepsin B, an essential protease crucial for cellular homeostasis, primarily resides within
lysosomes. (6-8) However, under neuropathological conditions like TBI, lysosomal membrane
permeabilization occurs, leading to the translocation of lysosomal contents, including cathepsin B,
into the cytosol. (9, 10) In the cytosol, cathepsin B retains its proteolytic activity, functioning at a
neutral pH of 7.2. (9, 11, 13-15) Here, it continues to generate bioactive peptides that activate cell
death (16-18) and inflammation pathways (19-20), precipitating neurodegeneration and
neuroinflammation. Notably, elevated expression and activity of cathepsin B have been observed

following TBI, where it significantly contributes to TBI-induced cell death. (21)

Moreover, TBI is recognized as a significant risk factor for Alzheimer's Disease (AD).

TBI-induced disruptions in cellular and molecular pathways can accelerate the onset and
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progression of AD pathology. (22-24) Therefore, mitigating TBI-induced neuropathology

becomes crucial not only for TBI management but also for reducing AD risk.

Cathepsin B has emerged as a promising therapeutic target for mitigating secondary injury
in TBI. (25, 26) Studies employing controlled cortical impact (CCI) TBI models have revealed
increased expression and activity of cathepsin B post-injury. (21) Notably, genetic knockout of
cathepsin B or chemical inhibition using E64d has shown improvements in behavioral
dysfunctions and neuropathology in TBI animal models. (25, 26) However, E64d's lack of
selectivity necessitated the development of a more specific inhibitor to target pathogenic cytosolic

cathepsin B.

In this context, the novel inhibitor Z-Arg-Lys-AOMK, designed as a neutral pH-selective
and cathepsin B-specific inhibitor, presents a significant advancement. (27) Leveraging cathepsin
B's cleavage preferences in different pH environments, this inhibitor was engineered to selectively
target pathogenic cytosolic cathepsin B. (27, 28) Herein lies the focus of the present study, which
investigates the effects of Z-R-K-AOMK administration in a CCI-TBI animal model to elucidate

the impacts of inhibiting cytosolic cathepsin B in TBI.

Through this study, we aim to demonstrate the efficacy of Z-Arg-Lys-AOMK treatment in
CCI-TBI mouse models, offering insights into its potential for improving motor dysfunction and

TBI outcomes, while also addressing its relevance in mitigating AD risk associated with TBI.

6.2 Results

6.2.1 In vivo CCI-TBI Elicits Motor Deficits and Triggers Lysosomal Leakage of Cathepsin
B into the Cytosol

In mouse studies of controlled cortical impact traumatic brain injury (CCI-TBI), TBI

induces both motor deficits and the leakage of lysosomal cathepsin B into the cytosol. Mice
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subjected to CCI-TBI exhibited pronounced motor impairment at 1 and 3 days post-injury, as
evidenced by rotarod assays (Figure 6.1a). This injury model also induced cortical lesions,
quantified by measuring cortical tissue loss (Figure 6.1b, c). Western blot analysis revealed a
notable translocation of cathepsin B to the cytosolic fraction within the brain cortex of the
ipsilateral hemisphere, which received the CCI (Figure 6.1d). In contrast, sham controls displayed
no detectable cytosolic cathepsin B (Figure 6.1d). The migration of cathepsin B into the cytosol
following CCI-TBI was further confirmed through immunofluorescence, illustrating a shift from
its typical lysosomal localization to a more diffuse distribution within cells (Figure 6.1e).
Quantitative immunofluorescence analysis also demonstrated a decrease in lysosomal cathepsin B
localization near nuclei post-CCI-TBI (Figure 6.1f). Collectively, these findings underscore the
multifaceted impact of CCI-TBI, linking it to behavioral deficits, the relocation of cathepsin B to

the cytosol, and cortical tissue loss.
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Figure 6.1 Effects of CCI-TBI on Behavioral Deficits, Cortical Tissue Integrity, and
Cathepsin B Distribution in the Brain. (a) Motor function deficits observed via rotarod assay
following CCI-TBI (¥p<0.05; ***p<0.001, student’s t-test). (b) Nissl staining of sham and TBI
brains. (c) Increased cortical brain lesion following CCI-TBI. (d) Elevated cytosolic cathepsin B
levels detected by western blot in brain cortex fractions post-CCI-TBI compared to sham controls.
(e) Immunofluorescence reveals diffuse distribution of cathepsin B in cortical cells (ipsilateral)
post-CCI-TBI, indicative of cytosolic localization. (f) Reduced lysosomal cathepsin B post-CClI-
TBI evidenced by quantitative immuno-fluorescence (*p<0.01).

6.2.2 Z-Arg-Lys-AOMK Mitigates Behavioral Motor Deficits and Inhibits Brain Cytosolic
Cathepsin B in CCI-TBI Mice.

Significant results indicate that administration of Z-Arg-Lys-AOMK leads to a marked
improvement in CCI-TBI induced behavioral deficits (Figure 6.2). The inhibitor was administered
daily via intraperitoneal injection at a dose of 20 mg/kg, beginning one day prior to CCI-TBI and
continued with daily dosing thereafter. Importantly, the Z-Arg-Lys-AOMK inhibitor significantly
mitigated motor deficits induced by CCI-TBI, as evidenced by rotarod assays conducted one day

post-injury (Figure 6.2a).

Additionally, Z-Arg-Lys-AOMK treatment resulted in a reduction in cathepsin B activity

within the brain cortex homogenate of CCI-TBI mice (Figure 6.2b). Notably, the inhibitor also
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decreased cathepsin B activity specifically within the cytosolic fraction isolated from the brain
cortex of CCI-TBI mice (Figure 6.2¢). It is noteworthy that cathepsin B activity was elevated in
the ipsilateral brain cortex, which received the CCI-TBI insult, as compared to the contralateral

cortex, which remained uninjured.

a Z-R-K-AOMK improves b Z-R-K-AOMK inhibits ¢ Z-R-K-AOMK inhibits
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Figure 6.2 Efficacy of Z-Arg-Lys-AOMK in Alleviating Motor Deficits and Inhibiting
Cytosolic Cathepsin B in CCI-TBI Mice. (a) Administration of Z-Arg-Lys-AOMK (20 mg/kg,
intraperitoneal injection daily) improves motor dysfunction in CCI-TBI mice, as evidenced by a
significant increase in latency to ~110 secs compared to 60 secs without the inhibitor in the rotarod
assay conducted one day post-CCI-TBI (*p<0.05). (b) Z-Arg-Lys-AOMK treatment results in
inhibition of cathepsin B activity in the brain cortex homogenate of CCI-TBI mice (p<0.001). (c)
The inhibitor demonstrates significant inhibition of cytosolic cathepsin B activity within the brain
cortex of CCI-TBI mice (**p<0.001).

6.3 Discussion

This investigation unveiled a cascade of events implicating lysosomal leakage and the
involvement of cytosolic cathepsin B in the TBI injury process. Notably, CCI-TBI induced
significant motor deficits in mice, provoking cortical lesions. Of particular interest was the
observation of lysosomal cathepsin B translocating to the cytosolic fraction within the brain cortex
of the ipsilateral hemisphere that sustained the CCI insult, as revealed by Western blot analysis
(Figure 6.1d). In contrast, sham controls exhibited no discernible cytosolic cathepsin B.
Immunofluorescence studies further corroborated this phenomenon, depicting a shift in cathepsin

B's localization from the lysosomes to a diffuse distribution within cells following CCI-TBI
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(Figure 6.1e). These findings collectively underscore the intricate interplay between CCI-TBI,
motor deficits, lysosomal leakage, and the translocation of cathepsin B to the cytosol. The observed
alterations in cathepsin B localization suggest its potential involvement in the neuropathological
mechanisms underlying CCI-TBI-induced cortical tissue loss and associated motor impairments.
Further elucidation of these pathways holds promise for the development of targeted therapeutic

strategies aimed at mitigating the deleterious consequences of traumatic brain injury.

Additionally, the efficacy of Z-Arg-Lys-AOMK in ameliorating both motor deficits and
brain cytosolic cathepsin B activity emerged as a significant breakthrough. The novel inhibitor
was administered daily via intraperitoneal injection, with treatment beginning one day prior to
CCI-TBI and continued daily thereafter. The results yielded improvements in CCI-TBI-induced
motor deficits observed at one day post-injury, as demonstrated by rotarod assays. The rapid
amelioration underscores the therapeutic potential of Z-Arg-Lys-AOMK in addressing the acute

consequences of TBI.

Furthermore, the capability of Z-Arg-Lys-AOMK to penetrate the blood-brain barrier
(BBB) and effectively inhibit cathepsin B activity within the brain cortex homogenate of CCI-TBI
mice underscores its therapeutic potential. This feature highlights the compound's capacity to
access the central nervous system and regulate key biological pathways involved in the pathology
of TBI. It is worth noting that this ability to traverse the BBB may be facilitated by the compromise
of its integrity, a common occurrence in the context of TBI. However, additionally understanding
of the pharmacokinetics of Z-Arg-Lys-AOMK is necessary to fully elucidate its mechanisms of
action and therapeutic efficacy in the context of TBI. Further research in this area will contribute

to a more thorough comprehension of the inhibitor's potential.
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Intriguingly, analysis revealed a marked reduction in cathepsin B activity within the
cytosolic fraction isolated from the brain cortex of CCI-TBI mice following Z-Arg-Lys-AOMK
treatment. This finding not only corroborates the inhibitor's ability to access intracellular
compartments but also underscores its specificity in targeting cytosolic cathepsin B, an important

enzyme in TBI-induced neuropathological processes.

Taken together, these findings underscore the therapeutic potential of Z-Arg-Lys-AOMK
as a neutral pH-selective inhibitor of cathepsin B in ameliorating CCI-TBI-induced motor deficits
by specifically targeting and inhibiting cytosolic cathepsin B activity. As research in this field
continues to evolve, the insights from this study hold promise for the development of innovative
pharmacological strategies aimed at addressing the complex pathophysiology of TBI and

improving patient outcomes.

6.4 Methods
6.4.1 Animals
Female C57BL/6 mice obtained from Taconic Biosciences (#B6-F, La Jolla, CA) were

individually housed and allowed to acclimate for a minimum of 7 days prior to experimentation,
with 3-5 mice per cage for social enrichment. The mice, aged between 3 to 4 months, were
provided free access to food and water throughout the duration of the study. All animal procedures
were conducted according to the regulations by the National Institutes of Health and as approved
by the institutional animal care and use committee at the Medical University of South Carolina
(Charleston, SC) and Ralph H. Johnson CA Medical Center (Charleston, SC). Mice were
euthanized either on day 8 for comparison between TBI and sham groups or on day 6 for
comparison between TBI groups treated with vehicle and those treated with Z-Arg-Lys-AOMK.

For the sacrifice procedure, mice were anesthetized with Ketaset ketamine solution (200mg/kg)
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for a duration of 10 minutes (Zoetis #KET-00002R2, San Diego, CA) and perfused with 14 ml of
sterile saline over a 2-minute period until the liver was clear of blood. For subsequent biochemical
analysis, the brains were carefully extracted and dissected into ipsilateral (to TBI) and contralateral
hippocampus, as well as ipsilateral and contralateral cortex regions. For histological analysis, a
similar anesthesia procedure was performed, followed by a perfusion of 14 ml of sterile saline over
2 minutes, followed by 21 ml of 4% paraformaldehyde over 3 minutes. Whole brains were then
extracted and submerged in 4% paraformaldehyde solution for further processing.

6.4.2 Controlled Cortical Impact Traumatic Brain Injury
The controlled cortical impact traumatic brain injury (CCI-TBI) mouse model was utilized

to induce consistent brain injuries across all subjects. The procedure involved anesthetizing adult
female mice with 3% isoflurane (VetOne #50217, Boise, ID) and 1.0 liter of oxygen flowrate,
placing them in a stereotaxic frame (Kopf Instruments, #963, Tujunga, CA) atop a 37°C warming
pad (RWD Life Science, #69027, San Diego, CA). The site was shaved and sterilized with
betadine, followed by 70% ethanol. A midline incision was made anterior just above the orbital
region, with retractors (Kent Scientific, #SURGI5001, Torrington, CT) used to secure the skin and
expose the skull. A'5 mm diameter burr hole was created, using a 5 mm Trephine burr drill bit
(DDS Gadget, #MCT-TPBO03, Aventura, FL), in the skull with a stereotaxic microdrill (RWD Life
Science, #78001, San Diego, CA) on the right side over the motor cortex positioned 0.5 mmto 5.5
mm posterior to bregma, 1 mm to 6 mm right of the sagittal suture, with the skull segment removed
without disrupting the underlying dura. Using an impactor (Leica Biosystems, #39463920, Deer
Park, IL) equipped with a 3 mm tip, set at an impact speed of 3 m/s, depth of 1 mm, and 100 ms
dwell time, the exposed cortex was injured. Subsequently, a sterile circular glass cover slip
(Electron Microscopy Sciences, #72295-03, Hatfield, PA) was placed over the craniotomy, and

the scalp incision was closed with GLUture (Abbot Labs, #100-8170, Chicago, IL). Mice received
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5 mg/kg buprenorphine into the scruff immediately after injury, and were allowed to recover in a
cage placed over a 37°C warming pad until mobile, with continuous observation for signs of
distress for at least 2 hours. If distress was noted, a second dose of 5 mg/kg buprenorphine (Par
Pharmaceuticals, #42023-179-05, Irvine, CA) was administered before returning to the vivarium,
and additional daily doses were given if necessary. Sham controls underwent anesthesia, scalp
incision, GLUture, and analgesia.

6.4.3 Rotarod Assay for Assessment of Mouse Motor Function
The area injured by CCI-TBI was to the motor cortex. Accordingly, motor function was

evaluated using an automated RotaRod (Ugo Basile, #47650, Gemonio, VA, Italy) to assess the
efficacy of both CCI-TBI and 20 mg/kg Z-Arg-Lys-AOMK (made by the Gerwick Lab
(doi/10.1021/acsomega.3c08629) therapeutic intervention to test the hypothesis of improved
motor function by cathepsin B inhibition. Z-R-K-AOMK was administered one day prior to trauma
and continued daily thereafter. Prior to injury, mice underwent a training regimen consisting of
three trials, conducted two days before the TBI or sham procedure, at linear rotational accelerations
of 5-10 rpm, 5-20 rpm, and 5-40 rpm for durations of 120 s, 240 s, and 240 s, respectively. The
baseline latency was established by averaging the time to fall from the rotating cylinder during
these pre-injury trials. Mice underwent trials one day before and one, three, and five days after
surgery, consisting of three trials each at a linear rotational acceleration of 5-40 rpm for 240 s. The
average latency to fall from the rod was recorded, with mice unable to maintain grip on the rotating
rod assigned a latency of 0 seconds. If the mouse remained on the rotating rod for the entire trial,
a time of 240 seconds was recorded. Throughout the experiment, the experimenter remained

blinded to the animal groups to ensure unbiased evaluation.
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6.4.4 Brain Tissue Homogenization and Synaptosome Enrichment
6.4.4.1 Hippocampus Homogenate Preparation
Hippocampi was flash-frozen at the time of sac. Later, each hemisphere of the

hippocampus, ipsilateral or contralateral to TBIl/sham, was homogenized in 0.4 ml of 0.32 M
sucrose using a glass-teflon homogenizer (Grainger, #358010, Lake Forest, IL), at 900 rpm for 12
strokes, with each stroke lasting 5 s each.

6.4.4.2 Cortex Homogenization and Synaptosome Enriched Fraction P2
Each hemisphere of the cortex ipsilateral or contralateral to the TBI/sham was processed

fresh and on ice the day of sac, and were homogenized in 5 ml of 0.32 M sucrose on ice with a
Wheaton glass-teflon homogenizer at 900 rpm for 12 strokes, 5 s each. Following homogenization,
0.5 ml of the homogenate was reserved for further analysis. The remaining homogenate (4.5 ml)
underwent low speed centrifugation at 1000 g for 5 minutes to pellet the nuclei and cell debris,
resulting in the S1 supernatant. Subsequently, the S1 supernatant underwent high-speed
centrifugation at 12,000 g for 20 minutes to pellet synaptosomes, mitochondria, and myelin
fragments, resulting in the P2 pellet, while the S2 supernatant contained the cytosol.

6.4.5 Western Blot Analysis of Cathepsin B Protein Levels
Western blot analysis was employed to quantify cytosolic cathepsin B protein levels in the

ipsilateral and contralateral cortex of both TBI and sham-operated mice. Each sample, containing
7 ug of protein, was subjected to electrophoresis, and cathepsin B protein levels were assessed in
the S2 supernatant, representing the cytosolic compartments of brain homogenates. The primary
antibody used for detection was anti-mouse cathepsin B (R&D Systems, #AF965) at a dilution of
1:500, incubated overnight at 4°C. Subsequently, membranes were probed with Rabbit Anti-goat
IgG HRP (Biorad, #5160-2504, Hercules, CA) at a dilution of 1:5000 in 4% milk PBST at room

temperature for 2 hours.
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6.4.6 Cathepsin B Activity Assay on Brain Homogenate
Cathepsin B activity in homogenates was assessed utilizing the fluorogenic peptide

substrate Z-Nle-Lys-Arg-AMC. The assays were conducted on mouse cortex homogenates and
fractions. The assay utilized a substrate concentration of 60 M, in a buffer solution containing 40
mM citrate phosphate at pH 5.5 (citric acid monohydrate, Merck #1.00244.0500, Burlington, MA,;
sodium phosphate dibasic anhydrous, EMD no. SX-072305, Burlington, MA), 1 mM EDTA
(Calbiochem #324503, Burlington, MA), 100 mM NacCl (Fisher Chemical no. S271-1, Pittsburgh,
PA), 5 mM dithiothreitol (DTT, Promega, #V351, Madison, WI), and 1.2% DMSO (Vehicle for
substrate and inhibitor). Incubation proceeded for 60 minutes with fluorescence readings at 15, 30,
and 60-minute intervals. The assays were performed in 96-well round bottom black plates,
maintained at 37°C, in a total volume of 100 ul. Fluorescence was measured using a Biotek
Synergy HTX microplate reader (excitation 360 nm, emission 460 nm, gain 50, top optics, and
read height of 1 mm). Cathepsin B proteolytic activity was quantified as pmol AMC per pg protein
in the sample per 30 minutes and presented as the mean £ SEM. Statistical significance (p < 0.05)
was determined by Student’s t-test. Relative fluorescence units (RFU) readings were converted to
pmol AMC using AMC standard curves specific to each plate. Protein content in homogenates was
determined using the DC protein assay kit, as elaborated later.

6.4.7 Protein Measurement of Homogenate Samples
Protein measurements of homogenates and fractions adhered to the instructions provided

in the Bio-Rad DC Protein Assay Kit (Bio-Rad, #500-0113, 500-0114, Hercules, CA). Protein
standards, ranging from 0.125 to 1.5 pg/ul bovine serum albumin (BSA) in concentrations were
prepared. The assays were conducted within a 96-well clear flat-bottom plate. Each sample well
received 25 pl of Reagent A, followed by 5 ul of standards and appropriately diluted samples

(ranging from Y% to ¥ dilution). Subsequently, 200 pl of Reagent B was introduced to each well,
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ensuring thorough mixing of the contents. The plate underwent a 15-minute incubation period at
room temperature (24°C), with absorbance readings recorded at 750 nm after the incubation
period, remaining stable for up to an hour. Calculation of undiluted sample protein concentration
(ng/ul) was achieved by converting absorbance readings of samples to protein concentration
(ng/ul) using the standard protein curve unique to each plate, and adjustments were made based
on the relevant dilution factor.

6.4.8 Histological analysis of hippocampal disorganization and cathepsin B
immunofluorescence

Analyses of CCI-TBI lesion volume, hippocampal disorganization, and cathepsin B
subcellular distribution by immunofluorescence were conducted on coronal brain tissue sections
of CCI-TBI and sham mice.

6.4.8.1 NISSL Staining for lesion volume and hippocampal disorganization
Tissues were rinsed twice for 5 minutes each with 1X PBS before mounting on positively

charged slides (Fisher CAT#12-550-15). Slides were air-dried for 60 minutes at room temperature
(RT) followed by overnight drying at 37°C. Subsequently, slides were brought to RT and fixed for
30 minutes in 10% formalin at RT. After fixation, tissues were rinsed thrice for 5 minutes each
with 1X PBS, followed by a 1-minute rinse in deionized water (DH20). NISSL staining was
performed using 0.25% cresyl violet (Sigma CAT# C5042-10G) for 5 minutes, followed by a 1-
minute rinse in DH20. Sequential dehydration was carried out in 100%, 95%, 70%, and 50%
ethanol for 1 minute each, followed by a 1-minute immersion in Citrisolv to clear tissue of the any
remaining ethanol dehydrating reagent (Decon Labs, Inc. CAT# 1601) and two 5-minute washes

in Citrisolv. Finally, coverslips were applied using Entellan (Sigma CAT# 1.07960.05000).
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6.4.8.2 Immunolabeling with Cathepsin B Antibody for subcellular distribution of cathepsin
B

Immunolabeling with cathepsin B antibody was conducted over two days following a
standard protocol. On the first day, brain tissue sections were rinsed twice with 1X PBS for 5
minutes each, followed by incubation in a blocking solution consisting of 10% normal donkey
serum (NDS) with 1X PBS and 0.3% Triton X-100 for 60 minutes. After a final rinse with 1X PBS
for 5 minutes, the sections were stored overnight at 4°C. On the second day, the primary antibody,
goat anti-cathepsin B, 8.3 pg/mL in 1X PBS, (R&D Systems, #AF965, Minneapolis, MN) was
applied to the sections for 60 minutes at room temperature. Following two washes with 1X PBS
for 5 minutes each, the sections were incubated with the secondary antibody, donkey anti-goat A-
488, 1:400 in 1X PBS, (Invitrogen, #A11055, Waltham, MA) for 60 minutes. After two additional
washes with 1X PBS, the sections were air-dried at room temperature in the dark and coverslipped
with Prolong Gold with DAPI (Invitrogen, CAT# P36931).

6.4.8.3 Histology Analysis
NISSL stained sections were digitized using a NanoZoomer S60 Digital Slide Scanner

(Hammamatsu, #C13210-01, Shizuoka, Japan) at 20X magnification. Regions of interest,
specifically those at -1.75 bregma, were isolated using NDP.View?2 and analyzed with Image J.
The area of cortical loss was delineated and compared to the contralateral whole hemisphere to
calculate the percentage of cortical loss in each mouse. Cathepsin B staining was visualized using
a Leica DMI8000 confocal microscope with a 63X objective, focusing on two locations in the
cortex near the site of TBI damage, one at CA1 of the hippocampus and one at the dentate gyrus.
Similar areas were imaged on the contralateral side for comparison. Image analysis using ImageJ
with the Coloc2 plugin determined the fluorescence intensity and distribution of cathepsin B
immunoreactive puncta features in the nuclear and paranuclear region, reporting the percent co-

localization with the DAPI-stained nucleus. Additionally, qualitative analysis of hippocampal
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structure post-TBI was performed on NISSL-stained sections at -1.75 bregma, utilizing a scale
rating from O to 4 to compare the hemisphere containing TBI with the contralateral hemisphere,
with scores ranging from normal structure to complete loss of hippocampus. Briefly; (0) — normal
hippocampus structure; (1) — minor architectural alterations; (2) — major architectural alterations;
(3) major architectural alterations accompanied by loss of cells; (4) — complete loss of
hippocampus. Funding support from the UCSD Light Microscopy Core with NIND NS047101
was acknowledged.
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Chapter 7 Conclusions

7.1 Conclusion: Utilizing Neutral pH inhibitor to Assess the Role of Cytosolic Cathepsin B
Our research has shed light on the pH-dependent properties of cathepsin B and their

significance for enzyme function, inhibitor design, substrate specificity, and disease mechanisms,
and implications for understanding the role of cathepsin B in health and disease. Remarkably, our
findings have highlighted the potential of targeting cathepsin B in neurological diseases,
particularly AD and TBI. Our studies opens new avenues for the development of novel therapeutic
strategies for neurodegenerative disorders.

Future studies should continue to investigate the role of cathepsin B in disease pathogenesis
using advanced experimental approaches and disease models. These studies will provide further
insights into the contribution of cathepsin B to disease progression and potential therapeutic
interventions. Additionally, building upon the findings of this thesis, future efforts should focus
on the development of novel cathepsin B inhibitors with improved potency, selectivity, and
pharmacokinetic properties. These inhibitors could offer promising therapeutic interventions.

In summary, this thesis has advanced our understanding of the pH-dependent properties of
cathepsin B and their implications for enzyme function, inhibitor design, substrate specificity,
disease mechanism, and drug discovery efforts. Our findings highlighted the therapeutic potential
of targeting cytosolic cathepsin B in neurological diseases, paving the way for the development of
novel therapeutic strategies for these disorders.

7.2 pH-Dependent Inhibitory Properties of CA-074 on Cathepsin B
In chapter 2, we conducted a comprehensive investigation into the pH-dependent inhibitory

properties of CA-074 on cathepsin B, shedding light on its potency, molecular features, and
protease specificity. Our findings underscore the preferential inhibition of cathepsin B by CA-074

at acidic lysosomal pH 4.6 compared to neutral pH 7.2, highlighting the importance of considering
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pH-dependent enzyme properties in drug design. The distinct cleavage preferences of cathepsin B
at different pH environments have significant implications for understanding its role in disease
mechanisms, particularly in the cytosol and extracellular locations where it may play a role in
carious human diseases. Furthermore, our molecular docking studies have provided insights into
the pH-dependent interactions between CA-074 and cathepsin B, further elucidating the structural
basis of pH-dependent inhibition. These findings contribute to our understanding of the molecular
mechanisms underlying cathepsin B inhibition and pave the way for the development of novel pH-
selective inhibitors.

Building upon the insights gained from this study, future research should focus on the
development of additional pH-selective inhibitors targeting cathepsin B. These inhibitors could
offer valuable tools for probing the role of cathepsin B in different cellular compartments and
disease states. Additionally, in vivo studies using animal disease models will be crucial for
assessing the efficacy of pH-selective inhibitors. These studies will provide valuable insights on
the therapeutic potential of pH-selective inhibitors for treating cathepsin B-associated pathologies.

7.3 pH-Dependent Modulation of Cathepsin B by Pure Natural Products
In chapter 3, we investigated the impact of pH environments on the screening of natural

product modulators of cathepsin B, highlighting the importance of considering the distinct pH
environment of biological locations and conditions in drug discovery efforts. Our findings
underscore the pH-dependent properties of cathepsin B inhibitors and their potential applications
in probing the role of cathepsin B in different cellular compartments. Furthermore, the
identification of pH-selective modulators through chemical screening of natural product libraries
offer new avenues for investigating the function of cathepsin B in physiological and pathological

processes. By elucidating the pH-dependent modulation of cathepsin B activity, this study
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contributes to our understanding of the complex interplay between enzymes and their
environments.

Future studies should continue to explore chemical libraries under various pH conditions
to identify pH-selective modulators of cathepsin B. These modulators could serve as valuable tools
for dissecting the role of cathepsin B in different cellular compartments as well as disease contexts.

7.4 Design and Characterization of Z-Nle-Lys-Arg-AMC Substrate to Monitor Cathepsin B
Activity

In chapter 4, we focused on the design and characterization of a novel substrate, Z-Nle-
Lys-Arg-AMC, for specific monitoring of cathepsin B activity over a broad pH range. Our findings
underscore the importance of considering pH-dependent substrate cleavage properties in the
development of specific fluorogenic substrates for cathepsin B. The identification of Z-Nle-Lys-
Arg-AMC as a specific substrate for cathepsin B offers new opportunities for studying the role of
cathepsin B in different cellular compartments and disease states. By providing a substrate with
enhanced specificity and broad pH activity, this study advances our ability to accurately measure
cathepsin B activity under physiologic and pathologic conditions.

Future research should incorporate Z-Nle-Lys-Arg-AMC in experimental designs as it
serves as a useful tool, capable in many different environmental conditions. Further validation
studies should be done to confirm the specificity and sensitivity of Z-Nle-Lys-Arg-AMC in clinical
samples from patients with neurologic diseases. These studies would provide important clinical
insights into the diagnostic and prognostic utility of cathepsin B activity measurements.

7.5 The role of Cytosolic Cathepsin B in Stress-Induced Cell death
In chapter 5, we elucidated the role of cathepsin B in stress-induced cell death and its

implications for neurologic disorders such as Alzheimer’s disease and traumatic brain injury. Our
findings highlight the pathogenic involvement of cytosolic cathepsin B in mediating cell death

under conditions of nutrient deprivation, a common stressor in neurologic disorders. Moreover,
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the efficacy of the pH-selective inhibitor Z-Arg-Lys-AOMK in mitigating cell death induced by
nutrient deprivation underscores the therapeutic potential of targeting cathepsin B in neurological
diseases. By validating the protective effects of cathepsin B inhibition in cell death, this study
provides valuable insights into potential therapeutic strategies for neurodegenerative disorders.

Future research should further explore the role of cathepsin B in cellular compartments and
what biological pathways cathepsin B is involved in. These studies will provide important insights
into the role of cathepsin B in biological and pathogenic contexts. Additionally, further studies that
explore the therapeutic inhibition of cytosolic cathepsin B in neurologic diseases will provide
important preclinical data on the efficacy of targeting pathogenic cathepsin B.
7.6 The role of Cytosolic Cathepsin B in Traumatic Brain Injury

The focus of chapter 6 elucidated a cascade of events implicating lysosomal leakage and
the involvement of cytosolic cathepsin B in the TBI process. The significant motor deficits induced
by CCI-TBI in mice, coupled with cortical lesions, underscore the severity of the injury. In
particularl, the translocation of lysosomal cathepsin B to the cytosolic fraction within the brain
cortex of the ipsilateral hemisphere affected by CCI, as evidenced by Western blot and
immunofluorescence analyses. These findings highlight the interplay between CCI-TBI, motor
deficits, lysosomal leakage, and cytosolic cathepsin B translocation, suggesting its involvement in
the neuropathological mechanisms underlying the pathology of TBI. Further exploration of these
pathways is crucial for the development of targeted therapeutic strategies to mitigate the

consequences of TBI.

In addition, the efficacy of Z-Arg-Lys-AOMK in ameliorating motor deficits and reducing
brain cytosolic cathepsin B activity represents a significant advancement. When administered, Z-

Arg-Lys-AOMK improved motor deficits following CCI-TBI. Evidently, Z-Arg-Lys-AOMK
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treatment led to a marked reduction in cathepsin B activity within the cytosolic fraction of the
brain cortex in CCI-TBI mice, demonstrating its specificity in targeting this enzyme. These
findings collectively underscore the therapeutic potential of Z-Arg-Lys-AOMK as a neutral pH-
selective inhibitor of cathepsin B in alleviating CCI-TBI-induced motor deficits. Future directions
should focus on further elucidating the mechanisms underlying the therapeutic effects of Z-Arg-

Lys-AOMK and optimizing its clinical application in the treatment of TBI.
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