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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 at these different pH
conditions, this study evaluated the molecular features, potency, and selectivity of CA-074 for
cathepsin B inhibition at acidic and neutral pH conditions. This study demonstrated that CA-074 is
most effective at inhibiting cathepsin B at the acidic pH of 4.6 with nM potency, which was more
than 100-fold more potent than its inhibition at the 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 carboxyl group for pH-dependent inhibition. At 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
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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 pHs. Overall, results of this study demonstrates the molecular, kinetic, and protease
specificity features of CA-074 pH-dependent inhibition of cathepsin B.

Graphical Abstract
pH-Dependent CA-074 Inhibition of Cathepsin B
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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 and traumatic brain injury (TBI) (3-7),
cancer (8-10), autoinflammatory diseases conditions such as rheumatoid arthritis (11-13),
atherosclerosis (14, 15), and others (16-19). 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 Alzheimer’s disease (AD)
mouse model (5), and CA-074 reduces the severity of motor dysfunction and accelerates
recovery in the control cortical impact (CCI) model of traumatic brain injury (TBI)

(6). These animal studies administered the pro-inhibitor CA-074Me that is converted by
esterases /n vivoto the potent CA-074 inhibitor (5, 6).

CA-074 is an epoxysuccinyl peptide known as N-(L-3-trans-propylcarbamoyloxirane-2-
carbonyl)-L-isoleucyl-L-proline that was designed as a derivative of E-64 (L-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
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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 the 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). 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 at neutral pH
conditions which differs from its function in acidic lysosomes.

To gain more in-depth knowledge of CA-074 inhibition of cathepsin B at neutral pH
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 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 at 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.

CA-074 displays activity at acidic to neutral pH conditions that correspond to subcellular
locations of cathepsin B functions.

We assessed cathepsin B activity at 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 1).
Data shows that robust cathepsin B activity occurs between pH 4.6 to pH 7.2 (Figure 1).
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.

Differential potencies of CA-074 inhibition of cathepsin B at acidic to neutral pHs.

The potency of CA-074 inhibition of cathepsin B was assessed at pH 4.6, 5.5, and 7.2
(Figure 2a). At the lysosomal pH of 4.6, CA-074 was an effective inhibitor with an 1Csq
value of 6 nM (ICsp, concentration of inhibitor for 50% inhibition), but at neutral pH 7.2 it
was 120-fold less potent with an ICgq value of 723 nM (Figure 2a.ii). Inhibition at pH 5.5

Biochemistry. Author manuscript; available in PMC 2022 May 12.
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was also assessed since 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 1C5q value of
44 nM (Figure 2a.ii). These data show that CA-074 at pH 4.6 is 7-fold and 120-fold more
potent than at pH 5.5 and pH 7.2, respectively, demonstrating the pH-dependent properties
of CA-074 for cathepsin B inhibition.

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 2b). These data indicate that
the non-methylated 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 at acidic and neutral pH conditions, shown by its high ICgq values
of 8.9 uM, 13.7 uM, and 7.6 UM at pH 4.6, 5.5, and 7.2, respectively (Figure 2b.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.

Irreversible mechanism of CA-074 inhibition at 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 minutes at pH 4.6, pH 5.5, and pH 7.2 at 10-times the
ICsq concentrations, then diluted 100-fold followed by addition of Z-F-R-AMC substrate
(Figure 3). The lack of cathepsin B activity after dilution demonstrates the irreversible
inhibitory mechanism of CA-074 at all three pH conditions. As a control, cathepsin B was
preincubated without inhibitor and displayed a linear formation of product in the assay
(Figure 3). These data show that inhibition of cathepsin B with CA-074 is irreversible at
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 (supplemental Figure S1). These results illustrate the irreversible mechanism of the
weak inhibitor CA-074Me.

Kinetic evaluation of CA-074 K| and Kjnact Values for inhibition of cathepsin B at acidic and

neutral pHs.

Kinetic characterization of CA-074 irreversible inhibition was conducted to assess K; and
Kinact Values based on plots of inhibitor concentration and Kqps Values. The kgpg Values

were assessed from plots of cathepsin B activity at different inhibitor concentrations
(supplemental Figure S2). Data showed that CA-074 was most potent at pH 4.6 with a

K, of 22 nM (Figure 4), and was a less effective inhibitor at pH 7.2 with a K; of 1.98 yM
(Figure 4). 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 1). Thus, K; and 1Csq values both
indicated the greater potency of CA-074 at acidic compared to neutral pH conditions (Table

Biochemistry. Author manuscript; available in PMC 2022 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yoon et al.

Page 5

1). Evaluation of Kinact/K| values showed more effective inhibition kinetics at pH 4.6 than at
pH 5.5 or pH 7.2. At pH 4.6, the Kjnact /K value of 4.5 x 10° M~1s71 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 8.6 x 103 M~1s71,
respectively (Table 1). These data illustrate the kinetic properties of pH-dependent inhibition
by CA-074.

The kinetic properties of CA-074Me were assessed, indicating its poor inhibition of
cathepsin B (Table 1, and supplemental Figure S3). CA-074Me inhibition of cathepsin

B at pH 4.6, pH 5.5, and pH 7.2 occurred with K values of 52 uM, 56 uM, and 29

UM, respectively, which represented lower potencies by 1/2,363, 1/265, and 1/15 at these
respective pHs compared to CA-074. The Kinact/K) values of CA-074Me also indicated
substantially weaker inhibition compared to CA-074 (Table 1).

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 at 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 pM displayed minor
effects on cathepsins K, S, V, and X of 5-20% inhibition. At pH 5.5, 16 pM CA-074 pM had
no effect on these cysteine cathepsins C, H, L, K, V, and X; but cathepsin S was inhibited
with an 1Cgq 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, 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 at
acidic and neutral pH conditions.

With respect to CA-074Me, it displayed nearly no inhibition of the cysteine cathepsins
assessed at up to 16 uM CA-074Me (Table 2). Cathepsin S, however, was inhibited by high
concentrations illustrated by the micromolar ICsg values of 5.5 uM and 3.8 uM CA-074Me
at pH 5.5 and pH 7.2, respectively.

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
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 multiplex substrate profiling mass spectrometry (MSP-MS) (39, 40).
The MSP-MS approach uses a substrate library consisting of 228 peptides (14 residues in

Biochemistry. Author manuscript; available in PMC 2022 May 12.
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length) containing 2,964 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

5). At pH 7.2, 10 nM CA-074 had no effect on cathepsin B cleavage the Z-Phe-Arg-AMC
substrate (Figure 2) and, similarly, had no effect on cleaving peptide substrates in the
MSP-MS assay (Figure 5). 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.

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 by the Molecular Operating Environment (MOE) docking software (41,
42). MOE modeled CA-074 binding to bovine cathepsin B (PDB: 1QDQ) (36) at pH 4.6
and pH 7.2, showing similar orientation at the active site (Figure 6a). 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 6b), reflected by
total binding energy of —58.3 kcal/mol (Table 3, and supplemental Figure 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 6c), reflected by the altered binding energy
of —43 kcal/mol (Table 3, and supplemental Figure S5), when compared to the binding
energy at pH 4.6. These MOE docking analyses showing 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 at acidic compared to neutral pH conditions.

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. K, 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 at pH 4.6 (based on K|), and was
9-fold more potent than 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. At 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
carboxylate 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,

Biochemistry. Author manuscript; available in PMC 2022 May 12.
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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 at 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 (42). These new findings distinguish cathepsin B properties
in its normal acidic environment of 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 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 pHs. 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 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 uM to 50 uM (48-51). With

the assumption that most of the pro-inhibitor is 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 (52-56), which may correspond to micromolar and greater levels

Biochemistry. Author manuscript; available in PMC 2022 May 12.
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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 /77 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, 57-62). We
previously discovered that Z-Arg-Lys-AOMK is >100-fold selective at inhibiting cathepsin
B at pH 7.4 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 non-lysosomal 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. These
findings proof-of-concept that it may be possible to develop other pH selective inhibitors.
Novel pH 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.

Methods and Materials

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 (multiplex substrate profiling
mass spectrometry) 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 (37, 38). 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 (3M company #2215-C18, Maplewood, MN), and (3) nano-LC-MS/MS

Biochemistry. Author manuscript; available in PMC 2022 May 12.
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reagents consisting of 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).

Cathepsin B activity assay.

Pro-cathepsin B (recombinant) was activated to mature cathepsin B by incubation at 37°C
for 30 minutes in 20 mM Na-acetate pH 5.5, 1 mM EDTA, 5 mM DTT, 100 mM NacCl.
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 room
temperature (25°C) in quadruplicate, and relative fluorescence readings (RFU) (excitation
360 nm, emission 460 nm) were recorded every 46 secs over a period of 30 min (for
inhibitor assays) in a Biotek HTX microplate plate reader. For other assays, RFU readings
were recorded every 101 secs, 30 secs, and 70 secs for studies of pH dependence (Figure
1), irreversibility (Figure 3), and Ky, values (SI Figure 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/ug enzyme. Data analysis was conducted using
Prism GraphPad software.

For the pH curve experiment (Figure 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 t0 9.0), 1 mM EDTA, 5 mM DTT, 100 mM NacCl, and 0.01% Tween-20,
with preincubation in each pH buffer for 10 min prior to initiating the assay by adding
substrate. We noted that pre-incubation at pH values of 3.0 or 8.0 resulted in reduced activity
when compared with our previous studies (44) that had no pre-incubation step.

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 was conducted at pH
4.6, pH 5.5 and pH 7.2 to determine ICsq, K|, kobs, and Kijnaci/K;. 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. ICsg
values were calculated as the inhibitor concentration that reduced cathepsin B activity by
50%.

For determination of K; and kijnact/K) Kinetic inhibition constants, kqps 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=Y g*e(“kobs™X) where Y is the activity for the control with no inhibitor, Y is the activity
in the presence of inhibitor, and X is time. K| and Kijnact Values were determined by plots
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of kops and inhibitor concentration, combined with curve fitting the ko, Values with the
equation Kops=Kinact*[11/(K+[1]), where [I] is inhibitor concentration, Kjpact is the maximum
rate of inactivation at saturating inhibitor concentrations, and K qpp is the x-axis inhibitor
concentration where y = Kinact/2 (63, 64). K|, values were determined from K app and Kp,
values by the equation K| app= K| *(1+[S]o/Kr. Determination of Ky, values is described in
the next paragraph. These analyses are for irreversible inhibitor kinetic characterization.

K 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), Cathepsin

X (MCA-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys(Dnp)-OH) at pH 4.6, pH 5.5 and pH 7.2
(supplemental Figure S6). 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=V max*[SI//(Km+
[S]) to determine Ky, values. These kinetic methods are for irreversible inhibitor kinetic
characterization.

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 pre-incubated with each
inhibitor at 10 times the 1Csg concentration, followed by dilution to 1/10 the 1Csq
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 at acidic and neutral pH conditions.

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. ICs values were determined for pH 4.6 and pH 7.2
conditions, 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 I1Csq value was indicated as >16 pM. 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-Lys(Dnp)OH,
Gly-Arg-AMC, and Arg-AMC, respectively. Activation of pro-cathepsin H to cathepsin H
was achieved by incubation of cathepsin H (4.4 ng/pL) with cathepsin L (1.1 ng/uL) at RT
for 2 hrs in 20 mM citrate phosphate pH 6.0, 5mM DTT, and 100 mM NaCl. Cathepsin C
(13.78 ng/uL) was activated by incubation with cathepsin L (3.4 ng/uL) at RT for one hrin
20 mM citrate phosphate, pH 6.0, 100 mM NaCl, 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 the 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
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convert RFU/s to picomol/min, 10 pM to 0.005 pM (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.

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

CA-074 inhibition of peptide cleavages was evaluated by MSP-MS assays of cathepsin B.
Cathepsin B was pre-incubated 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 pre-incubated with 2.5 % DMSO in
each assay buffer. In a total volume of 10 uL, cathepsin B (0.1 ng/uL) pre-incubated 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 minutes 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 minutes at 25°C for inactivation, prior
to addition of the peptide library. Assays were conducted in quadruplicate. Samples were
acidified by addition of 40 pL 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 L of 0.1% FA (solvent A) and 4 pL was used for LC-MS/MS.

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 um bead size, 75 pm x 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% to 30% solvent B with a subsequent
15-minute linear gradient of 30% to 75% solvent B. Survey scans were recorded over a
200-2000 m/z range (70,000 resolutions at 200 m/z, AGC target 1x10%, 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 5x104, 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 normalized by 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. ANOVA 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 by log,(active/inactivated enzyme) ratios for each
peptide product; with p < 0.05 by 2-tailed homoscedastic t-test
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MOE modeling of CA-074 interactions with cathepsin B at acidic and neutral pH

conditions.

The Molecular Operating Environment (MOE) molecular modeling tool was used to model
CA-074 binding to cathepsin B using the crystal structure of bovine cathepsin B (PDB
1QDQ), co-crystal template with the inhibitor CA-074 as default binding ligand. The builder
function of MOE was used to examine binding poses that considered polar contacts and
hydrogen bonds between 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cathepsin B activity at 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.
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Figure 2. CA-074 pH-dependent inhibition of cathepsin B at 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-Q074 structure. The chemical structure of CA-074 [N-3-trans-propylcarbamoyl-
exirane-2-carbonyl)-L-isoleucyl-L-proline] is illustrated. CA-074 is an epoxysuccinyl
inhibitor of cathepsin B (20, 21).

(ii) Potent, pH-dependent CA-074 inhibition of cathepsin B at 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
ICsq 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 at 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 ICsq values,
representing inhibitor concentrations that reduced cathepsin B by 50%.
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Figure 3. 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 pre-incubated with inhibitor at 10 times the 1Cgq 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 ICgq 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 at acidic and neutral pH conditions.
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Figure 4. Kinetics of CA-074 inhibition of cathepsin B at 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 K|, Kinact, and Kinact /K|,
conducted as described in the methods.
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Figure 5. CA-074 inhibition of peptide cleavages by cathepsin B analyzed by multiplex substrate
profiling by mass spectrometry (MSP-MS).

(a) MSP-MS approach for cleavage profiling of cathepsin B in the presence or absence of
CA-Q074. Cathepsin B was preincubated with CA-074 (10 nM) at pH 4.6 and pH 7.2 for

30 min at RT, and without inhibitor as 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
inhibitor or in the presence of 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 log,(Cat.B/inactivated enzyme) for each peptide product, with p
< 0.05 by 2-tailed homoscedastic t-test.
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Figure 6. Molecular docking of CA-074 to cathepsin B at pH 4.6 and pH 7.2.
(2) Model of CA-074 docking to cathepsin B at pH 4.6 and pH 7.2. Analyses 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 template for analyses (36, 37). CA-074 interacts with S2 to S2’ subsites of the enzyme
substrate binding region (Schechter-Berger nomenclature (41)), 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) 2-Dimensional illustration of CA-074 and cathepsin B binding interactions at pH 4.6. At
pH 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
3, and supplemental Figure S4).

(b) 2-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 3, and supplemental Figure 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.
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Table 1.
Kinetic Values for CA-074 and CA-074Me Inhibition of Cathepsin B at pH 4.6, pH 5.5, and pH 7.2

o Cathepsin B Cathepsin B
Kinetic CA-074 CA-074Me
constant
pH 4.6 pH 5.5 pH 7.2 pH 4.6 pH5.5 pH 7.2
1C5 (NM) 6 44 723 8,970 13,700 7,560
K| (nM) 22 211 1,980 52,000 56,000 29,000
Kinact (571 0.010 0.023 0.017 0.016 0.014 0.014

Kina/ K!(M™3s71)  45x105 1.1x105 86x103 3.1x10? 25x102 4.8x 102

IC50 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). The K|, Kinact, and Kinact/K| values were calculated as described in the methods to measure kgps values at different inhibitor
concentrations (supplemental Figure S2 and Figure S3) for determination of K|, kinact, and kinact/K| 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 (supplemental Figure S6).
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Specificity of CA-074 and CA-074Me for inhibition of cathepsin B compared to other cysteine cathepsins.

Protease CA-074 CA-074Me
|C50 (nM) ICSO (nM)
(% inhibition) (% inhibition)
pH 4.6 pH5.5 pH 7.2 pH 4.6 pH5.5 pH7.2
Cathepsin B 6 44 723 8,970 13,700 7,560
CathepsinC  >16,000 >16,000 >16,000 >16,000 >16,000 >16,000
0% 0% 0% 5% 0% 4%
CathepsinH >16,000 >16,000 >16,000 >16,000 >16,000 >16,000
0% 0% 0% 0% 0% 19%
CathepsinL  >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 4,800 >16,000 >16,000 5,500 3,800
20% 29% 22%
CathepsinV ~ >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%

Inhibitors 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). IC5Q values were determined

for CA-074 and CA-074Me for each protease. IC5( 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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Table 3.
Binding energies of CA-074 to cathepsin B at pH 4.6 and pH 7.2

pH condition  Binding energy

pH 4.6 - 58.3 kca/mol
pH 7.2 - 43.0 kcal/mol

The more negative binding energy calculated for pH 4.6 compared to pH 7.2 predict the more favorable interaction of CA-074 to cathepsin B at pH
4.6.
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