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Abstract

Cathepsin B is a cysteine protease that normally functions within acidic lysosomes for protein
degradation, but in numerous human diseases, cathepsin B translocates to the cytosol having
neutral pH where the enzyme activates inflammation and cell death. Cathepsin B is active at
both the neutral pH 7.2 of the cytosol and the acidic pH 4.6 within lysosomes. We evaluated
the hypothesis that cathepsin B may possess pH-dependent cleavage preferences that can be
utilized for design of a selective neutral pH inhibitor by (1) analysis of differential cathepsin
B cleavage profiles at neutral pH compared to acidic pH using multiplex substrate profiling
by mass spectrometry (MSP-MS), (2)design of pH selective peptide-AMC substrates, and (3)
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design and validation of Z-Arg-Lys-AOMK as a selective neutral pH inhibitor. Cathepsin B
displayed preferences for cleaving peptides with Arg in the P2 position at pH 7.2, and Glu in

the P2 position at pH 4.6, represented by its primary dipeptidyl carboxypeptidase and modest
endopeptidase activity. These properties led to design of the substrate Z-Arg-Lys-AMC having
neutral pH selectivity, and its modification with the AOMK warhead to result in the inhibitor Z-
Arg-Lys-AOMK. This irreversible inhibitor displays nanomolar potency with 100-fold selectivity
for inhibition of cathepsin B at pH 7.2 compared to pH 4.6, shows specificity for cathepsin B

over other cysteine cathepsins, and is cell permeable and inhibits intracellular cathepsin B. These
findings demonstrate that cathepsin B possesses pH-dependent cleavage properties that can lead to
development of a potent, neutral pH inhibitor of this enzyme.

Graphical Abstract
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Introduction

Cathepsin B functions in lysosomes for protein degradation and maintenance of cellular
homeostasis (1-3). Cathepsin B is a member of the family of cysteine cathepsin proteases
that participate in lysosomal protein degradation, together with aspartyl and serine
cathepsins (4, 5). Cathepsin B normally functions within the acidic pH 4.6 environment

in lysosomes (6-8). However, significant cathepsin B activity occurs at the neutral pH 7.2 of
the cytosol and other cellular compartments as well as extracellular locations (9-11).
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Evidence for neutral pH locations of cathepsin B functions (12-15) suggests the

hypothesis that differential cleavage properties of this enzyme at neutral compared to
acidic pH conditions may provide the basis for design and development of a neutral

pH selective inhibitor, which represents the purpose of this study. In numerous disease
conditions, cathepsin B functions in the cytosol at neutral pH, rather than in lysosomes.
Lysosomal leakage of cathepsin B to the neutral cytosol occurs in numerous brain
disorders including Alzheimer’s disease (12-17), traumatic brain injury (TBI) (12, 18,

19), and neurodegenerative conditions (20-25), and in autoinflammatory and infectious
diseases (26-32). Cytosolic cathepsin B initiates apoptotic cell death (33-36) and activates
inflammatory IL-1p production (37-40). Cathepsin B participates in behavioral deficits,
demonstrated by cathepsin B gene knockout and inhibitor studies in animal models of TBI,
AD, ischemia, and related disorders (12, 41, 42). This enzyme also functions at the neutral
pH of the extracellular environment in cancer (43-47) and rheumatoid arthritis (48), as well
as at other neutral pH locations including nuclei (49-51). The prevalence of cathepsin B
functions at neutral pH locations emphasizes the critical importance of this study to gain an
understanding its neutral pH properties compared to its normal acidic lysosomal features.

Cathepsin B is active at the neutral pH 7.2 (9, 10) of the cytosol (52, 53), as well as

at the acidic pH 4.6 (6-8) within lysosomes (4, 52). The 400-fold difference in proton
concentration at pH 4.6 compared to pH 7.2 alters the charge state of cathepsin B (12)

and its substrates. These distinct pH conditions lead to the hypothesis that cathepsin B
may possess different substrate cleavage preferences at cytosolic neutral pH compared

to lysosomal acidic pH. We tested this hypothesis by comparing the substrate cleavage
properties of cathepsin B at both pH conditions by global Multiplex Substrate Profiling by
Mass Spectrometry (MSP-MS) using a peptide substrate library consisting of 228 peptides
designed to contain diverse protease cleavage sites (54, 55). Furthermore, MSP-MS directly
assesses the location of each cleavage site and can, therefore, distinguish aminopeptidase
(56, 57), endopeptidase (58, 59), and carboxypeptidase activities (54, 60). Results showed
that cathepsin B displays pH-selective cleavage properties represented by its prominent
dipeptidyl carboxypeptidase activity and modest endopeptidase activity.

Based on the distinct cathepsin B cleavage properties at neutral pH compared to acidic pH
conditions, peptide-AMC substrates and novel peptidic-AOMK inhibitors of cathepsin B
were designed and evaluated for pH selectivity. Notably, Z-Arg-Lys-AOMK was revealed
as a potent and selective inhibitor of neutral pH 7.2 cathepsin B activity. This inhibitor
displayed high specificity for cathepsin B compared to other lysosomal cysteine cathepsins.
These results demonstrate that the unique pH-dependent cleavage properties of cathepsin B
provide the basis for design of Z-Arg-Lys-AOMK as a neutral pH inhibitor of cathepsin B.
These findings suggest that neutral pH cathepsin B represents a unique form of the enzyme
compared to the normal lysosomal cathepsin B.

Results and Discussion

Results

Strategy to assess cleavage properties of cathepsin B for design of a neutral
pH selective inhibitor.—The workflow used to analyze cathepsin B cleavage properties
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for development of a neutral pH inhibitor is illustrated in Figure 1. Unbiased MSP-MS
assays evaluated the cleavage properties of cathepsin B at neutral pH 7.2 and acidic pH

4.6 using a peptide library consisting of 228 peptide substrates (14 residues in length)
containing 2,964 diverse cleavage sites. Cathepsin B cleavage products were identified and
quantified by nano-liquid chromatography tandem mass spectrometry (nano-LC-MS/MS)
to determine the frequencies of amino acid residues adjacent to cleavage sites at P1-{ P1'
residues. Preferred residues at the P2 and P1 positions were utilized for design of dipeptide
fluorogenic substrates. Substrate sequences that were selectively hydrolyzed by cathepsin
B at pH 7.2 or 4.6 were synthesized with the acyloxymethyl ketone (AOMK) warhead to
generate peptidic inhibitors.

Cathepsin B stability at neutral pH 7.2 and acidic pH 4.6.—Prior to determining
the substrate cleavage profiles of cathepsin B, we evaluated enzyme stability at pH 7.2

and pH 4.6 by preincubating the enzyme for up to 4 hours at room temperature (RT, 27°

C) and at 37° C, followed by assays with Z-Phe-Arg-AMC substrate. After 1 hour of pre-
incubation, the relative activity at each pH and temperature was above 50%, and decreased
with longer pre-incubation times (Figure 2). We, therefore, performed the MSP-MS cleavage
assays at RT for up to 1 hour to generate data for active enzyme. These in vitro assays show
that cathepsin B is active at both pH 7.2 and pH 4.6, and represent a model for studying
cathepsin B activity.

Substrate cleavage profiling of cathepsin B demonstrates strong dipeptidyl
carboxypeptidase specificity.—Human recombinant cathepsin B was incubated with
the 228 14-mer library for 60 minutes followed by nano-LC-MS/MS and PEAKS
bioinformatics to quantify peptide products. At pH 7.2 cathepsin B cleaved 66 peptide bond
sites, and at pH 4.6 the enzyme cleaved 142 sites (supplemental Figure S1). Cleavage was
defined by peptide products having intensity values that were at least 8-fold above that in the
denatured enzyme control, based on the criteria to minimize false positive rate (supplemental
Figure S2). The distribution of cleavages at each of the 13 peptide bonds among the peptide
substrates was quantified and proteolysis was found to occur primarily at position #12
indicating dipeptidyl carboxypeptidase activity (Figure 3a). Cleavage at position #10 was
also prevalent. Fewer numbers of cleavages occurred at positions #7-9 and #11 that may
represent endopeptidase cleavages, and no cleavages were observed at positions #1-6.

The presence of prominent dipeptidyl carboxypeptidase activity suggested that sequential
cleavage at position 12 followed by cleavage at position 10 may occur in a time-dependent
manner. Evaluation of the number of cleavages occurring at position 10 at 15 min and 60
min found that increases occurred in a time-dependent manner (Figure 3b), consistent with
dipeptidyl carboxypeptidase processing at position 12 followed by such cleavages at position
10 (supplemental Table 1). These findings illustrate the primary exopeptidase activity of
cathepsin B as a dipeptidyl carboxypeptidase, with low endopeptidase activity, at both
neutral and acidic pH conditions.

pH-dependent cleavage properties of cathepsin B.—Cathepsin B displayed

differences in cleavage preferences at pH 7.2 compared to pH 4.6. The frequencies of amino
acid residues located at positions P2-P1-{P1'-P2' to generate cleaved peptide products were
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analyzed by MSP-MS for the major cleavages occurring as dipeptidyl carboxypeptidase
cleavages at position 12. IceLogo schematically illustrates the relative frequency of amino
acid residues occurring at P2-P1-1P1'-P2' residues at pH 7.2 and 4.6 (Figure 4a, b).

At the P1 position, cathepsin B at pH 7.2 preferred the basic residues Arg and Lys, along
with norleucine and Tyr (Figure 4a). At pH 4.6, the P1 positions displayed preferences for
the noncharged Thr and Gly residues, as well as the basic residue Arg (Figure 4b).

At the P2 position, differences in the preferences for negative and positive residues were
observed at pH 7.2 and pH 4.6 (Figure 4a, b). At pH 4.6, the acidic Glu residue was a
preferred residue at the P2 position, as well as hydrophobic Val. In contrast, at pH 7.2, the
basic residues Arg, Lys, and His were preferred at the P2 position, as well as Trp. These
preferred P2 residues appear consistent with the presence of Glu245 at the S2 pocket of the
protease that interacts with the P2 residue of the cathepsin B substrate (61). At pH 4.6, the
uncharged Glu245 could interact with the uncharged Glu as the P2 residue, while at neutral
pH 7.2 the negatively charged Glu245 would be amenable to interacting with the positively
charged P2 basic Arg or Lys residues. These preferred residues at the P2 positions may be
informative for design of pH-selective substrates of cathepsin B.

Development of pH selective peptide-AMC substrates for cathepsin B.—The
MSP-MS substrate profiling results provided the basis for design of pH selective dipeptide-
AMC substrates (Figure 4c). A series of pH 7.2 selective substrates were designed with
basic residues at the P2 position, consisting of Z-Arg-Lys-AMC, Z-Lys-Lys-AMC, Z-Lys-
Arg-AMC, and Z-Arg-Arg-AMC. At pH 4.6, the preference for Glu at the P2 position was
used for design of the pH 4.6 selective substrates Z-Glu-Lys-AMC and Z-Glu-Arg-AMC.

Evaluation of pH substrate selectivity found that dipeptide substrates with basic residues

at both P2 and P1 positions were more rapidly cleaved at neutral pH 7.2 than at pH

4.6 by cathepsin B; these substrates consisted of Z-Arg-Lys-AMC, Z-Lys-Lys-AMC, Z-Lys-
Arg-AMC, and Z-Arg-Arg-AMC (Figure 4c). Z-Arg-Lys-AMC and Z-Arg-Arg-AMC had
the highest ratio of pH 7.2/pH 4.6 activities (Figure 4d). Furthermore, acid pH preferring
substrates consisted of Z-Glu-Lys-AMC and Z-Glu-Arg-AMC with Glu at the P2 position
(Figure 4c). Z-Glu-Lys-AMC displayed the highest ratio of pH 4.6/pH 7.2 activities,
indicating preference for pH 4.6 cathepsin B activity (Figure 4d).

Substrate concentration studies showed that at pH 7.2, cathepsin B displayed preference
for the Z-Arg-Lys-AMC substrate, shown by the greater rate of hydrolysis of this substrate
at pH 7.2 compared to pH 4.6, as illustrated by k¢q/Kn, values (Figure 5a). At pH 4.6,
cathepsin B preferred the Z-Glu-Lys-AMC substrate (Figure 5b), shown by the more rapid
rate of hydrolysis at pH 4.6 over pH 7.2. In contrast, Z-Phe-Arg-AMC was hydrolyzed at
similar rates by cathepsin B at both pH 4.6 and 7.2 (Figure 5c).

The complete pH profiles were assessed for the pH-selective substrates Z-Arg-Lys-AMC
and Z-Glu-Lys-AMC, and the non-pH selective substrate Z-Phe-Arg-AMC (Figure 6).
Hydrolysis of Z-Arg-Lys-AMC was maximal at pH 7.8, with >50% activity occurring
between pH 6.2 to pH 8.5, indicating Z-Arg-Lys-AMC as a selective neutral pH substrate of
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cathepsin B. In contrast, Z-Glu-Lys-AMC was optimally hydrolyzed at pH 4.6, with >50%
activity occurring at pH 3.6 to pH 5.6, indicating Z-Glu-Lys-AMC as a selective acidic

pH substrate. Z-Phe-Arg-AMC was hydrolyzed across a wide pH range with 50% of the
maximum activity occurring between pH 3.8 and 8.6. These data clearly show that cathepsin
B has distinct enzymatic properties at pH 4.6 and pH 7.2, and these differences can be
exploited by rational design of pH selective substrates.

The peptidic substrates were assessed for specificity for related lysosomal cysteine cathepsin
proteases. Z-Arg-Lys-AMC selectively monitored cathepsin B activity primarily at pH 7.2,
and showed no activity for cathepsin L or cathepsin V at pH 7.2 (supplementary Figure S4).
Z-Glu-Lys-AMC was selective for cathepsin B activity at pH 4.6, and displayed no activity
for cathepsins L or V. In contrast, Z-Phe-Arg-AMC was hydrolyzed by cathepsin B at both
pH conditions, and this substrate was also cleaved by cathepsins L and V at pH 4.6.

Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK inhibitors of cathepsin B.—The strategy
to incorporate the AOMK warhead to replace the AMC group of the peptide-AMC
substrates (57, 62-64) was utilized to design and synthesize the Z-Arg-Lys-AOMK and
Z-Glu-Lys-AOMK peptidic inhibitors (supplemental Figure S5).

Z-Arg-Lys-AOMK displayed selective inhibition of cathepsin B at pH 7.2 compared to

pH 4.6 (Figure 7a and Table 1). Determination of kinetic constants showed that Z-Arg-Lys-
AOMK was a potent inhibitor with K; value of 130 nM at pH 7.2, but was less effective at
pH 4.6 with a K; of 15,000 nM at pH 4.6 (Table 1). The K| values show that this inhibitor
displays 115-fold greater potency at pH 7.2 compared to pH 4.6. The Kijnact/K| COnstant was
1.1x10° M~ Is71 at pH 7.2, and 1.8 x 103 M~1s71 at pH 4.6 (Table 1). The inhibitory
effectiveness of Z-Arg-Lys-AOMK was also illustrated by its low 1Csq value of 20 nM,
compared to its lower effectiveness at pH 4.6 with 1Cgq value of 1,500 nM. These kinetic
studies illustrate Z-Arg-Lys-AOMK as a potent neutral pH inhibitor of cathepsin B.

Compared to Z-Arg-Lys-AOMK, Z-Glu-Lys-AOMK displayed less effective inhibition of
cathepsin B at both pH 7.2 and pH 4.6 (Figure 7b and Table 1). Kinetic analyses showed

that Z-Glu-Lys-AOMK had K values of 2,300 nM and 7,900 nM at pH 7.2 and pH 4.6,
respectively (Table 1). The kinact/K; values for this inhibitor were 8.2 x 103 M~1s71 and

2.0 x 108 M~1s71 at pH 7.2 and pH 4.6, respectively (Table 1). These data showed that
Z-Glu-Lys-AOMK was about 3.5-fold more potent at pH 7.2 compared to pH 4.6, with K|
values for both pHs at micromolar levels. 1Cgq values of 320 nM and 1,100 nM for pH

7.2 and 4.6, respectively, were of similar orders of magnitude. The micromolar levels of
Z-Glu-Lys-AOMK for inhibition at both pHs were less effective than the nanomolar levels of
Z-Arg-Lys-AOMK for neutral pH inhibition of cathepsin B.

Neutral pH selective inhibition of peptide library cleavages by Z-Arg-Lys-
AOMK.—To further validate the neutral pH selectivity of Z-Arg-Lys-AOMK inhibition,
cathepsin B was pre-incubated with this inhibitor at 64 nM at pH 7.2 and pH 4.6, and
proteolytic activity was assessed using the 228-member peptide library in MSP-MS assays.
The 64 nM concentration of Z-Arg-Lys-AOMK was chosen because it reduced cathepsin B
activity with Z-Phe-Arg-AMC as substrate by 93% at pH 7.2 and by 5% at pH 4.6 (Figure

ACS Chem Biol. Author manuscript; available in PMC 2022 May 13.
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8). At pH 7.2, Z-Arg-Lys-AOMK completely inhibited peptide cleavages by cathepsin B
after 1 hr incubation (Figure 8a). However, at pH 4.6, Z-Arg-Lys-AOMK (64 nM) did not
inhibit cathepsin B formation of peptide products (Figure 8b). These findings show that
Z-Arg-Lys-AOMK selectively inhibits cathepsin B cleavage of peptides at neutral cytosolic
pH compared to acidic lysosomal pH conditions.

Irreversible mechanism of Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK inhibitors.—
The irreversible mechanism of the inhibitors was demonstrated by pre-incubation of each
inhibitor with cathepsin B, followed by dilution and activity measurements (supplemental
figure S7). Control enzyme without inhibitor displayed a linear time-dependent progression
of proteolytic activity. Preincubation with Z-Arg-Lys-AOMK or Z-Glu-Lys-AOMK at pH
7.2 and pH 4.6, respectively, resulted in no cathepsin B activity after dilution of the
inhibitors, indicating the irreversible mechanism of these inhibitors.

Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK specifically inhibit cathepsin B
compared to other cysteine cathepsins.—At pH 7.2, Z-Arg-Lys-AOMK inhibited
cathepsin B with a 1C5q of 20 nM, which was more potent by 22-fold, 110-fold, and 43-fold
than cathepsin V (ICgq=440 nM), cathepsin S (ICs = 2,200 nM), and cathepsin C (ICsg =
850 nM) inhibition (Table 2). At pH 7.2, cathepsins K and H were minimally inhibited by
Z-Arg-Lys-AOMK at 16 uM. At pH 4.6, Z-Arg-Lys-AOMK inhibited cathepsin B with I1Csq
of 1,500 nM, and at 16 uM this inhibitor showed minimal inhibition of cathepsins L, V, S, X,
C, and no inhibition of cathepsin K or cathepsin H.

Z-Glu-Lys-AOMK also demonstrated specific inhibition of cathepsin B compared to other
cysteine cathepsins (Table 2). At pH 7.2, the inhibitor was 38-fold more potent for cathepsin
B (ICsg = 320 nM) relative to cathepsin C (IC5g = 12,000 nM). At pH 4.6, weak inhibition
of cathepsin V (ICsq = 1,900 nM) and cathepsin C (ICsq = 8,600 nM) occurred while

the other cathepsin enzymes tested were minimally inhibited or not inhibited by Z-Glu-Lys-
AOMK (at 16 uM) at either pH condition.

These data illustrate the high specificity of Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK
inhibitors for cathepsin B over other members of the cysteine cathepsin family.

Molecular docking of Z-Arg-Lys-AOMK to cathepsin B at neutral pH 7.2:
interaction of Glu245 of the enzyme with P2 Arg.—Modeling of Z-Arg-Lys-AOMK
binding interactions to cathepsin B was assessed by the Molecular Operating Environment
(MOE) software (65, 66). MOE generated a representation of inhibitor binding to the active
site of human cathepsin B (PDB: 1QDQ) (61) at pH 7.2 consisting of P2 and P1 residues

of the peptidic inhibitor interacting with the S2 and S1 subsites of the enzyme, according

to the Schechter-Berger nomenclature (67) (Figure 9). The P2 Arg residue of the Z-Arg-Lys-
AOMK shows a strong polar interaction with the carboxylate of Glu245 in the S2 subsite of
the enzyme. Glu245 at pH 7.2 is negatively charged (based on its pKa of 5.1 (68), which is
predicted to interact with the positively charged P2 Arg of the inhibitor at neutral pH. The
P1 Lys residue of the inhibitor interacts with Glu122 and Asn72 of the enzyme S1 pocket
(61, 69). The AOMK warhead occupies the S1' region near the occluding loop; furthermore,
the AOMK carbon atom resides less than 3.4 A from the catalytic Cys29 nucleophile,

ACS Chem Biol. Author manuscript; available in PMC 2022 May 13.
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suggesting a binding mode for irreversible inhibition. The Z group (benzyloxycarbonyl)
appears partially solvent exposed and extended from the S2 region. In contrast, a pH 4.6
model of Z-Arg-Lys-AOMK docking to cathepsin B showed a lack of Glu245 interaction
with the Arg moiety of this inhibitor (supplemental Figure S8). These features illustrate a
model of Z-Arg-Lys-AOMK binding to the active site of cathepsin B at neutral pH.

At pH 4.6, Z-Arg-Lys-AOMK docking by MOE modeling showed no interactions of Glu245
(of the enzyme) with the Arg of this inhibitor (supplemental Figure S9), which contrasts
with Glu245 interactions with Arg of Z-Arg-Lys-AOMK at pH 7.2. MOE modeling suggests
Glu245 interaction with Z-Arg-Lys-AOMK at pH 7.2, but no interaction with Z-Glu-Lys-
AOMK. MOE calculations of the inhibitor binding energies to cathepsin B at pH 7.2 and pH
4.6 show more favorable interactions of Z-Arg-Lys-AOMK at pH 7.2 compared to pH 4.6
(Table 3). These binding energies were estimated based on interactions of enzyme active site
residues with the inhibitors.

With respect to Z-Glu-Lys-AOMK, MOE shows that Z-Glu-Lys-AOMK lacks interactions
with the Glu245 of the S2 pocket of cathepsin B (supplemental Figure S9). Furthermore,
similar binding energies were calculated at pH 7.2 and pH 4.6 for Z-Glu-Lys-AOMK

(Table 3), suggesting that this inhibitor was not pH selective. This lack of pH selectivity is
supported by our inhibition studies (Table 1). The MOE modeling implicates the importance
of Glu245 of cathepsin B for effectiveness of the neutral pH inhibitor Z-Arg-Lys-AOMK.

Z-Arg-Lys-AOMK inhibition of intracellular cathepsin B and cell permeability.
—Z-Arg-Lys-AOMK was evaluated for its ability to inhibit cathepsin B activity in human
neuroblastoma cell lysate using Z-Arg-Arg-AMC substrate. Proteolytic activity in the cell
lysate was completely inhibited by Z-Arg-Lys-AOMK (1 uM) and by CA-074 (1 pM), a
specific inhibitor of cathepsin B (70) (Figure 10a). These data show that Z-Arg-Lys-AOMK
and CA-074 inactivate cathepsin B.

The cell permeability of Z-Arg-Lys-AOMK was evaluated by incubation of neuroblastoma
cells with this inhibitor (50 pM) for 6 hrs. Cells were also incubated with CA-074Me (50
uM); CA-074Me is known to enter cells and converted by esterases to the potent CA-074
inhibitor of cathepsin B (71). After incubation, cells were washed, and homogenates assayed
for cathepsin B activity with Z-Arg-Arg-AMC substrate. Z-Arg-Lys-AOMK and CA-074Me
completely inhibited cellular cathepsin B activity (Figure 10b). These results demonstrate
that the Z-Arg-Lys-AOMK is cell permeable and inhibits intracellular cathepsin B.

This study designed and developed a neutral pH selective inhibitor, Z-Arg-Lys-AOMK, of
cathepsin B based on the enzyme’s distinct substrate cleavage properties observed at neutral
pH 7.2 compared to acidic pH 4.6. Cathepsin B functions at the neutral pH locations of

the cytosol and extracellular environments of brain disorders (12-25) and human diseases
of different physiological systems (26-32), which contrasts with the normal location of
cathepsin B in lysosomes of acidic pH. Development of the neutral pH inhibitor was

based on the hypothesis that the unique pH-dependent cleavage properties of cathepsin B
may provide the basis for the design of selective neutral pH inhibitors. Specifically, the
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differential cleavage properties of cathepsin B at neutral pH compared to acidic pH were
revealed by MSP-MS substrate profiling which utilizes a peptide library containing all
neighbor and near-neighbor amino acid combinations. MSP-MS assays revealed preferences
of cathepsin B for residues at the P2 and P1 positions of the cleavage site (P1-1-P1'). The

P2 position prefers Glu (E) at acidic pH, but prefers a basic residue Arg (R) at neutral

pH. At the P1 position, basic residues are preferred at both neutral and acidic pHs. These
cleavage properties led to the design of Z-Arg-Lys-AMC as a neutral pH 7.2 selective
substrate, and Z-Glu-Lys-AMC as an acidic pH 4.6 selective substrate. Inhibitors were
generated by synthesis of these dipeptide substrates with the AOMK (acyloxymethyl ketone)
warhead. Z-Arg-Lys-AOMK was found to be an effective irreversible inhibitor of cathepsin
B at neutral pH with nanomolar potency. Z-Arg-Lys-AOMK displays 100-fold more potent
inhibition of cathepsin B at neutral pH compared to acidic pH. These findings indicate
Z-Arg-Lys-AOMK as a neutral pH inhibitor of cathepsin B, thus, validating our hypothesis
that substrate specificity differences can be utilized for rational design of pH selective
inhibitors. Surprisingly, Z-Glu-Lys-AOMK was not selective for inhibition at acid pH; thus,
addition of reactive warheads to peptide substrates may not always retain pH selectivity.
Nonetheless, these findings demonstrate that pH selective inhibitors of cathepsin B can be
developed based on its pH-dependent cleavage properties.

A notable finding of this study is that cathepsin B displays similar stability at both neutral
pH 7.2 and acidic pH 4.6 conditions. While cathepsin B normally functions at the acidic
pH 4.6 within lysosomes, we show that cathepsin B has similar stability at both neutral
and acidic pH conditions. Cathepsin B was more stable at pH 7.2 than at pH 4.6 for up

to 2 hours at room temperature (RT). Using conditions that maintain stability, cathepsin

B activity in this study was conducted with RT incubation up to 60 min for MSP-MS
assays and up to 30 min for fluorogenic assays. Studies at 37° C were also conducted and
showed similar stability of cathepsn B activity at pH 7.2 and pH 4.6. These stability studies
complement reports in the field that cathepsin B becomes inactivated with time at neutral
and alkaline conditions of pH 7.0-9.5 (52, 74-76). Our data provides new information that
similar stability and inactivation properties of cathepsin B are observed at pH 7.2 and pH
4.6.

Cathepsin B is known to cleave folded protein substrates such as MARKS, collagen,

and thyroglobulin (49, 77-79) via its endopeptidase activity. Using a substrate library of
synthetic peptides that lack secondary structure, we can detect both endoprotease and
exoprotease activity for any protease. We show that cathepsin B is primarily a dipeptidyl
carboxypeptidase enzyme and sequential removal of dipeptides from the C-terminus was
evident. Detection of dipeptidyl carboxypeptidase activity of protein substrates using
traditional gel shift assays is difficult as the molecular weight changes are minor. However,
using mass spectrometry, hydrolysis of peptide substrates into shorter products can be
readily detected and quantified.

The role of the occluding loop for exopeptidase compared to endopeptidase activities of
cathepsin B has been demonstrated by deletion mutagenesis of the loop domain, which
resulted in the absence of exopeptidase activity and presence of only endopeptidase activity
(80). Furthermore, site-directed mutagenesis of selected residues within the occluding loop
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resulted in increased endopeptidase activity (77). These studies indicate that the occluding
loop regulates the exopeptidase and endopeptidase activities of cathepsin B.

Cathepsin B activity is typically monitored with Z-Phe-Arg-AMC and Z-Arg-Arg-AMC
fluorogenic substrates for endopeptidase activity (82-84). However, use of extended peptide
substrates that can be cleaved by either endopeptidases or exopeptidases in the MSP-MS
cleavage analyses illustrated the predominant exopeptidase activity of cathepsin B at both
neutral and acidic pHs. These data demonstrate that these commonly used peptide-AMC
substrates monitor both the dipeptidyl carboxypeptidase and endopeptidase activities of
cathepsin B.

The differential cleavage profiles of cathepsin B at neutral pH 7.2 and acidic pH 4.6
conditions by MSP-MS provided the basis for development of pH selective peptide-AMC
substrates. At the P2 position, cathepsin B demonstrated preference for Glu at pH 4.6,

but at pH 7.2 the enzyme preferred basic residues of Arg and Lys. At the P1 position,
cathepsin B showed preference for basic residues Arg or Lys residues at acidic and neutral
pH conditions. Prior studies of cathepsin B cleavage properties at pH 5.5 (72, 73) showed
that the enzyme prefers P2 residues of Arg and Lys, but not Glu, and prefers P1 residues of
Arg and Lys. These findings suggest that the cleavage specificity of cathepsin B at pH 5.5
(72, 73) resembles that of cathepsin B at pH 7.2. But cathepsin B at pH 5.5 did not display
the pH 4.6 preference of the enzyme for Glu as the P2 residue found in this study. These
findings together demonstrate pH-dependent cleavage specificities of cathepsin B.

The differential P2 and P1 residue preferences of cathepsin B were utilized to design and
assess pH-selective peptide-AMC substrates. The Z-Arg-Lys-AMC substrate displayed high
preference for neutral pH cathepsin B compared to several related substrates tested. The
presence of Glu at the P2 position of Z-Glu-Lys-AMC was the rationale for its function

as a selective substrate for acidic pH 4.6 cathepsin B. These findings demonstrate that the
pH-dependent cleavage properties can provide the basis for design of pH-selective substrates
of cathepsin B.

Significantly, design and synthesis of the Z-Arg-Lys-AOMK inhibitor resulted in selective
and potent inhibition of neutral pH cathepsin B activity; this inhibitor was designed based
on the neutral pH selective Z-Arg-Lys-AMC substrate. At pH 7.2, the Z-Arg-Lys-AOMK
inhibitor displayed potent inhibition with a low K, of 130 nM, but was less effective at pH
4.6 with a higher K, of 15,000 nM. These results show that Z-Arg-Lys-AOMK is 115 times
more potent at neutral pH 7.2 compared to acidic pH 4.6. Z-Arg-Lys-AOMK was shown to
be an irreversible inhibitor with specificity for inhibition of cathepsin B over other cysteine
cathepsins (cathepsins L, V, S, X, K, C, and H). Docking of Z-Arg-Lys-AOMK to cathepsin
B at pH 7.2 was modeled by MOE which illustrated the active site binding features of the
inhibitor. The model featured the ionic interaction of the positively charged P2 Arg residue
of the peptidic inhibitor with the negatively charged Glu245 residue of the S2 subsite of
cathepsin B at pH 7.2, which was absent at pH 4.6. This proposed interaction is consistent
with studies showing the importance of Glu245 for interactions of the enzyme with the P2
residue of peptides (61, 69). Future studies of inhibitor and enzyme binding interactions
can be gained through in-depth structural and computational investigation. Importantly, the
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findings of this study demonstrate Z-Arg-Lys-AOMK as a novel inhibitor that selectively
and potently inhibits cathepsin B at neutral pH.

The Z-Glu-Lys-AOMK inhibitor displayed inhibition of neutral and acidic cathepsin B at
micromolar levels of inhibitor with only a 3-fold difference in potency, even though the
substrate Z-Glu-Lys-AMC preferentially detected acidic pH cathepsin B activity (rather

than neutral pH activity). It appears that substitution of AOMK for the AMC of the

Glu-Lys dipeptide removed its pH selectivity. It is noted that Lys at the P1 position is
preferred for neutral pH cathepsin B activity, and, thus, the Lys at P1 may influence the
inhibitor properties of Z-Glu-Lys-AOMK. These data show that a pH selective peptide-AMC
substrate may not always lead to a pH selective peptidic AOMK inhibitor. Nonetheless,
Z-Glu-Lys-AOMK represents a novel inhibitor of cathepsin B.

The neutral, cytosolic pH functions of cathepsin B due to lysosomal leakage occur in

brain disorders and in numerous human diseases involving physiological organ systems
(12-32). Lysosomal leakage results in translocation of cathepsin B from the lysosome to
the cytosol where cathepsin B initiates apoptotic cell death (33-36) and activates IL-1f
production in inflammation (37-40). Cathepsin B leakage to the cytosol occurs in brain
disorders of AD (14-17), TBI and ischemia (18-21), Parkinson’s disease (22, 23), Niemann-
Pick disease and lysosomal storage disorders (24, 25), and pneumoccal meningitis (85).
These neurodegenerative disorders also involve calpain in membrane permeabilization of
lysosomes, allowing cathepsin B to exit the lysosome and enter the cytosol, known as

the calpain-cathepsin hypothesis (86, 87). Other human diseases that involve lysosomal
leakage of cathepsin B include autoinflammatory disease (26, 27), atherosclerosis (28,

29), and pancreatitis (30-32). In addition to the pathogenic function of cathepsin B in the
cytosol, cathepsin B also functions at the neutral pH of extracellular locations in cancer
(43-47), rheumatoid arthritis (48), nuclear locations in thyroid carcinoma (50), chromosome
segregation (51), and in the thyroid follicle (49). In cancer, the tumor environment has
been found to be at pH 6.8 due to the Warburg effect for tumor acidosis (88, 89); the
Z-Arg-Lys-AOMK inhibitor was also found to be effective at pH 6.8 with an ICsg value

of 22 nM (supplemental Figure S10). Overall, the prevalence of cytosolic cathepsin B in
human diseases emphasizes the critical importance of this study to gain an understanding
of the unique neutral pH properties of cathepsin B compared to its normal acidic lysosomal
features.

In summary, the novel pH-dependent cleavage properties of the major dipeptidyl
carboxypeptidase activity of cathepsin B were revealed by MSP-MS substrate profiling

that led to design of pH-selective substrates and novel peptidic AOMK inhibitors. Notably,
Z-Arg-Lys-AOMK was demonstrated as a potent, neutral pH inhibitor of cathepsin B. These
findings demonstrate that the distinct pH-dependent cleavage properties of cathepsin B

can provide the basis for development of a neutral pH inhibitor with more than 100-fold
greater potency at pH 7.2 compared to pH 4.6. The novel Z-Arg-Lys-AOMK inhibitor may
allow future studies to probe the role of pathogenic neutral pH cathepsin B functions that
participate in brain disorders and human diseases.
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Methods and materials

Enzymes, peptides, and reagents.

Recombinant human cathepsin B and cathepsin proteases were obtained 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), and cathepsin H (R&D #75116-CY-010). The design and synthesis of

the 228 14-mer peptides used for MSP-MS assays have been described previously (54,
84). MSP-MS assays utilized low-bind 600 pL microtubes (Corning, Reynosa, MX),
dithiothreitol (DTT) (Promega #V351, Madison, WI), urea (Teknova #U2222, Hollister,
CA), HPLC-grade water (Fisher Chemical #W6-4), 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), 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), C18 LTS Tips (Rainin #PT-LC18-960, Oakland,
CA), C18 for SPE stage-tips (3M company #2215-C18, Maplewood, MN), and BEH C18
packing material (Waters Corporation #186004661, Milford, MA). Fluorogenic peptide
substrates were obtained from Bachem, Torrance, CA which consisted of Abz-Gly-lle-Val-
Arg-Ala-Lys(Dnp)-OH (#4049308), Z-Arg-Arg-AMC (#4004789), Arg-AMC (#1-1050),
Gly-Arg-AMC (#4002196). Z-Phe-Arg-AMC was purchased from Anaspec, Fremont,
CA (#AS-24096). Z-Lys-Lys-AMC, Z-Lys-Arg-AMC, Z-Arg-Lys-AMC, z-Glu-Lys-AMC
and z-Glu-Arg-AMC were custom synthesized by Genscript (Piscataway, NJ). MCA-
Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys(Dnp)OH was from CPC Scientific, San Jose, CA
(#AMYD-111A). E64c was from Selleckchem (Houston, TX); CA-074 and CA-074Me
were from SigmaMillipore (Burlington, MA). Cell culture media components MEMalpha,
F-12K, and FBS were from ThermoFisher (Watham, MA), and F-12K was from ATCC
(Manassas, VA). The DC protein kit was from Biorad (Hercules, CA).

Cathepsin B activity and stability.

Recombinant human pro-cathepsin B was activated to mature cathepsin B by incubation

at 37°C for 30 minutes in activation buffer (20 MM Na-acetate pH 5.5, 1 mM EDTA,

5mM DTT, 100 mM NaCl). To examine enzyme activity and stability, cathepsin B was
pre-incubated at pH 7.2 or pH 4.6 at room temperature (RT) (27° C) and 37° C for times

of 0.5, 1, 2, 3, and 4 hours. Cathepsin B activity was then assayed at RT for 30 min in 50
mM citrate phosphate at pH 7.2 or pH 4.6, 40 mM Z-Phe-Arg-AMC substrate, 1 mM EDTA,
100 mM NaCl, 5 mM DTT, and 0.01% Tween20 with incubation at RT for 30 min. Cleavage
of Z-Phe-Arg-AMC to generate fluorescent AMC was monitored at excitation 360 nm and
emission 460 nm. Assay conditions were conducted in triplicate and the mean + SD values
were calculated.
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Cathepsin B cleavage site analysis by multiplex substrate profiling by mass spectrometry

(MSP-MS).

Cathepsin B activity (activated) was titrated with E64c to calculate the concentration of
active cathepsin B. For MSP-MS assays, cathepsin B (0.1 ng/uL, activated) was incubated
with a peptide library of 228 14-mer peptides, each at 0.5 UM peptide, in buffer consisting
of 50 mM citrate phosphate of pH 7.2 or pH 4.6, 1 mM EDTA, 100 mM NaCl and 4 mM
DTT (total volume of 46 pL). After incubation for 15 and 60 min at 25° C, 20 pL aliquots
were removed and combined with 80 pL of 8 M urea. An inactivated cathepsin B control
consisted of cathepsin B in assay buffer combined with 8 M urea for 60 minutes at 25°C
for denaturation, followed by addition of the peptide library. After incubation, samples were
acidified by addition of 40 uL of 2% FA, desalted using C18 LTS Tips (Rainin), evaporated
to dryness in a vacuum centrifuge, and stored at —70°C. Samples were resuspended in 20
pL of 0.1% FA (solvent A) and 1 pL was used for LC-MS/MS analysis. All MSP-MS
conditions were conducted in quadruplicate assays.

MSP-MS assay samples were then subjected to LC-MS/MS 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) at a flow rate of 400 nL/min using solvent A (0.1% FA

in water) and solvent B (0.1% FA in acetonitrile). LC separation was performed using a
50-minute linear gradient of 5% to 30% solvent B followed by a 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 1x106, 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 5x10%,
120 ms maximum, dynamic exclusion 15 s). A technical report of the LC-MS/MS method is
provided in Supplemental Methods S1.

Peak integration and peptide data analysis were performed using PEAKS (v 8.5) software
(Bioinformatics Solutions Inc.). A summary of the PEAKS search parameters is provided

in the Supplemental Methods S2. MS?2 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 false discovery rates
with the target-decoy strategy. Peptide intensities were quantified, and data was normalized
by Loess-G algorithm (http://normalyzer.immunoprot.lth.se/) and filtered by 0.5 peptide
quality. Outliers from replicates were removed by Dixon’s Q testing (91) when there were
at least 3 replicate values found out of the 4 replicates for each condition for every peptide.
Missing and zero values are imputed with random normally distributed numbers in the range
of the average of smallest 5% of the data £ SD. An ANOVA test was performed for peptide
data found in the three conditions of control, 15 min incubation, and 60 min incubation;
those with p<0.05 were considered for further analysis. Cleaved peptide products were
defined as those with intensity scores of 8-fold or more above the quenched inactive
cathepsin B, assessed using the ratio of log,(Cat.B/inactivated enzyme) for each peptide

ACS Chem Biol. Author manuscript; available in PMC 2022 May 13.


http://normalyzer.immunoprot.lth.se/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yoon et al.

Page 14

product. Ratios were evaluated for p < 0.05 by 2-tailed homoscedastic t-test (Supplemental
Methods S3 for “Workbook of MSP-MS data’).

Analyses of MSP-MS data for cleavage preferences of cathepsin B by iceLogo.

Evaluation of the frequencies of amino acids adjacent to the cleavage sites was conducted
using the iceLogo software (92). IceLogo analyses utilized (a) the “positive dataset’
consisted of the P2 to P2' amino acids that surround the cleavage sites between the 12t
and 13 amino acid of the 14-mer peptides and the (b) ‘negative dataset’ consisted of the
P2 to P2' amino acids for the 228 cleavage sites of the peptide library between the 12th

and 13 amino acid. All positive and negative data are listed in Supplemental Methods S3.
Analyses involved Z-scores calculated by the equation X — p / o, where X is the frequency
of the amino acid in the experimental data set, | is the frequency of a particular amino acid
at a specific position in the reference set (control '0' time), and o is the standard deviation.
Z-scores were utilized to generate iceLogo illustrations of the relative frequencies of amino
acid residues at each of the P2 to P2' positions of the cleaved peptides where heights of

the single letter amino acids represent ‘percent difference’, defined as the difference in
frequency for an amino acid appearing in the positive dataset relative to the negative dataset.
Positive differences are shown above the midline, and negative differences are represented
below the midline. Residues below the line shown in gray are those that were absent in the
positive dataset.

Synthesis of Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK inhibitors.

Inhibitor synthesis was achieved in three steps via production of Fmoc-Lys(Boc)-AOMK,
semicarbazide aminomethyl polystyrene resin, 5, and Z-Arg-Lys-AOMK and Z-Glu-Lys-
AOMK (illustrated in supplemental Figure S3).

For Fmoc-Lys(Boc)-AOMK synthesis, N-methylmorpholine (1.06 g, 10.5 mmol) and
isobutyl chloroformate (1.434 g, 10.5 mmol) were added dropwise to a stirred solution of
amino acid 1 (4.68 g, 10.0 mmol) in 100 mL dry tetrahydrofuran (THF) in a 200 mL flame
polished round bottom flask at —10 °C. After 15 min, ethereal diazomethane was generated
and distilled from Diazald® (6.43 g, 30.0 mmol) in accordance to procedures outlined in the
Aldrich Technical Bulletin al180 into stirred solution over the course of 30 min (AL-180)
(Sigma Aldrich Technical Bulletin al180 for Diazald and Diazomethane Generators). After
distillation, the reaction was warmed to 25°C and continued to stir for 1 hour. Glacial acetic
acid was added dropwise after being chilled to quench excess diazomethane, and 33% HBr
in acetic acid added dropwise until a red tint persisted for more than 5 min. The solvent was
removed /n vacuo, re-dissolved in ethyl acetate and subsequently washed with water, sat.
ag. NaHCO3 twice, sat. aq. NaCl, and dried over MgSQOg4. A flame-dried 20 mL scintillation
vial charged with anhydrous potassium fluoride (5 g, 100 mmol) and 2,6-dimethylbenzoic
acid (7.509 g. 50 mmol) in 10 mL anhydrous dimethylformamide (DMF) was sonicated

for 5 min. 2, dissolved in a minimal amount of anhydrous DMF, was added dropwise to
stirred solution of carboxylic acid and base. After 30 min the solution was diluted with 250
mL ethyl acetate, washed twice with 200 mL sat. ag. NaCl, briefly with 1 M NaOH, sat.

ag. NaHCOg3, sat. ag. NaCl, and dried over MgSQO4. The crude oil was purified by flash
chromatography using 3:1 hexane:ethyl acetate to yield 3 in 81% vyield.
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For production of semicarbazide aminomethyl polystyrene resin, 5, a flame-dried 500 mL
round bottom flask charged with a magnetic stir bar, aminomethyl polystyrene resin (25

g, 28.75 mmol), N,N’-carbonyldiimidazole (46.62 g, 287.5 mmol) in 250 mL anhydrous
dichloromethane (DCM) was stirred under positive argon pressure for 3 h to generate 4
(supplemental Figure S3). The resin was washed once with anhydrous DCM, once with
anhydrous DMF, transferred into a new flame dried vessel and resuspended in 250 mL of
anhydrous DMF. To this stirred solution, anhydrous hydrazine (55.29 g, 54.15 mL, 1725
mmol) was added gradually over 5 min. The reaction was stirred at room temperature for 1
h. The resin was filtered, washed 5 times with DCM, 5 times with MeOH, dried thoroughly
in vacuo, and stored at 4°C.

A flame-dried 100 mL round bottom charged with amino acid 3 (1.09 g, 2.0 mmol) and

5 (1.00 g, 1.15 mmol/g) was dried /n vacuo for 6 h and suspended in 20 mL anhydrous
THF. This stirred solution was heated at 70°C for 18 h to generate preloaded resin, Fmoc-
Lys(Boc)-AOMK:SCR 6. The excess amino acid derivative was recovered and the resin
washed twice each with DMF, DCM and MeOH, dried thoroughly and stored at —20 °C.

For synthesis of Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK; preloaded resin 6 was
presolvated in DCM for 30 min before two 15 min treatments of 5% diethylamine in DMF
(1 mL/100 mg). Fmoc-glycine, HCTU, and N,N-diisopropylethylamine at a 3:3:10 ratio with
respect to the loading of the resin was used to couple Z-Arg-OH or Z-Glu-OH. The resin
was washed with DCM and MeOH 3x before being dried /in vacuo. Cleavage was performed
using 1 mL TFA:water:triisopropylsilane at a 95:2.5:2.5 ratio per 100 mg resin for 1 hour.
The resin was washed with another aliquot of cleavage cocktail and the combined cleavage
solutions were concentrated before precipitation with cold diethyl ether. The pellet was dried
under a stream of argon and dissolved in a minimal volume of DMSO before purification by
preparatory reverse phase HPLC (19x150 mm XBridge C18, CH3CN/H»0/0.1% TFA, 25:75
to 70:30 over 13 min; 20 mL/min) and lyophilization.

Cathepsin B activity assayed by fluorogenic peptide substrates.

Proteolytic assays of cathepsin B were conducted with Z-Arg-Lys-AMC and Z-Gly-Lys-
AMC substrates in 50 mM citrate phosphate at pH 7.2 or pH 4.6, 1 mM EDTA, 100

mM NacCl, and 5 mM DTT. Assays with Z-Phe-Arg-AMC substrate were conducted under
identical conditions and included 0.01% Tween20. Assays were performed in 384 well
plates at 25°C in a total volume of 30 uL. Fluorescence was quantified by a Biotek Synergy
HTX microplate plate reader with excitation 360 nm, emission 460 nm, gain 50, top optics
and read height 1 mm. Proteolytic activity is reported as relative fluorescent units per sec
(RFU/sec), and was calculated using the highest slope recorded for 10 consecutive readings.
Fluorescent readings were taken in 46 sec intervals and therefore activity is calculated over
a total of 460 sec. To ensure that initial velocity is assessed, only readings within the first 30
minutes of the reaction were analyzed. RFU/sec readings were converted to enzyme specific
activity of pmol/min/pg using the conversion factor of 1227 RFU per pM AMC.

For Michaelis-Menten kinetic characterization, assays contained 20 pL of substrate (Z-Phe-
Arg-AMC, at different concentrations) and 10 pL of 0.125 ng/uL cathepsin B for a final
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enzyme concentration of 0.0417 ng/uL. The final concentrations of substrates were 225 uM
to 2.6 uM with DMSO concentration of 4.5% v/v.

For the substrates Z-Arg-Lys-AMC, Z-Glu-Lys-AMC, and Z-Phe-Arg-AMC, Kcat/Kpy, values
were calculated using the equation Vo=V max*[SI/(Km*+[S]) where vg is the activity at a
corresponding substrate concentration [S] and Vmay is the maximum enzyme velocity at
saturated [S] concentration. Vmax = Keat[E]T Where [E] is the total enzyme concentration
K is the x-axis value where y = Vnax/2 and Vpax IS the maximum rate at saturating
substrate concentrations. At low [S], kcat/Km Was calculated from the slope of the plot of
Vo/[E] vs [S] concentration (linear portion of plot). All data was plotted, calculated, and
analyzed using GraphPad Prism9 software.

To generate the pH profile of cathepsin B activity with the substrates Z-Arg-Lys-AMC,
Z-Glu-Lys-AMC, and Z-Phe-Arg-AMC, 60 uM of each substrate and 0.04 ng/ul of cathepsin
B were assayed in citrate phosphate buffers ranging from pH 2.2 to 7.4 in increments of 0.4
pH units, including pH 7.2. For assay buffers ranging from pH 7.4 to 9.0, 50 mM Tris-HCI
was used instead of 50 mM citrate phosphate, with inclusion of pH 7.2.

Inhibitor kinetic characterization using fluorogenic assays for cathepsin B activity.

Kinetic analyses of 1Cgq, K|, Kgps, and Kinact/K values for Z-Arg-Lys-AOMK and Z-Glu-
Lys-AOMK inhibition of cathepsin B were conducted by fluorogenic proteolytic assays
consisting of 40 UM Z-Phe-Arg-AMC, 40 mM citrate phosphate at pH 7.2 or pH 4.6, 1
mM EDTA, 100 mM NaCl, 5 mM DTT, and 0.01% Tween 20; assays were performed at
room temperature (22-27° C) in quadruplicate. Inhibitor and substrate were combined in the
reaction well, and the assay was started upon addition of cathepsin B (0.04 ng/uL). The
inhibitor concentration ranged from 5.5 uM to 1.1 nM (1.5-fold serial dilution). A vehicle
control assay contained 2% DMSO instead of inhibitor. Enzyme velocity (RFU/sec) was
measured during a 30 min incubation period as relative fluorescent units per sec (RFU/s),
calculated using the highest slope recorded for 10 consecutive readings taken at 46 sec
intervals (thus, activity is calculated over a total of 460 sec). Prism software was used

to analyze enzyme activity data in kinetic studies. I1Csq values were calculated (without
preincubation of inhibitor and enzyme) as the concentration of inhibitor that reduced
cathepsin B activity by 50%.

For determination of K; and kijnact/K) Kinetic inhibition constants, kqps constants were
determined by plots of cathepsin B activity in time courses with different 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 condition, Y is the activity in the presence
of inhibitor, X is time. K; and Kinac Values were calculated from curve fitting the kgps
values into the equation Kops=Kinact*[11/(K;*+[1]), where [1] is inhibitor concentration, and K;
is the x-axis inhibitor concentration where y = Kjnact/2 and Kinact is the maximum rate of
inactivation at saturating inhibitor concentrations (93, 94). These kinetic analyses are for
irreversible inhibitors, Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK of this study, that utilize
K| values, rather than K; values used for reversible inhibitors (93).
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Irreversible mechanism of inhibitors.

The irreversible or reversible mechanism of cathepsin B inhibition was assessed for Z-Arg-
Lys-AOMK and Z-Glu-Lys-AOMK inhibitors. At pH 7.2, cathepsin B was incubated with
190 nM Z-Arg-Lys-AOMK and 4.99 uM Z-Glu-Lys-AOMK for 15 min in pH 7.2 assay
buffer and the assay was performed as described above for pH 4.6. Proteolytic activity

was monitored for 2 hr. At pH 4.6, cathepsin B (activated, 3.7 ng/uL) was incubated with
4.24 uM Z-Arg-Lys-AOMK and 3.48 uM Z-Glu-Lys-AOMK for 15 min in 40 mM citrate
phosphate pH 4.6, 1 mM EDTA, 100 mM NacCl, and 5 mM DTT; a vehicle control contained
2.5% DMSO. Each reaction was then diluted 100-fold in assay buffer such that the final
assay composition was 0.04 ng/uL cathepsin B, 40 uM Z-Phe-Arg-AMC, and an inhibitor
concentration of 1/10t" the ICx value.

Inhibitor inhibition of peptide cleavages characterized by MSP-MS.

MSP-MS assays in the presence of inhibitors were performed as outlined above except
cathepsin B (0.1 ng/uL) was pre-incubated with Z-Arg-Lys-AOMK (64 nM) or a vehicle
control (0.5% DMSO) for 30 min at 25°C prior to incubation with the peptide library for 60
min in 40 mM citrate phosphate at pH 7.2 or pH 4.6, 1 mM EDTA, 100 mM NaCl and 5
mM DTT buffer. Assays were conducted in quadruplicate and immediately stored at —70°C
following quenching with 8M urea.

Specificity of inhibitors for other cysteine cathepsin proteases.

The effects of Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK on cathepsin V, L, K, S, X, H and
C activities were assessed. I1Csq values were calculated at pH 4.6 and pH 7.2 conditions,
consisting of 40 mM citrate phosphate, 1 mM EDTA, 100 mM NaCl, and 5 mM DTT. The
inhibitor concentrations ranged from 16.38 uM to 256 nM with 2-fold serial dilutions. When
activity (RFU/s) in the presence of 16.38 uM inhibitor was reduced by <50% compared

to DMSO control, the 1C5q value was indicated as >16 pM. Cathepsin V (0.04 ng/uL),
cathepsin L (0.03 ng/uL), cathepsin K (0.10 ng/uL), cathepsin S (0.20 ng/uL) were assayed
with 40 pM Z-Phe-Arg-AMC. Cathepsin X (0.20 ng/uL), cathepsin C (0.51 ng/uL) and
cathepsin H (0.1 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 conducted by incubation of cathepsin H (4.4 ng/uL) with cathepsin

L (1.1 ng/pL) at RT for 2 hrs in activation buffer (20 mM citrate phosphate pH 6.0, 100
mM NacCl, and 5 mM DTT). Cathepsin C (13.78 ng/uL) was activated by incubation with
cathepsin L (3.4 ng/uL) at RT for one hr in activation buffer (20 mM citrate phosphate,

pH 6.0, 100 MM NaCl, 5 mM DTT). It was confirmed that cathepsin L did not cleave the
cathepsin C and cathepsin H substrates Gly-Arg-AMC and Arg-AMC, respectively. For all
assays containing peptide-AMC substrates the fluorescent microplate reader settings were
the same as outlined above for cathepsin B. For the cathepsin X assay, the plate reader was
set to excitation 320 nm, emission 400 nm, gain 105, top optics and read height 1 mm.

To convert RFU/s to picomol/min, 10 pM to 0.005 pM (2-fold serial dilution) 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 total fluorescence values calculated at each
concentration.

ACS Chem Biol. Author manuscript; available in PMC 2022 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yoon et al.

Page 18

MOE modeling of Z-Arg-Lys-AOMK binding interactions with cathepsin B.

The Molecular Operating Environment (MOE) modeling software (65, 66) was used to
model Z-R-K-AOMK binding to cathepsin B using the crystal structure of cathepsin B (PDB
1QDQ) (61), 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 7.2. Docking
simulations were performed with energy-minimized structures to assess ligand flexibility
and poses using the MOE docking feature.

Cathepsin B in human neuroblastoma cells treated with inhibitors.

Neuroblastoma cells (human SHSY5Y) were grown in media consisting of 50% MEMalpha,
50% F12-K, 10% heat-inactivated FBS at 37° C in an atmosphere of 95% air and 5%

COo. Firstly, cell homogenates were prepared by collection of cells in 0.32 M sucrose and
freeze-thawing. Secondly, cells were incubated with Z-Arg-Lys-AOMK or CA-074Me for

6 hours at 37° C, and washed 3 times in phosphate-buffered saline and homogenates were
prepared in 0.32 M sucrose with freeze-thawing. CA-074Me is a methyl ester form of the
active CA-074 selective inhibitor of cathepsin B (70); CA-074Me penetrates the cell and is
converted by intracellular esterases to CA-074.

Cathepsin B activity in the homogenates were monitored with Z-Arg-Arg-AMC substrate
(60 uM) with buffer conditions of 40 mM citrate-phosphate, pH 5.5, 5 mM DTT, 1 mM
EDTA, 100 mM NacCl, and 1.2% DMSO, followed by incubation at 37° C for 30 minutes
and reading of AMC fluorescence. CA-074-senstive activity was monitored to indicate
cathepsin B activity, since CA-074 is a selective inhibitor of this enzyme (70). Protein
content was measured in homogenates with the DC protein assay kit. Cathepsin B specific
activity was calculated as nmol AMC/ug/min, and reported as the mean + SD (with analyses
for statistical significance, p < 0.05 by student’s t-test).
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Figure 1. Workflow to analyze cathepsin B substrate cleavage site preferences for design of

pH-selective inhibitors.

(a) Cathepsin B substrate cleavage properties assessed at pH 7.2 and pH 4.6 by multiplex

substrate profiling by mass spectrometry (MSP-MS) analyses. The substrate cleavage

profiles of cathepsin B at pH 7.2 and pH 4.6 were assessed by MSP-MS analyses. Cathepsin
B was incubated (at room temperature, for 15 and 60 minutes) at pH 7.2 and pH 4.6

with the peptide library consisting of 228 14-mer peptides designed to contain all neighbor
and near-neighbor amino acid combinations. Peptide cleavage products were identified and
quantitated by LC-MS/MS analyses. The frequencies of amino acid residues at the P2 to P2'
positions of the P1-{P1' cleavage sites were assessed.

(b) Design of pH selective peptide-AMC substrates. Substrates representing the preferred
residues at P1 and P2 positions at pH 7.2 and pH 4.6 were utilized for development of pH
selective peptide-AMC substrates of cathepsin B. These substrates contained a C-terminal
7-amino-4-methylcoumarin (AMC) reporter group and an N-terminal carboxybenzyl (Z)
group

(c) Design of pH selective peptidic inhibitors. Peptide-AOMK inhibitors were synthesized
based on the AMC substrates that have high selectivity for cleavage at either pH 7.2 or pH
4.6.
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Figure 2. Cathepsin B activity at pH 7.2 and pH 4.6.
Cathepsin B was pre-incubated at pH 7.2 or pH 4.6, at room temperature (27° C) or at

37° C for 30 minutes to 4 hours. Z-Phe-Arg-AMC substrate (40 uM) was then added

and proteolytic activity was monitored by measurement of AMC fluorescence. Activity is
expressed relative to control cathepsin B with no preincubation (100%); data are displayed
as the mean = SEM (n = 4).
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Figure 3. Cathepsin B peptide cleavage analyses illustrates major dipeptidyl carboxypeptidase

activity at pH 7.2 and pH 4.6, demonstrated by MSP-MS.

(a) Cleavages at peptide bonds #1-13 of 14-mer peptide library substrates by cathepsin

B. Cathepsin B cleavages of the 228 14-mer peptide library, at pH 7.2 and pH 4.6, were
evaluated as the number of cleavages occurring at each of the peptide bonds #1-13, that were

generated at pH 7.2 and pH 4.6.

(b) Time-dependent cleavage at position 10 of peptide substrates at pH 7.2 and pH 4.6. The

number of cleavages by cathepsin B at peptide bond #10 at 15 and 60 minutes incubation
is shown. The time-dependent increase in the number of cleavages at position #10 may be

consistent with sequential dipeptidyl carboxypeptidase cleavages.
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Figure 4. Differential cathepsin B substrate cleavage preferences at neutral pH 7.2 compared to
acidic pH 4.6.
(a) pH-dependent cleavage preferences of cathepsin B at pH 7.2 illustrated by IceLogo.

IceLogo analysis demonstrates the relative frequency of amino acids at the P2, P1, P1',

and P2' positions that surround the cleavage site (purple arrow). Residues shown in gray
were never found at the indicated position. The amino acid described with lowercase ‘n’
corresponds to norleucine, a sulfur-free isostere of methionine. Residues colored in red or
blue were used in design of selective dipeptide-AMC substrates for pH 7.2 and pH 4.6,
respectively.

(b) pH-dependent cleavage preferences at pH 4.6 illustrated by IceLogo. IceLogo shows the
preferred residues for the P2 to P2' pasitions for cleavages occurring at pH 4.6. IceLogo
features are described in the previous paragraph of section (a).

(c) Dipeptide-AMC substrates selective for cathepsin B activity at pH 7.2 or pH 4.6. Based
on MSP-MS peptide cleavage data for the preferred P2 and P1 residues adjacent to cleavage
sites, peptide-AMC substrates selective for pH 7.2 and for pH 4.6 were designed and
synthesized. Cathepsin B specific activities with each of the peptide-AMC substrates (40 uM
final concentration) were assessed at pH 7.2 (red bars) and pH 4.6 (blue bars).

(d) Ratios of cathepsin B specific activities at pH 7.2 and pH 4.6. The ratios of cathepsin B
specific activity for pH 7.2/pH 4.6 and for pH 4.6/7.2 are shown. Peptide-AMC substrates
with a high ratio of pH 7.2/pH4.6, and high ratio of pH 4.6/7.2, were selected for
modification by AOMK for inhibitor development.
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Figure 5. Dipeptide-AMC substrates that selectively monitor cathepsin B activity at neutral pH
7.2 compared to acidic pH 4.6, illustrated by k¢at/Km values.

(a) Z-Arg-Lys-AMC, pH 7.2 selective substrate. Cathepsin B activity with Z-Arg-Lys-AMC

substrate at pH 7.2 and pH 4.6 was evaluated over a concentration range of 2.6 UM to 225

M.

(b) Z-Glu-Lys-AMC, pH 4.6 selective substrate. Cathepsin B activity was assessed with

Z-Glu-Lys-AMC substrate at pH 7.2 and pH 4.6.
(c) Z-Phe-Arg-AMC, substrate for both pH 7.2 and pH 4.6. Cathepsin B activity with

Z-Phe-Arg-AMC substrate, a commonly used substrate (78-80), at pH 7.2 and pH 4.6.
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Figure 6. Cathepsin B pH-selective substrates Z-Arg-Lys-AMC and Z-Glu-Lys-AMC, and the
non-pH selective substrate Z-Phe-Arg-AMC.

The pH profiles cathepsin B activity with the substrates Z-Arg-Lys-AMC, Z-Glu-Lys-AMC,
and Z-Phe-Arg-AMC were assessed at pH 2 to 9, with substrate concentrations at 60 uM.
Data points are shown as the mean £ SEM (n = 3). The pH curves are also illustrated for
cathepsin B activity expressed as AMC RFU/sec (supplemental Figure S3).
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Figure 7. Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK inhibitors of cathepsin B at neutral pH
compared to acidic pH conditions.

(a) Z-Arg-Lys-AOMK inhibitor. Z-Arg-Lys-AOMK inhibition of cathepsin B was assessed
at different inhibitor concentrations to determine I1Csq values at pH 7.2 and pH 4.6. Z-Phe-
Arg-AMC was used as substrate for cathepsin B assays.

(b) Z-Glu-Lys-AOMK inhibitor. The inhibitor Z-Glu-Lys-AOMK at different concentrations
was assessed for 1Csq values at pH 4.6 and pH 7.2.
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Figure 8. Z-Arg-Lys-AOMK selectively inhibits cathepsin B cleavage of peptide substrates at pH
7.2 compared to pH 4.6, assessed by MSP-MS.

(a) Z-Arg-Lys-AOMK (64 nM) at pH 7.2 inhibits cathepsin B cleavage of peptide library
substrates assessed by MSP-MS. The inhibitor concentration was selected for ~90%
inhibition at pH of 7.2 (using Z-F-R-AMC substrate), which consisted of 64 nM Z-R-
K-AOMK (93% inhibition at pH 7.2). MSP-MS assays analyzed the cleavage products
generated from the peptide library by LC-MS/MS identification and quantification. The
relative quantities of each peptide product generated in the absence of inhibitor or in the
presence of inhibitor were plotted as the fold-change of each peptide product relative to no
enzyme activity control.

(b) Z-Arg-Lys-AOMK (64 nM) at pH 4.6 does not inhibit cathepsin B cleavage of peptide
library substrates assessed by MSP-MS. Cathepsin B was incubated without and with the
inhibitor at pH 4.6 for MSP-MS analyses of peptide products. The MSP-MS procedure and
inhibitor concentrations are described in part ‘a’ of this figure legend.
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Figure 9. Model of Z-Arg-Lys-AOMK binding to cathepsin B at neutral pH 7.2: interaction of
enzyme Glu245 with P2 Arg.

(a) Model of the Z-Arg-Lys-AOMK inhibitor docking to cathepsin B at pH 7.2. Modeling
of Z-Arg-Lys-AOMK binding to the active site of the cathepsin B structure is illustrated,
achieved by the MOE software using the cathepsin B structure of PDB 1QDQ as template
for analyses at pH 7.2 (62). The P1 Lys residue of Z-Arg-Lys-AOMK interacts with the
enzyme S1 subsite, shown in the blue region. The P2 Arg residue of the inhibitor interacts
with the enzyme S2 subsite region, shown in orange. The inhibitor AOMK warhead docking
to the enzyme region corresponds to the S1'and S2' subsites, shown in gray.

(b) Two-dimensional illustration of Z-Arg-Lys-AOMK and cathepsin B binding interactions
at pH 7.2. The peptidic Z-Arg-Lys-AOMK inhibitor interacts with the active site of
cathepsin B, modeled by MOE. The P2 Arg residue of the Z-Arg-Lys-AOMK shows a
strong polar interaction with the Glu245 carboxylate of the S2 pocket of the enzyme. The P1
Lys and P2 Arg residues of the inhibitor interact with the corresponding S1 and S2 subsites
of the cathepsin B enzyme. The P1 Lys interacts with Glu122 and Asn72 of the S1 subsite
(61, 69). The AOMK warhead resides within 3.75 A from the catalytic Cys29 nucleophile,
suggesting a binding mode for irreversible inhibition; the AOMK group occupies the S1’
region near the occluding loop. The Z group (benzyloxycarbonyl) appears partially solvent
exposed and extended from the S2 region.
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Figure 10. Z-Arg-Lys-AOMK inhibition of cathepsin B in human neuroblastoma cells.
(a) Cell homogenates assayed for cathepsin B activity in the presence of inhibitors.

Homogenates of SHSY5Y human neuroblastoma cells were prepared as described in the
methods. Cathepsin B activity in the homogenate was assayed with Z-Arg-Arg-AMC
substrate in the presence of Z-Arg-Lys-AOMK or CA-074 (1 uM each). Assays were
conducted at high concentrations of inhibitors to completely inhibit activity; assays were
conducted at pH 5.5 because this is a routine pH used to assay this enzyme in the literature
(72, 73). Cathepsin B activity was expressed as nmol AMC/ug/min, mean £ SD (*p<0.05 by
student’s t-test, n=3).

(b) Cells incubated with inhibitors and assay of cathepsin B activity. Human neuroblastoma
cells were incubated with Z-Arg-Lys-AOMK or CA-074Me (50 uM each) for 6 hours at 37°
C. Cells were homogenized as described in the methods and cathepsin B was assayed with
Z-Arg-Arg-AMC substrate. Cathepsin B activity was expressed as nmol AMC/ug/min and
shown as mean + SD (*p<0.05 by student’s t-test, n=6).
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Table 1.
Kinetic properties of Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK inhibitors

Kinetic Z-Arg-Lys-AOMK Z-Glu-Lys-AOMK
constant pH 4.6 pH 7.2 pH 4.6 pH 7.2
Ki (nM) 15,000+ 6,000 | 130+50 | 7,900+830 | 2,300+ 620

Kinact/K) (M™1s71) 1.8x 103 110 x 103 2.0x 103 8.2 x 103

1Cs (NM) 1,500 + 650 20+8.3 | 1,100 + 480 320+ 45

K], Kinact/K|, and IC5Q values for the irreversible inhibitors of cathepsin B were determined as explained in the methods. kgps constants were

determined by plots of cathepsin B activity in time courses with different inhibitor concentrations with curve fitting Y:Yo*e(_kobs*x), where
Y is the activity for the control with no inhibitor condition, Y is the activity in the presence of inhibitor, X is time. K| and Kjnact values

were calculated from kgpg values with the equation kops=kinact™*[1]/(K1+[1]) (graphs shown in supplemental Figure S6), where [I] is inhibitor
concentration, and K| is the inhibitor concentration (x-axis) where y = kinact/2 and kijnact is the maximum rate of inactivation at saturating
inhibitor concentrations. K| and 1Cg( values are expressed as the mean + SD (n=4, n=6, respectively)
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Specificity of Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK for inhibition of cathepsin B compared to other

cysteine cathepsins

Table 2.

Protease Z-Arg-Lys-AOMK Z-Glu-Lys-AOMK
1Cs (NM) 1Cs (NM)

pH 4.6 pH7.2 pH 4.6 pH7.2
Cathepsin B 1,500 20 1,100 320
Cathepsin C | >16,000 (6% Inhibition) 850 8,600 12,000
Cathepsin H - >16,000 (29% Inhibition) -- -
Cathepsin K - >16,000 (31% Inhibition) | >16,000 (10% Inhibition) -
Cathepsin L | >16,000 (32% Inhibition) NA >16,000 23% Inhibition NA
Cathepsin S | >16,000 (13% inhibition) 2,200 >16,000 (26% inhibition) | >16,000 (30% inhibition)
Cathepsin V | >16,000 (63% inhibition) 440 1,900 >16,000 (10% inhibition)
Cathepsin X | >16,000 (21% inhibition) NA -- NA

Page 36

Inhibitors were evaluated for protease specificity among the 8 cysteine cathepsins, achieved by monitoring the activity of each enzyme in the

presence of a range of inhibitor concentrations from nM to 16 uM (without pre-incubation). IC5( values were generated for the inhibitors

Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK for each of the cysteine cathepsin enzymes. IC5( values are indicated as >16,000 nM when partial
inhibition was observed (% inhibition is shown). No IC5( values are indicated when there was no inhibition at 16,000 nM inhibitor (indicated by
‘--”). NA indicates that the enzyme had no activity at the indicated pH.
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Table 3.

Binding energies of Z-Arg-Lys-AOMK and Z-Glu-Lys-AOMK to cathepsin B at neutral pH 7.2 and acidic pH
4.6

Inhibitor Binding energy (kcal/mol)
pH7.2 pH 4.6
Z-Arg-Lys-AOMK -55.5 -26.2
Z-Glu-Lys-AOMK -52.3 -55.9

For Z-Arg-Lys-AOMK, the more negative binding energy calculated for pH 7.2 compared to pH 4.6 indicates a more favorable interaction of this
inhibitor to cathepsin B at pH 7.2. These calculations are made with Glu245 is protonated at pH 4.6. For Z-Glu-Lys-AOMK, the equivalent binding
energies calculated for pH 7.2 and pH 4.6 indicate a similar interaction of this inhibitor to cathepsin B at these two pH conditions.
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