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Human cathepsin B is a cysteine-dependent protease whose roles in both normal and diseased cellular states
remain yet to be fully delineated. This is primarily due to overlapping substrate specificities and lack of
unambiguously annotated physiological functions. In this work, a selective, cell-permeable, clickable and tagless
small molecule cathepsin B probe, KDA-1, is developed and kinetically characterized. KDA-1 selectively targets
active site Cys25 residue of cathepsin B for labeling and can detect active cellular cathepsin B in proteomes

ABP derived from live human MDA-MB-231 breast cancer cells and HEK293 cells. It is anticipated that KDA-1 probe

Cysteine cathepsins
Activity-based probe of cathepsin B
Cathepsin B

will find suitable applications in functional proteomics involving human cathepsin B enzyme.

1. Introduction

Human protease biology remains highly relevant in both normal
physiology and human disease states, and the members of cysteine
cathepsin family enzymes are no exceptions to this.[1-3] Cathepsin B, a
critically important and ubiquitously-expressed enzyme with both
carboxypeptidase and endopeptidase activities, participates in
numerous cellular processes such as cell migration, immune response,
apoptosis, autophagy, and ECM degradation.[4,5] In normal cells,
cathepsin B activity is tightly regulated by its endogenous protein in-
hibitors, localization, and post-translational modifications at various
levels, such as activation by proteolysis and inhibition by endogenous
inhibitory proteins (e.g. cystatin C and A).[6-9] In diseased states
however, cathepsin B activities are often dysregulated, thereby pro-
moting serious human diseases, such as highly invasive cancer, liver

fibrosis, diabetes, and pancreatitis.[4,10-13] While major efforts are
currently targeting cathepsin B for drug development, caution must be
exercised.[14] This is primarily due to the lack of precise functional
annotations of this enzyme in specific cellular contexts. Individualized
roles of cathepsin B therefore must be delineated in specific cellular
contexts before significant resources are directed in drug discovery ef-
forts. This problem is further exacerbated since both redundant and
unique function of cathepsin B is reported from other homologous
members of cathepsin family of enzymes, especially cathepsin L. To cite
a few examples of unique functions: During protein digestion from food,
while cathepsin B plays a critical role in activating a key protease,
trypsin, to initiate the protein degradation signaling cascade, cathepsin
L functions to keep the trypsin activation in check;[15-17] Presence of
cathepsin B enhances y-secretase activity in the brain while cathepsin B
downregulates it;[ 18] Similarly both cathepsin B and L may play a role
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in promoting autoimmune encephalomyelitis (EAE).[19] An example of
redundant and compensatory function is where during inflammation,
both cathepsin B and L can independently promote the release and
activation of the key cytokine IL-1B.[20] Similarly what precise roles
cathepsin B and L play in cardiac signal transduction also remain poorly
understood.[21-23]

Activity-based proteomics has emerged as a powerful tool for func-
tional studies of several enzyme classes.[24-28] This technology allows
researchers to assess the proteome-wide function of an enzyme based on
its ‘activity’, not just on its cellular expression or mRNA profile alone.
The basic design of a typical activity-based probe (ABP) includes (a) A
selective targeting electrophilic warhead agent that covalently and
irreversibly reacts with a key nucleophilic residue of only the active
enzyme form, (b) A detection tag (e.g. a fluorescent group for direct-in-
gel visualization, or other epitope, like biotin for immunodetection), and
(c) A linker of appropriate size that separates the warhead and the tag so
as to promote effective binding to the target enzyme. A few targeted
cathepsin B probes have recently been developed and utilized in func-
tional studies (see Fig. 1).[29-32] Among these, the ones reported by
Poreba et al. and Pratt et al. utilize the acyloxymethylketone (AOMK)
moiety as the electrophilic warhead group (Fig. 1A-B).[29,30] Further,
Roth-Konforti et al. developed a chemiluminescence-based cathepsin B
probe that utilized Schaap’s adamantylidene-dioxetane moiety
(Fig. 1C).[33] A prodrug-inspired strategy was adopted by Chaudhury
et al. to develop a substrate-based cathepsin B probe (Fig. 1D).[34]
While innovative, most reported probes are not exclusively cathepsin B
selective. We surmised that this could either be due to (i) more-than-
optimal reactivity of the warhead groups utilized, or (ii) design of
probes that target several subsites of the substrate binding pockets in
order to gain enhanced potency. Given that the key binding pockets
surrounding the scicile petidyl bond of the subtrate are relatively similar
in several cathepsins (e.g. cathepsin L and S), this may pose a challenge
in designing probes that are highly cathepsin B selective.[3] One addi-
tional concern often is that previously reported cathepsin B probes
contain a sterically ‘bulky’ detection tag that may thus hinder the
probe’s ability to either penetrate the living cells, and/or alter the
binding affinity toward the target enzyme.[33,35] For development of
highly effective cathepsin B ABPs, innovative chemical designs are
needed for optimizing the reactivity of an electrophilic warhead, and
limiting the steric bulk of the reporter tag group so that its impact is
minimal on the initial binding and labeling events.

Herein, we report the development of a highly selective ABP of
cathepsin B, KDA-1 (Scheme 1). The design of this probe includes a
softer electrophilic fumarate diamide as an electrophilic warhead for
promoting selective cathepsin B labeling.[36,37] To maintain selec-
tivity, we employed a ‘minimalistic’ approach in our design strategy.
Our hypothesis was that if we utilized only binding elements of
cathepsin B active site that are unique, we may acquire a highly selective
probe, although at the cost of potency.[38] We thus analyzed the crystal
structure of CA-074 - a known cathepsin B inhibitor - in complex with
cathepsin B. We noted that installation of proline residue at the C ter-
minus was essential since it sat in the S2° pocket and its free carboxylate
group interacted strongly with the occluding loop (only present in
cathepsin B).[39,40] A hydrophobic S1’ pocket of cathepsin B housing
Vall76, Leul81, Met196, and Trp221 residues also interacted highly
favorably with Ile residue. The fumarate diamide warhead was found to
be well placed in the S1 pocket, readily accessible to nucleophilic active
site Cys29 residue. Finally, a sterically inconspicuous ethinyl group was
also engineered at the N-terminus for a tagless quantification of labelled
cellular cathepsin B using aqueous click chemistry protocols. Using
steady-state enzymology experiments, we first demonstrate that KDA-1
inhibits human liver cathepsin B (hcathepsin B) enzyme activity in a
time-dependent manner. The inhibition is highly selective toward hCa-
thepsin B. The tandem (MS/MS) mass spectrometry experiments
confirm that KDA-1 covalently and irreversibly targets the critically
important nucleophilic Cys29 residue of cathepsin B catalytic
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machinery. Inactivation experiment using active cathepsin B, followed
by click chemistry protocol with 5-TAMRA-azide, demonstrate that
KDA-1 is an activity-dependent probe. We have also developed a cell-
permeable analogue of KDA-1, KDA-1-OMe, suitable for live cell label-
ing experiments and demonstrate that this molecule reduces cell pro-
liferation of the highly metastatic, cathepsin B-overexpressing human
MDA-MB-231 breast cancer cells — a reversal of phenotype consistent
with cathepsin B cellular function.[41] Finally, we demonstrate that
KDA-1 can detect active hcathepsin B in proteomes derived from human
MDA-MB-231 breast cancer cells and HEK293 cells overexpressing
hcathepsin B.

2. Results and discussion

2.1. Synthesis of clickable and tagless cathepsin B probes and their kinetic
analysis of inhibition

The synthetic strategy, as outlined in Scheme 1, involved coupling of
monomethyl fumarate to propargyl amine followed by methyl ester
deprotection to generate intermediate 2. This was then coupled to Ile-
Pro-OMe dipeptide, rendering KDA-1-OMe, a ‘pro-probe’ which is acti-
vated by esterases inside cells. Such strategies have been previously
implemented in designing cell permeable cathepsin B inhibitors.[42]
Finally, saponification of KDA-1-OMe rendered the active form of hca-
thepsin B probe, KDA-1.

To investigate if KDA-1 was indeed inhibitory towards human
cathepsin B, steady state enzymology experiments were performed using
purified human liver cathepsin B enzyme (Enzo Life Sciences, Inc.). A
dose-dependent loss of human cathepsin B activity was observed, as
monitored by the turnover of Z-RR-AMC substrate (Fig. 2A).

To further assess if inhibition was covalent and irreversible, a time-
dependent experiment was performed; Inhibition became progres-
sively stronger as KDA-1 incubated with active cathepsin B (Fig. 2B)
under pseudo-first order condition (i.e. [KDA-1]>[Cathepsin B]). The
inhibited cathepsin B activity was not recoverable, even after significant
dilution, suggesting that inhibition was irreversible (data not shown).
The data thus obtained was analyzed using the Kitz-Wilson method, and
the kinetic inactivation parameters were obtained: kjpq = 0.05 £ 0.01
min~! and K; = 76 + 21 uM.[43] Our immediate goal next was to assess
the selectlvity of the KDA-1 probe among closely homologous cathep-
sins, L and S. KDA-1 did not inhibit either cathepsin L or cathepsin S,
even after prolonged incubation at 200 uM (Table 1). This suggests that
KDA-1 is highly selective toward cathepsin B.

2.2. Mass spectrometric analysis of the KDA-1-Human cathepsin B
inhibited complex

To confirm that KDA-1 was active site-bound and was indeed tar-
geting the key active site Cys29 residue of human cathepsin B, a mass
spectrometric analyses of the inhibited KDA-1/cathepsin B complex was
performed. Briefly, the KDA-1/cathepsin B complex was resolved by
SDS-PAGE,; the cathepsin B band was excised, and in-gel digestion was
performed using trypsin. The tryptic digest was subjected to mass
spectrometric analysis. A band at 2422.36 Da corresponding to Cys29-
containing peptide covalently modified with KDA-1 was observed
(Fig. 3A). MS/MS analysis of this mass peak further revealed that the site
of modification was the key Cys29 residue, as anticipated (Fig. 3B).
These results together confirmed that our probe design strategy was
reasonably accurate.

2.3. Activity-dependent labeling of purified human cathepsin B

To demonstrate that KDA-1 can be utilized for labeling of purified
active human cathepsin B, the activated enzyme was incubated with
KDA-1 first, followed by click chemistry with 5-TAMARA-azide fluo-
rophore. Different amounts of clicked-cathepsin B was resolved by SDS-
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Fig. 1. Chemical structures of recently reported cathepsin B probes. Moieties utilized for optical detection of labelled cathepsin B are shown in red. The target

position for active site Cys29 residue of cathepsin B is shown in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Scheme 1. Synthetic strategy utilized in the acquisition of a cell penetrable, clickable and tagless human cathepsin B probes, KDA-1-OMe, and its non-cell penetrable

analogue, KDA-1.
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Fig. 2. Kinetic characterization of KDA-1-mediated inhibition of human liver cathepsin B enzyme. [A] Inhibition of human liver cathepsin B activity by KDA-1 probe
in a dose dependent manner is demonstrated by monitoring the hydrolysis of Z-RR-AMC substrate (K, = 6.13 pM) at 440 nm. [B] Time-dependent nature of human
liver cathepsin B inhibition; Incubation of appropriate concentrations of KDA-1 with cathepsin B under pseudo-first order condition (i.e. [KDA-1]>[cathepsin B])
leads to a time-dependent loss of cathepsin B activity. Inset plot shows Kitz-Wilson analysis of the inhibitory data, yielding a kiqee = 0.05 + 0.01 min ! and K; = 76 +

21 M.

Table 1
Selectivity profile of cathepsin B probe, KDA-1 against closely-related cysteine
cathepsin L and S.

Enzyme Second order Inactivation Rate Constant (M~ ! min 1)
Human Cathepsin B 653"

Human Cathepsin L NI”

Human Cathepsin S NI®

@ Calculated from parameters obtained using Kitz-Wilson analysis.
P No inhibition at 200 uM with 1.5 hr of reaction.

PAGE, and the gel scanned directly using Typhoon Scanner (ex.: 532 nm,
em.: 580 nm). It is evident that KDA-1 can successfully label active
cathepsin B enzyme (Fig. 4A). In control experiments, where cathepsin B
was first fully inactivated using commercially available inhibitors (CA-
074, selective toward cathepsin B and E64d, a pan-cathepsin inhibitor),

and subsequently incubated with KDA-1 did not show any labeling
(Fig. 4B, lane a and b); active cathepsin B alone when treated with 5-
TAMARA-azide did not also show any labeling, as anticipated (Fig. 4B,
lane c). These experiments demonstrate that KDA-1 is indeed capable of
reporting on the ‘activity’ profile of human cathepsin B enzyme.

2.4. KDA-1-OMe probe is cell permeable and inhibits intracellular
cathepsin B activity in live human MDA-MB-231 breast cancer cells

For KDA-1-OMe probe to be effective for assessing the activity pro-
files of human cathepsin B in proteomes derived from a diverse cell
types, it was important to demonstrate that the KDA-1-OMe probe was
indeed cell penetrable, and was capable of labeling cellular cathepsin B
activity in live cells. It was anticipated that the methyl ester of KDA-1-
OMe would readily be cleaved by cellular esterases, rendering it ready
for labeling. Methyl ester of a carboxylic acid compound is a well known
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Fig. 3. Evidence of a covalent, irreversible, and active site-targeted nature of human cathepsin B inhibition by KDA-1 probe using mass spectrometry: [A] Mass
spectrum represents active site Cys29-containing peptide from the tryptic digest of human cathepsin B, modified by KDA-1, with control (DMSO) [B] MS/MS
spectrum of fragment 2422.36 Da confirms that the target residue of KDA-1 in cathepsin B is the catalytic Cys29 residue.

[ A] [B] Control Fig. 4. Fluorescence Imaging of active human
240 cathepsin B, labelled with, KDA-1. [A] Purified and
ng 100 ng 50 ng 25 ng a b C activated human cathepsin B was incubated with KDA-

Rib 8 2 * 8

1. After the reaction was quenched, labelled cathepsin B
was clicked with 5-TAMRA-azide, resolved using SDS-
PAGE, and detected using a Typhoon 9400 scanner
(ex: 532 nm, em: 580 nm). [B] Control experiments: (i)
Lanes a and b contain active human cathepsin B that
was inactivated first with known cathepsin B inhibitor,
CA-074, and pan cathepsin inhibitor, E64d, respec-
tively, prior to incubation with KDA-1 probe, and click
chemistry performed as noted (loaded 200 ng); (ii) Lane

¢ was active cathepsin B alone, without any prior inactivation/labeling, treated with 5-TAMARA-azide using identical protocol (loaded 40 ng). Bottom panels are

silver-stained images of the same gel.

strategy for probe delivery to the live cellular compartment.[41,42,44]
For this experiment, triple negative human MDA-MB-231 breast cancer
cell lines was chosen where cathepsin B expression is relatively high.
Treatment of live MDA-MB-231 cells with KDA-1-OMe resulted in a
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Fig. 5. KDA-1-OMe inhibits intracellular cathepsin B in MDA-MB-231 cells.
Live MDA-MB-231 cells were treated (5 hrs) with 0.5% DMSO (solvent control)
or various concentrations of KDA-1-OMe. After washing to remove any extra-
cellular probe, cells were permeabilized with digitonin, and cathepsin B activity
was measured using the fluorescence-based cathepsin B substrate Z-RR-AMC.
The experiments were performed in triplicate and the results are presented as
the mean (4s.d.) of the velocities of the change in fluorescence due to the
release of free AMC in cells treated with KDA-1-OMe relative to the release in
solvent control. The observed dose-dependent loss of cathepsin B activity in-
dicates that KDA-1-OMe is membrane permeable and can inhibit cathepsin B in
living cells.

dose-deependent loss of cellular cathepsin B activity, suggesting that the
probe is indeed cell-penetrable and can function in living cells (Fig. 5).

2.5. Functional validation of KDA-1-OMe probe labeling of cellular
cathepsin B

The involvement of human cathepsin B in highly invasive cancers is
well-documented.[45-49] Since overabundant cathepsin B can promote
tumor growth, we anticipated that its cellular inhibition by the cell-
penetrable probe should reduce cell proliferation. Cell proliferation
was thus assessed both in the presence of KDA-1-OMe probe, and
compared with the vehicle control (Fig. 6[A]-[C]). A notable reduction
in cell proliferation phenotype by KDP-1-OMe probe was observed,
consistent with disrpution of cellular cathepsin B function in MDA-MB-
231 cells. This observation was also supported by measuring cell
viability using the MTT assay in 96-well format. A dose-dependent loss
of cell viablity was observed, as expected (Fig. 6D), corroborating earlier
findings that cathepsin B inhibition by small molecules is an attractive
strategy for therapeutic anti-cancer drug development.[47,48]

2.6. KDA-1 labels intracellular human cathepsin B in MDA-MB-231 and
HEK293 cells

Having demonstrated that KDA-1 was capable of labeling purified
active human cathepsin B, we wanted to next assess its utility in labeling
this enzyme at the proteome levels. In preliminary experiments, to
investigate this we chose the proteome derived from MDA-MB-231 cells
where cathepsin B expression is endogenously relatively high.[41,50]
We also utlized proteome from transiently overexpressed hcathepsin B
in HEK293 cell lines. Thus, freshly prepared proteomes were incubated
with KDA-1 probe for 2 hrs. For detection of hcathepsin B in the pro-
teomes post-labeling, click chemistry protocol was implemented using
5-TAMRA-Azide. The proteins were resolved using SDS-PAGE, and the
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Fig. 6. [A-C] Anti-proliferative potential of cathepsin

[A] Vehicle (DMSO) [B] 5’ pM KDA-I-OMQ B probe, KDA-1-OMe, on MDA _MB-231 breast cancer
cells that exogenously express high levels of cathepsin
- B. Cells were treated for 24hrs with vehicle control
[A]l, and 5 and 10 uM of KDA-1-OMe, and imaged
using an inverted phase contrast microscope. The ex-
periments were perfomed in triplicates and represen-
tative images from one set are shown here [D] A
concentration-dependent reduction in cell viability is
observed upon 24hrs treatment with KDA-1-OMe
probe, as anticipated from inhibition of cellular
cathepsin B. ** p < 0.01, *p < 0.05.
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gel scanned directly using Typhoon Scanner (ex.: 532 nm, em.: 580 nm).
Although the proteomes contained thousands of proteins, KDA-1 was
able to suceessfully label human cathepsin B (~6 kDa band) in both
proteomes (Fig. 7). It should be noted that fully active cathepsin B is
comprised of a light chain (~6 Kda) and a heavy chain (~25 kDa),
joined by disulfide bridges.[51,52] The target residue of KDA-1, the
active site Cys29 residue, lies in the light chain that is not detectable by
exisitng antibodies, as also noted by Poreba et al..[29] We did not detect
full length hcathepsin B in our experiments. While a few other nonspe-
cific bands are obsevered in proteomes from both MDA-MB-231 (at ~25
kDa and 75 kDa) and HEK293 cells (between 25 kDa and 75 kDa), the
utility of KDA-1 is promising in detection of cathepsin B activity. In
future studies, we plan to optimize the labeling and click chemistry
protocol conditions involving KDA-1-OMe probe so we can perform la-
beling on living cells and report on activity profiles of hcathepsin B
enzyme from proteomes of both normal and diseased cells. Different
chemical components of the click chemistry protocols have been shown
to have markedly pronounced effects on click chemistry efficiency.[53]

3. Conclusions

In summary, we have developed a fumarate diamide-based clickable
probe, KDA-1, that exhibits exclusive selectivity toward human
cathepsin B enzyme; selectivity is an important criterion for small
molecules, given how closely several cysteine dependent enzymes,
including cathepsins, are related.[54] The mechanism of labeling is
covalent, irreversible, and activity-dependent, as evident from steady-
state enzymology experiments. Using mass spectrometric analysis, we
demonstrate that the covalent target of this probe is the conserved Cys29
catalytic residue. That the developed KDA-1 probe is capable of labeling
human cathepsin B in an activity-dependent manner with efficient post-
labeling detection is also demonstrated. Using cell-permeable version of
the probe (KDA-1-OMe), we show that this inhibitory probe can disrupt
cellular cathepsin B function in triple negative human MDA-MB-231
breast cancer cells. Finally, we demonstrate that KDA-1 is capable of
labeling human cathepsin B at the proteome levels in both MDA-MB-231

and hCathepsin B-overexpressing HEK293 cells. The key advantages of
the KDA-1 probe are that it is small, selective, cell permeable and is
devoid of bulky fluorophore/quencher moieties, thereby ‘potentially’
allowing efficient labeling to be performed in a natural cellular envi-
ronment.[55,56] Further optimization of labeling and click chemistry
protocols on living cells are planned in future studies for activity-based
profiling of human cathepsin B enzyme utilizing the cell permeable,
KDA-1-OMe probe. Further, we will perform a systematic SAR at S1’
position using a library of compounds that would exhibit a superior
kinetic and labeling profile towards human cathepsin B enzyme. These
studies taken together are anticipated to significantly augment our
current understanding of cathepsin B biology in both normal and
diseased states.

4. Experimental
4.1. Organic Synthesis

4.1.1. General

The 'H NMR and '3C NMR spectra were recorded at 400 MHz
(Brucker Inc.) using CDCl3 or DMSO as the solvent. Chemical shifts (5)
are reported in parts per million (ppm) and referenced to CDCl3 (7.26
ppm for 'H and 77.0 ppm for °C), DMSO (2.50 ppm for 'H, H,0 3.33
ppm, and 39.50 ppm for 13C). The coupling constants (J) were reported
in Hertz (Hz) and multiplicities are abbreviated as singlet (s), doublet
(d), doublet of doublets (dd), triplet (t), triplet of doublets (td), and
multiplet (m). The mass spectra were acquired on Matrix-Assisted Laser
Desorption Ionization (MALDI)-Linear Ion Trap (LTQ) mass spectrom-
eter (Thermo Scientific, Waltham, MA, USA). Monomethyl fumarate and
propargylamine were purchased from AK scientific, Isobutyl chlor-
oformate from ACROS organics and O-(1H-6-Chlorobenzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) was pur-
chased from peptide international (Louisville, Kentucky, USA). All
anhydrous solvents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All other materials were purchased from Fisher Scientific Inc.
(Pittsburgh, PA, USA) unless otherwise mentioned in the text.
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Fig. 7. Proteome-wide detection of human cathepsin B in human MDA-MB-231
breast cancer cells and HEK293 cells. Freshly prepared proteomes were labelled
by KDA-1, followed by click chemistry protocol for detection using 5-TAMARA-
azide. The resulting proteomes containing 15 pg proteins were resolved using
SDS-PAGE. [A] Scanned SDS-PAGE gel (ex.: 532 nm, em.: 580 nm) from both
sources of proteomes show the labeled hcathepsin B (~6 kDa light chain).
Lanes 1 and 6: Cell lysate + KDA-1 + Click chemistry; Lanes 2 and 5 (Control):
Cell lysate + Click chemistry; Lanes 3 and 4 (Control): Cell lysate alone [B]
Coomassie stain of the gel, as used in [A], representing the entire proteome.

4.1.2. Synthesis protocol
The synthesis of the clickable and tagless activity-based probe (cat-
ABP), KDA-1 was achieved following the Scheme 1, as described below.

4.1.3. Methyl (E)-4-oxo-4-(prop-2-yn-1-ylamino)but-2-enoate (1)

Monomethyl fumarate (500 mg, 1 eq, 3.8 mmol) was dissolved in
small amount of anhydrous N,N-Dimethylformamide (DMF) under
argon and cooled to 0 °C. To this was sequentially added N-methyl
morpholine (NMM; 1.2 mL, 3 eq, 11 mmol), HCTU (2.36 g, 1.5 eq, 5.7
mmole), andpropargylamine (270 uL, 1.1 eq, 4.2 mmole). The reaction
mixture was stirredovernight and allowed to warm up to room tem-
perature. The reaction was quenched by pouring over ethylacetate and
washed with 3x volumes of brine. The organic layer was dried over
anhydrous sodium sulfate and the resulting crude was dried over high
vacuum overnight. Yield: 95 %. From total product, 15 mg of compound
was purified by HPLC for analysis and the fractions were lyophilized to
get the desired product as white powder. 'H NMR (400 MHz, DMSO) &
ppm: 3.12-3.13 (t, J = 2.45 Hz, 1H), 3.66 (s, 1H), 3.91-3.93 (q/m, J =
2.51 Hz, J = 2.98 Hz, J = 2.47 Hz, 2H), 6.53-6.57 (d, J = 15.62 Hz, 1H),
6.91-6.95 (d, J = 15.50 Hz, 1H), 8.91-8.94 (t, J = 5.30 Hz). 3¢ NMR
(400 MHz, DMSO) 6 ppm: 28.19, 52.58, 73.59, 80.27, 128.68, 136.79,
162.51, 165.39.
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4.1.4. (E)-4-oxo-4-(prop-2-yn-1-ylamino)but-2-enoic acid (2)

The compound (1) was dissolved in minimum amount of methanol.
The solution was cooled at 0 °C and 3 M of NaOH was added. The re-
action was run overnight and allowed to warm up to room temperature.
The reaction was quenched by pouring over ethylacetate and washed
with 3x volumes of water. The water layer was acidified using HCl 5 M
(bring around pH = 1) and extracted with ethylacetate. The organic
layer was dried over anhydrous sodium sulfate and removed in vacuo.
Yield: 70 %. 15 mg of compound was purified by HPLC for analysis and
the fractions were lyophilized to get the desired product as white
powder. 'H NMR (400 MHz, DMSO) & ppm: 3.11-3.12 (t, J = 2.50 Hz,
1H), 5.84-6.11 (q, 2H), 6.46-6.49 (d, J = 15.34 Hz, 1H), 6.81-6.85 (d, J
=15.34 Hz, 1H), 8.85-8.88 (t, J = 5.25 Hz, 1H), 12.84 (s, 1H). >*C NMR
(400 MHz, DMSO) 6 ppm: 73.89, 80.62, 130.34, 136.38, 163.03, 166.43.

4.1.5. Ile-Pro-OMe
This compound was synthesized using the protocol outlined in the
supporting information (Scheme S1).

4.1.6. KDA-1-OMe

Compound (2) (632 mg, 2 eq, 4.1 mmol) was dissolved in small
amount of anhydrous N,N-Dimethylformamide (DMF) under argon and
cooled to 0 °C. To this was sequentially added NMM (1.1 mL, 5 eq, 10
mmol), HCTU (2.48 g, 3 eq, 6 mmole), and Ile-Pro-OMe (500 mg, 1 eq,
2.0 mmole). The reaction mixture that slowly warmed up to room
temperature was stirred overnight. The reaction was quenched by
pouring over ethyl acetate and washed with 3x volumes of brine. The
organic layer was collected over anhydrous sodium sulfate and, subse-
quently, removed in vacuo. The crude product was purified using reverse
phase HPLC and the fractions were lyophilized to get the desired product
as powder (Yield: 76 %). 'H NMR (400 MHz, DMSO) 5 ppm 0.88 (t, 3H),
0.91 (d, 3H, 6.75 Hz), 1.1 (m, 1H), 1.5 (m, 1H), 1.85-1.75 (m, 2H),
1.9-1.95 (m, 2H), 2.1-2.2 (m, 1H), 3.2 (t, 1H), 3.6-3.64 (m, 3H),
3.8-3.9 (m, 1H), 3.95-3.97 (q, 2H), 4.3-4.3 (q, 1H), 4.4-4.4 (t, 1H),
6.78-6.82 (d, 1H, 14.92 Hz), 6.97-7.0 (d, 1H, 15.23 Hz), 8.7-8.7 (d, 1H,
8.3 Hz), 8.8-8.8 (t, 1H). '3C NMR (400 MHz, DMSO) & ppm: 10.58,
14.54, 24.22, 24.52, 28.04, 28.68, 36.05, 46.94, 51.69, 54.63, 58.42,
73.37, 80.54, 132.35, 132.86, 163.37, 169.86, 172.17, 171.17 HRMS
(m/2): [M+Na]™ for molecular formula C;9H27N30sNa: calculated
400.1848; found 400.1846.

4.1.7. KDA-1

3 M NaOH solution was dropwise added to an ice-cold solution of
KDA-1-OMe in methanol. The reaction mixture was stirred overnight
and allowed to warm up to room temperature. The reaction was
quenched by pouring over ethylacetate and washed with 3x volumes of
distilled water. The water layer was collected and acidified using 5 M
HCl to pH 1, which was further extracted with ethyl acetate. The organic
layer was collected and dried over anhydrous sodium sulfate. The sol-
vent was evaporated in vacuo and the resulting crude was purified using
reverse phase HPLC to obtain the desired product as white powder after
lyophilization. (Yield 65%). 'H NMR (500 MHz, DMSO) § ppm 0.82 (t,
3H), 0.88 (d, 3H, 6.75 Hz), 1.10 (m, 1H), 1.48 (m, 1H), 1.70 (m, 1H),
1.82 (m, 1H), 1.91 (m, 2H), 2.17 (m, 1H), 3.24 (m, 1H), 3.4 (s, 1H), 3.58
(m, 1H), 3.61 (s, 3H), 3.79 (m, 1H), 4.04 (t, 1H), 4.31 (m, 1H), 6.92 (d,
1H), 7.43-7.45 (d, 1H),7.90 (s, 1H), 8.04-8.05 (d, 1H), 13.86 (bs, 1H).
13¢ NMR (400 MHz, DMSO) 6 ppm: 12.70, 17.0, 18.0, 41.50, 53.10,
73.31, 83.18, 109.65, 119.02, 124.39, 127.16, 127.84, 132.35, 158.11,
158.44, 163.35, 169.75, 173.17. HRMS (m/z): [M+Na]" for molecular
formula C1gH25N305Na: calculated 386.1691; found 386.1692.

4.2. Inhibitory enzymology
4.2.1. Determination of kinetic inactivation parameters of KDA-1 against

human cathepsin B
The inactivation reaction of hcathepsin B (net 177 nM, Enzo Life



A.L Bhuiyan et al.

Sciences Inc.) by appropriate concentrations (0, 10 pM, 25 pM, 50 pM,
100 uM) of inhibitor was performed under pseudo-first-order condition
([11>[E]) in a 0.5 mL tube maintained at 30 °C in a temperature-
controlled bath. hCathepsin B was first activated for 10 min in sodium
acetate buffer (100 mM, pH 5.5) containing 8 mM DTT and 4 mM
NaoEDTA. The inactivation reaction was initiated by the addition of a
fixed concentration of KDA-1 where DMSO concentration was main-
tained at 5%. After suitable time intervals, an aliquot of 10 pL of incu-
bation mixture was withdrawn and added to an assay mixture (net assay
volume 200 pL) that contained 30 pM of Z-RR-AMC (K = 6.13 pM)
substrate at 30 °C. A progress curve was recorded (excitation: 365 nm;
emission: 440 nm) and the enzyme activity was determined by
measuring the initial rates of substrate turnover. The postulated kinetic
inactivation mechanism involved a two-step enzyme inactivation pro-
cess, a reversible initial inhibitory binding event followed by the cova-
lent modification of the enzyme:

Ki Kinact
E+I=EI - E—-1

The initial rates (v) thus obtained were plotted against the time of
enzyme inactivation reaction (t). The plot was then fitted to v = vo*
e %"t to obtain kops, the pseudofirst order rate constant of enzyme
inactivation (KaleidaGraph version 4.5.4 software; Script: m1¥*exp
(-m2*m0); m1 = 1; m2 = 1). The kps thus obtained at various concen-

kinac

tration of probe KDA-1 was fitted to Kitz-Wilson equation (¢~ = (—K‘—> *

ﬁJr ﬁ) using KaleidaGraph version 4.5.4 software [Script: ((m1/m2)
*m0)-+(1/m2); m1l = 1; m2 = 1], as previously described.[57] This
resulted in obtaining the thermodynamic inhibition constant (K;) and
the first-order inactivation rate constant (kiqc) for the inhibition reac-
tion involving KDA-1 and human cathepsin B.

4.2.2. Determination of selectivity of KDA-1 against human cathepsin S and
L

For assaying cathepsin S activity, a previously published protocol
was utilized.[58] The cathepsin L inhibition assay procedure was also
adopted from an earlier published protocol.[56]

4.3. Mass spectrometry

The samples of inhibited KDA-1/cathepsin B complex alongside
cathepsin B (control) were analyzed using Matrix-Assisted Laser
Desorption Ionization (MALDI)-Linear Ion Trap (LTQ) mass spectrom-
eter (Thermo Scientific, Waltham, MA, USA) utilizing nitrogen laser
(337 nm) firing at 60 Hz. For MS analysis inhibited KDA-1/cathepsin B
complex and cathepsin B (control) samples were resolved on SDS-PAGE;
the band was excised, and in-gel digestion was performed using trypsin
(Promega Inc., USA). The digested samples were further concentrated
and purified using ZipTip C18 (Merck Millipore, IRL) followed by
elution of the retained peptides directly on MALDI probe. Mass spectra
of samples were typically obtained using 300 scans and processed with
Xcalibur (2.0.7 SP1) software.

4.4. hCathepsin B labeling experiments

Human liver cathepsin B (6 pL, 2.56 pg) was first activated for 10 min
at 30 °Cin 13.5 pL of sodium acetate buffer (100 mM, pH 5.5) containing
8 mM DTT and 4 mM NayEDTA. The inactivation reaction was initiated
by the addition 1.5 pL (2.59 mM net) of KDA-1 probe for 1 h. Next we
added 10 pL of HPLC grade water, 2 L of CuSO4 (4.76 mM net), 2 pL of
sodium ascorbic acid (4.76 mM net), 2 uL of THPTA (4.76 mM net) and,
finally 1 pL of TAMRA solution (95 pM net). The reaction was allowed to
procced for 2 h at 37 °C. Reaction was quenched by addition of 3 pL of
1X Laemmli buffer. Different amount of TAMRA-KDA-1-cathepsin B
complex were resolved using SDS-PAGE (12%) and the gel was washed
with distilled water for 1 h. The gel was then scanned on Typhoon 9400
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scanner (ex: 532 nm, em: 580 nm) and analyzed using ImageJ software.
[59] For assessing the loaded protein amount, the gel was stained using
ThermoFisher Silver Staining kits, as recommended by the manufac-
turer. In control experiments a and b, the active human cathepsin B (240
ng loaded) were pre-incubated with commercially available cathepsin B
inhibitor, CA074 (0.6 mM net), and pan-cathepsin inhibitor E64d (0.6
mM net) respectively for 1 h. After this was added KDA-1 (0.8 mM net)
probe, and the resulting reaction mixture was further incubated for 30
min. In control experiment ¢, pure and active human cathepsin B (85 ng
loaded) was directly subjected to identical click chemistry and detection
protocol without any inactivation reaction. The control protein samples
were then resolved on SDS-PAGE and click chemistry and subsequent
detection experiments were done under identical conditions.

4.5. Cell biology studies

4.5.1. General

HEK293 and MDA-MB231 cells were purchased from ATCC and
maintained in DMEM media (Fisher Scientific, Cat # 11995065,) with
10% Fetal Bovine Serum (Fisher Scientific, Cat # FB12999102), 1%
Penicillin-Streptomycin (Gibco Cat # 15140-122) and 1% non-essential
amino acids (Gibco Cat # 11140-050). For cathepsin B overexpression
in HEK293 cells: hCathepsin B plasmid in the form of bacterial stab was
obtained from Addgene (plasmid # 11,249 - a gift from Hyeryun Choe;
http://n2t.net/addgene:11249; RRID: Addgene_11249).[60] Plasmid
DNA isolation was done using a midiprep kit from Life Technologies (Cat
# K210004). For transfection, Lipofectamine (Cat# L3000001, Fisher
Scientific Inc.) was used and protein estimation was conducted using a
BCA protein assay kit from Pierce (Cat # P123225). NuPAGE 4-12% Bis-
Tris mini gels (NP0335box) with MES buffer (NP0002), used for gel
electrophoresis, were obtained from Life Technologies Corp. Unless
otherwise specified all other chemicals were purchased from Fisher
Scientific.

4.5.2. Transient overexpression of hCathepsin B in HEK293 cells

For transient overexpression of human cathepsin B in HEK293 cells,
the following protocol was adopted: A toothpick stab of hCathepsin B
(Addgene Inc.) containing stock bacteria was grown in 10 mL sterile LB
media containing 50 pg/ml ampicillin on a 37 °C shaker at 250 rpm for
6 h. From that culture, 100 L of bacteria was transferred to 100 mL of
LB media containing ampicillin and the culture was allowed to grow for
16 hrs on a shaker at 250 rpm and at 37 °C. Plasmid DNA was isolated
using the kit specified above and DNA concentration was measured
using a Nanodrop. Transient Transfection of HEK293 cells and prepa-
ration of cell lysate: For HEK-293 cells, transient transfection of hCa-
thepsin B was performed following the kit instructions as specified by
the manufacturer.

4.5.3. Assessment of cellular permeability

Repnick‘'s Method was used. MDA MB-231 cells were plated at
10-15 x 10* /well in complete medium cells in black transparent bot-
tom 96-well plates. The following day, fresh media was added con-
taining one of the following: 0.5% DMSO; 50, 100, 250, or 500 nM KDA-
1-Me. After 5 h, soluble extracellular inhibitors were removed by aspi-
rating the media and washing the cells with phosphate-buffered saline.
Next, a cellular lysate was made by solubilizing the plasma membrane
and intracellular membranes by adding 50 pL of 200 pg/mL digitonin in
acetate buffer (50 mM sodium acetate pH 5.6, 150 mM NacCl, 0.5 mM
EDTA) to the wells containing the cells and incubating on ice for 10-15
min. We next added 50 pL of the Cathepsin B fluorogenic substrate Z-RR-
AMC (Benzyloxycarbonyl-arginyl-arginyl-7-amido-4-methyl coumarin)
in sodium acetate buffer directly to the lysates in the wells for a final
concentration of 30 uM Z-RR-AMC and 5 mM DTT. We quantified the
release of free AMC in each well using a SpectraMax M4 in kinetic mode
at 380 nm excitation and 460 nm emission. The reaction was run for 60
min at 25 °C with readings recorded every 30 s and the velocity of the
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reaction was calculated using Excel. The experiments were repeated in 3
independent trials and each trial represented a technical replicate of
two. Because of a small variability in amount of substrate or the number
of cells in different trials, we normalized the slopes of the lines produced
in each trial relative to the DMSO control from that trial. A one-way
ANOVA was conducted to compare the effect of KDA-1-OMe on intra-
cellular cathepsin B. At 500 nM KDA-1-Me there was a significant in-
hibition of Z-RR-AMC cleavage at the p < 0.05 level when compared to
DMSO control and 50 and 100 nM KDA-1-OMe. Because these data
were proportional (percentages), significance was assessed by first
transforming the percentage data using an arcsine transformation fol-
lowed by a t Test with Bonferroni correction.

4.5.4. Cell proliferation and cell viability studies

The triple negative human MDA-MB-231 breast cancer cells were
grown in 75 cm? tissue culture flasks in culture medium [DMEM (Mil-
lipore Sigma, USA) medium, supplemented with 10% FBS (Atlanta Bi-
ologicals, FBS — Premium, GA), 0.1% penicillin/streptomycin (Gibco,
ThermoFisher Scientific, USA), 0.1% nonessential amino acid (Gibco,
ThermoFisher Scientific, USA)] and maintained at 37 °C under 5% COy
environment. The final concentration of DMSO in all cell culture me-
dium was maintained at 0.3%. For the cell proliferation assay, cells were
plated into 6-well plates at a density of 1 x 10 © cell/well in 2 mL of
culture media and were grown for 24 h in the incubator. Subsequently,
the cells were treated with KDA-1-OMe probe for 24 h at 5 pM, and 10
uM concentrations, with DMSO (0.3%) as the negative control (Fig. 6 [A-
C]). The cells were observed using inverted phase contrast microscope
(JENCO Inc., USA) and images were captured using the digital camera
(OMAX Inc., A3518043).

For the cell viability assay, cells were plated into 96 well plates at a
density of 5000 cell/well in 200 pL of culture media and were grown for
24 h. They were then treated with KDA-1-OMe probe (1 uM, 5 uM, 10
uM, 20 pM, and DMSO as negative control) for 24 h. The medium was
then replaced with RPMI 1640 (Gibco, ThermoFisher Scientific, USA)
without phenol red, containing 5 mg/mL MTT (Tetrarazoliumbromid,
Acros Organics, USA) and cells were incubated for 4 h. The medium was
removed, and the precipitate was dissolved with 100 uL of DMSO, fol-
lowed by detection of absorption at 560 nm; the background was sub-
tracted using empty wells. The data was plotted using Graphpad Prism
version 8.2.1 (Fig. 6D). Subsequently, we generated a dose-response
curve and fitted the data to determine the the ECsy value against MDA-
MB-231 cells (23 &+ 1 uM; See SI Figure S1).

4.5.5. Proteome-wide labeling and identification of hCathepsin B enzyme in
human MDA-MB-231 breast cancer cells and cathepsin B overexpressing
HEK293 cells

MDA-MB231 cells were maintained in DMEM media in the compo-
sition as suggested by ATCC. At about 90% confluency, cells were lysed
under non-denaturing condition using an ice-cold buffer containing 20
mM Tris-base, 200 mM NaCl, 1% Triton (pH 7.4) with protease and
phosphatase inhibitors, and protein concentration was estimated by BSA
protein assay kit. For preparation of Cathepsin B-overexpressing
HEK293 cell lysate, the following protocol was utilized: 48 h post
transfection, media was aspirated, cells were washed with PBS and lysed
under non-denaturing condition, as described for MDA-MB-231 cells.
Cells were scraped off, centrifuged and the supernatant was used to
estimate protein concentration.

For labeling and detection of endogenously active hCathepsin B
using click chemistry, the following protocol was utilized: 4.8 pL (3.1
ug/uL) of freshly prepared lysate from HEK293 and 10.6 uL (1.4 pug/uL)
from MDA-MB-231 were incubated separately with 1.5 pL (2.59 mM
net) of KDA-1 probe for two hours. To this was added in sequence 6.2 pL
and 0.4 pL of HPLC grade water respectively, 2 pL of CuSO4 (4.76 mM
net), 2 pL of sodium ascorbic acid (4.76 mM net), 2 uL of THPTA (4.76
mM net) and, finally 1 pL of 5-TAMRA-azide solution (95 pM net). The
reaction was run for three hours at 25 °C and was subsequently
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quenched by the addition of 5 pL of Laemmli buffer 1x. The resulting
proteomes (15 pg) were then resolved on a 12% SDS-PAGE gel with MES
buffer at 200 V for 35 min. The gel was washed thoroughly in distilled
water for 8 h (2x) and then scanned on Typhoon 9400 scanner using an
excitation filter at 532 nm and emission at 580 nm. Image analysis was
performed using the ImageJ software.[59] The scanned gel was then
stained using Coomassie to observe the resolved proteins from the entire
proteome.
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