
 

ABSTRACT 
 

Inhibitors of Human Cathepsin L and Cruzain as Therapeutic Agents 

Wara Milenka Arispe Angulo, Ph.D. 

Mentor: Mary Lynn Trawick, Ph.D. 

Increased human cathepsin L activity is linked to invasive and metastatic cancers 

where it promotes degradation of the extracellular matrix.  This major cysteine protease 

found in cell lysosomes and secreted from tissues, also plays a role in the pathology of 

degenerative cartilage and neurological disorders, and is reported to be required for the 

SARS coronavirus infection.  A library of 59 small non-peptidic thiosemicarbazone and 

α, β-unsaturated carbonyl derivatives of benzophenone, propiophenone, α- and β-

tetralone, 4-chromanone, and 4-thiochromenone were evaluated as inhibitors of human 

cathepsin L.  While most of the compounds had IC50 values in the range of 0.4 µM or 

greater, four were very effective inhibitors of cathepsin L: the benzophenone 

thiosemicarbazones 2 (IC50= 1.5 nM), 55 (IC50= 44 nM), 38 (IC50= 60 nM), 32 (IC50= 66 

nM), and 37 (IC50= 140 nM) and a sulfone analog of the bromo substituted thiochroman-

4-one 22 (IC50= 1 nM).  Kinetics studies were used to gain understanding in enzyme-

inhibitor interactions of the most potent compounds (2 and 22) and they were found to be 

reversible, slow, tight binding inhibitors of cathepsin L.  These data support formation of 

a transient covalent intermediate between thiosemicarbazone inhibitors and the cathepsin 



 

L active site thiolate.  Ten of the most promising lead compounds were also tested for 

cytotoxicity in HEK-293 cells and generated no toxicity after 24 hours.  Exposure of the 

prostate cancer cell line DU-145 to the most promising lead compounds successfully 

decreased the invasiveness and mobility properties of these cells in vitro.  The non-

peptidic nature of these inhibitors, coupled with their cell-based activity, makes these 

compounds very promising leads for the development of selective cathepsin L inhibitors.  

A separate research project consisted of recombinant cruzain purification and evaluation 

of thiosemicarbazone derivatives as potential inhibitors of this parasitic cysteine protease.  

Cruzain is the major cysteine protease of Trypanosoma cruzi organism and is a validated 

therapeutic target for the development of new chemotherapy.  Chagas disease, a result of 

Trypanosoma cruzi infection, is the third largest parasitic disease challenge worldwide 

after malaria and leishmania and there is an urgent need for development of new 

therapeutic agents against Chagas disease.  From the same library of thiosemicarbazone 

derivatives evaluated against cathepsin L, 25 compounds were evaluated against cruzain 

from which six compounds were in the nanomolar range with IC50 values ranging from 

170 nM to 622 nM. 
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CHAPTER ONE 

Statement of the Problem and Significance 

Cysteine proteases are widely distributed among living organisms, the most 

abundant being the papain family (clan CA, family C1).  The family consists of papain 

and related plant proteases, of cruzipain and related parasite proteases and of lysosomal 

cathepsins.2, 3   These enzymes degrade polypeptides and are characterized by having a 

common catalytic mechanism that involves a nucleophilic cysteine thiol in the catalytic 

triad.4 

Within the past decade, the view of papain-like cysteine proteases has shifted 

from house-keeping enzymes of little if any diagnostic and therapeutic value to a large 

protease family of highly diversified and specific functions.  Initially lysosomal cysteine 

proteases were believed to be mainly involved in non-selective intracellular protein 

degradation, but now it has become more evident that these enzymes must be involved in 

a range of specific cellular tasks much broader than simple housekeeping tasks.  Papain-

like cysteine proteases fulfill specific functions in extracellular matrix turnover, antigen 

presentation and processing events.5 

Consequently, they may represent viable drug targets for major diseases such as 

cardiovascular, inflammatory, neurological, respiratory, immunological, musculoskeletal, 

viral, cancer, and for a wide variety of parasitic infections such as Chagas disease.2, 4    

Their redundancy, in higher life forms at least, often makes the function of a 

particular enzyme ambiguous.   
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In simpler organisms, a cysteine protease may take on more crucial roles, such as 

the cathepsin L-like enzyme, cruzain, from the parasite Trypanosoma cruzi, which is 

required for parasite replication and survival.6 

Currently, no drug targeted towards papain-like cysteine protease is in use; 

however, many are in development.  The development of selective inhibitors of the 

papain-family proteases as potential therapeutic agents has been difficult because of the 

high degree of similarity in the primary S2 substrate-recognition pocket of these 

proteases.7, 8 

Also, a considerable number of potent cysteine protease inhibitors are not suitable 

as drugs because they have been developed from peptide-like lead compounds, thus 

displaying (i) low stability to non-selective proteolytic degradation, (ii) inadequate 

lipophilicity to achieve good oral bioavailability, and (iii) negative side effects due to 

their lack of selectivity in some cases.9 

To solve these issues, a structurally diverse variety of non-peptidic inhibitors have 

been proposed.  However, many of these known inhibitors are not considered suitable for 

use as therapeutic agents in humans because although they can be very selective and 

demonstrate high affinity, they suffer from various shortcomings including cytotoxicity, 

poor solubility, and overly rapid plasma clearance.  

Cathepsin L, although less well studied than cathepsin B, has been linked to 

tumor invasion and metastasis,10   and the inhibition of cathepsin L is expected to be a 

promising anticancer strategy.11  Currently, relatively few selective inhibitors for 

cathepsin L exist and the in vivo selectivity of most existing compounds is still unclear.12  
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Equally important is the inhibition of crucial parasite proteases as a potential 

strategy to develop new chemotherapy for the parasitic diseases that are major health 

problems in under-developed parts of the world because they are involved in parasite 

survival, replication, and the production of disease.13   Very promising preliminary data 

with cysteine protease inhibitors indicate that the inhibition of papain-like proteases 

might be highly beneficial for the treatment of pandemic diseases such as malaria, 

Chagas disease, amebiasis, leishmaniasis or African sleeping sickness.14, 15 

The flagellated protozoan parasite, Trypanosoma cruzi, is the etiologic agent of 

Chagas disease, a life-long chronic disease that is the leading cause of heart disease in 

Latin America where it affects millions of individuals.  Chagas disease affects primarily 

the heart and the nervous system. After a brief acute phase, patients develop a chronic 

infection resulting in neurological disorders which manifest in the formation of mega-

organs (megacolon or megaesophagus) and in the damage of the heart muscle.16, 17, 18, 19 

Due to the toxicity of current chemotherapy that was designed decades ago and 

emerging drug resistance; there is an urgent need for developing an effective therapy 

against Chagas disease.14   Cruzipain or its recombinant form cruzain, is pivotal for the 

parasite’s development and survival within the host as is demonstrated when cysteine 

protease inhibitors are added to a cell culture model of the parasite life cycle and they 

block the development of T. cruzi disrupting its replicative cycle.13, 20, 21 

In this context, the overall goal of this project is the biochemical and biological 

evaluation of compounds, synthesized in Dr. Kevin G. Pinney’s laboratory at Baylor 

University, as novel cathepsin L and cruzain inhibitors in order to treat cancer and the 

parasitic disease American Trypanosomiasis, also known as Chagas disease. 
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This strategy has been accomplished through the evaluation of a library of 60 

synthetic small non-peptidic thiosemicarbazone (TSC) and α,β-unsaturated carbonyl 

derivatives of benzophenone, propiophenone, α- and β-tetralone, 4-chromanone, and 4-

thiochromenone for inhibition of cruzain and cathepsin L.  The main purpose of this 

research was to explore the structure-activity relationships of these compounds.  In 

addition, kinetic studies (reversibility, time dependence and KI value determination) were 

used to charactetize the enzyme-inhibitor interactions. 

Another objective was to explore if the most potent cathepsin L inhibitors from 

the evaluated libray were able to retain their activity while in contact with cancer cells 

utilizing advanced cell studies.  The biological evaluation included the determination of 

cytotoxicity and anti-invasiveness properties of the most potent cathepsin L inhibitors in 

the prostate cancer cell line DU-145. 

It is recognized that cancer cells secrete elevated amounts of cathepsins L to 

degrade the extracellular matrix, thus promoting tumor invasion and metastasis. 

However, very little information is available concerning the secreted forms of cathepsins 

L and their role in cancer. Immunoblotting analysis was carried out to determine if a form 

of cathepsin L is directly secreted from cancer cell lines or if it is a product processed 

from procathepsin L after secretion into the cell culture medium. 
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CHAPTER TWO 

Introduction to Cysteine Proteases 

Proteases make up the largest class of enzymes, with over 1600 proteases 

identified from over 1700 organisms.  Human proteases account for approximately 500 of 

that number and represent an attractive area for novel drug discovery.22   Proteases are 

involved in virtually all biological functions and dysfunctions as they regulate numerous 

biochemicals and disease processes by controlling protein synthesis and degradation.23 

Proteases can be categorized based on their substrate specificities or mechanisms 

of catalysis.  Enzymes cleaving within a polypeptide chain are named endopeptidases, 

and those cleaving at the ends of polypeptides are named exopeptidases.  Four major 

protease classes are known: serine, cysteine, aspartic, and metalloproteases.24, 25 

Aspartic proteases use two catalytic aspartic acid residues in the active site to 

coordinate the nucleophilic attack of the peptide bond by a water molecule.  Serine 

proteases have a hydroxyl group at the active site that acts as the nucleophile that attacks 

the peptide bond.  In the case of cysteine proteases, a thiolate ion at the active site is used 

to attack the peptide bond.  Metalloproteases use a metal atom to coordinate the substrate 

and catalyze the nucleophilic attack of a water molecule on the peptide bond.22 

The present discussion will focus on papain-like cysteine proteases, the largest 

subfamily among the cysteine protease class (clan CA, family C1), making special 

emphasis in the mammalian cathepsin L and the parasitic cysteine protease cruzain.   
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This family is widely expressed throughout the animal and plant kingdoms, 

viruses and bacteria.26   Lysosomal mammalian papain-like cysteine proteases are also 

known as thiol-dependent cathepsins. 

Cathepsins are distributed among four classes of proteases: cysteine (the majority 

of cathepsins), aspartyl (cathepsins D and E), serine (cathepsins A and G) and metallo 

(cathepsin III).26, 22   Several dozens of cysteine proteases have been identified in various 

parasitic organisms, and they all share the common amino acid sequence and fold of a 

papain-like structure as well. 

Papain-Like Cysteine Proteases: Sequence, Structure, Mechanism, Expression, Substrate 
Specificity, and Physiological Functions 

Lysosomal cysteine proteases comprise a group of papain-like enzymes, sharing 

similar amino acid sequences and folds.  They are optimally active under the slightly 

acidic conditions and their molecular weights are usually in the 20-30 kDa range, not 

including the proregion, which extends from approximately 60-100 kDa.  The mature 

forms of these enzymes are mostly monomeric. 

Amino Acid Sequence  

Eleven papain-like cathepsins are expressed in the human genome (B, H, L, S, C, 

K, O, F, V, X and W).5   All cysteine proteases have a conserved active site in common, 

consisting of cysteine, histidine, and asparagine residues.   

The cysteine residue (Cys-25, papain numbering) is embedded in a highly 

conserved peptide sequence, CGSCWAFS.  Similar to the area around the active site 

cysteine residues, the vicinities of the histidine and asparagine residues are also 

conserved.   
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The histidine residue (His-159) is adjacent to small amino acid residues such as 

glycine or alanine followed by four aliphatic hydrophobic residues (valine, leucine, 

isoleucine and glycine).27 

The catalytic domains of most papain-like cysteine proteases are between 220 and 

260 amino acids in length, with the exception of several parasite-derived cysteine 

proteases which contain a C-terminal extension of unknown function.   

The amino acid alignment of 11 human cathepsins and 5 parasitic cathepsins of 

major human and animal pathogens is shown in Figure 1.   

The human cathepsin L gene encodes a 333-amino acid cysteine protease that 

contains a 17-amino acid signal peptide, a 96-amino-acid propeptide, and a 220-amino 

acid mature region.   

The 38-kDa procathepsin L is processed to mature, active cathepsin L, and exists 

either as a single chain form of 30 kDa or as a two-chain form of 25 and 5 kDa.26-29 

There is a high structural similarity between cathepsin L and the parasitic cysteine 

protease cruzain.   

The sizes of the mature forms of cathepsin L (220 residues) and cruzain (216 

residues) are close and the sequence identity has 47.9% similarity.  

Superimposition of the cathepsin L and cruzain backbones is shown in Figure 2.  

The backbones of cathepsin L and cruzain align with each other except for some of the 

loop regions.30 
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Figure 2.  Superimposition of cathepsin L (blue) and cruzain (red).  Reproduced with 
kind permission from Chen.30 

Fold and Topology 

A papain-like fold consists of two domains, reminiscent of a closed book with the 

spine located at the front.  The domains separate at the “top” in a V-shaped active-site 

cleft, in the center of which, residues Cys-25 and His-159 of each domain form the 

catalytic site of the enzyme.3, 11, 27   Substrate can then bind in an extended conformation 

along the active site cleft. 

The structure consists of an L and R domain of similar size.  The L-domain has 

three helical regions, the longest being the central helix, about 30-40 residues long, 

having the catalytic Cys-25 perched at its N terminus.  The fold of the R-domain is based 

on a β-barrel motif of five to six strands and includes a shorter α-helical motif (Figure 3).6 

Although the left domain is mainly comprised of the N-terminal half of the enzyme, the 

polypeptide chain actually starts on the distal right side of the right domain.  
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Similarly, the mostly C-terminal right domain ends in a strand that extends into 

the left domain. For many enzymes in this group, two disulfide linkages add stability to 

the left domain, whereas one is found in the right domain.6 

 

Figure 3.  Fold of cathepsin L viewed along the two-domain interface and the active site 
at the top. The side chains of the catalytic residues Cys-25 and His-159 (papain 
numbering) are shown as yellow and green atom spheres, respectively.  Reproduced with 
kind permission from Turk.27 
 
 

The propeptide is less structured and runs in the inverse orientation through the 

substrate binding cleft (as shown in Figure 4).27   The crystal structures of the 

proenzymes showed that the structure of the mature enzyme is already formed in the 

zymogen form.31  The propeptide chain builds an α-helical domain, which continues 

along the active-site cleft toward the N-terminus of the mature enzyme in a 

predominantly extended conformation in a direction opposite to substrate binding, which 

blocks access to the active site (Figure 4).27 

R -domain 

L- domain 

Central helix 
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The activation process is triggered by a pH drop that presumably weakens the 

interactions between the propeptide and the catalytic site.  As a consequence, the 

proenzyme most likely adopts a looser conformation, where the propeptide is less tightly 

bound to the active site without the loss of the secondary structure making it more 

accessible to proteolytic cleavage.20 

 
Figure 4.  Fold of procathepsin L (1cj). The mature enzyme part of cathepsin L is shown 
in blue and and the propeptide is shown in red.  Reproduced with kind permission from 
Turk.27 
 

Substrate-Binding Sites 

Seven possible substrate-binding sites, which bracket the catalytic dyad of Cys- 

25 and His-159, were first described for the endopeptidases by Schechter & Berger in 

1967.   
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The carboxyl side of the peptide substrate and corresponding enzyme subsites are 

conventionally referred to as the prime side and are termed P1', P2', Pn' and S1', S2', and Sn' 

respectively.  The amino side of the peptide and corresponding subsites assigned the non-

prime side and are designated P1, P2, Pn and S1, S2 and Sn, respectively (Figures 5 and 

6a).20 

 
Figure 5.  Diagramatic representation of peptide substrate interaction with the active site 
pockets of a cysteine protease.  Amino acid residues from the peptide substrate are 
denoted by ‘P’ and the sub-sites that the peptide interacts with are given the letter ‘S’. 
The active site cysteine sulfhydryl nucleophile is represented as SH.  Reproduced with 
kind permission from Sajid.20 
 
 

Cysteine proteases have rather short active-site clefts, comprising three well 

defined substrate-binding subsites (S2, S1 and S1').  Additionally they have comparatively 

broad binding areas (S4, S3, S2', S3').24   As shown in Figure 6, the loop formed by 

residues 59–67 constitutes the area where P3 residues bind and is termed the S3 binding 

area.   
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The form of the S1 binding site is also a loop, but is constructed from parts of the 

loops embracing the S3 and S2′ binding sites and is enclosed at the top by the conserved 

disulfide bridge Cys22–Cys63.  The top of the R-domain is formed by two broad loops 

placed on top of each other.  The lower loop (175–205) forms the base, on top of which 

rest residues 133–159 of the upper loop. 

The substrate-binding sites exhibit no strict specificities.31  Their subsite 

preferences arise more from specific exclusions of substrate type, which presents a 

challenge for the design of inhibitors to target a specific cathepsin.27   Cysteine proteases 

prefer bulky hydrophobic residues at P2.32   The S2 binding site is a deep hydrophobic 

pocket.33, 34   The positioning of the P3 residue is mediated only by side-chain 

interactions. 

If human cathepsin L and cruzain substrate-binding sites are compared, it can be 

noticed that the active site of cathepsin L is more defined than that of cruzain.  The S1 

pocket of cruzain is bigger than that of cathepsin L and the opening of the cathepsin L S2 

pocket is much smaller than that of cruzain.  The S2 pocket of cathepsin L is slightly 

narrower, longer and deeper in distance than that of cruzain.  A more defined S4 pocket is 

also seen in cathepsin L.30   Cathepsin L may accommodate a more bulky group at the S3 

site33 and has preference for positively charged residues at the S1 and S3 position.34, 27   

The superimposed structures of complexes of substrate-analogue inhibitors and a 

papain-like cysteine protease model (Figure 7) have revealed that substrate residues bind 

along the active-site cleft in an extended conformation with the side chains alternately 

oriented toward the L- and R-domains.  Each substrate residue docks on the surface of an 

enzyme in a specific orientation (Figure 8).  
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Figure 6.  Substrate-binding sites.  (a) Polyalanine substrate model (green sticks) bound 
in the active-site cleft of cathepsin L and denoted using the Schechter and Berger 
nomenclature.  The surface of the catalytic cysteine side chain is yellow.  (b) The same as 
(a), only that in this case cathepsin L is shown as a chain trace.  The substrate-binding 
sites are color-coded: the L-domain loops (19-25 and 61-69) are purple and yellow and 
the R-domain loops (136-162 and 182-213) are blue and red.  (c) Structure-based amino-
acid alignment of sequences of papain-like domains of all known human cathepsins.  The 
substrate-binding sites are marked at the top with stripes of the same color code as in 
Figure 5 (b).  Reproduced with kind permission from Turk.27 
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Structures of the irreversible cysteine protease inhibitor E-64 and its analogues 

(Figure 9) revealed that they bind into the non-primed region of the active site, but in the 

direction of propeptide binding and opposite to substrate binding (Figure 7b).  

Alternatively, the CA030 inhibitor in complex with cathepsin B, demonstrated that E-64 

derivatives can also bind into the primed binding side in the direction of substrate 

binding.   

The carboxylic group of the C-terminal residue of CA030 mimics the C-terminus 

of a substrate and docks to the occluding loop (Figure 7c). 

Therefore, it was suggested that the substrate residue-binding regions beyond S2 

and S2' should not be called sites but areas.27   The S1' binding site can also be reached 

with inhibitors using an exceptionally long side chain of a P1-mimicking residue of a 

chloromethyl or a vinylsulfone based inhibitor (Figures 7a and 7d).  

The covalent interaction with the reactive-site cysteine is not mandatory as shown 

by a series of `Smith-Kline' compounds (Figure 7e and Figure 10), which utilize various 

constructs to non-covalently block the reactive site tightly.27 

In conclusion, residues P2, P1 and P1' bind into well defined binding sites. The S2 

and S1′ substrate binding sites are responsible for the diversity and selectivity of the 

substrate and inhibitor binding.27, 32 

A detailed view of cathepsin L amino acid residue interactions is shown in Figure 

11.36   The S’ region of the binding site encompases S1’ and S2’ ands represents the 

oxyanion hole.  The oxyanion hole consists of the side chains of Gln-19, Trp-189, His-

163 and the main chain of Cys-25.  Below the active site is the S2 subsite which is 

characterized by its deep, hydrophobic cleft usually present in most cysteine proteases.  
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Figure 7.  Low molecular weight inhibitor binding geometry. The inhibitors (shown as 
stick models) from structures of complexes with papain-like cysteine proteases are 
superimposed on top of the cathepsin L surface.  The catalytic site Cys25 surface is 
coloured yellow.  (a) Substrate-analogue inhibitors: fluoro- and chloromethylketone-
based inhibitors and leupeptin are shown in light green.  (b) E-64 and derivative are 
shown in magenta. (c) The CA030 cathepsin B inhibitor is shown in blue.  (d) 
Vinylsulfone-based inhibitors are shown in green.  (e) A group of non-covalent cathepsin 
K and L inhibitors are shown in red.  Reproduced with kind permission from Turk.27 
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Figure 10.  Evolution of `Smith-Kline' compounds. Leupeptin (1) was observed to bind 
on the S side of the active site and the closely related aldehyde (2) was observed to bind 
only in the S′ direction. The overlay of these two crystal structures led to the successful 
design of a potent class of selective inhibitors of cathepsin K that span both sides of its 
active site (3).  Reproduced with kind permission from Thompson.35 
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Catalytic Mechanism 

Cysteine proteases catalyze the hydrolysis of amide bonds in proteins through 

nucleophilic attack by the active site cysteine thiol on the amide carbonyl.37   The 

catalytic site of papain-like cysteine proteases is highly conserved and formed by three 

residues: Cys-25, His-159, and Asn-175.   Cys-25 and His-159 form an ion pair which is 

stabilized by Asn-175 via a hydrogen bond.38, 25 

The hydrolysis mechanism of cysteine proteases consist of an attack of a 

negatively charged thiolate group of a cysteine residue at the carbonyl carbon of the 

peptide bond leading to an acyl enzyme which is hydrolyzed in the second step (Figure 

12).39    

During peptide hydrolysis, the nucleophilic thiolate cysteine attacks the carbonyl 

carbon of the scissile bond of the bound substrate and forms a tetrahedral intermediate 

which is stabilized by the so-called oxyanion hole, a crucial element in forming an 

electrophilic center to stabilize the tetrahedral intermediate during hydrolysis (Figure 

13).20, 24-25, 38 

Cysteine proteases have mechanistic similarities to serine proteases, but they are 

better nucleophiles due to the extra shell of electrons present in the sulfur of the thiol 

group.   

The thiol group is enhanced as a nucleophile due to the close proximity of an 

active site histidine residue which acts as a proton donor.   

The two ionizable groups of the thiolate–imidazolium diad allow a broad pH 

range of enzymatic activity.   

They consist of a pKa for cysteine of approximately 4.0 and a pKa for histidine 

ionization of approximately 8.5.20, 6 
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Figure 12.  Catalytic mechanism of cysteine proteases.  Their catalytic site has the Cys-
25, His-159 and Asn-175 conserved in all of its members. In this triad, Cys-25 and His-
159 form an ion pair which is stabilized by Asn-175 via a hydrogen bond allowing 
peptide hydrolysis.12, 40  

 
 
Figure 13.  Stabilization of the oxyanion generated by the cysteine protease catalytic 
reaction.  Reproduced with kind permission from Chen.30 
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Cysteine Proteases’s Intracellular and Tissue Distribution 

The expression of cysteine proteases are either ubiquitous or tissue and cell 

specific.12   The location of papain-like cysteine proteases is not strictly lysosomal; 

rather, the enzymes are trafficking between phagosomes, endosomes, and lysosomes.  

The individual proteases may accumulate in different organelles.  Human cathepsins have 

an acidic pH optimum which allows for full activity within the lysosomal compartment.  

Cathepsin L displays a ubiquitous expression in lysosomes of most tissues and differs 

from other cathepsins in that it lacks exopeptidase activity and has the highest proteolytic 

activity in lysosomes.41-42, 3 

Cathepsin K is selectively expressed in osteoclasts (cells involved in bone 

resorption) and it is considered that inhibitors of cathepsin K can be potential therapeutic 

agents for the treatment of diseases characterised by excessive bone loss, including 

osteoporosis.43 

Cathepsin B is present and active intracellularly and extracellularly in almost all 

tissue types.  Intracellularly, it is localized in the lysosomes, whereas extracellularly, it 

can be found both free and bound to the extracellular matrix proteins, where it has many 

important physiological functions such as thyroxine synthesis, site-selective cleavage of 

human prorenin, processing of antigens, and self-protection of cytotoxic T-lymphocytes 

during degranulation.44, 45 

Regulation of Lysosomal Cathepsin Activity 

Proteolytic activity is important for normal functioning of an organism and must 

be rigorously controlled to avoid potentially dangerous excess protein degradation.  
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Lysosomal cysteine protease activity is regulated in a number of ways, the most 

important being zymogen activation and inhibition by endogenous protein inhibitors. 

Zymogen Activation 

Lysosomal cathepsins are synthesized as preproenzymes.11   Following synthesis, 

the propeptide is removed during the passage to the endoplasmic reticulum.  Procathepsin 

undergoes proteolytic processing to the active, mature enzyme form in the acidic 

environment of late endosomes or lysosomes.26, 41   Limited proteolysis is thus a crucial 

step in controlling the proteolytic activity of lysosomal cysteine proteases and numerous 

other proteases.  

The propeptide, part or all of which is removed during activation, is responsible 

for proper targeting of the enzymes, for the stability and for the proper folding of the 

enzymes,28, 46  as well as, being able to specifically inhibit the activity of mature 

enzymes.11 

The proregions are tightly binding, highly selective and reversible inhibitors that 

occupy the cleft in a linear, but backwards orientation, preventing the premature 

activation of the catalytic domain of mature cathepsin with KI values in the nanomolar 

range.6, 47   Usually, the inhibition obeys slow-binding kinetics, but the mechanism is also 

pH dependent.47, 46, 48   The KI value for inhibition of human cathepsin L propeptide 

towards the mature cathepsin L is 0.088 nM at pH 5.5, but increases to 3.0 nM at pH 

4.0.31 

Conversion to the mature form occurs intracellularly in lysosomes at pH 3.0-3.5 

by autocatalytic removal of the prosegment,46, 26   whereas extracellularly, at pH 5.5-6.0, 

maturation is supported by negatively charged matrix surfaces.11    
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Autoactivation of cathepsin B and L was found to be substantially accelerated in 

the presence of various glycosaminoglycans up to pH 6.0.41, 49   Propeptides, after serving 

their role to prevent inappropriate protease activity, are thought to dissociate from the 

protease, unfold, and are proteolytically degraded.26 

Endogenous Cysteine Proteases Inhibitors  

Once activated, lysosomal cysteine proteases have enormous disruptive potential, 

and inappropriate action is controlled by their endogenous protein inhibitors, the 

cystatins.   

On the basis of sequence homology, the cystatin superfamily is divided into three 

subfamilies: stefins, cystatins and kininogens.   

Stefins are intracellular inhibitors, whereas cystatins and kininogens are 

extracellular inhibitors.50 

They have in common their enormous stability at high temperatures (up to 100 

°C) and at extreme pH (pH 2-12, kininogens pH 5-12) as well as their specificity for 

cysteine proteases, athough they are only able to discriminate between endo and 

exopeptidases.   

They inhibit endopeptidases in the picomolar range and the inhibition is rapid and 

tight, almost pseudo-irreversible reaction, while the inhibition of exopeptidases is much 

weaker with Ki values in the millimolar to nanomolar range 51 

The cystatin superfamily members bind in a non-substrate-like manner, inserting 

the hairpin loop and the N-terminal trunk region into the protease-binding cleft as 

observed in a complex of papain and stefin B (Figure 14).27 
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Figure 14.  Binding of protein inhibitors. Stefin B superimposed on cathepsin L complex 
in views (a) across and (b) along the active-site cleft of cathepsin L. Chain traces of the 
stefin B and cathepsin L are shown in red and blue, respectively.  Reproduced with kind 
permission from Turk.27 

The Stefin Family 

These proteins lack disulfide bridges and carbohydrate residues.  Members of this 

family are cystatins A and B, which have a molecular weight of approximately 11 kDa.  

Cystatin A (pI 4.5-5.0) is found mainly in epithelial cells and neutrophilic granulocytes 

while cystatin B (pI 6.0-6.6) is present in almost all cells and tissues.50 
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The Cystatin Family 

These proteins have molecular weights ranging from 12 to 13 kDa do not have 

carbohydrate residues (with the exception of cystatin C from rat197) but they do have 

two disulfide loops at the C-terminal end.  Members of this family are cystatins C, D, and 

the three S-type cystatins (S, SN, SA).  Cystatin C (pI 8.0-9.5) is widely distributed in the 

extracellular matrix and has also been found in cortical neurons, pancreatic islet cells, the 

thyroid gland.50   Cystatin D was isolated from saliva.52   Cystatin S (pI 4.7) has been 

found in mammalian salivay glands, tear fluid, serum, gall, urine, pancreas, and 

bronchi.53 

The Kininogen Family 

A high molecular weight (HMW) kininogen (120 kDa) and a low molecular 

weight (LMW) kininogen (50-80 kDa) are known in humans. Their principal 

characteristics include the presence of carbohydrate residues, signal peptide and disulfide 

bridges.  HMW is produced by the liver together with prekallikrein.  It acts mainly as a 

cofactor on coagulation and inflammation, and has no intrinsic catalytic activity.  LMW 

is produced locally by numerous tissues, and secreted together with tissue kallikrein.50 

Cysteine Proteases Physiological Role 

Human cysteine proteases mostly fulfill housekeeping functions, but they are also 

involved in more specialized processes.  They play a role not only in protein catabolism, 

but also in hormone activation, antigen presentation, and tissue remodeling.54-55, 31   The 

major physiological role of cathepsins inside lysosomes is non-specific protein 

digestion,11   whereas outside of lysosomes, they degrade proteins.27 
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One of the most important precursors processed by cysteine proteases is 

thyroglobulin, a source of thyroid hormones.38, 33 

Analyses of gene knockouts suggested that cathepsin L is involved in epidermal 

homoeostasis and hair follicle morphogenesis.27   Cathepsins also participate in apoptosis, 

although the exact mechanism is not yet clear.56 

Papain-like cysteine proteases expressed in major human and domestic animal 

disease-causing parasites have been demonstrated to be essential for their life cycles and 

virulence.   

In contrast to a simple digestive role, parasite derived cysteine proteases have 

been characterized to perform indispensable roles in the biology and life cycle of many 

species of parasites such as in replication, cell differentiation, signaling, and host 

invasion.20-21, 57 

Role of Cysteine Proteases in Pathological Conditions 

Failure in biological control mechanisms of proteolytic activities and the 

consequent disturbance of the normal balance of enzymatic activity causes a wide range 

of pathological conditions. 

A common factor in both processes is that the equilibrium between lysosomal 

enzymes and their endogenous inhibitors in the extracellular space is disturbed.   

This imbalance may originate from reduced inhibitor activity due to saturation of 

the natural inhibitors by excess release of lysosomal enzymes, a change in the binding 

properties of the inhibitors and thus easier dissociation of the enzymes from the enzyme-

inhibitor complexes and/or increased stability of lysosomal cathepsins which are 

normally inactive in the extracellular space (creation of microenvironments with low pH). 
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Papain-like cysteine proteases have been increasingly recognized as critical 

enzyme activities in degenerative, invasive, and immune system related disorders as well 

as in various parasitic infections.58-60 

When secreted in excess, lysosomal cysteine proteases can be very harmful, 

resulting in pathological conditions.  Free lysosomal proteases and uncontrolled 

proteolysis destroy proteins of the cell membrane and of connective and supportive 

tissues.  Toxic peptides are produced by this process which inhibits the enzymes of the 

blood system.61, 59, 62, 8 

Cysteine proteases have been observed in a number of diseases such as cancer, 

apoptosis, rheumatoid arthritis, osteoarthritis, bone resorption,63, 54 Alzheimer’s disease,7 

multiple sclerosis, and muscular dystrophy.64, 27 

In many of these diseases, lysosomal enzymes were found to be present in the 

extracellular/extralysosomal environment in their proforms, which are substantially more 

stable than the mature enzymes.   

Impaired cathepsin-L like activity may play a key role in the establishment of skin 

and gingival abnormalities seen in I-cell disease.  In addition, reduced activities may play 

an important role in drug-induced gingival overgrowth.65 

In addition to the requirement of host cell receptors, lysosomal cysteine proteases 

are required for productive infection by some viruses.  It has been reported that SARS 

coronavirus utilizes the enzymatic activity of cathepsin L to infect ACE2-expressing 

cells.66 

Cathepsin L also seems to be partly responsible for the degradation of cartilage 42 

and joints in osteoarthritis.33, 46    
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Active cathepsins B and L can then convert more uPA zymogen and plasminogen 

into their proteolytically active forms which in turn have matrix metalloproteinase 

activating properties.72   The role of cathepsin B in extracellular matrix degradation is 

supported by the findings that this protease undergoes intracellular redistribution from the 

apical region to the basal plasma membrane when compared with normal cells.73 

Proteases involved in tumor invasion and metastasis are not only expressed by 

tumor cells, but also by surrounding stromal cells.  Tumor cells activate protease 

expression in stromal fibroblasts which then assist in the degradation of the extracellular 

matrix. It has been shown that fibroblasts neighboring tumor cells have elevated levels of 

gelatinase B (MMP9).74 

Most cathepsin-like proteases released by tumor cells have a higher molecular 

weight and unusual stability at neutral to alkaline pH, mainly due to their binding to the 

external cell surface proteins which increase their pH stability.75   Tumor cathepsins do 

not differ from normal lysosomal cathepsins in their immunological and kinetic 

characteristics.69 

Alterations in the balance between endogeneous inhibitors and the cathepsins 

have been postulated to contribute to malignant progression.67   In various cancers, the 

level of cathepsin in the plasma membrane fraction is up to 30 times higher than that in 

nonpathological cells, indicating that these enzymes are protected from endogenous 

cysteine protease inhibitors and denaturation through membrane binding.  For example, 

high expression levels of cathepsin B in colorectal cancer patients correlated with shorter 

survival,76   and it has been reported that inhibition of cell-surface cathepsin B can 

prevent the activation of uPA, a well-known prognostic marker in cancer.77    
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Previous studies have linked over-expression of cathepsin L to metastasis 

following ras transformation of NIH/3T3 cells.  It has been reported that non-metastatic 

melanoma cells were converted to metastatic cells by over-expression of cathepsin L.10   

Elevated expression levels of cathepsin L have also been reported in kidney and testicular 

tumors, meningiomas, non small cell carcinomas of the lung and in most cancers of the 

breast, ovary, colon, adrenal, bladder, prostate, and thyroid.69, 38, 25 

Increased expression levels of cathepsin B have been observed at the invasive 

edge of various tumors including bladder, colon, and prostate carcinomas,78,79,44 and 

cathepsin K has been associated with human breast carcinoma.6 

Cell Invasion and Motiliy Assays 

Commercially available Matrigel® invasion chambers provide cells with artificial 

conditions that allow assessment of their invasive property in vitro.  Cell invasion 

chambers consist of polycarbonate membrane inserts (8 µm pore size) in a 24-well plate.  

The upper surface of the insert membrane is coated with a thin layer of Matrigel® 

basement membrane matrix, which acts as a reconstituted basement membrane in vitro 

and blocks non-invasive cells from migrating through the membrane.  

In contrast, invasive cells are able to degrade the matrix proteins in the layer, 

invade through the Matrigel® matrix and ultimately pass through the pores of the 

polycarbonate membrane.  Finally, non-invasive cells are removed from the top of the 

membrane and the invaded cells are stained and quantified (Figure 17). 

Control inserts that contain only the 8 μm mesh without the Matrigel® coating are 

used in motility assays.  Migration is measured as described in the invasion assay. 
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Figure 17.  Diagramatic representation of a cell invasion assay.  Figure taken directly 
from www.cellbiolabs.com.135 

 

Role of Cruzain in Chagas Disease (American Trypanosomiasis) 

As a result of the roles of many cathepsin L-like proteases in diseases such as 

malaria (falcipain), leishmaniasis (Leishmania major cathepsin L), Chagas disease 

(cruzipain), African trypanosomiasis (congopain), toxoplasmosis (Toxoplasma gondii 

cathepsin L), amoebiasis (histolysain), and sleeping sickness (rhodesain), inhibitors of 

human cathepsin L are proposed to be highly valuable as therapeutic treatments against 

these infectious diseases.80 

24 hours 
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Parasitic papain-like cysteine proteases have been shown to be virulence factors 

by degrading components of the host immune system including immunoglobulins and 

components of the complement system.  They are able to degrade extracellular matrix 

proteins and enhance the processing of various zymogens such as procollagenases and 

proenzymes of the clotting system, or exhibit a kininogenase activity and release 

bradykinin.81   In vitro studies demonstrated that cruzipain is involved in the activation of 

the kinin cascade, favoring parasite invasion in the host cells expressing kinin receptors.82 

Characterization of Chagas Disease 

Chagas disease, caused by the parasitic protozoan Trypanosoma cruzi, is the 

leading cause of heart disease in Latin America and affects more than 12 million people, 

resulting in more than 50,000 deaths each year mainly because of chronic chagasic 

cardiomyopathy.83   Large-scale population movements have increased the geographic 

distribution and changed the epidemiology of Chagas disease, with isolated cases 

reported in the United States. 

T. cruzi is transmitted to humans either by triatomine vectors (kissing bug) or less 

commonly by blood transfusions or organ transplants.  It has been established that the 

presence of T. cruzi is essential for the disease to persist and elimination of T. cruzi is a 

pre-requisite for the cure.84, 85 

Available chemotherapy for Chagas disease is unsatisfactory with current 

therapeutic molecules such as, nifurtimox (Nfx) and benznidazole (Bnz), which show 

limited efficacy and severe side effects for the treatment of chronic forms of the disease 

(Figure 18).86-88   Moreover, certain strands of T. cruzi have developed resistance to these 

two drugs.  
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T. cruzi is found as an intracellular form, the amastigote, and as a trypomastigote 

form in the human blood.  In the vector, noninfective dividing forms (epimastigotes) 

transform into metacyclic infective trypomastigotes in the insect’s midgut.  The infected 

bugs, while biting deposit feces which contain metacyclic trypomastigotes on the skin 

(human infections occurs through the bite wound or penetration of mucous membranes of 

the eyes, nose, or mouth) (Figure 20).93 

T. cruzi is the only human trypanosome that can be transmitted by the feces of its 

invertebrate vector, as most other trypanosomes are transmitted by saliva.  After cell 

invasion, the vacuoles are disrupted and the parasite escapes into the cytoplasm of the 

cell, where it replicates into round-shaped amastigotes. After several binary divisions, 

infective trypomastigotes are released into the blood and tissue spaces.88 

 

Figure 20.  Overview of Trypanosoma cruzi infective and diagnostic stages.  Figure taken 
directly from http://www.dpd.cdc.gov/dpdx. 
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Cruzipain 

Cruzipain (also known as cruzain) is the major proteolytic enzyme present in all 

stages of the life cycle of T. cruzi with the highest expression levels in the epimastigote 

form.94   This cysteine protease is crucial to T. cruzi throughout its life cycle including 

replication, metabolism, etc.95, 93 

The proteolytic activity of cruzain was suggested to contribute to the pathologic 

effects of Chagas disease. This cysteine protease participates in host tissue damage 

directly by secretion from the parasites, which may facilitate rupture of host cells or 

incidentally by leakage of the protease upon parasite death and lysis, thus stimulating the 

observed host immune response.89, 96 

Cruzipain is encoded by numerous polymorphic genes organized in tandem units 

(up to 130 in the Tul2 strain), resulting in relative complex isoforms with substrate 

specificity between those of cathepsins L and B.87 

The amino acid sequence data, coupled with enzymatic characterization classified 

this protease as a member of the papain superfamily of cysteine proteases with a 

sequence closely related to the major cysteine protease of Trypanosoma brucei (59.3%) 

and the murine cathepsin L (42.2%).97 

Inhibition of cruzipain has been shown to impair in vitro host cell invasion and to 

block amastigote replication as well as trypomastigoteamastigote differentiation, thereby 

arresting intracellular development.  More recently, a novel class of irreversible cysteine 

protease inhibitors, vinyl sulfones, induced an accumulation of the proform of cruzipain 

in the Golgi apparatus resulting in the death of T. cruzi epimastigotes.14 
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Production of Recombinant Cruzain 

Recombinant proteins are obtained by introduction of their expressed genes in the 

genome of a simpler organism (like yeast or bacterium), which will express those 

recombinant genes as if they were its own genes.   

The potential for toxicity and instability of heterologously expressed proteolytic 

enzymes is great.  The target protein can be conjugated with another known protein to be 

separated on the basis of the affinity of the second protein, and even the target proteins 

can be over-expressed in those organisms.  

The expression of the cruzain gene in bacteria proved to be very difficult until the 

expression plasmid, pCheYl5LOX was used.  A possible explanation for the success of 

this plasmid in generating relatively large quantities of recombinant enzyme is that this 

system initially produces inactive and insoluble protein.   

The inactivation of the protease by precipitation in inclusion bodies provides an 

extremely convenient purification step.  The urea solubilization of the fusion protein and 

subsequent refolding steps allow the recovery of the fusion protein which is processed 

autocatalytically to yield mature cruzain.89 

It has been reported that this protease has the capability and specificity to process 

its proform to the fully active mature protease with the same NH2 terminus as that found 

on the endogenous enzyme.95    

The processed form of the recombinant protease has a NH2-terminal sequence 

identical to that of the mature form of the protease purified from T.cruzi. 
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Basic Principles of Enzyme-Catalyzed Reactions 

Steady State Kinetics 

In biological systems, the rate of a reaction is determined by the enzyme that 

catalyzes the reaction. The conversion of substrate S to product P, catalyzed by enzyme 

E, under initial conditions (no P present) could proceed as: 

 

 
Where, ES, k1, k-1, and k-2 are the enzyme-substrate complex, ES forward rate 

constant, ES reverse rate constant, and the forward rate constant for product formation, 

respectively.  The rate of this reaction is given by the well-known Michaelis-Menten 

expression and k1, k2 are the initial velocity conditions and k-2 is neglected for initial 

velocity condition. 

This equation was derived under the assumption that the substrate concentration 

[S] is much higher than that of enzyme [E], and the ES complex concentration is 

approximately constant until the substrate concentration is nearly depleted.  The change 

in the ES complex concentration is zero and is represented as the following equation, 

where vo  is denoted as the initial velocity.  

ES
 0 E S  ES  ES  

Since the total enzyme [E]T is more readily determined than the free enzyme E or 

the enzyme-substrate complex ES, the relationship between the total enzyme [E]T, the 

free enzyme E, and the ES complex is represented as, 

E T E ES  

E + S
k1

k-1

ES P + E
k2

k-2
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Substituting E E T ES , the following equation can now be derived from 

the steady state assumption. 

E ES S  ES  

After dividing both sides by k1 and solve for [ES], the following result is obtained. 

ES
E T S

S
 

To simplify the above equation, the Michaelis constant KM is used to substitute for 

the constants of the denominator. 

 

And the equation becomes, 

ES
E T S

S  

And  vo can now be represented as, 

ES
E T S

S  

Since the maximal velocity Vmax occurs when the total enzyme is in the ES 

complex form Vmax = k2 [E]T, the above equation can be rewritten as the regular 

Michaelis-Menten expression. 

ES
S
S  

The Michaelis-Menten plot is a hyperbola curve with an initial linear portion 

when the substrate concentration is small, and a plateau reaching Vmax when the substrate 

concentration is much greater than KM, as shown in Figure 24. 
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Figure 24.  Typical Michaelis-Menten Plot. 

Enzyme inhibitors are molecules that bind to enzymes and decrease their activity.  

Different types of enzyme inhibition are produced depending on whether the inhibitors 

bind the enzyme, the enzyme-substrate complex, or both.   

The binding of an inhibitor can stop a substrate from entering the enzyme's active 

site and/or hinder the enzyme from catalyzing its reaction.  Inhibitor binding is either 

reversible or irreversible. 

Irreversible inhibitors usually react with the enzyme covalently and change it 

chemically.  In contrast, reversible inhibitors usually can be classified as covalent or non-

covalent.   

Covalent inhibitors are characterized by the formation of a covalent bond, which 

is generally highly energetic, between inhibitor and protease. Non-covalent inhibitors 

interact with the protease solely though weaker bonds (hydrogen bonds and van der 

Waals forces). 

0.0 Vmax

0.5 Vmax

1.0 Vmax

0 Km 1 Km 2 Km 3 Km 4 Km 5 Km

vo
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Non-Covalent, Reversible Inhibition  

Reversible inhibitors are characterized by their ability to dissociate (either rapidly 

or slowly) from the protease, allowing catalytic activity to be regained.  

These inhibitors bind to enzymes with non-covalent interactions such as hydrogen 

bonds, hydrophobic interactions and ionic bonds.   

Multiple weak bonds between the inhibitor and the active site combine to produce 

strong and specific binding.  

Enzyme activity is restored by lowering the inhibitor concentration by dilution, 

dialysis or gel filtration. There are three major kinds of reversible enzyme inhibitors; 

competitive, mixed, and uncompetitive.25 

 Competitive inhibition, in which the substrate and inhibitor cannot bind to the 

enzyme at the same time.  This usually results from the inhibitor having an affinity for 

the active site of an enzyme where the substrate also binds; the substrate and inhibitor 

compete for access to the enzyme's active site.   

This type of inhibition can be overcome by sufficiently high concentrations of 

substrate, i.e., by out-competing the inhibitor.  Competitive inhibitors are often similar in 

structure to the real substrate and inhibit the substrate binding without affecting Vmax for 

the reaction.98 

The following model describes that in addition to substrate binding, the free 

enzyme, E, can also bind a competitive inhibitor to form the enzyme-inhibitor complex 

EI.   

However, the EI complex does not react with the substrate and therefore no 

reaction proceeds (Figure 25). 
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Figure 25.  General kinetic scheme for competitive inhibition. 

Here, the inhibitor I binds the enzyme reversibly and has a dissociation constant: 

I
E I
EI

. 

Since E T E EI ES , and [E] and [EI] can be derived from the 

dissociation constants as: 

ES
S

 and  ES I
S I

 respectively 

[E]T can be rewritten as ES
S

1 I

I
1 . 

After solving for [ES], the following equation is derived: 

ES
E T S

1 I
I

S
 

The initial velocity is expressed as, 

E T S

1 I
I

S
 

If 1 I

I
 is simplified to α, then the above equation can be rewritten as: 

S
S

. 

E + S
k1

k-1

ES P + E
k2

+
[I]

K I

[EI] + [S] NO REACTION
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The double-reciprocal form is then: 

 
S

. 

With a fixed enzyme and substrate concentration, the initial velocity decreases.  A 

characteristic Michaelis-Menten plot for a competitive inhibitor is showed in Figure 26, 

in which initial velocities are plotted versus substrate concentration for various 

concentrations of inhibitor.  

 

 

Figure 26.  Plot of initial velocity of a simple Michaelis-Menten reaction versus the 
substrate concentration [S] in the presence of different concentrations of a competitive 
inhibitor [I]. 

Mixed inhibition, where the inhibitor can bind to the free enzyme at the same time 

as the enzyme-substrate complex; however, the binding of the inhibitor may affect the 

binding of the substrate (Figure 27).  This type of inhibition may be reduced, but not 

overcome by increasing concentrations of substrate.   
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A typical Michaelis-Menten profile for a mixed inhibition is showed in Figure 28 

and is similar to both competitive and uncompetitive inhibition.   

Although it is possible for mixed-type inhibitors to bind in the active site, this 

type of inhibition generally results from an allosteric effect where the inhibitor binds to a 

different site on an enzyme.  

Inhibitor binding to this allosteric site changes the conformation (i.e., tertiary 

structure or three-dimensional shape) of the enzyme so that the affinity of the substrate 

for the active site is reduced. 98 

 
 

Figure 27.  General kinetic model of mixed inhibition. 

Using the same method as in the derivation of the previously derived competitive 

inhibition relationships, the initial velocity expression is demonstrated as, 

S
α α S  

α 1 I
KI

  , α 1 I
K'I

 

The Lineweaver-Burk expression is the reciprocal of the above equation, 

1 α 1
S

α
 

 

E + S
k1

k-1
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Figure 29. General kinetic model for uncompetitive inhibition. 

The total enzyme concentration can be written as E T E ES

ESI .   

Substituting [E] as ES
S

  and [ESI] as ES I
K'I

, the following 

relation 

E T ES
S

1 I
K'I

 can be obtained. 

If α′ is defined as 1 I
K'I

, the following relation results: 

ES E T S
’ S

. 

Initial velocity is then expressed as follows, 

S
α S  

The double-reciprocal expression is: 

1 1
S

α
 

A typical Michaelis-Menten plot for a uncompetitive inhibitor is shown in Figure 

30 and upon observation it is seen that it is similar to a competitive inhibition profile, but 

the effect of the inhibitor is more profound and Vmax is significantly lowered.  
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Figure 30. Plot of initial velocity of a simple Michaelis-Menten reaction versus the 
substrate concentration [S] in the presence of different concentrations of an 
uncompetitive inhibitor [I]. 

Although reactions are best fit directly to the Michaelis-Menten equation by non- 

linear regression analysis, the Lineweaver-Burk plot is a useful approximation to 

distinguish between different types of reversible inhibition (Figure 31). 

The Lineweaver-Burk plot for competitive inhibition (Figure 31 A) is a series of 

lines intersecting at the y-axis.  Indicative of competitive inhibition, Vmax is unchanged, 

but the apparent Km (KM,inh. or αKM) is increased according to the potency of the inhibitor.   

The Lineweaver-Burk plot of uncompetitive inhibition is a series of parallel lines 

(Figure 31-B). Although the Lineweaver-Burk plot for mixed inhibition looks very 

similar to the one for a competitive inhibitor, the intersecting point of the individual lines 

is to the left of the y-axis.  This indicates that the Vmax decreases in the presence of the 

inhibitor and the KM value changes according to increasing concentrations of the inhibitor 

as shown in (Figure 31 D). 
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Figure 31.  The Lineweaver-Burk graph as a tool to distinguish types of reversible 
inhibition. A. Competitive inhibition.  B. Noncompetitive inhibition. C. Uncompetitive 
inhibition D. Mixed-type inhibition. 
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Irreversible Inhibition 

Irreversible inhibitors usually covalently modify an enzyme with no reversal of 

inhibition observed upon decreasing the inhibitor concentration.   

Due to the nature of a covalent bond, the bond between the inhibitor and enzyme 

is permanent resulting in the possibility of immunogenicity upon chronic exposure in 

therapeutics, or toxicity, because the inhibitor may form covalent bonds with other 

enzymes in the body.  

Development of drugs that irreversibly inactivate the targeted enzymes for 

chronic use is not usually an ideal objective.  It is believed that long-term treatment of 

disease conditions using such irreversible inhibitors may lead to certain immune 

disorders, and/or increase the potential risk of haptenisation.   

However, the short-term acute use of irreversible inhibitors for the treatment of 

certain disease conditions such as bacterial, viral, parasitic diseases, and cancer may be 

more readily acceptable.9 

The binding and inactivation steps of an enzyme-inhibitor reaction are 

investigated by incubating the enzyme with inhibitor and assaying the amount of activity 

remaining over time.   

The activity will decrease in a time-dependent manner, usually following 

exponential decay (Figure 32).  Fitting these data to a rate equation gives the rate of 

inactivation at a specific concentration of inhibitor. 

The expected reaction scheme for the formation of the irreversibly inactive 

enzyme is shown as the following: 

 

 
E    +     I E.I E’ 

k3 
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Figure 32. Time dependent inhibitor profile. Taken directly from http://www.rsc.org/ej.136 

Where, E is the free enzyme; I is the inhibitor; the enzyme is assumed to be in 

equilibrium with the reversible enzyme-inhibitor complex, E.I; and E’ is the inactivated 

enzyme.  

KI the equilibrium constant for the dissociation of the E.I complex, is equal to 

[E][I]/[E.I]; and k3is the rate constant (first order) for the conversion of the E.I complex 

to E’.  

The total enzyme concentration, E°, is expressed as: 

 
E° = E  +  E.I  +  E’ =  ε  +  E’ 

 

The symbol ε represents the total remaining enzyme activity, so that  ε =  E  +  E.I 

The rate of the inhibition is express as: 

.  

 .  1   
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 ) 

.
1

 

The solution is: 

°  
1

 

This equation shows that irreversible inhibition is progressive with respect to 

time. For [I] >> E°, a plot of the ln ε/E° versus time should give a straight line with a 

slope of: 

 
1

 

Then 

1 1 1
 

If KI is very large or [I] is very small, then the kinetics cannot be distinguished 

from a simple bimolecular reaction where k3/KI would be the second order rate constant 

for inactivation.100 

Special Cases 

Slow-binding inhibitors, reversible inhibitors that inhibit enzyme activity very 

slowly due to conformational changes following enzyme-inhibitor complex formation; or 

irreversible inhibitors, which react with the enzyme via a non-covalent transition state 

that lead to rapid reduction of enzyme activity.   
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The initial enzyme–inhibitor complex undergoes isomerization to a second more 

tightly held complex, but the overall inhibition process is reversible.   

Under these conditions, traditional Michaelis–Menten kinetics can give a false 

value for KI, which is time–dependent.  The true value of KI can be obtained through 

more complex analysis.101, 102 

From the kinetic point of view, three possible mechanisms have been considered 

for slow binding inhibition (Figure 33).  Binding between enzyme and inhibitor may 

either involve a single step, with small slow on (kon[I]) and off rates (koff) (Figure 33 a); 

have an initial fast-binding step, followed by a slow reversible transformation of EI to an 

intermediate, EI* (Figure 33b); or have an initial slow conformational change of the 

enzyme E into E*, prior to binding the inhibitor by a fast step (Figure 33 c).103 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. Kinetic schemes for three mechanisms of slow inhibition: (a) 'Direct binding' 
model, (b, c) two 'conformational change' models 103 
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For mechanism (33a) the time evolution is described by simultaneous differential 

equations dP(t)/dt and dE(t)/dt. Under steady-state conditions, with respect to substrate, 

these are solved in closed form to yield the progress curve equation: 

1 exp 1  

 

where, 

 , , , , ,

/  
 

For mechanism (33b), the progress curve for the above equation is also valid, but 

with different A, α and β coefficients: 

 , , , /  

 

Also, mechanism (33c) has a progress curve that follows eqn. (1), but the A, α and 

β coefficients are: 

 , , / /  

 

For all the models the intrinsic Ki=koff/kon, although the progress curve data is 

given by the same equation for the three models, they can be distinguished by the 

dependence of the coefficients on the inhibitor concentration.  

The coefficient of the linear term, the coefficient of the exponential term, and the 

apparent rate constant β can be determined by non-linear regression by fitting the 

experimental data to the progress curve equation. 
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The apparent rate constant for mechanism (a) is a linear function of the inhibitor 

concentration represented by the following equation: 

β = kon × [I]/{(l+s) +koff} 

The rate constants kon and koff  can be determined from this rectilinear relationship. 

The apparent rate constant is a monotonically increasing hyperbolic function of 

the inhibitor concentration for mechanism (b) and a decreasing hyperbolic function of [I] 

for mechanism (c), having the form: 

 

 

Tight-binding inhibitors, reversible inhibitors that bind to the enzyme with high 

affinity and the enzyme inhibitor complex dissociate so slowly that it appears 

irreversible.  These tight-binding inhibitors may show kinetics similar to covalent 

irreversible inhibitors.   

In such cases, some of these inhibitors rapidly bind to the enzyme in a low-

affinity enzyme-inhibitor complex which then undergoes a slower rearrangement to a 

very tightly bound enzyme-inhibitor complex.105,102 

The Williams-Morrison equation is applied for slow, tight-binding inhibitors and  

KI is obtained from fitting the data sets to this equation.  The Williams and Morrison 

equation is described below. 

2 1 4 1 1  

In this equation,  is the the apparent velocity of the enzyme activity when 

substrate concentration is , inhibitor concentration is . 
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The total enzyme concentration is .  The dissociation enzyme-inhibitor constant 

and Michaelis-Menten constant are denoted as  and , respectively.   

The term 1  is the apparent dissociation constant denoted as .   

In a given experiment, the dissociation constant , Michaelis-Menten constant 

, and the amount of total enzyme  remain the same.   

Therefore, the above equation can be simplified as the following equation and 

used for non-linear regression analysis.106 

4

2  

Here, Y is the relative velocity of the enzyme, which is derived from the inhibited 

enzyme activity, , divided by the uninhibited enzyme activity, .  X is the inhibitor 

concentration used to inhibit the enzyme activity.  E is the total enzyme concentration, 

which is also fixed for a given experiment.  A typical plot is shown in Figure 35. 

 is the apparent dissociation constant, which is obtained from the non-linear 

regression fit of this model.  After the  is obtained from the model, the actual  can 

be obtained by solving the equation: 1  

IC50 Values 

The IC50 is a measure of the effectiveness of a drug candidate in inhibiting a 

biological or biochemical function and represents the concentration of a drug that is 

required for 50% inhibition in vitro.  IC50 value is determined by three factors: 

- The KM.  It takes more inhibitor to compete for a substrate with a low KM than for 

a substrate with a high KM. 
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- The concentration of the substrate.  If a higher concentration of substrate is used, 

it will take a larger concentration of inhibitor to compete for 50% of the activity.  

- The dissociation constant for binding of inhibitor to enzyme, the KI. If this 

constant is low (the affinity is high), the IC50 will be low. 

The experimental design to obtain this parameter will measure enzyme velocity at 

a single concentration of substrate with varying concentrations of an inhibitor.   

Then, the initial velocity of these reactions is plotted against the logarithm of the 

inhibitor concentrations and often a sigmoid curve is obtained (Figure 36).22 

 

 
Figure 35.  A typical Williams-Morrison plot. 
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Figure 36. Typical IC50 curve for competitive inhibitors. 

Therefore, for a sigmoid-dose response with a variable slope, a modified version 

of the classical sigmoid model is used to fit the non-linear curve as follows: 

 
1 10 L IC X H S  

Where,   is the initial enzyme velocity at various inhibitor concentrations.  

 is the lowest enzyme activity when incubated with highest concentration of the 

inhibitor.   is the highest enzyme activity without inhibition.   is the logarithm of 

the inhibitor concentration at which the initial enzyme velocity is , the Hillslope is the 

slope of the transition curve.   

LogIC50, which is logarithm of the IC50 value of the inhibitor, can be determined 

visually, but is better to obtain this value from the non-linear regression fitting of the 

equation. 
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Basic Concepts of Drug Design 

The implication of cathepsins in numerous vital processes and pathologies make 

them highly attractive targets for drug design.  A medicinal enzyme inhibitor is often 

judged by its specificity (its lack of binding to other proteins) and its potency (its 

dissociation constant, which indicates the concentration needed to inhibit the enzyme).  A 

high specificity and potency ensure that a drug will have few side effects and thus low 

toxicity.107 

All enzymes are regulated under normal conditions; however, proteases have the 

advantage of being regulated by endogenous competitive inhibitors.  Endogenous 

protease inhibitors such as serpins, cystatins, and tissue inhibitor of metalloproteases 

(TIMP) bind to the substrate-binding pocket on their respective protease, but in such a 

way that the binding is not conducive to hydrolysis.   

Therefore, the regulation of proteolytic activity by small-molecule inhibitors can 

mimic the natural regulation mechanisms.  This fact has fostered the hope that proteases 

are amenable to inhibition by small-molecule drugs and that this inhibition can have 

desirable physiological effects.22 

There has been great success in developing inhibitors for a number of different 

proteases; however, this success has not been easily translated into clinically useful 

drugs.  The limited substrate specificity of some proteases can make it more difficult to 

develop selective drugs that target only a single protease.  This may be one of the reasons 

why relatively few proteases are clinically validated targets.22 

An exception of this fact is the potent and selective cathepsin K inhibitor, 

Odanacatib, currently in clinical development (phase III trial) for the treatment of post-

menopausal osteoporosis (Figure 37).43    
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Peptidic Inhibitors of Cysteine Proteases 

Most of the previously reported inhibitors of cathepsin L were peptidic in nature 

and irreversibly bind to the active site residues.108    

Since the discovery of E-64 in 1978 as a potent cysteine protease inhibitor a 

variety of inhibitors containing small rings as electrophilic building blocks responsible 

for enzyme inhibition have been developed.  In this section peptidic and peptidomimetic 

inhibitors containing epoxide, aziridine, and ß-lactam rings as electrophilic fragments are 

discussed.39 

It is suggested that an epoxysuccinyl fragment can be used as a building block 

that enables access to both the prime and non-prime substrate binding sites, in contrast to 

chloromethyl, fluoromethyl or aldehyde based inhibitors that would be active only in the 

non-prime subsites ((Figure 39).109   A common feature of all inhibitors with three 

membered heterocycles bearing carboxylic acids or derivatives at the ring is the selective 

inhibition of cysteine proteases.39 

E-64 and Epoxysuccinyl Peptides Derivatives 

E-64, a potent irreversible inhibitor with low toxicity,42   was isolated from an 

Aspergillus japonicus culture and became the prototype for cysteine protease inhibitors 

containing an electrophilic moiety.109, 39   E-64 utilizes an epoxysuccinyl group to 

covalently interact with the reactive-site cysteine.  This compound is an irreversible 

inhibitor of cysteine proteases inactivating the enzymes by alkylation of the active site 

cysteine residues.39, 38 

E-64 inhibition is restricted to the papain superfamily of cysteine proteases but 

with little or no selectivity between the individual members of this enzyme clan.39, 42   
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This is attributed to the fact that all these enzymes have similarly built non-

primed substrate binding pockets.  They have in common a P2-selectivity for 

hydrophobic residues, but larger differences between the enzymes can be found within 

the primed site. 

It has been also proposed that inhibitors spanning both sides of the active site may 

improve selectivity.  Addressing either this primed site or both primed and non-primed 

substrate binding pockets by means of so called "bispeptidyl derivatives" was therefore 

found to be a suitable strategy to develop selective inhibitors.  For example, compounds 

CA-074 and NS-134 are cathepsin B selective inhibitors, while compounds of the CLIK 

series are cathepsin L selective (Figure 39).   

When effective binding can be achieved in the S′ direction by an inhibitor that 

binds in only one-half of the active site, selectivity seems unlikely despite any selectivity 

achieved by alternate binding in the S direction.35 

The CLIK series inhibitors, named after Katunuma and coworkers,109   were 

designed based in their substrate-binding pockets using computer graphics and showed 

strong selectivity for individual cathepsins.42   It was reported that to show cathepsin L-

specific inhibition, the trans-carbamoylepoxysuccinyl carbamyl phenylalanine dimethyl 

amide group is essential for forming a thioether specifically with the active site of 

cathepsin L.42    

The characteristic aromatic derivatives in the left hand domain are bound directly 

to the epoxysuccinate-amide of the common fragment.109   Furthermore, various residues 

are bound to the left side of carbamoyl group in order to protect from digestive enzymes 

and also show good penetration into the cell membranes.61    
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Figure 40 shows four inhibitors of the CLIK series that showed strong selectivity 

for cathepsin L, while almost no inhibition of other cathepsin was observed. 

 

 
 

 
 

 
 
Figure 40.  Four novel inhibitors of the cathepsin L inhibitor Katunuma (CLIK) 
specifically inhibited cathepsin L at a concentration of 10-7 M in vitro.109 
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Aziridines 

The inhibition mechanism of epoxysuccinyl peptides with the epoxide ring as a 

“quiescent” electrophilic trap led to the development of peptides containing the aza 

analogue aziridine ring. 

Comparing the chemical reactivity of aziridines and epoxides to nucleophiles, 

aziridinyl peptides containing the same peptide sequence are the weaker inhibitors.  

Structural properties of aziridines vs. epoxides, which can partially explain the 

differences in inhibition behavior, are decreased ring strain, enhanced basicity and 

potential H-bond donation.38 

An advantage of replacement of oxygen with nitrogen in the three membered ring 

is the additional possibility of derivatization.  

A second peptide chain cannot only be attached at the second carboxylic acid 

function but also at the aziridine nitrogen.  Peptides and peptidomimetics of this type 

have been studied extensively and representative examples are aziridine-2,3-

dicarboxylates containing either a Boc-Leu(Gly)-Caa (Caa = cyclic amino acid) or a Boc-

Phe-Ala sequence attached to the aziridine nitrogen (Figure 41). 

These compounds had activity against cathepsins L and B, but compounds 

containing a cyclic amino acid (Caa) displayed higher selectivities for cathepsin L over 

cathepsin B.39, 111 

β -Lactams  

β -lactams are well-known as antibiotics with penicillin as the first and best 

known example.  The development of β -lactams as cysteine protease inhibitors is very 

recent.12    
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Attack of the active site´s cysteine leads to a covalently modified enzyme which 

in contrast to the acyl enzyme of the "normal" hydrolysis cannot further be hydrolyzed.  

Molecular modeling studies with these inhibitors suggest that the N-1 atom of the 

oxapenam ring can be involved in hydrogen-bonding to a protonated imidazolium group 

in the active site.39 

Additionally, a substitution of the 6-position was found to possibly enhance the S2 

subsite interaction with papain.  On the basis of these findings a series of 6-substituted 

oxapenams have been developed (Figure 42).  Kinetic analyses suggested a reversible 

mode of inhibition with no covalent bond formation.  

This inhibitor class was also tested for nonspecific reactivity towards thiol 

compounds such as glutathione and was found to be specific towards cathepsins.  No 

reactivity with glutathione was observed.12 

 
 

  

Figure 41.  Schematic representation of the Boc-Gly-Caa-, Boc-Leu-Caa- (left) and Boc-
Phe-Ala-containing (right) aziridinyl peptides; Caa, cyclic amino acid.39, 111 
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Structure-activity relationship (SAR) studies revealed two structural moieties to 

be important for the inhibitory potency of the compounds: i) the oxidation state of the 

sulfur in the penam structure (sulfones were more potent than sulfides) and ii) the 

stereochemistry at C5 (5β were more active than the 5α derivatives).  The series produced 

very potent examples, but no selectivity could be achieved (Figure 43).12 

Non-Peptidic Inhibitors of Cysteine Proteases 

In comparison to the huge number of peptidic and peptidomimetic inhibitors of 

cysteine proteases which have been developed during the last twenty years the number of 

non-peptidic compounds with cysteine protease inhibiting properties is restricted to a few 

substance classes. 

Furthermore, because peptidic compounds usually exhibit poor pharmacokinetics 

properties, such as low bioavailability and high clearance,112, 9   small non-peptidic 

inhibitors are desired.   

In contrast to peptidic and peptidomimetic inhibitors the non-peptidic lead 

structures have mainly been discovered by computational or enzymatic industrial 

screenings and not by a rational approach.58 

Cyanamides 

A screening of the Merck sample collection identified the 1-cyanopyrrolidine 1 

(Figure 44) as a time dependent but fully reversible inhibitor of cathepsins K and L (IC50 

of 0.37 and 0.45 µM respectively).   

Removal of the quinoline moiety of 1 resulted in a moderate decrease in 

inhibition while acyclic cyanamides were totally inactive.   



b

=

 

 

in

fo

0

re

re

cy

in

ad

V

co

The m

enzenesulfon

= 0.04 / 0.054

Determ

nhibition fits

Repla

old increase 

.005/0.006 µ

This i

eactivity tow

elated to pe

ysteine prote

nhibition by 

dduct.58,64 

Vinyl Sulphon

Vinyl 

ontaining an

most potent 

namide 2 (IC

4 µM). 

Figure 44. 

mination of

s an apparent

acement of t

in inhibition

µM) as the m

increase in 

wards the cy

eptidyl nitril

eases.  As co

cyanamides

nes 

sulphones 

n activated do

inhibitors of

C50 CK/CL=

 Cyanamide

f association

t single-step

he 1-cyanop

n with the c

most potent i

inhibition p

ysteine of the

les which a

ould be expe

s being due t

are highly

ouble bond,

76 

f a series of

= 0.05/0.08 µ

 
es as inhibito

n and disso

p mechanism

pyrolidine m

cyclohexylam

inhibitor.   

potency is p

e enzyme´s 

are known t

ected, 13C-NM

to reversible 

y potent cy

110, 57    

f 2,3-substitu

µM) and ben

ors of cathep

ociation rate

m.  

moiety by 1-

mide 4 (IC50

probably a 

active site.  

to form thio

MR experim

formation o

ysteine prot

uted 1-cyano

nzylcarbamat

psin K and L

e constants 

- cyanoazetid

0 Cathepsin 

result of a 

Cyanamide

oimidate est

ments with pa

of a covalent

tease irreve

opyrrolidine

te 3 (IC50 CK

L.58 

showed tha

dine led to 

K/Cathepsin

higher chem

es are structu

ter adducts 

apain showe

t isothiourea 

ersible inhib

es are 

K/CL 

 

at the 

a 10-

n L = 

mical 

urally 

with 

ed the 

ester 

bitors 



or

ac

co

en

 
F
p
 

M

E

d

d

co

They 

r diazomethy

ctive site cys

Promi

ontaining vin

nzymes, but 

igure 45.  H
apain-like en

Methylene Ke

In co

Ethacrynic ac

erived from

erivatives is

To inv

ompound wa

are relativel

ylketones.113

steine under

inent examp

nyl sulfones

they do not 

R=P
X= 

Homophenyl
nzymes.110 

etone Inhibit

ontrast to v

cid derivativ

m the well 

 the α,β-uns

vestigate wh

as modified 

ly novel inhi

3   This inhib

rgoes 1,4-add

ples for viny

s (Figure 45)

react with s

Ph, OPh, NHP
Cbz, Mu (4-mo

alanine cont

tors 

vinyl sulfon

ves are a new

known diu

aturated keto

hich structur

on several p

77 

ibitors, and a

bitor class re

dition leadin

yl sulfone b

).  These com

serine protea

 
 

Ph, CH2Ph, NH
orpholinecarbo

taining vinyl

nes, methyl

w interesting

uretic drug.

one moiety. 

ral features 

positions and

are consider

eacts as clas

ng to an alky

based inhibi

mpounds are

ases or low m

HOCH2Ph, CH2
onyl), Pip (pipe

l sulfones ar

lene ketono

g class of inh

 The key 

 

are necessar

d tested on v

ably less tox

sical Michae

ylated enzym

itors are ho

e highly pote

molecular we

 

2-CH2Ph 
erazinyl) 

re highly po

oe inhibitio

hibitors.  Th

feature of 

ry for inhibi

arious prote

xic than alde

el acceptor a

me.38    

mophenylala

ent on papain

eight thiols.1

otent inhibito

on is rever

he compound

ethacrynic 

ition, a proto

ases (Figure

ehyde 

as the 

anine 

n-like 

110 

ors of 

sible. 

ds are 

acid 

otype 

e 46).  



78 

It was concluded that, while serine proteases are not inhibited at all, either time-

dependent or non-time dependent inhibiton can be observed with cysteine proteases.  

These studies showed that besides the activated double bond, the aromatic ring 

substituted with at least one chloro substituent is necessary for inhibition.  Additional 

studies will be necessary to clarify the function of the chloro substituents: activation of 

the double bond or enhancement of lipophilicity.   

In addition, esterification or amidation of the acid function improves inhibition.  

An ethyl group neighboring the double bond appears to be superior to a neighboring 

methyl group.  This structure activity relationship is generally found for all tested 

cysteine proteases, meaning that selectivity is not yet reached.110 

 
 

R= OH, OEt, NHtert-But 
 
Figure 46.  Ethacrynic acid derivatives have the potential to inhibit cysteine proteases.110 

Thiosemicarbazones as Promising Lead Compounds 

Du and coworkers117 were the first to prove the potential of the thiosemicarbazone 

warhead as an inhibitor to parasitic cysteine proteases (Figure 47).  Substitutions on the 

aromatic phenyl ring at the meta position was proven to be essential for inhibitory 

activity. 
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Where a large group with high polarizability was preferred (trifluorometryl > 

bromo > chloro moieties), while small and electronegative groups were preferred in the 

para position of the phenyl ring.  

Several attempts on the modification of the thiosemicarbazone warhead were 

carried out ever since and it was reported that the incorporation of the thiosemicarbazone 

scaffold into other pharmacophores generated potent parasitic cysteine protease 

inhibitors.114-116 

Siles and coworkes have reported two potent bromotetrahydronaphthalene 

thiosemicarbazone cruzain inhibitors with IC50 values in the low nanomolar range (24 nM 

and 80 nM).117    Parasite localization provides a means for preferential inhibition of 

cruzain over the highly homologous human papain cysteine proteases cathepsins B, L, K, 

S, F, and V as the parasite resides in the host cell cytoplasm, whereas cathepsins are 

located in the less accessible lysosomes.118 

 
 

Figure  47.  Thiosemicarbazone scaffold. 
 

The proposed mechanism of action of inhibition of cysteine proteases by 

thiosemicarbazone analogues consisted of a reversible 1, 2-polar addition to the C=S 

bond instead of the C=N double bond.   
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As shown in Figure 48, the acidic hydrogen of the imidazole ring of His-159 

protonates the negatively charged sulfur atom of the resulting thiolate group formed from 

Cys-25 attack on the electrophilic carbon of the thiosemicarbazone double bond.119  

N

H
N
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NH2
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His159-Im-H

N

H
N

HS
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Figure 48.  Mechanism of inhibition of a cysteine protease with a thiosemicarbazone by 
formation of a reversible covalent intermediate with the active site cysteine thiolate.30 
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CHAPTER THREE 

Experimental Procedures for the Biochemical and Biological Evaluation of Potential 
Cathepsin L Inhibitors 

Experimental Procedures for the Biochemical Evaluation of Potential Cathepsin L 
Inhibitors 

General Methods and Materials.  Anhydrous sodium acetate (NaOAc), 

ethylenediaminetetraacetic acid (EDTA) and dithiothreitol (DTT) were purchased from 

EMD Biosciences.  Dimethyl sulfoxide DMSO (99.9%), human liver cathepsin L and the 

substrate benzyloxycarbonyl-L-phenylalaninyl-L-argininyl-7-amido-4-methylcoumarin 

(Z-FR-AMC) were purchased from Sigma.  All other chemicals were obtained from 

commercial companies such as Acros Chemicals, Alfa Aesar, EMD Biosciences, and 

Fisher Scientific.  Water is always referred to the distilled ultrapure water obtained from 

the Barnstead DiamondTM purifier that has a resistance of 18 MΩ.  A FluoroMax-2 

fluorimeter was purchased from Horriba Jobin-Yvon and it was used for the evaluation of 

the majority of the cathepsin L inhibitors and their kinetic characterization with the 

exception of the last seven compounds of the library, which were evaluated in the 

Thermo Fluoroskan Ascent Fluorescence plate reader.  Fluorescence quartz cuvettes were 

purchased from Starna Cells, Inc. and were always cleaned with water and dried with a 

jet of compressed nitrogen gas before and after use.  Micropipettors were purchased from 

Eppendorf.  The Büchi Heating Bath R-490 was purchased from Brinkmann Instruments, 

Inc.  Analytical balances model numbers AX205 and AG204 were purchased from 

Mettler Toledo.  A dry heater type 16500 was purchased from Thermolyne.      
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Preparation of sodium acetate buffer, 400 mM, pH 5.5.  One liter of this buffer 

was prepared by dissolving 27.9 g (0.34 moles) of sodium acetate in 500 mL ultrapure 

water, then adding 3.7 mL acetic acid, and adjusting the pH to 5.5 with pure glacial acetic 

acid and 1 M NaOH.  The total volume was adjusted to 1 L with supplementary water. 

Preparation of assay/activation buffer.  For each milliliter of  solution required, 

799 μL sodium acetate buffer (400mM,  pH 5.5), 100 μL DTT (80 mM), 100 μL EDTA 

(40 mM) and 1 μL Brij 35 (30%) were mixed together in a 13×100 mm glass test tube.   

Preparation of baseline solution.  The following reagents were pipetted into a 

fluorescence quartz cuvette and mixed well with gentle pipetting:  50 μL assay/activation 

buffer, 20 μL DMSO (7%) and 130 μL water (185).  Fluorescence readings were then 

taken for five minutes every five seconds at an excitation wavelength of 355 nm and 

emission wavelength of 460 nm. 

Preparation of stock solution of 7-amino-4-methylcoumarin (AMC).  Stock AMC 

solution (12.27 mM) was prepared by weighing 2.15 mg of AMC in a 1.6 mL 

microcentrifuge tube and dissolving in 1.0 mL DMSO.   

Preparation of stock solution of benzyloxycarbonyl-L-phenylalaninyl-L-argininyl-

7-amido-4-methylcoumarin (Z-FR-AMC).  Z-FR-AMC stock solution (10 mM) was 

prepared by dissolving 6.49 mg (0.009 mmoles) of Z-FR-AMC in 1 mL DMSO in a 1.6-

mL microcentrifuge tube.   

Preparation of cathepsin L stock solution (10nM).  A cathepsin L stock solution 

was prepared for daily use and it was stable up to 4 hours. 
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This solution (10nM) was prepared by diluting 1.5 μL of sigma stock solution 

(281 μg/ml) to 1200 μL with 1167.5 μL sodium acetate buffer (400 mM, pH 5.5), 30 μL 

EDTA (40 mM) and 1 μL Brij 35 (30%).  

Preparation of inhibitors.  The inhibitors to be tested were weighted using a 

Mettler Toledo AX microbalance with an accuracy of 0.01 mg and dissolved in pure 

DMSO (99.9%) giving 20 mM stock solutions from which at least eight serial dilutions 

were carried out to give final inhibitor concentrations ranging from 20 μM to 1 nM 

(Table 1). 

Table 1.  Inhibitor Serial Dilution Preparation. 

Final Concentration 
in the assay [µM] 

7% DMSO 
[µM] Stock DMSO 

[µl] 
Water 
[µl] 

2.0 E+01 4.0 E+02 10.0 μl 2.0 E+03 μM Stock 25.00 465 
1.0 E+01 2.0 E+02 5.0 μl 2.0 E+03 μM Stock 30.00 465 
7.0 E+00 1.4 E+02 3.5 μl 2.0 E+03 μM Stock 31.50 465 
5.0 E+00 1.0 E+02 2.5 μl 2.0 E+03 μM Stock 32.50 465 
4.0 E+00 8.0 E+01 2.0 μl 2.0 E+03 μM Stock 33.00 465 
2.0 E+00 4.0 E+01 1.0 μl 2.0 E+03 μM Stock 34.00 465 
1.0 E+00 2.0 E+01 0.5 μl 2.0 E+03 μM Stock 34.50 465 
7.0 E-01 1.4 E+01 50.0 μl 7.0 E+00 μM Stock 32.00 418 
5.0 E-01 1.0 E+01 50.0 μl 5.0 E+00 μM Stock 32.00 418 
4.0 E-01 8.0 E+00 50.0 μl 4.0 E+00 μM Stock 32.00 418 
2.0 E-01 4.0 E+00 50.0 μl 2.0 E+00 μM Stock 32.00 418 
1.0 E-01 2.0 E+00 50.0 μl 1.0 E+00 μM Stock 32.00 418 
7.0 E-02 1.4 E+00 50.0 μl 7.0 E-01 μM Stock 32.00 418 
5.0 E-02 1.0 E+00 50.0 μl 5.0 E-01 μM Stock 32.00 418 
4.0 E-02 8.0 E-01 50.0 μl 4.0 E-01 μM Stock 32.00 418 
2.0 E-02 4.0 E-01 50.0 μl 2.0 E-01 μM Stock 32.00 418 
1.0 E-02 2.0 E-01 50.0 μl 1.0 E-01 μM Stock 32.00 418 
7.0 E-03 1.4 E-01 50.0 μl 7.0 E-02 μM Stock 32.00 418 
5.0 E-03 1.0 E-01 50.0 μl 5.0 E-02 μM Stock 32.00 418 
4.0 E-03 8.0 E-02 50.0 μl 4.0 E-02 μM Stock 32.00 418 
2.0 E-03 4.0 E-02 50.0 μl 2.0 E-02 μM Stock 32.00 418 
1.0 E-03 2.0 E-02 50.0 μl 1.0 E-02 μM Stock 32.00 418 
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Table 1 (Continued) 

Final Concentration 
in the assay [µM] 

7% DMSO 
[µM] Stock DMSO 

[µl] 
Water 
[µl] 

7.0 E-04 1.4 E-02 50.0 μl 7.0 E-03 μM Stock 32.00 418 
5.0 E-04 1.0 E-02 50.0 μl 5.0 E-03 μM Stock 32.00 418 
4.0 E-04 8.0 E-03 50.0 μl 4.0 E-03 μM Stock 32.00 418 
2.0 E-04 4.0 E-03 50.0 μl 2.0 E-03 μM Stock 32.00 418 
1.0 E-04 2.0 E-03 50.0 μl 1.0 E-03 μM Stock 32.00 418 
7.0 E-05 1.4 E-03 50.0 μl 7.0 E-04 μM Stock 32.00 418 
5.0 E-05 1.0 E-03 50.0 μl 5.0 E-04 μM Stock 32.00 418 
4.0 E-05 8.0 E-04 50.0 μl 4.0 E-04 μM Stock 32.00 418 
2.0 E-05 4.0 E-04 50.0 μl 2.0 E-04 μM Stock 32.00 418 
1.0 E-05 2.0 E-04 50.0 μl 1.0 E-04 μM Stock 32.00 418 
7.0 E-06 1.4 E-04 50.0 μl 7.0 E-05 μM Stock 32.00 418 
5.0 E-06 1.0 E-04 50.0 μl 5.0 E-05 μM Stock 32.00 418 
4.0 E-06 8.0 E-05 50.0 μl 4.0 E-05 μM Stock 32.00 418 
1.0 E-06 2.0 E-05 50.0 μl 1.0 E-05 μM Stock 32.00 418 

Aminomethylcoumarin (AMC) Standard Curve 

A 7-Amino-4-methylcoumarin standard curve with eight concentrations ranged 

from 0.015 μM to 75 μM was prepared by serial dilution using the AMC stock (12.27 

mM), DMSO and sodium acetate buffer (400 mM, pH 5.5).   

The preparation table is shown in Table 2.  Each AMC standard was then mixed 

with 75 μL of assay/activation buffer and 205 μL of water in fluorescence cuvettes to 

obtain concentrations from 1 nM to 5 μM.   

The fluorescence readings were taken at 5 second intervals over 5 minutes for 

each concentration with excitation and emission wavelengths set to 355 and 460 nm and 

the generated data were analized with the software GraphPad Prism version 4.03. 
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Table 2.  Preparation Table for AMC Standards. 

Solution  
number 

Concentration of 
AMC [μM] 

Volume of 
Solution 

Volume of 
DMSO [μL] 

Volume of 
Sodium Acetate 

Buffer [μL] 
1 75 6 μL of stock 94 900 
2 22.5 300 μL of soln#1 70 630 
3 15 200 μL of soln#1 80 720 
4 4.5 300 μL of soln#3 70 630 
5 1.5 100 μL of soln#3 90 810 
6 0.15 100 μL of soln#5 90 810 
7 0.075 50 μL of soln#5 95 855 
8 0.015 200 μL of soln#7 80 720 

Table is taken directly from Chen 2008.30 

KM and Vmax Determination of Cathepsin L 

To test the accuracy of the assay conditions, the KM value of cathepsin L was 

determined. Solutions of various concentrations of substrate (Z-FR-AMC) ranging from 

0.3 μM to 150 μM were prepared by serial dilutions of 10 mM and 0.6 mM substrate (Z-

FR-AMC) stock solutions as indicated in Table 3 and Table 4.   

Activation buffer (60 μL), water (20 μL) and cathepsin L (20 μL) were mixed in 

fluorescence quartz cuvettes and incubated at 25°C for 5 minutes, followed by the 

addition of substrate (Z-FR-AMC) (100 μL) to initiate the reaction.  Fluorescence 

intensity readings for each assay were taken at 10 second intervals for 15 minutes at 

25°C.  A linear trend line was fit to each data set.  The slope of each trend line was 

derived as the velocity of each assay.   

A Michaelis-Menten plot was constructed by plotting the velocities in the y-axis 

and substrate concentrations in the x-axis.  Vmax and KM were derived by fitting the data to 

the Michaelis-Menten equation using the non-linear regression function with the software 

GraphPad Prism version 4.03. 
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Table 3.  Preparation Table for 10 mM and 0.6 mM Z-FR-AMC Stock Solutions. 

Solution 
Number 

Z-FR-AMC 
Final concentrations in DMSO [µM]

Volume of 
[μ]L 

Z-FR-AMC 
Stock [mM] 

Water
[μL] 

1 3000.0 300.0 10.0 700.0 
2 2250.0 225.0 10.0 775.0 
3 1500.0 150.0 10.0 850.0 
4 600.0 60.0 10.0 940.0 
5 300.0 30.0 10.0 970.0 
6 250.0 25.0 10.0 975.0 
7 200.0 20.0 10.0 980.0 
8 100.0 10.0 10.0 990.0 
9 30.0 50.0 .6 950.0 
10 16.0 26.7 .6 973.3 
11 6.0 10.0 .6 990.0 

Table is taken directly from Chen 2008 with some modifications.30 
 

Table 4.  Preparation Table for Substrate (Z-FR-AMC) Solutions in 7% DMSO. 

Solution 
Number 

Z-FR-AMC 
Concentration 

[μM] 

Volume 
(μL) 

Dilute from 
Z-FR-AMC 

[μM] 

Volume of 
Water (μL) 

Final 
Concentration 

in Assay 
1 150.0  50 3000.0  950 10.00 μM 
2 112.5  50 2250.0  950 7.50 μM 
3 75.0  50 1500.0  950 5.00 μM 
4 30.0  50 600.0  950 2.00 μM 
5 15.0  50 300.0  950 1.00 μM 
6 12.5  50 250.0  950 833.33 nM 
7 10.0  50 200.0  950 666.67 nM 
8 5.0  50 100.0  950 333.33 nM 
9 1.5  50 30.0  950 100.00 nM 
10 0.8  50 16.0  950 53.33 nM 
11 0.3  50 6.0  950 20.00 nM 

Table is taken directly from Chen 2008 with some modifications.30 

IC50  Determination (Cuvette Assay Formate) 

Fifty nine potential inhibitors of cathepsin L to be evaluated were synthesized by 

Rogelio Siles, Dr. Ming Zhou, Dr. Kishore Gaddale, Freeland Ackley, Jiangli Song, and 

Lindsay Jones from Dr. Kevin G. Pinney’s laboratory at Baylor University.137 



87 

First, the effect of a single inhibitor concentration (20μM) on cathepsin L was 

investigated for each inhibitor.  No further analysis was done on compounds that did not 

inhibit cathepsin L at this concentration.   

For those that did inhibit cathepsin L, at least eight serial dilutions (variable final 

inhibitor concentrations ranging from 20 μM to 1 pM, depending on the inhibitor) were 

incubated separately with assay/activation buffer, water, and cathepsin L in fluorescence 

quartz cuvettes as described in Table 5 at 25 °C for 5 minutes, prior the initiation of the 

reaction with the addition of substrate Z-FR-AMC.  The reaction mixtures were then 

monitored for 5 minutes at excitation and emission wavelengths of 355 and 460 nm, 

respectively.  

The baseline control for each assay used the same conditions without the 

inhibitor.  IC50 values were determined by performing non-linear regression analysis 

fitting velocities and the logarithm of inhibitor concentrations to sigmoidal dose response 

model using the GraphPad Prism 4.03 software.  KI values of the best inhibitors were 

obtained by fitting the same data to the Williams-Morrison equation using the same 

software.   

 

Table 5.  Preparation Table for IC50 Determination Experiment. 

Item Volume [μL] 
Assay/Activation Buffer 50 
Water 20 
Inhibitor/0.7% DMSO 10 
Cathepsin L (10 nM) 20 
Substrate (Z-FR-AMC) (10 μM)  100 
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Microplate Assay for IC50  Determination 

Assays were performed in 96-wells plates with seven compounds synthesized by 

Dr. Kishore Gaddale, Jiangli Song and Lindsay Jones from Dr. Kevin G. Pinney’s 

laboratory at Baylor University.   

At least eight serial dilutions (10 μl) (final inhibitor concentrations ranging from 

20 μM to 1 nM) were incubated separately and in triplicate with 50 μl assay/activation 

buffer, 20 μl water and 20 μl cathepsin L (10 nM) in Constar NBS plates (non-binding 

surface) at 25°C for 5 minutes, prior to the initiation of the reaction with the addition of 

100 μl of substrate Z-FR-AMC (70 μM).  The reaction mixtures were then monitored for 

a maximum of 5 minutes at excitation and emission wavelengths of 355 and 460 nm, 

respectively.   

The baseline control for each assay used the same conditions without the 

inhibitor.  

IC50 values were determined by performing non-linear regression analysis fitting 

velocities and the logarithm of inhibitor concentrations to sigmoidal dose response model 

using the GraphPad Prism 4.03 software.   

Time Dependent Inhibition Study of the best Thiosemicarbazone Inhibitors against 
Cathepsin L 

Time dependence inhibition studies were performed with compounds 2 and 22, 

two of the most potent inhibitors of cathepsin L of the thiosemicarbazone library 

evaluated in this study.   

Inhibition was evaluated using a single enzyme (1 nM) and substrate (5 µM Z-

FR-AMC) concentration, with analysis over a 2.5 hour time period.   
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Three inhibitor dilutions (final concentrations of 5 μM, 50 nM and 5 nM) were 

incubated separately with assay/activation buffer, water, and cathepsin L in fluorescence 

quartz cuvettes as described in Table 6 and incubated for 5 min, 15 min, 30 min, 60 min, 

90 min, 120 min and 145 min at 25°C prior the initiation of the reaction with the addition 

of substrate Z-FR-AMC.  Then reaction mixtures were then monitored for a maximum of 

5 min at excitation and emission wavelengths of 355nm and 460 nm, respectively.  The 

baseline control for each assay used the same conditions without the inhibitor.  The 

GraphPad Prism 4.03 software was used for data analysis.   

In separate experiments, compounds 2 and 22 were tested at concentrations of 5 

μM, 50 nM and 5 nM using a 5 minute enzyme-inhibitor incubation time.  The substrate 

Z-FR-AMC was then added at concentrations ranging from 0 to 100 μM and the reactions 

were monitored for a maximum of 5 minutes at excitation and emission wavelengths of 

355nm and 460 nm, respectively.  The baseline control for each assay used the same 

conditions without the inhibitor.  The GraphPad Prism 4.03 software was used for data 

analysis.  

Table 6.  Preparation Table for Time Dependence Inhibition Studies. 

Item Volume (μL) 
Assay/Activation Buffer 50 
Water 20 
Inhibitor/0.7% DMSO  10 
Cathepsin L ( 10nM) 20 
Substrate (Z-FR-AMC) (10 μM)  100 

Reversibility Studies 

An inhibitor concentration of approximately 5 times the IC50 value was used for 

this study.   



90 

Cathepsin L and each inhibitor were preincubated together (100-fold 

concentrated) over a 1 hour time period and then diluted into substrate-containing buffer 

prior the initiation of the enzymatic reaction.  Buffer and enzyme concentrations and 

amounts are described in Table 7.  Assays were performed in a Jobin-Yvon Fluoromax-2 

using excitation and emission wavelengths of 355 and 460 nm respectively. The 

GraphPad Prism 4.03 software was used for data analysis. 

Table 7. Preparation Table for Reversibility Studies. 

Item Volume (μL) 
Assay/Activation Buffer 50 
Water 20 
Inhibitor/0.7% DMSO (5nM) 10 
Cathepsin L ( 10nM) 20 
Substrate (Z-FR-AMC) (10 μM)  100 

Experimental Procedures for the Biological Evaluation of Cathepsin L Inhibitors 

General Section for Reagents, Media and Materials Sources.  A human prostate 

carcinoma cell line (DU-145) and a human epithelial kidney carcinoma cell line (HEK-

293) were obtained from the American Type Culture Collection (ATCC).  Cell culture 

media (DMEM) and supplements (fetal bovine serum, L-glutamine, sodium pyruvate and 

penicillin/streptomycin) were purchased from Sigma, and ATCC.  Phosphate buffered 

saline (PBS) and 0.25% (w/v) porcine trypsin-0.53 mM EDTA solution were purchased 

from Sigma.  Biocoat® Matrigel® invasion chambers and control inserts were purchased 

from BD Biosciences.  The Diff-Quick stain kit was purchased from IMEB Inc.  Precast 

10% and 4-12% (w/v) bis-tris gels were purchased from Invitrogen.  Agarose beads were 

purchased from Pierce. 
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The pre-stained protein molecular mass standard ranging from 10-250 kDa 

(Precision Plus; Kaleidoscope) and the DC protein assay kit with the gamma globulin 

standard and bovine serum albumin standard were purchased from Bio-Rad Laboratories. 

The mini-gel electrophoresis apparatus (X Cell Sure LockTM) was purchased from 

Invitrogen.  Bradford reagent, the substrate benzyloxycarbonyl-L-phenylalaninyl-L-

argininyl-7-amido-4-methylcoumarin (Z-FR-AMC), the standard 7-amino-4-

methylcoumarin and cell culture grade DMSO were purchased from Sigma.  Antibodies 

used for Western blotting included polyclonal rabbit anti-cathepsin L, polyclonal rabbit 

anti-cathepsin B and goat anti-rabbit IgG-HRP conjugate from Calbiochem.  Polyclonal 

antibody to actin was purchased from Sigma.  The horseradish peroxidase (HRP) 

enhanced chemiluminescence ECL kit was purchased from Amersham.  This ECL 

Western blotting system uses HRP conjugated anti-rabbit antibodies for luminol-based 

detection of Western blots.  The QuickBlockerTM blocking agent was purchased from 

Millipore.  This reagent is a novel modified milk protein that does not inhibit peroxidase 

detection and has a high blocking efficiency with a clear background.  All other reagents 

were purchased from Sigma or Fisher.  Microcon YM-10, Centriprep and Amicon ultra-4 

centrifugal filter units were from Millipore. The Trans–Blot semi-dry transfer apparatus, 

Immobilon–P transfer membrane and filter papers for transfer stacks were purchased 

from Bio-Rad Laboratories.  Micropipettes were purchased from Mettler Toledo.  The 

biosafety cabinet was purchased from The Baker Company.  The CO2 incubators were 

purchased from Thermo. The microcentrifuge 5415R and the centrifuge 5810R were 

purchased from Eppendorf.  The inverted microscope Olympus IX 50 was purchased 

from Olympus.  The hemocytometer was purchased from Hausser Scientific.   



92 

The Z-Coulter counter was purchased from Beckman Coulter.  The RT 600D 

centrifuge and the 5810R centrifuge were purchased from Sorvall.  Cryogenic vials and 

the Mr. Frosty freezing container were purchased from Nalgene.   

The Sonicator 3000 was purchased from Misonix.  The FluoroMax-2 fluorimeter 

was purchased from Horriba Jobin-Yvon Inc.  Cell culture supplies for adherent cells 

(100 mm CellstarTM cell culture dishes, 60 mm CellstarTM cell culture dishes, 175 cm2 

Corning culture flasks, disposable pipettes, and 24-well plates) were purchased from 

Sigma and VWR.  The DU 520 spectrophotometer was purchased from Beckman. Ultra 

Lum Discovery 12 imager and Omega 10 gel imager were purchased from Ultra Lum 

Inc.  Water is always referred to the distilled water obtained from the Barnstead 

DiamondTM purifier that has resistance of 18 MΩ. 

Cell Culture Media Supplementation 

The human prostate carcinoma cell lines DU-145, established from a metastatic 

lesion in the central nervous system of a 69-year-old male 67   and HEK-293, established 

from human embryonic kidney cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM).  DMEM has optimized energy sources for protein production and 

nucleic acid metabolism while limiting toxic ammonia build-up.  See appendix D for a 

detailed list of the components of this media  To make the complete growth medium, 

each bottle of 500 mL DMEM was supplemented with 50 mL fetal bovine serum (FBS), 

5 mL L-glutamine (200 mM) and 5 mL penicillin/streptomycin (10,000 I.U./ml 

penicillin/ 10,000 µg/ml streptomycin).  

DU-145 cells are used as an in vitro model for prostate cancer.  They grow in 

continuous culture as adherent monolayers with an epithelial-like morphology.   
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The line is not detectably hormone sensitive.67   HEK-293 cells were 

demonstrated to be a useful cell type to produce adenovirus, other viral vectors, and 

effectively glycosylated human recombinant proteins.  They are therefore used for 

virology studies and transfected to express recombinant proteins for studies in a number 

of research fields.120 

Maintenance of Cell Culture in Dishes and Flasks 

Skill in aseptic technique is important to maintain sterility during media 

preparation and cell culture procedures.  The cells used in this study were grown as a 

monolayer attached to cell culture dishes or flasks.  In order to keep adherent cells 

healthy and actively growing it was necessary to subculture regular intervals. 

The general morphology, growth rate of a cell population and the presence of any 

microbial contaminants were checked regularly under an inverted microscope in phase 

contrast.  Dishes or flasks with cells at about 80% confluence were treated with a trypsin- 

EDTA solution; the cells were then harvested and either frozen or divided for further 

proliferation.   

For dishes with non-confluent cells the growth medium was discarded and 

replaced with fresh media.  Media had to be changed two-three times a week and a 

careful record of all passages was kept. 

Typically, cell viability was higher than 90%, and almost no debris resulting from 

ruptured cells was present.  The cells were grown in 175 cm2 culture flasks or 60/100 mm 

cell culture dishes depending on the application and the following conditions were 

maintained throughout this study: 37 oC, 90% humidity and 5% CO2/air.  
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Cell Subculture Procedure 

Culture medium was removed by aspiration and the cell monolayer was briefly 

rinsed with PBS to eliminate serum residues which contains traces of trypsin inhibitor (7-

10 ml to 100 mm cell culture dish, 4 ml to 60 mm cell culture dish).  Then, PBS was 

removed and 0.25% (w/v) trypsin - 0.53 mM EDTA solution was added (4 ml to 100 mm 

dishes, 2 ml to 60 mm dishes) and the cells were observed under an inverted microscope 

until the cell monolayer was dispersed (within approximately 5 to 15 minutes).  Cells that 

were difficult to detach were placed in an incubator (37°C, 90% humidity and 5% 

CO2/air) to facilitate dispersal for 3-5 minutes until the cells were rounded and detached.  

At this point, supplemented cell growth medium containing FBS had to be added in order 

to inhibit trypsin activity followed by mechanical detachment of cells from the surface of 

the dish with the help of a pipette tip to obtain a suspension of individual cells.  After the 

cells had been dissociated into a suspension of mainly single cells, they were counted, 

diluted and transferred to new cell culture dishes containing fresh medium and incubated 

at 37 oC or aliquoted into cryogenic vials containing freezing medium for future use.  

Cell Freezing Procedure 

It is possible to maintain stocks of cells in a viable state for long periods at low 

temperatures.  The essential features of the method are to add a cryoprotectant such as 

cell culture grade DMSO to the cell growth medium, to freeze the cells slowly and to 

keep them at a temperature below -70°C while frozen.  The DMSO is used as a 

cryoprotectant in the freezing of cell cultures to avoid ice formation in the cells at 

cryogenic temperatures. 
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A harvested cell suspension was centrifuged in falcon tubes for 5 min at 1000 g, 

and the resulting supernatant was discarded.  The cells were then counted and re-

suspended at the appropriate dilution in cell freezing medium (Sigma) which consisted of 

growth culture medium (95%) and DMSO (5%).  Typically, final cell concentration in 

each cryogenic vial was in the range of 1x106 to 5x106 cells/mL to ensure cell viability. 

Aliquots of this suspension were transferred to cryogenic vials which were placed 

into the Nalgene freezing container and slow-cooled at a 1 °C/min cooling rate to -80°C 

overnight in a  freezer before storing the vials the next day in liquid nitrogen vapor phase. 

Cell Thawing Procedure 

In order to revive cells from cryopreservation, the cryogenic vial was removed 

from the liquid nitrogen vapor phase and immediately transferred to a water bath or 

preferably a beaker with sterile water at 37°C.  Once the contents were completely 

thawed, the outside of the vial was wiped with 70% ethanol to reduce bacterial 

contamination and the cell suspension was transferred to a cell culture dish with 

sufficient growth medium for the establishment of a cell monolayer and incubated 

overnight at 37°C.  Then, the medium was removed to eliminate DMSO present and fresh 

growth medium was added. 

Trypan Blue Exclusion Assay 

Cell viability was determined by Trypan blue (0.4%) uptake where non-viable 

cells are able to take up the dye and are stained blue, whereas viable cells are not.  The 

number of cells present in a cell suspension was calculated by counting the cells in a 

Neubauer hemocytometer chamber.  First, 200 µl of the cell suspension was diluted in 

200 µl of 0.4% trypan blue solution and mixed very well with gentle pippeting.  
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Preliminary Cytotoxicity Studies 

A suspension of HEK-293 cells was seeded in 24-well plates (4000 cells/well) in 

growth medium at 37 oC in an atmosphere containing 5% CO2 in the air.  After 12 hours 

the cells were transfered to serum free medium and incubated for 24 hours to allow the 

cells to adhere, the medium was then replaced with serum free medium containing the 

inhibitors previously dissolved in DMSO (1, 12, 9, 22, 10, 32, 33, 37 and 55) at a final 

concentration of 20 µM and 0.1% DMSO (cell culture grade) as a solvent control to 

provide the reference for 100% cell growth in the test vessel.  

After incubation for 24 hours, the media was removed from the cell culture 

dishes, the cell monolayer washed three times with PBS, and harvested to determine the 

cell population using the trypan blue exclusion assay to determine the percentage of 

viability, which was determined as a fraction of the loss of cell viability in the cultures.   

Determination of Cathepsin L Inhibitors Activity on DU-145 Cell Culture 

Cathepsin L activity in DU-145 cell lysate and cell conditioned media was 

determined as described by Colella and coworkers 62 with some modifications.  Briefly, 

DU-145 cells were incubated overnight in serum free medium containing the solvent 

control (0.1 % DMSO) and the inhibitors 2 and 22 at a final concentration of 20 µM to 

determine their inhibitory effects on intracellular active and latent secreted cathepsin L.  

The following day, the cell conditioned media was collected and the cells were rinsed and 

harvested in cold PBS.  The cells were then lysed in falcon tubes containing cold PBS 

using a sonicator at medium setting for ten minutes with pauses at 0 °C for temperature 

equilibration.  
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The resulting homogenate was centrifuged at 13,000×g for 20 minutes and the 

supernatant incubated for 45 minutes in assay/activation buffer (pH 5.5). The 

assay/activation buffer consisted of 100 mM sodium acetate (pH 5.5), 4 mM EDTA, 8 

mM DTT and 0.1% Brij 35.  The cathepsin L activity of the supernatant was then 

measured using Z-FR-AMC (25 µM) as the substrate.  The release of the fluorogenic 

AMC was measured in a Fluoro-Max-2 fluorometer at an excitation and emission 

wavelength of 355 nm and 460 nm, respectively. 

Cathepsin L activity secreted in the medium (cell conditioned media) was 

measured as follows: cell conditioned media from three 100 mm cell culture dishes of the 

same group were pooled together and centrifuged at 27,000×g for 15 min, the pellet 

obtained was re-suspended and incubated with assay buffer (pH 5.5) for 90 minutes to 

activate the pro-forms of cathepsin L before measuring the activity. 

Cell Invasion and Motility Studies 

Briefly, Matrigel® coated 8 μm mesh inserts were rehydrated with serum free 

medium in 24 well plates for 2 hours at 37oC. Then, 0.5 mL of cell suspension (50×104 

cells/ml) in serum free medium containing the inhibitors to be tested at a final 

concentration of 20 µM was added to the upper section of the chamber and 750 μl of cell 

growth medium (containing 10% FBS as a chemoattractant) was added to the lower 

section of each chamber.  The cells were then incubated for 24 hours at 37oC in an 

incubator containing 5% CO2 in the air. 

Since the stock solutions of the inhibitors were prepared in cell culture grade 

DMSO, a solution of 0.1% DMSO was used as a solvent control to provide the reference 

for 100% cell growth in the test vessel.  
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The commercially available general irreversible inhibitor of cysteine proteases, E-

64 (L-trans-epoxysuccinyl-leucylamido (4-guanidino) butane) was used as a positive 

control due to its ability to block tumor cell invasion through Matrigel® and because of its 

lack of ability to readily penetrate the cell membrane, therefore inhibiting secreted 

cathepsin L.121, 70 

At the end of the incubation period, cells remaining above the insert membrane 

were removed by gentle scraping with a moist cotton swab and cells that had invaded 

through the Matrigel to the bottom of the insert, were stained with the Diff-Quick kit. 

The Diff-Quik kit contains a fixative agent (1.8 mg/L triarylmethane in methyl-

alcohol) and two stain solutions (1 g/L xanthene in sodium acide-preserved buffer and 

0.625 g/L azure A with 0.625 g/L methylene blue in buffer).122  Staining was 

accomplished by sequentially transferring the inserts through the three solutions and two 

water rinses.  The cell nuclei stain purple and the cytoplasm stains pink.   

The inserts were allowed to air dry, the membrane removed from the insert, and 

then mounted on microscope cover slips for counting.  The number of cells was counted 

in four progressive random fields on triplicate membranes under an inverted microscope 

(40 X). 

The invasion fraction was determined by dividing the number of cells that 

invaded the Matrigel® matrix by the number of cells counted in the control inserts (i.e. 

number of migrating cells).  Data are expressed as the percent invasion through the 

Matrigel® and membrane relative to the migration through the control insert membrane: 

  

% Invasion 
         
           100 
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Control inserts were used for motility assays and contain only the 8 μm mesh 

without the Matrigel® coating.  Migration was measured as described in the invasion 

assay. 

DC Assay for Total Protein Concentration Determination 

The determination of the total concentration of protein was done with the Bio-Rad 

DC Protein assay, which is a colorimetric assay for protein concentration following 

detergent solubilization.  The reaction is analogous to the Lowry assay, but with a 

difference of reaction rate as it reaches 90% of its maximum color development within 15 

minutes without significant color change after 2 hours of addition of reagents.  

The principle of the assay is based on the reaction of a protein with an alkaline 

copper tartrate solution (reagent A) and folin reagent (reagent B) producing reduced 

species which have a characteristic blue color with maximum absorbance at 750 nm and 

minimum absorbance at 405 nm.123   Folin reagent is the commercial name for 1, 2-

naphthoquinone-4-sulfonate and is used to measure amine and amino acid levels. 

For the assay, a working solution of reagent A' was prepared by adding 20 μl of 

reagent S to each mL of reagent A required for the run.  Seven individual mixtures of 100 

μl of blank (buffer alone), standard or samples (diluted to the appropriate concentration if 

needed), 500 μl reagent A' and 4.0 mL reagent B were incubated at room temperature for 

15 minutes and the absorption measured in plastic disposable cuvettes at 750 nm.  

A standard curve was prepared in the same buffer as the sample each time the 

assay was performed. Sigma BSA standards were prepared at the following 

concentrations: 0.1 mg/mL (5 μL stock BSA + 95 μL buffer), 0.5 mg/mL (25 μL stock 

BSA + 75 μL buffer), 1mg/mL (50 μL stock BSA + 50 μL buffer).   



101 

For data analysis, a calibration curve was obtained by plotting the absorption 

values against the concentration of standard in order to obtain a linear equation; the 

values of the sample absorption were introduced in the calibration equation, which was 

solved for the concentration of sample.  The sample concentrations were corrected for 

dilution factors and multiplied by the total volume of sample to obtain the total 

milligrams of protein. 

Western Blot Protocol for DU 145 Cell Lysate and Cell Conditioned Media 

Sample Preparation Protocol  

DU-145 cell monolayers were collected in PBS by scraping the culture plate with 

Corning cell scrapers and centrifugation in 15 mL falcon tubes at 5,000 g for 5 minutes.  

The cell pellet was then re-suspended in lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 

1 mM MgCl2, 2 mM EGTA, 10% glycerol, 0.15% SDS, 1% deoxycholate, 1% Triton X-

100 and 1% sigma anti-protease cocktail (containing 4-(2-aminoethyl) benzenesulfonyl 

fluoride (AEBSF), pepstatinA, E-64, bestatin, leupeptin, and aprotinin)), sonicated at 

medium setting for ten minutes with pauses at 0°C for temperature equilibration. 

Cell debris was then removed by centrifugation at 14000 rpm for 15 minutes at 4 

°C, the supernatant supplemented with SDS to a final concentration of 2%, and stored at 

−80°C.124  For Western blot analysis of cathepsin L and B in cell conditioned media, an 

immunoprecipitation method was used to prepare the samples.10   The appropriate 

antibody (10 μl) was added to the collected cell conditioned media (amount equivalent to 

100 μg protein in media previously concentrated 100-fold with a Centricon YM-10 filter 

unit (10000 NMWL) and incubated overnight at 4˚C in a cold room with gentle rocking.  
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The immunocomplex was then captured with 20 μl of protein G agarose beads 

with gentle rocking at 4 ˚C.  After 2 hours, the agarose beads were concentrated by 

centrifugation (2 minutes at 14,000 g) and washed 3 times with lysis buffer.  Finally, the 

beads were re-suspended in 30 μl of sample buffer, boiled for 5 minutes, centrifuged and 

the supernatants loaded on SDS-PAGE gels as described below.  

Final protein concentration for all the samples was determined using the DC 

protein assay from Bio-Rad Laboratories according to the manufacturer’s instructions. 

SDS-PAGE Protocol  

A protocol described by Invitrogen was followed with slight modifications and 

electrophoretic characterization of DU145 cell lysates and cell conditioned media was 

performed under denaturing conditions using 4-12% (w/v) bis-tris gels and the mini-gel 

electrophoresis apparatus X Cell Sure LockTM. 

The samples consisted of a positive control (commercially available cathepsins L 

and B), cell lysates, cell conditioned media and a multi-colored protein standard 

(Kaleidoscope) ranging from 10 to 250 kDa.  To 10 μg of sample, 2.5 μL of NuPAGE® 

LDS sample buffer (4x), 1 μL of NuPAGE® reducing agent (10x) and 6.5 μL of 

ultrapure water was mixed in microcentrifuge tubes giving a total volume of 10 μL.  The 

mixture was centrifuged for 1 minute at 4oC, heated at 95oC for 10 minutes and then 

loaded to the 4-12% precast mini-gel.   

The upper and lower® buffer chambers of the electrophoretic tank was filled with 

200 mL (containing 500 μL of NuPAGE®antioxidant) and 600 ml of 1x NuPAGE® LDS 

running buffer.   
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The gel was run at 200V for 35 minutes.  The gels were stained using the 

SimplyBlueTM SafeStain microwave protocol for staining NuPAGE gels.   

SimplyBlue™ SafeStain is a ready-to-use, fast, sensitive, and safe Coomassie® 

G-250 stain for visualizing protein bands on polyacrylamide gels.  The gel was placed in 

100 ml of ultrapure water and microwaved on high (950-1100 watts) for 1 minute.   

After shaking the gel on an orbital shaker, the water was discarded and the 

process repeated twice.   

SimplyBlueTM SafeStain (30 mL) was added and the gels were microwaved on 

high for 1 minute, shaken on an orbital shaker for 10 minutes and then washed in 100 ml 

ultrapure water for 10 minutes followed by shaking in 20 mL of 20% NaCl for 10 

minutes.   

Finally, the protein bands were visualized using the Omega 10 gel imager system.  

This system allows a multitude of fluorescent imaging applications using a high-

resolution 10-bit CCD camera. 

Western Blot Analysis for Cathepsin L and Cathepsin B in DU 145 Cells 

Following electrophoresis, proteins were transferred to Immobilon–P membranes 

using a semi dry Trans-Blot apparatus.   

The transfer sandwich consisted of blotting paper, a membrane, a gel and 

additional blotting paper (Figure 50).  Briefly the gel was immersed in 100 ml of cathode 

buffer (25 mM tris base, 40 mM glycine, 10% methanol, pH 9.4) and allowed to 

equilibrate for 15 minutes.   
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Immobilon-P membranes were soaked in 100% methanol for 15 seconds, 

transferred into a container of ultrapure water for 2 minutes and then equilibrated in 100 

mL anode buffer II (25 mM tris, 10% methanol, pH 10.4).   

Filter papers used for the assembled transfer stack were soaked in cathode buffer, 

anode buffer II, and anode buffer I (0.3 M Tris, 10% methanol, pH 10.4).  

 

 
 

Figure 50.  Assembled transfer stack for Western blot experiments. The transfer sandwich 
consisted of blotting paper, the membrane, the gel and additional blotting paper. Taken 
directly from www.millipore.com.125 

Following transfer, membranes were blocked for 45 minutes at room temperature 

in TBS containing 0.1% Tween-20 and 5% blocking agent (QuickBlocker TM) and 

incubated overnight with the primary antibody with gentle rocking at 4˚C.   
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Following overnight incubation, membranes were washed three times for 5 

minutes each in TBS-Tween and incubated for 1 hour at room temperature with a horse 

radish peroxidase (HRP) linked anti-rabbit secondary antibody.   

The optimal antibody dilutions factors established were: rabbit anti-cathepsin L: 

1:2000; rabbit anti-cathepsin B: 1:400 and goat anti-rabbit secondary antibody 1:20000.  

Membranes were then washed additional three times more for 5 minutes each in TBS-

Tween and incubated for 5 minutes at room temperature with ECL HRP substrate.   

Cathepsins B and L bands were detected using an UltraLum Discovery 12 

chemiluminesence imager.  The Discovery 12 system utilizes a powerful 12-bit high 

resolution (1.4 megapixel) cooled CCD camera to acquire clean, low-backround images 

of western blots and other chemiluminescent assays in less time and with a more dynamic 

range than film.  
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CHAPTER FOUR 

Results and Discussion  

Biochemical Evaluation of Potential Cathepsin L Inhibitors  

In this chapter, the results of the biochemical evaluation of a thiosemicarbazone 

library of fifty nine thiosemicarbazones derivatives of tetrahydronaphthalene, 

benzophenone, propiophenone, chromenone, thiochromenone, thiochromenone dioxide, 

indane, bromophenylcyclohexane, and bromophenylcyclopentane synthesized as 

potential cysteine proteases inhibitors in Dr. Kevin G. Pinney’s laboratory at Baylor 

University will be presented.   

The cathepsin L inhibitory potency of these compounds was evaluated by means 

of IC50 values, which represent the concentration of an inhibitor that is required for 50% 

percent inhibition of an enzyme in vitro.  Also, the structure-activity relationship of these 

compounds and the results of the kinetic characterization of the most potent cathepsin L 

inhibitors from this library in terms of reversibility, time dependence and KI values are 

discussed in this section.  

In this study, three conditions were taken into account in order to work in the 

steady state region of the reaction according to the assumptions made by Michaelis-

Menten and Briggs-Haldane to derive the following equation: 

S
S

. 

First, the initial velocity, vo, was measured over a period of time so that the 

substrate concentration, [S], remained constant.   
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Second, the concentration of substrate vastly exceeded the concentration of 

enzyme, so that in the chosen period of time, the substrate concentration is constant 

throughout the assay. Finally, the production of product was linear with time during the 

time interval used.126 

Cathepsin L Assay 

Considering that cathepsin L hydrolyzes peptide bonds, benzyloxycarbonyl-L-

phenylalaninyl-L-argininyl-7-amido-4-methylcoumarin, a fluorogenic synthetic peptide 

was utilized to monitor its activity. 

Cathepsin L cleaves the amide bond between Arg and AMC and produces a non-

fluorescent Z-FR peptide and a fluorescencent AMC (Figure 51), whose rate can be 

obtained by monitoring the fluorescence intensity over time.  The slope of the first linear 

portion of the curve equals the initial enzyme activity (Figure 52).  

The sensitivity provided by the fluorogenic substrate used (Z-FR-AMC) and the 

high hydrolytic activity of cathepsin L allow for the use of low quantities of enzyme 

(nanomolar range) in the cathepsin L assay.  Unfortunately, this leads to loss of 

enzymatic activity due to the problem of protein adhering to the inner walls of the 

cuvettes.127   In order to overcome this issue; Brij 35 (a non-ionic detergent composed of 

polyoxyethylene lauryl ether and polyoxyethylene glycol dodecyl ether) was added to the 

activation/assay buffer. 

The cathepsin L assay used for this project was developed on the basis of 

established procedures45 and the final assay conditions throughout this study were 1 nM 

cathepsin L, 100 mM sodium acetate buffer (pH=5.55), 8 mM DTT, 4 mM EDTA and 

0.01% Brij 35. 
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Figure 51.  Non-fluorescent peptide substrate Z-FR-AMC is cleaved by cathepsin L and 
yields a non-fluorescent Z-FR and a fluorescent product 7-amino-4-methylcoumarin 
(AMC). 
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Figure 52.  Monitoring of the Z-FR-AMC hydrolysis by cathepsin L in the presence of 
increasing concentrations of inhibitor. Ordinate values were corrected for background 
fluorescence. 
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Vmax and KM Determination of Cathepsin L 

Cathepsin L velocity as a function of substrate concentration follows the 

Michaelis-Menten equation, therefore KM is the concentration of substrate that leads to 

half-maximal velocity and Vmax is the limiting velocity as substrate concentrations get 

very large.  

The fluorogenic substrate benzyloxycarbonyl-L-phenylalaninyl-Largininyl-7-

amido-4-methylcoumarin (Z-FR-AMC) was used to monitor the production rate of 7-

amino-4-methylcoumarin (AMC) by cathepsin L.  

To obtain Vmax and KM, cathepsin L activity was measured with a fixed enzyme 

concentration while varying the substrate concentrations.   

The final conditions of cathepsin L assays throughout this study were 1 nM 

cathepsin L, 100 mM sodium acetate buffer (pH=5.5), 4 mM DTT, 8mM EDTA and 

0.01% Brij 35, and substrate (Z-FR-AMC) concentration ranging from 0.3 μM to 150 μM 

in a total volume of 200 μL.  

Vmax and KM were obtained by fitting the initial rates to the Michaelis-Menten 

equation  using non linear regression analysis with the Graphpad 4.03 

software as shown in Figure 53.   

The KM value was found to be 1.3 ± 0.2 μM, a value in agreement with the one 

previously reported in the literature (1.1 μM).128  The Vmax was determined to be 592.8 ± 

27.8 μM/s.  
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Figure 53.  Dependence of cathepsin L activity on substrate concentration.  (■) denote 
data points, and line (▬) was fitted to the Michaelis-Menten equation with non-linear 
regression using the GraphPad software. 

IC50 Determination  

A library of fifty nine thiosemicarbazones derivatives of tetrahydronaphthalene, 

benzophenone, propiophenone, chromenone, thiochromenone, thiochromenone dioxide, 

indane, bromophenylcyclohexane, and bromophenylcyclopentane synthesized by Rogelio 

Siles, Dr. Ming Zhou, Dr. Kishore Gaddale, Freeland Ackley, Jiangli Song, and Lindsay 

Jones from Dr. Kevin G. Pinney’s laboratory at Baylor University137   were evaluated for 

IC50 values.  Among the fifty nine compounds, fifty two were evaluated using a 

Fluoromax-2 fluorimeter and seven using the Thermo Fluoroskan Ascent Fluorescence 

plate reader. 

Stock solutions (20 mM) of these inhibitors were prepared in DMSO (99.9%) and 

at least eight serial dilutions of inhibitors ranging from 1 nM to 20 μM were co-incubated 

with cathepsin L in the assay/activation buffer.   
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The mixtures were then assayed for activity by addition of 100 μL of 10 μM 

substrate Z-FR-AMC if using the Fluoromax-2 or 100 μL of 70 μM substrate Z-FR-AMC 

if using the Thermo Fluoroskan Ascent Fluorescence plate reader.  The reactions were 

monitored for 5 minutes at an excitation of 355 nm and an emission wavelength of 460 

nm at 25 °C for 5 minutes. 

The final assay conditions were 1 nM cathepsin L, 100 mM sodium acetate buffer 

(pH 5.5), 4 mM DTT, 8 mM EDTA, and 0.01% Brij 35.  Co-incubation of a constant 

enzyme concentration with increasing amounts of the same inhibitor results in a gradual 

loss of the enzyme activity, consequently, IC50 values were determined by performing 

non-linear regression analysis fitting velocities and the logarithm of inhibitor 

concentrations to a sigmoidal dose response with a variable slope model using the 

GraphPad Prism 4.03 software:  

 
1 10 L IC X H S  

Here,   is the initial enzyme velocity at various inhibitor concentrations. 

 is the lowest enzyme activity when incubated with the highest concentration of the 

inhibitor.   is the highest enzyme activity without inhibition.   is the logarithm of 

the inhibitor concentration at which the initial enzyme velocity is .  Hillslope is the 

slope of the transition curve.   

A representative data analysis is illustrated in Figure 54.  LogIC50, which is the 

logarithm of the IC50 value of the inhibitor, can be determined visually, but is more 

accurate to obtain this value from the non-linear regression fitting of the equation.   

The IC50 values of these compounds are summarized in Table 8 and the detailed 

data analysis for each compound can be found in Appendix A.  
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Figure 54.  Typical IC50 determination using the dose-response sigmoid model from the 
GraphPad Prism 4.03 software. 
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Table 8.  Inhibition of Cathepsin L by TSC Analogues and other Novel Cyclic Compounds.137 

Compound 
Number Structure IC50 (nM) 

1 

Br

NH
N

NH2
S

16200 

2* 

Br

NH
N

NH2
S

Br

1.5 

3 

Br

S

H
N

N
NH2

>10000 

4 

O

Br

 
372 

5 

NO2

S

H
N

N
NH2

5790 

6 

NH2

S

H
N

N
NH2

1640 

7 

OH

S

H
N

N
NH2

2570 

8 

S

N
H
N NH2

S

 

983 
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Table 8 (Continued) 

Compound 
Number Structure IC50 (nM) 

9 Br NH2

H
N

N
S

 
619 

10 

O

N
H
N NH2

Br S

 

530 

11 
NH2

H
N

N
S

Br

367 

12 

O

 
>10000 

13 
Br

H2N

NH
N

S

Br  
10900 

14 N
H
N NH2

Br

S  
>10000 

15 
Br

N
H
N NH2

S  
2910 

16 

O

N
H
N NH2

S

 

6380 
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Table 8.  (Continued) 

Compound 
Number Structure IC50 (nM) 

17 O N
H
N NH2

S  
2450 

18 N

NHH2N

S

>10000 

19 
N

H
N NH2

S

 
>10000 

20 
Br

H2N

NH
N

S 
4260 

21 
S

Br

O O

N
NH

S

NH2

Br  

716 

22 
S

Br

O O

N
NH

S

NH2

 

1 

23 
S

O O

N
NH

S

NH2

 

5050 

24 ND* 

 

*ND.  This compound had solubility issues and therefore no IC50 was determined. 
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Table 8. (Continued) 

Compound 
Number Structure IC50 (nM) 

25 

 

322 

26 

 

>20000 

27 
 

>20000 

28 
 

>20000 

29 
 

>20000 

30 
 

>20000 

31 

 

587 

32 

 

66.1 
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Table 8. (Continued) 

Compound 
Number Structure IC50 (nM) 

33 

 

997 

34 
 

>20000 

35 980 

36 >20000 

37 

 

140 

38* 

 

60.2 

40 

 

4500 
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Table 8. (Continued) 

Compound 
Number Structure IC50 (nM) 

41 
 

5400 

42 

 

17000 

43 

 

31000 

44 

 

7000 

45 

 

42000 

46 

 

>20000 

47 

 

>20000 

48 

 

16000 

N
NH

NH2S

CF3

Br

N
NH

NH2S

Br Br
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Table 8. (Continued) 

Compound 
Number Structure IC50 (nM) 

49 

 
 
 460 

50 

 

540 

51 

 

3500 

52 

 

4100 

53 23000 

54 

 

6690 

55 

 

44.2 

 

N
NH

NH2S

Br F

F
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Table 8. (Continued) 

Compound 
Number Structure IC50 (nM) 

56 
N

NH

NH2S

Br

Cl

 

16800 

57 

 

576 

58 6360 

59 
S

O O

N

H3CO

H
N

C
NH2

S

 

20700 

60* 

Br

NH
N

NH2
S

Br  

63 

* Compounds 2, 38 and 60 came from three different syntheses and although 
these compounds share the same chemical structure, 38 and 60 are purified in a higher 
degree than 2.  There is an unresolved discrepancy between their reported IC50 values; 
additional experiments are currently ongoing in Dr. Pinney’s laboratory to determine this 
difference.  For the purpose of this discussion, the 63 nM value will be used. 
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Discussion of the Thiosemicarbazones (TSC) as Inhibitors of Cathepsin L 

Inhibition of Cathepsin L by Benzophenone Thiosemicarbazone Derivatives 

A set of benzophenone TSC were tested against cathepsin L (Scheme 1) and it can 

be observed that the potency trend in terms of IC50 values is: X= Br* (1.5 nM, 63 nM) > F 

(66 nM) > OH (140 nM) > OAc (540 nM) > CF3 (587 nM) > CH3 (980 nM) > Cl (997 

nM) > H (1620 nM).   

Also, it must be noted that the substitution of the aromatic ring at the meta 

position with bromine or fluorine dramatically enhances the inhibitory potency against 

cathepsin L.   

 

 

Compound # X IC50 [nM] 

2 Br 1.5* 

60 Br 63* 

38 Br 60* 

32 F 66 

37 OH 140 

50 OAc 540 

31 CF3 587 

33 Cl 997 

35 CH3 980 

1 H 1620 
 

Scheme 1.  Benzophenone thiosemicarbazone derivatives. 

A comparison of the obtained IC50 values for compound 1 (1620 nM) and 

compound 2 (63 nM) showed that the additional bromine substituted at the meta position 

of the second phenyl ring plays a key role in cathepsin L inhibition.  Molecular modeling 

studies,30   have suggested that the excellent inhibitory potency presented by compound 2 

can be explained by three factors:  
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The thiosemicarbazone moiety is in close contact with the cathepsin L active site, 

one of the bromophenyl rings is in the S2 pocket with the bromine constrained by the 

carbonyls of the S2 pocket and the other bromophenyl ring is in the S1 pocket  

Encouraged by the results obtained for compound 2, further structural variations 

(outlined in Schemes 2 to 5) were carried out maintaining the bromo benzophenone 

thiosemicarbazone scaffold.  Substitution of the three positional isomers on the 

benzophenone groups with a variety of X substituents (Br, F, OH, OAc, CF3, CH3 and Cl) 

revealed interesting structure activity relationships. 

In general, a phenyl ring containing a bromine atom, chlorine atom, or a 

trifluoromethyl group was important for cathepsin L inhibition and it can be observed 

that the potency trend in decreasing order is fluorine > chlorine > trifluoromethyl group.  

In the bromobenzophenone series, while retaining the bromination at the meta 

position, the substitution effect of moving the substituents to the para position on the 

aromatic ring (Scheme 2) dramatically decreased the inhibitory potency of these 

compounds (31 versus 44, 32 versus 57; 33 versus 58).  

 

 

Compound # X IC50 [nM] 

57 F 576 

58 Cl 6360 

44 CF3 7000 

Scheme 2.  Para-linked m-bromobenzophenone derivatives 
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The substitution effect of moving substituents on both aromatic rings to the para 

position proved to be even more detrimental to the cathepsin L inhibitory potency of 

these compounds as shown in Scheme 3. 

 

 
Scheme 3.  Para-substitucion in both aromatic rings of bromobenzophenone derivatives  

It can be concluded that proper positioning of the X substituent is critical as the 

para-linked bromo benzophenone derivatives (Scheme 2) lost considerable activity 

against cathepsin L compared to their meta analogues (Scheme 1). While the meta 

benzophenone derivatives showed remarkable inhibitory potency toward cathpesin L, the 

para linkage led to a dramatic decrease in inhibitory activity (2 versus 46; 32 versus 48; 

33 versus 47; 35 versus 54).  

The substitution effect of moving both bromine atoms from the meta to the ortho 

position proved to be also detrimental to the inhibitory potency of these compounds. 

Conpound 2 was one of the most potent inhibitors of this library of compounds (IC50= 1 

nM), while 45 exhibited no inhibitory activity. 

Phenyl ring substitution at the ortho position with a fluorine atom dramatically 

enhanced their inhibitory potency compared to a substitution with a chlorine atom or 

trifluoromethyl group as shown in Scheme 4. 

 

Compound # X IC50 [nM] 

48 F 16000 

47 Cl 87000 

46 Br 20000 

54 CH3 6690 
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Scheme 4.  Halogen monosubstitution in bromobenzophenone derivatives. 

Bis-substitution with fluorine atoms at the meta positions of the phenyl ring, 49, 

proved to be just slightly better compared to substitutions with a chlorine atom, 51, or a 

trifluoromethyl group, 52, which presented similar IC50 values as shown in Scheme 5. 

A comparison of IC50 values between monosubstituted and disubstituted 

bromobenzophenone thiosemicarbazone derivatives proved the di-substitution effect to 

be detrimental to the cathepsin L inhibitory potency of these compounds (32 and 55 

versus 49; 33 versus 51 and 56; 31 versus 52) as shown in Schemes 4 and 5.  

 

 

Scheme 5.  Comparison between mono and di-substitution in bromobenzophenone TSC 
derivatives. 

Compound X IC50 [nM] 

55 F 44 

56 Cl 16800 

Compound # X IC50 [nM] 

49 F 460 

51 Cl 3500 

52 CF3 4100 

Compound # X IC50 [nM] 

32 F 66 

33 Cl 997 

31 CF3 587 
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Inhibition of Cathepsin L by Propiophenone Thiosemicarbazone Derivatives 

Compounds 3, 5, 6 and 7 share a propanone thiosemicarbazone moiety with the 

phenyl ring substituted at the meta position with an electron-withdrawing groups like 

nitro and bromine and two hydrogen bond donor-acceptor groups such as amino and 

hydroxyl (Scheme 6).  The potency trend against cathepsin L in terms of IC50 values is: 

X= NH2 (1640 nM) > OH (2570 nM).> NO2 (5790 nM) > Br (10000 nM). 

 

Scheme 6.  Propiophenone thiosemicarbazone derivatives 

Inhibition of Cathepsin L by Tetrahydronaphthalene Derivatives 

Therefore, it was of interest to incorporate the thiosemicarbazone moiety into 

tetrahydronaphthalenes skeletons as well as other functional groups that are shown in 

Schemes 7 to 11.  

In the α-tetralone series, while retaining the bromination at the 7 position, the 

substitution effect of C4 with sulfone 22, oxygen 10 and no substitution 9 are addressed 

(Scheme 7).  A comparison of the IC50 values for 22 (1 nM), 10 (530 nM), 9 (619 nM) 

showed that the substitution of C4 with sulfone considerably enhances the inhibitory 

potency against cathepsin L.   

Comparing 10 and 22, it can be hypothesized that the sulfone interaction is more 

favored because it is much bulkier than a single oxygen atom.   

Compound # X IC50 [nM] 

3 Br 10000 

5 NO2 5790 

6 NH2 1640 

7 OH 2570 
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Other factors may also explain the exceptional inhibitory activity of 22 for 

example, the bromine is buried in the S1′ pocket, the sulfone is exposed to the water 

solvent, and the aromatic region is totally buried and encapsulated by the S1′ pocket.  

Also, the thiosemicarbazone moiety is in the active site in close contact with Cys-25 

thiolate.30 

O

N
H
N NH2

Br S

 

                    22 (IC50= 1 nM)     >    10 (IC50= 530 nM)      > 9 (IC50= 619 nM)            

Scheme 7.  Potency trend in α-tetralone monobromo derivatives  

The degree of bromination on the α-tetralone scaffold was evaluated with the 

mono-bromo derivative 22, the dibromo derivative 21, and the unhalogenated derivative 

23.  The potency trend in decreasing order is the mono-bromo derivative 22, dibromo 

derivative 21, and unhalogenated derivative 23 (Scheme 8).  It can be concluded that 

substitution is essential for cathepsin L inhibition when a sulfone substitutions is present 

at C4. 

     

22 (IC50= 1nM)     >     21 (IC50= 716 nM)    >    23 (IC50= 5050 nM)  

Scheme 8.  Potency trend in α-tetralone derivatives  
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The series of unhalogenated and brominated derivatives of thiochromenone 

dioxide provided additional supporting evidence to demonstrate the importance of the 

bromine substitution in the thiochromenone scaffold.  

A comparison of the IC50 values for compound 9 (619 nM), compound 10 (530 

nM), compound 11 (367 nM)  and compound 21 (716 nM)  showed similar potencies 

against cathepsin L in the nanomolar range while the unhalogenated compound 23 

presented the weakest activity toward cathepsin L with an IC50 value of 5 μM.  

Encouraged by the low IC50 obtained for 22, it was decided to focus efforts on 

introducing other functional groups into the molecule (Scheme 9).  

The potency trend of thiosemicarbazone derivatives of the sulfone analog of a 

substituted thiochroman-4-one against cathepsin L in terms of IC50 values is: 

X = Br (1 nM) > F (4.5 μM) > Cl (17 μM) > OCH3 (20 μM) > CH3 (31 μM). 

 

 

 
Scheme 9. Thiosemicarbazone derivatives of the sulfone analog of a substituted 
thiochroman-4-one. 

 

Another group of molecules to be discussed is the series containinig 

tetrahydronaphthalene derivatives having a hetero-atom such as oxygen and sulfur 

replacing one benzylic carbon of the cyclohexane ring.   

Compound X IC50 [nM] 

22 Br 1 

40 F 4500 

42 Cl 17000 

43 CH3 31000 

59 OCH3 20000 
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Substitutions at C4 position with sulfone 23, sulfur 8, and oxygen 16 in 

unhalogenated and halogenated 41 and 39 dihydronaphthalenyl thiosemicarbazone series 

are compared in Scheme 10.  

A comparison of the IC50 values for 8 (983 nM), 16 (6.4 μM) and 23 (5.0 μM), 39 

(670 nM) and 41 (5.4 μM) showed that the substitution at the C4 position with sulfur 

increases the cathepsin L inhibitory potency compared to a sulfone or oxygen substitution 

and that the halogenation with a fluoride atom is slightly more efficient than one with a 

bromide. 

 

                    

                   8 (IC50= 983 nM)   >  16 (IC50= 6380 nM)   >   23 (IC50= 5050 nM)  

                            

                                39 (IC50= 670 nM)      >      41 (IC50= 5400 nM)  
 
Scheme 10.  Potency trend in halogenated and unhalogenated substituted α-tetralone 
series. 

The bromination effect was also evaluated in the β-tetralone thiosemicarbazone 

derivatives (Scheme 11).   
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A comparison of the IC50 values for 20 (4.3 μM) and 13 (10.9 μM) showed that 

the mono-bromo β-tetralone derivative 20 is twice as effective than the di-bromo  β-

tetralone derivative 13.   

Replacement of a single carbon with an oxygen in an unhalogenated β-tetralone 

scaffold to afford chromen-2-one thiosemicarbazone 17 was carried out with slightly 

better inhibitory effects (IC50=2.5 μM).  

 

Br

H2N

NH
N

S    

Br

H2N

NH
N

S

Br  

                       20 (IC50= 4260 nM)          >         10 (IC50= 530 nM)      

O N
H
N NH2

S  

                                                          17 (IC50= 2450 nM)            
 
Scheme 11. Potency trends related to the bomination effect in β-tetralone 
thiosemicarbazone derivatives. 

Inhibition of Cathepsin L by Naphthalene Derivatives 

To investigate the effect of ring size on the non-aromatic region of the tetralone, 

an unhalogenated indanone thiosemicarbazone 19 was evaluated with no inhibitory 

effects toward cathepsin L.  Two additional structures, 14 and 15, explored other possible 

scaffolds of connected ring systems (Scheme 12).  
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It was concluded that connected ring systems do not show good inhibitory effects 

towards cathepsin L, which is not surprising considering that the solubility of these 

compounds is poor in aqueous solution.   

N
H
N NH2

Br

S

Br

N
H
N NH2

S  

14 (IC50= >10000 nM)           > 15 (IC50= 2910 nM)                       

N
H
N NH2

S

 

                                                             19 (IC50= 10000 nM)            

Scheme 12.  Indaone and connected ring systems thiosemicarbazone derivatives 
evaluated. 

Inhibition of Cathepsin L by naphthalene derivatives 

Compounds 4 and 12, two structures based on the naphthalene scaffold were 

evaluated to investigate the effect of the number of Michael acceptor presents in the 

molecule and the halogenations effect.  

A comparison of the IC50 values for 4 (372 nM) and 12 (>10 μM) showed that 

compound 4 with one bromine and two Michael acceptors is more potent than compound 

12, which only has one Michael acceptor.  The extension of the thiosemicarbazone 

moiety with one additional carbon from the dihydronaphthalene scaffold was not 

advantageous as is demonstrated by the absence of inhibition by compound 18 (Scheme 

13). 
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4 (IC50= 372 nM)   >   12 (IC50= >10000 nM)  and   18 (IC50= >10000 nM)      
 

Scheme 13.  Potency trends in naphthalene derivatives. 

Inhibition of Cathepsin L by aziridine derivatives and other cyclic compounds 

Finally, it was determined that none of the aziridine derivatives (26-30) and 

compounds 34 and 35 showed inhibitory activity against cathepsin L, all with IC50 values 

higher than 20 µM.  Therefore no trends could be derived (Scheme 14).   

26       27 28 
 
 
 

29 30 
 
 

34 53 
 

 
Scheme 14.  Evaluated aziridine derivatives and other cyclic compounds. 
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In summary, it has been shown that cathepsin L can be inhibited by 

thiosemicarbazone compounds.  The SAR within this series indicated that one important 

structural requirement for cathepsin L inhibition is the need of the molecules to have 

hydrophobic moieties, particularly aliphatic and/or aromatic rings containing one 

bromine or fluorine atom.   

Also, the presence of negatively charged oxygen-based functional groups such as 

sulfone increases the inhibitory potential of some compounds. 

Advanced Kinetic Studies  

A kinetic evaluation was carried out on the most potent cathepsin L inhibitors of 

the thiosemicarbazone library evaluated in this study: compounds 2 and 22.  

Reversibility, time dependence and KI value determination were used to characterize the 

enzyme-inhibitor interactions. 

Compounds 2 and 22 were tested at concentrations of 5 μM, 50 nM and 5 nM 

using a 5 minute enzyme-inhibitor incubation time.  The substrate Z-FR-AMC was then 

added at concentrations ranging from 0 to 100 μM and the reactions were monitored at 

excitation and emission wavelengths of 355 nm and 460 nm, respectively.   

The baseline control for each assay used the same conditions without the 

inhibitor.  GraphPad Prism 4.03 software was used for data analysis and the Michaelis-

Menten plot obtained has shown that the Vmax decreased in the presence of the inhibitors 

and that the KM value changed according to increasing concentrations of the inhibitor as 

shown in Figure 55.   

Therefore, it was demonstrated that both compounds exhibited mixed type 

inhibition.  
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Considering the IC50 value in the low nanomolar range competitive inhibition 

kinetics was expected, but given that it was previously reported that mixed inhibition can 

lead to slow tight inhibiton as well,106  further experiments and more complex 

mathematical equations were needed to confirm this hyphotesis and characterize the 

inhibitor-enzyme complex to determine KI   In that context, time dependency and 

reversibility studies were performed next.   

Time Dependence Inhibition Studies 

Time dependence inhibition studies were performed for compounds 2 and 22 

using a single enzyme (1 nM) and substrate Z-FR-ZMC (5 µM) concentration and three 

inhibitor concentrations (5 μM, 50 nM and 5 nM) with analysis over a 2.5 hour time 

period.  Each inhibitor concentration was incubated separately with cathepsin L for 5 

min, 15 min, 30 min, 60 min, 90 min, 120 min and 145 min at 25°C prior the initiation of 

the reaction with the addition of substrate Z-FR-AMC.  The baseline control for each 

assay used the same conditions without the inhibitor.   

GraphPad Prism 4.03 software was used for data analysis.  This data was plotted 

as ln (vt/vi) versus time, where vt is the remaining activity at time t and vi is the activity in 

the absence of inhibitor.   

Time-dependent inhibition kinetics were obtained for 2 and 22 as shown in Figure 

56, this first order plots exhibit curvature as the inhibition approaches equilibrium, 

indicating reversibility.  A completely linear plot would be expected for irreversible 

inhibition.101  Also, it should be noted that this behavior is consistent with slow-tight 

binding inhibition.  
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It has to be noticed that the the inhibitors 2 and 22 are extremely potent causing 

significant inhibition at very low concentrations comparable to the concentration of 

cathepsin L in the inhibition assay.   

This situation is referred to as tight-binding inhibition. Partly as a result of their 

low concentrations, tight-binding inhibitors often show slow-binding characteristics that 

mean that unlike conventional inhibitors that act almost instantaneously, slow-binding 

inhibitors may take several seconds, minutes or even hours for their effect to be fully 

exhibited.   

This association between slow-binding and tight-binding is relatively common 

and slow tight-binding inhibitors are extremely potent and specific.106 

Reversibility Studies 

Reversibility studies were performed to confirm the reversible character of 

compounds 2 and 22, two of the most potent cathepsin L inhibitors of the 

thiosemicarbazone library evaluated in this project.   

The dilution method was employed to investigate the reversibility of the inhibitor 

interaction with cathepsins L.   

Briefly, cathepsin L and each inhibitor were pre-incubated together (100-fold 

concentration) over a 1 hour time period and then diluted into substrate-containing buffer 

showing a complete recovery of the activity (Figure 57).   

Enzyme activities were calculated from kinetic measurements performed by 

fluorometric detection of the product AMC at 25oC in fluorescence quartz cuvettes.  

Thus, the results were consistent with fully reversible inhibitor behavior.  



135 

Reversibility of cathepsins L inhibition is a desirable property for therapeutic 

applications since many enzymes contain cysteine active site and therefore a cross-

reactivity possibility is strong.  The in vivo consequences of irreversibly inactivating non-

target enzymes lead to negative side effects. 

KI values of 2 and 22 were obtained by fitting the same progress curves for the 

onset of inhibition used to determine IC50 values to the Williams-Morrison equation 

describing slow tight binding  inhibition using GraphPad Prism 4.03 software. (Figure 

58). 

Considering that for the given experimental conditions, the dissociation constant 

, Michaelis-Menten constant , and the amount of total enzyme  remain the same, 

a simplified version of the Williams-Morrison equation, described below, is used for non-

linear regression analysis. 

4

2  

Here, Y is the relative velocity of the enzyme, which is derived from the inhibited 

enzyme activity, , divided by the uninhibited enzyme activity, .  X is the inhibitor 

concentration used to inhibit the enzyme activity.  

E is the total enzyme concentration, which is also fixed for a given experiment.  

 is the apparent dissociation constant, which is obtained from the non-linear 

regression fit of this model.   

After the  is obtained from the model, the actual  can be obtained by 

solving the equation: 1 . 
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Figure 55.  Plot of initial velocity of a simple Michaelis-Menten reaction versus the 
substrate concentration [S] in the presence of different concentrations of a inhibitor [I]. 
A. Progress curves for the reaction of human liver cathepsin L in the presence of 
compound 2 as inhibitor [I] ○50nM▲5nM ▼500nM■ Control reaction without inhibitor. 
B. Progress curves for the reaction of human liver cathepsin L in the presence of 
compound 22 as inhibitor [I] ○50nM▲5nM ▼500nM■ Control reaction without 
inhibitor. 
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Figure 56.  A. Time-dependent inhibition kinetics of compound 2 with cathepsin L. 
■Control reaction without inhibitor [I], ○5nM [I], ▼50nM [I] and▲5µM [I]. B.  Time-
dependent inhibition kinetics of compound 22 with cathepsin L. ■Control reaction 
without inhibitor [I], ○5nM [I], ▼50nM [I] and▲5µM [I].   

A. 

B. 
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Figure 57.  A. Progress curves for the reaction of human liver cathepsin L in the presence 
of compound 2.  (▲) Control reaction without inhibitor; (○) Reaction with compound 2.  
B. Progress curves for the cathepsin L activity recovery in the presence of compound 22. 
(▲) Control reaction without inhibitor; (○) Reaction with compound 22. 
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Figure 58.  A. Williams-Morrison equation as the fitting model of compound 2 kinetic 
data. B. Williams and Morrison equation as the fitting model of compound 22 kinetic 
data.  Relative velocities to inhibited cathepsin L reaction were plotted against inhibitor 
concentrations.  The data points (─) were fitted to Williams and Morrison equation. C. 
Mechanism of inhibition of a cysteine protease with a thiosemicarbazone by formation of 
a reversible covalent intermediate with the active site cysteine thiolate. 

A. 

B. B. 

C. 
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Using the Williams-Morrison equation as the fitting model, which applies to 

reversible covalent inhibition as well as slow tight binding, we obtained a very 

satisfactory fit for compound 22.  The best-fit value for 22 was Ki = 1.5 ± 0.3 nM for the 

tight-binding inhibition constant.  

The good fit to the Williams-Morrison equation for 22 indicates this inhibitor is 

indeed a slow-tight inhibitor. The calculated Ki agrees well with the IC50 (1 nM).  

Compound 2 did not fit the Williams and Morrison model as well, but it converges giving 

a Ki = 1.0 ± 0.2 nM 

The kinetic behavior of slow, tight binding inhibitors is very similar to that of 

reversible mechanism-based inhibitors in which a transient, reversible, covalent bond is 

formed.  Slow, tight and reversible covalent inhibitors bind to the enzyme slowly, and 

dissociate slowly (Figure 58 C).   

Therefore, if 22 is a reversible covalent inhibitor, the kinetics of the inhibition 

should fit the same equation that describes slow, tight binding inhibitors. 

If time dependency is observed, it is assumed that there is covalent modification 

at the active site during inhibition, although this is a contradiction in the case of inhibitor 

22 as it is also assumed that small size inhibitors do not have sufficient non-bonding 

interactions to remain at the active site.30 

In summary, with standard determination of kinetic parameters, time dependency 

studies and reversibility studies, it was concluded that both 2 and 22 were active-site 

directed inhibitors of cathepsin L.  

Mechanistically, both compounds behaved as time dependent, slow tight-binding 

reversible inhibitor.   
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Advanced Cell Culture Studies  

Advanced cell culture studies were designed to determine if compounds 2 and 22, 

the most potent cathepsin L inhibitors from the evaluated libray, were able to retain their 

activity while in contact with the prostate cancer cell line DU-145.  The biological 

evaluation studies included cytotoxicity, invasiveness and Western blot experiments. 

The prostate cancer cell line DU-145 was used for this study because previous 

studies suggested that this cell line expressed high levels of cathepsins L. 

General Considerations 

The inhibitors to be tested were dissolved in cell culture grade DMSO and applied 

as a solution to a sub-confluent cell culture monolayer or cell suspension depending on 

the application.  Blanks (culture vessels without cells) were included to detect any 

background interference when measuring the endpoint.  Cell culture grade DMSO was 

used as a solvent control and provided the reference for 100% cell growth in the test 

vessel.  The irreversible cysteine protease inhibitor E-64 was used as a positive control 

and it was tested concurrently with (and independent of) the test substance.  The purpose 

of a positive control is to demonstrate that the cell culture system is responding with 

adequate sensitivity to a cytotoxic agent for which the magnitude of the cytotoxic 

response is well characterized.  

Preliminary Cytotoxicity Studies 

In recent years there has been a significant change in the way toxicity testing of 

test components is conducted.  In general, the emphasis has changed from in vivo animal 

methods to in vitro toxicity methods.  In this context, healthy mammalian cells such as 

HEK-293 cells, when maintained in culture, continuously divide and multiply over time.   
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The basis of this assay is that a cytotoxic chemical will interfere with this process 

and, thus, a reduction of the growth rate as reflected by cell number will provide an 

indication of toxicity.  Ultimately, a compound with IC50 values in the nanomolar range 

does not necessarily represent a good drug lead unless it also demonstrates low or no 

toxicity among other criteria.   

Therefore, ten of the most potent cathepsin L inhibitors (Figure 59) were tested 

for cytotoxicity effects in HEK-293 cells using the trypan blue exclusion assay.  Each of 

the assays was conducted in duplicate. 

The enumeration and discrimination of living and dead cells were determined by 

counting cells using the cell viability dye trypan blue (0.1%) and a hemocytometer. 

Living cells have intact cell membranes and active cell metabolisms that exclude trypan 

blue, while nonviable cells are able to take up the dye and are stained blue cells because 

they have damaged membranes or impaired metabolisms.127 

The percentage viability was calculated using the following equation: 

% Viability 
  

  
  100 

As shown in Figure 60, the tested inhibitors did not show significant toxicity at a 

concentration of 20 µM after an incubation period of 24 hours at 37 oC, in an atmosphere 

containing 5% CO2 in the air. 

Determination of Cathepsin L Inhibitors Activity on Mammalian Cell Culture 

In these series of experiments, the most potent cathepsin L inhibitors form the 

TSC library evaluated in this study were added to the cell culture in serum free medium 

at a final concentration of 20 µM to determine their inhibitory effects on intracellular 

active and latent secreted cathepsin L. 
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The effect of compounds 2 and 22on the secretion of cathepsin L from DU-145 

prostate cancer cells was determined using the fluorogenic substrate Z-FR-AMC.  DU-

145 cells were incubated with 20µM of each inhibitor for 24 hours at 37oC, in an 

atmosphere containing 5% CO2 in the air. 

Cathepsin L activity was only detected after the cell lysate and conditioned 

medium were incubated under acidic conditions for 30 minutes and 90 minutes, 

respectively, prior to assay suggesting that the proforms of the enzymes were released.  

As shown in Figure 61, the secreted cathepsin L present in DU-145 cell 

conditioned media was completely inhibited in the presence of 20 µM of compounds 2 

and 22 compared to the control (0.1% DMSO-treated cells). 

The same trend was followed in cell lysates (Figure 62) collected from DU 145 

cells that were treated with 20 µM of compounds 2 and 22, which showed a significantly 

decreased amount of cathepsin L activity when compared with the control (0.1% DMSO-

treated cells). 

Cell Invasion and Motility Studies 

Next, Biocoat® Matrigel® invasion chambers were used to determine the 

inhibitory effect of compounds 2 and 22 over DU-145 cells according to the 

manufacturer's protocol.  Increased activities of cathepsin L and B are observed in some 

cancers59 with both enzymes participating in the enzymatic cascade leading to the 

basement membrane degradation which is characteristic of metastasis.67    

Also, it has been reported that cathepsins L and B play an important role in the 

invasive ability of the prostate cancer cell line DU-145.62 
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In this context, seven of the most potent cathepsin L inhibitors were tested for 

invasion of DU 145 cells through Matrigel® using Biocoat® Matrigel® invasion 

chambers.  Matrigel® can be used in vitro as a reconstituted basement membrane and is 

constituted of laminin, collagen IV, heparin sulfate, proteoglycans, entactin, and 

nidogen.67    

The number of invaded cells for each experimental sample represents the average 

of triplicate experiments.  The percentage of invasion represents the number of cells that 

penetrated an 8 um pore filter coated with Matrigel® divided by the number of migrating 

cells.  The number of migrating cells was determined by counting the number of cells that 

crossed an 8µm pore BD control insert.  To represent the results, the endpoint values 

obtained for each inhibitor were used to calculate the percentage of invasion or motility 

relative to the negative control (0.1% DMSO), which is arbitrarily set at 100%.    

As shown in Figure 60, exposure of DU 145 cells to the compounds 2 and 22 at a 

final concentration of 20 µM decreased their invasiveness through Matrigel® in a 

comparable degree to the irreversible general cysteine protease inhibitor E-64 at the same 

concentration, whereas 32, 33 and 37 had no significant effect.  Compounds 55 and 38 

showed modest anti-invasive effect. 

Also, it can be concluded that the anti-invasive effect observed cannot be 

accounted for through alteration of cell viability as the tested inhibitors are not cytotoxic, 

as previously determined (Figure 63). 

If the invasion assay results are compared with the IC50 values for each inhibitor, 

an inverse relationship can be found.  The lower the IC50 value, the higher the inhibition 

of DU 145 cell invasiveness (Table 9).   
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Together, these results indicate that compounds 2, 22, 38 and 55 not only have a 

low IC50 value, but also reduce the capacity of the human prostate carcinoma cell line 

DU-145 to invade across Matrigel® 

Compounds that can modify the invasive phenotype have obvious potential as 

anti-metastatic drugs.   

Although the inhibitory mechanism of these compounds in DU-145 cells is not 

clear yet and needs further studies, the obtained results indicate that the anti-invasive 

effect of the inhibitors is associated with the inhibition of enzymatic degradative 

processes of tumor invasion.  

In addition, other extracellular matrix degrading enzymes, including cysteine 

proteases and serine proteases could be potential targets of these inhibitors and involved 

in the mechanisms for the inhibition of cell invasiveness and motility. 

Motility is also an important step in tumor invasion.  To determine if these 

inhibitors had an effect on cell motility, cellular chemotaxis of DU 145 cells toward the 

chemoatractant (media with 10% FBS) in the presence of the inhibitors was tested using 

8µm pore BD control inserts that were not coated with Matrigel®.   

As shown in Figure 64, the treatment with compounds 2, 32, 33, 37, 38 and 55, 

decreased the ability of prostate tumor DU-145 cells to cross the filters by almost 50 % 

compared to the control.  

It also can be noticed that all the tested inhibitors decreased the percentage of cell 

motility in a higher degree compared to E-64. 
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Figure 59. Cathepsin L inhibitors tested for cytotoxicity. 
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Figure 60.  Cell viability expressed as percentage for ten of the best cathepsin L 
inhibitors using the trypan blue exclusion assay.  DU-145 cells were treated with 
0.1% DMSO (control) and 20 µM inhibitor concentration for 24 hours.  The 
endpoint values obtained for each inhibitor were used to calculate the percentage 
of cell viability or growth relative to the negative (DMSO) control, which was 
arbitrarily set at 100%. 
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Figure 61. Inhibition of cathepsin L activity in DU-145 cell conditioned media by 2 and 
22. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 62.  Inhibition of cathepsins L activity in DU-145 cell lysates by 2 and 22. 
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Table 9.  Comparison between IC50 Values and % Cell Invasion and %Motility  

Compound Structure IC50 
[nM] 

 % Invasion % Motility 

E-64 15 45.3 ± 1.4 61.9 ± 4.9 

2 

 

1.5 47.1 ± 7.9 41.5 ± 7.1 

22 

 

1 46.0 ± 4.5 56.6 ± 11.8 

32 

  

66 70.5 ± 7.8 43.2 ± 1.13 

33 

 
 

997 86.0 ± 1.4 41.9 ± 1.6 

37 

 
 

140 
         
      78.0 ± 7.1 

 
41.2 ± 7.9 

55 

 

44 61.5 ± 3.5 40.5 ±3.5 

38 

 

60 53.0 ± 5.7 44.0 ± 1.4 
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Figure 64.  Motility assay results.  DU-145 cells were treated with seven of the most 
potent cathepsin L inhibitors and E64 at a final concentration of 20µM for 24 h.  DU-145 
cells were also treated with 0.1% DMSO as a control. DU 145 cells were treated with 
different inhibitors in chambers with filters not coated with Matrigel for 24 h. Migration 
of DU-145 cells through the filters was measured as described in the invasion assay.  
Data represent the mean ± SD of at least three independent experiments. The standard 
deviation was calculated using the GraphPad Prism 4.03 software. 

Western Blot Analysis for Cathepsin L in DU 145 Cells 

Cathepsins acquire mannose-6-phosphate (M6P) residues during their synthesis 

that target them to lysosomal vesicles via the M6P.  However, in many cancer cells, these 

cysteine proteases escape from their processing pathways and they are either secreted or 

associate with the plasma membrane.67, 48, 129 

Secretion of latent proforms instead of the mature enzyme allows accumulation of 

cathepsins in the extracellular matrix at neutral pH without loss of activity.29   
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Normal molecular weight of the proenzyme and mature forms of mammalian 

cathepsin L are 36 and 25 kDa, respectively.  However, it has been reported that some 

cancer cell lines secrete latent cathepsins L precursors with a sizes of 42 and 70 kDa.130   

Most cathepsin-like proteases released by tumor cells have a higher molecular 

weight and unusual stability at neutral to alkaline pH, mainly due to their binding to the 

external cell surface proteins which increase their pH stability.75   Since cathepsin L is 

implicated in tumor growth and invasion, it was of interest to investigate the prostate 

cancer cell line DU 145 for the secretion of cathepsin L. 

The Western blot analysis of cathepsins L in DU 145 cell lysates and conditioned 

media is shown in Figure 65, and it can be noticed that three bands of 25, 37 and 50 kDa 

were detected in DU 145 cell lysates and a faint molecular weight form of 50 kDa was 

visible in DU 145 cell conditioned media samples, indicating the presence of high 

molecular weight forms of cathepsins L compared to the single band of 25 kDa that was 

detected for the commercially purified human liver cathepsin L (Figure 66).   

It can be proposed that the 25 kDa form correspond to a single chain cathepsin L 

and the 37-50 kDa corresponds to pro-cathepsin L. The 37 kDa might display 

glycosylated single chain cathepsins L, which occurs as an intermediate form during 

procathepsin L processing.   

However, incubation of pro-cathepsin L at acidic pH did not resulted in the 

activation of the precursors.  These results demonstrate secretion of latent, non 

convertible, high molecular weight forms of cathepsins L indicating the presence of 

precursors or alternatively, complexed cathepsins L.   
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CHAPTER FIVE 

Experimental Procedure for the Recombinant Cruzain Purification and Evaluation of 
Potential Inhibitors of Cruzain for the Treatment of Chagas Disease 

General Section for Chemical Sources and Materials 

Ampicillin (Amp) and yeast extract were purchased from Research Organics.  

Tryptone was obtained from MO Bio Laboratories.  Agar, glucose, and IPTG (Isopropyl 

β-D-1-thiogalactopyranoside) were purchased from OmniPur.  Lysozyme, DNase (RNase 

free) and urea were purchased from Sigma.  PMSF (phenylmethylsulphonyl fluoride) was 

purchased from G Biosciences.A Sepharose Q Fast Flow anion exchange column was 

purchased from Amersham Biosciences.  The pre-stained protein molecular mass 

standard ranging from 10-250 kDa (Precision Plus; Kaleidoscope) and an anion-exchange 

column standardization kit were purchased from Bio-Rad Laboratories.  Bradford 

reagent, bovine serum albumin standard, the substrate benzyloxycarbonyl-L-

phenylalaninyl-L-argininyl-7-amido-4-methylcoumarin (Z-FR-AMC), and the standard 

7-amino-4-methylcoumarin were purchased from Sigma.  Other chemicals were obtained 

from commercial companies such as Acros Chemicals, Alfa Aesar, EMD Biosciences 

and Fisher Scientific.  Petri dishes, a bunsen burner and an inoculation loop were 

purchased from VWR.  A shaker incubator was purchased from Lab Line.  Precast 4-12% 

(w/v) bis-tris gels, electrophoresis reagents and the mini-gel electrophoresis apparatus (X 

Cell Sure LockTM) were purchased from Invitrogen.  Centricon YM-10 filter devices 

were purchased from Millipore.  The microcentrifuge 5415R and micropipettors were 

purchased from Eppendorf.   
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The UV/VIS spectrophotometer DU 520 was purchased from Beckman.  The 

centrifuge Sorvall RC 5B Plus and rotor SA-600 were purchased from Sorvall.  The 

conductivity meter DUO-60 was purchased from Check-Mite.  Cryogenic vials and 

Oakridge centrifuge tubes were purchased from Nalgene.  The Sonicator 3000 was 

purchased from Misonix.  The FluoroMax-2 fluorimeter was purchased from Horriba 

Jobin-Yvon Inc.  UV micro quartz cuvettes and fluorescence micro quartz cuvettes were 

purchased from Starna Cells, Inc. and were subsequently cleaned with water and dried 

with a jet of compressed nitrogen gas before and after use.  A heated plate stirrer was 

purchased from Corning.  The centriprep centrifugal filter devices were purchased from 

Millipore.  The fraction collector FC 203B was purchased from Gilson Inc.  The 

peristaltic pump and the gradient maker were purchased from Amersham.  The ultra Lum 

Discovery 12 imager and ultra Quant 6.0 gel imager were purchased from ultra Lum Inc.  

Laboratory grade ethylene glycol from Fisher Scientific was used to maintain constant 

temperature of the water baths.  Water is always referred to the ultra pure distilled water 

obtained from the Barnstead DiamondTM purifier and has a resistance of 18 MΩ.  All 

buffers were filtered through a Corning 0.22-0.45 micron vacuum filter (cellulose acetate 

or nylon) purchased from Millipore.  

Preparation of buffers and other solutions 

Preparation of Luria broth (LB) medium.  1.0 L of this solution was prepared by 

dissolving tryptone (10 g), yeast extract (5.0 g), and NaCl (10 g) in water adjusting the 

pH to 7.4 before the solution was autoclaved. 
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Preparation of LB amp medium. 500 mL of autocaved LB medium was 

supplemented with ampicillin to a final concentration of 100 μg/ml. 

Preparation of 2xYT (2 x yeast and tryptone) medium.  300 mL of this solution 

was prepared by dissolving tryptone (4.8 g), yeast extract (3.0 g) and NaCl (1.5 g) in 

water and adjusting the pH to 7.4 before the solution was autoclaved. 

Preparation of 2xYT amp medium.  300 mL of autocaved 2xYT medium was 

supplemented with ampicillin to a final concentration of 100 μg/ml. 

Preparation of agar medium.  Agar powder (75 g) was dissolved in 100 mL LB 

media, autoclaved and cooled to 55 oC before pouring the solution into petri dishes to 

cover the bottom of the dish.   After the plate of agar was solidified, the dishes were 

inverted and allowed to dry for 24 hours at room temperature before use. 

Preparation of buffer A 10X stock solution at pH 7.6, 8 or 10.  Buffer A 

consisting of 50 mM Tris HCl, 1 mM EDTA and 50 mM NaCl was prepared by 

dissolving EDTA (3.72 g), NaCl (29.22 g) and Tris HCl (78.79 g) in 200 mL of water 

and then adjusting pH to 7.6, 8.0 or 10.0 with 1 M NaOH dropwise while stirring and 

taking pH readings on a Corning pH meter which had previously been calibrated with 

calibration buffers. Finally, each solution’s volume was adjusted to 1.0 L. 

Preparation of sodium acetate buffer, 400 mM, pH 5.5, 0.1% Brij 35.  1.0 L of 

this buffer was prepared by dissolving (27.9 g) sodium acetate in 500 mL 0.1% Brij 35 

solution, adding 3.7 mL acetic acid, and adjusting the pH to 5.5  The total volume was 

adjusted to 1.0 L with additional 0.1% Brij 35 solution. 
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Preparation of assay/activation buffer.  1.0 mL DTT (120 mM) and 5.0 mL 

sodium acetate buffer (400 mM, pH 5.5, 0.1% Brij 35) were mixed together in a 13×100 

mm glass. 

Preparation of a baseline solution.  The following reagents were pipetted into a 

fluorescence quartz cuvette and mixed well with gentle pipetting: 50 μL assay/activation 

buffer, 20 μL DMSO (7%) and 130 μL water.  Fluorescence readings were then taken for 

five minutes every five seconds at an excitation wavelength of 355 nm and emission 

wavelength of 460 nm in a FluoroMax- 2 fluorometer. 

Preparation of stock solution of 7-amino-4-methylcoumarin (AMC).  A 12.27 mM 

stock AMC solution was prepared by dissolving AMC 2.15 mg in 1.0 mL DMSO.   

Preparation of stock solution of benzyloxycarbonyl-L-phenylalaninyl-L-argininyl-

7-amido-4-methylcoumarin (Z-FR-AMC).  Z-FR-AMC stock solution (10 mM) was 

prepared by dissolving 6.49 mg of Z-FR-AMC in 1 mL DMSO.   

Preparation of 20 μM solution of benzyloxycarbonyl-L-phenylalaninyl-L-

Argininyl-7-amido-4-methylcoumarin (Z-FR-AMC).  2.0 mL of 20 μM Z-FR-AMC was 

prepared by diluting 4 μL Z-FR-AMC stock solution (10 mM) with 1996 μL of 0.1% 

Brij- 35 solution. 

Preparation of inhibitor dilutions.  The 28 synthetic inhibitors evaluated in this 

study were obtained from collaboration with the Pinney Research group at Baylor 

University.  The inhibitors were weighted using a Mettler Toledo AX microbalance with 

an accuracyof 0.01 mg.   
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The compounds were then dissolved in pure DMSO (99.9%) giving 20 mM stock 

solutions followed by serial dilutions giving final inhibitor concentrations of 20 μM to 1 

nM in a total volume of 500 μl (as shown in Table 10). 

Table 10.  Inhibitor Serial Dilution Preparation. 

Final Concentration 
in the assay µM 

7% 
DMSO 

µM 
Stock 

DMSO 
µl 

Water 
µl 

2.0 E+01 4.0 E+02 10.0 µl 2.0 E+03 μM Stock 25.0 465 
1.0 E+01 2.0 E+02 5.0 µl 2.0 E+03 μM Stock 30.0 465 
7.0 E+00 1.4 E+02 3.5 µl 2.0 E+03 μM Stock 31.5 465 
5.0 E+00 1.0 E+02 2.5 µl 2.0 E+03 μM Stock 32.5 465 
4.0 E+00 8.0 E+01 2.0 µl 2.0 E+03 μM Stock 33.0 465 
2.0 E+00 4.0 E+01 1.0 µl 2.0 E+03 μM Stock 34.0 465 
1.0 E+00 2.0 E+01 0.5 µl 2.0 E+03 μM Stock 34.5 465 
5.0 E-01 1.0 E+01 50  µl 5.0 E+00 μM Stock 32.0 418 
1.0 E-01 2.0 E+00 50  µl 1.0 E+00 μM Stock 32.0 418 
5.0 E-02 1.0 E+00 50  µl 5.0 E-01 μM Stock 32.0 418 
1.0 E-02 2.0 E-01 50  µl 1.0 E-01 μM Stock 32.0 418 
5.0 E-03 1.0 E-01 50  µl 5.0 E-02 μM Stock 32.0 418 
1.0 E-03 2.0 E-02 50  µl 1.0 E-02 μM Stock 32.0 418 

Recombinant Cruzain Purification Procedure 

The main objective of this purification was to obtain electrophoretically pure 

recombinant cruzain visualized by a single band observed in SDS-PAGE.  The 

purification protocol was generously provided by Dr. James McKerrow and Mrs. 

Elizabeth Hansell from the University of California at San Francisco and is described in 

this section.131  Briefly, a culture of E. coli bacteria (strain DH5α) containing the 

expression plasmid CheY15LOX, was grown overnight at 37 oC, diluted 10-fold into LB 

medium containing ampicillin (100 µg/ml), and incubated at 37 oC for 1 h before adding 

IPTG (1 mM) to induce the cells followed by shaking incubation for 8 hours at 37 oC.   
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Next, cells were lysed by sonication, insoluble proteins were solubilized with urea 

(8M) and the fusion protein refolded.  The proteins were then fractionated by ion 

exchange chromatography on a Sepharose Q Fast Flow column using a 0-1.0 M gradient 

of NaCl.  

The purified fusion protein was made to 100 mM Na Acetate pH 5.5 (using a 10x 

stock buffer), 0.9 M NaCl, 5 mM DTT, 10 mM EDTA and incubated at 37 oC for 4 to 72 

hours until the solution cleared and the protein present was determined to be 27 kDa in 

size by gel electrophoresis.  

Protein Expression 

A glycerol stock of E. coli bacteria (strain DH5α) previously transformed with the 

expression plasmid CheY15LOX in Dr. Trawick’s laboratory was used to grow the clone 

used for cruzain purification.  First, the transformed E. coli bacteria (strain DH5 α) were 

streaked on agar plates to obtain isolated colonies and incubated overnight at 37 oC.  

Then, a single colony was transferred into a sterile test tube containing 3 ml LB, 3 μl of 

ampicillin (100µg/ml) and 100 ul glucose (50%), and incubated for 8 hours at 37 oC in a 

shaker incubator.   

Next, this solution was transferred to 300 mL of 2xYT amp solution and 

incubated overnight at 37 oC in a shaker incubator.  Following incubation, the cells were 

rinsed by centrifugation in Oakridge centrifuge tubes at 2000 rcf for 15 minutes, the 

pellet re-suspend in 12 mL LB and then diluted into 1.0 Liter LB amp media.  After 1 

hour (or A600 of 0.5), the cells were induced with 1 mM IPTG (from 1 M stock) for 8 

hours and then pelleted at 3000-5000 rcf for 10 minutes in a GS-3 rotor.  
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Cell Lysis and Isolation of Inclusion Bodies 

The cell pellet isolated from the protein previously explain was re-suspended in 

25 ml of 1X Buffer A (pH 8) with 100 μM PMSF and 25 ml of 1X Buffer A (pH 8) 

containing100 μM PMSF, 2% TX-100, lysozyme (0.4 mg/ml), and DNase (200 units/ml) 

and was placed on ice for 30-60 minutes with occasional mixing.  The cells were, then 

lysed by sonication (sapphire tipped horn at a power setting of 1 for approximately 5 

minutes at 4oC to release the inclusion bodies, which were then pelleted by centrifugation 

at 5000 rcf for 20 minutes, re-suspended in 25 ml of buffer A (pH 8) supplemented with 

100 μM PMSF and TX-100 at a final concentration of 1%. The solution was then re-spon 

three times at 5000 rcf for 10 minutes to remove completely the lysozyme and DNAse.  

Protein Refolding 

The obtained inclusion body pellet was re-suspended in a solution containing 30 

mL of urea (8 M), 5 ml 10X buffer A (pH 8) and 15 mL of water.  The solution was 

stirred for 4 hours on ice and centrifuged in Oakridge centrifuge tubes at 8000 rcf for 15 

minutes to remove any insoluble material.  Next, the supernatant was slowly added to 10 

volumes (300 ml) of buffer A (pH 10.7) and was stirred at 25 oC for 1 hour.  

Subsequently the pH was dropped to 8.0 with 1N HCl and the supernatant was allowed to 

continue to stir for 1 hour at 25oC.  

Cruzain Purification and Analysis of Column Fractions 

Then, the supernatant was filtered twice, first through a 0.45 micron cellulose 

acetate filter and then through a 0.2 micron cellulose acetate filter and it was loaded 

slowly (2.0 ml/min) onto the equilibrated and standarized Sepharose Q Fast Flow 

column.  
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The column was washed with 100 mL of buffer A (pH 7.6) and, the fraction 

collector (with an 80 tube rack) and the gradient maker were initiated to capture the 

elution of bound proteins with 300 mL of a 1 M NaCl gradient ranging from 0 to 100 % 

as shown in Figure 68. 

 

 

 

 

 

 

 

 

 

 
Figure 68.  Elution gradient used for cruzain purification 

Finally, the column was cleaned by reversing the phase, washing for 15 minutes 

in 2 M NaCl (75 mL), water (375 mL) and 0.5 M NaOH for 1-2 hours followed by 

equilibration in water and 20% ethanol for storage.  

Analysis of column fractions 

Approximately 70 fractions of 6 mL/tube were collected at 1 min/tube; these 

fractions were kept on ice while measuring protein concentration (UV-VIS, Bradford), 

and activity.  
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Activity Determination 

Since cruzain hydrolyzes peptide bonds, a fluorogenic synthetic substrate, 

benzyloxycarbonyl-L-phenylalaninyl-L-argininyl-7-amido-4-methylcoumarin (Z-FR-

AMC), was utilized to monitor its activity.  Cruzain cleaves the amide bond between Arg 

and AMC and produces a non-fluorescent Z-FR peptide and a fluorescencent AMC 

molecule in a similar reaction to the one catalyzed by cathepsin L. 

A sample of 25 μL of each column fraction was incubated in 75 μL of an 

assay/activation buffer (100 mM sodium acetate, pH 5.5, 10 mM DTT) at 25°C for 5 

minutes before additianing 100 μL of substrate (Z-FR-AMC) at a concentration of 20 µM 

to initiate the reaction.  Excitation and emission wavelength, were 355 nm and 460 nm, 

respectively.  Velocity of enzyme reaction was measured as the rate of release of 7-

amino-4-methylcoumarin (AMC) per unit time.   

The amount of AMC released by the reaction of cruzain on Z-FR-AMC was used 

to define the activity of the enzyme; one unit of cruzain is defined as the amount of 

enzyme that hydrolyzes one micromole of Z-FR-AMC per minute at 25oC at pH 5.5.  

Total Protein Concentration 

Total protein concentration was determined by using the Bradford assay.  

Bradford reagent is Brilliant Blue G dye that shifts its absorption from 465 to 595 nm 

when bound to proteins where the absorption at 595nm is proportional to the 

concentration of protein.132 

A BSA standard curve was prepared with the following concentrations: 0.1 

mg/mL (2.5 μL stock BSA + 47.5 μL buffer), 0.5 mg/mL (12.5 μL stock BSA + 37.5 μL 

buffer), 1mg/mL (25 μL stock BSA + 25 μL buffer).  
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A solution of 50 μL of fraction, blank (buffer alone), or standard were each 

incubated 1.5 mL with Bradford reagent at 25oC for 15 minutes before the visible 

absorption was measured at 595 nm in polyacrylamide disposable cuvettes.   

Samples were diluted to the appropriate concentration when needed.  To analyze 

the results: a calibration curve was obtained by graphing absorption vs. concentration of 

the standard to create a linear equation; the values of sample absorption were introduced 

in the calibration equation where the concentration of each fraction was determined 

mathematically.  

SDS-PAGE 

Fractions of interest were TCA precipitated and separated on 4-12% (w/v) bis-tris 

reducing SDS-PAGE gel electrophoresis following a protocol described by Invitrogen.  

Expected bands associated with cruzain delta C are around 60 kDa, 45 kDa and 27 kDa. 

Briefly, 1 volume of cold TCA (50%) was added to 4 volumes of protein sample in a 

microcentrifuge tube and incubated for 10 minutes at 4°C.   

The mixture was then centrifuged at 14000 rpm for 5 minutes and the supernatant 

removed, leaving the protein pellet intact, which was washed twice with 200 ul of cold 

acetone twice.  Finally, the pellet was dried by placing the microcentrifuge tube in a 95°C 

heat block for 5-10 minutes to evaporate the acetone.133 

A mixture of 10 μg of sample, 2.5 μL of NuPAGE® LDS sample buffer (4x), 1 

μL of NuPAGE® reducing agent (10x) and 6.5 μL of ultrapure water were combined 

giving a total volume of 10 μL.   

This mixture was then centrifuged for 1 minute at 4 oC, heated at 95 oC for 10 

minutes and loaded on to a 4-12% (w/v) bis-tris precasted mini-gel.  
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The multi-colored protein mixture (Kaleidoscope) ranging from 10 to 250 kDa 

was used as a standard.  The upper and lower buffer chambers of the electrophoretic tank 

were filled with 200 mL (containing 500 μL of NuPAGE®antioxidant) and 600 ml of 1x 

NuPAGE® LDS running buffer.  The gel was run at 200V constant for 35 minutes. 

The gels were stained using the SimplyBlueTM SafeStain microwave protocol for 

staining NuPAGE gels.  The gel was placed in 100 ml of ultrapure water and microwaved 

on high (950-1100 watts) for 1 minute.  After shaking the gel on an orbital shaker, the 

water was discarded and the process repeated twice.  Then, SimplyBlueTM SafeStain (30.0 

ml) was added and the gels were microwaved on high for 1 minute, shaken on an orbital 

shaker for 10 minutes, washed in 100 ml ultrapure water for 10 minutes, and then shaken 

again in 20 ml of 20% NaCl for 10 minutes.  Finally, the protein bands were visualized 

using the ultra Quant 6.0 gel imager. 

Activation of rCruzain 

The pooled active fractions were made to100 mM Na Acetate (pH 5.5) (using a 

10x stock buffer), 0.9 M NaCl, 5 mM DTT, 10 mM EDTA and incubated at 37 oC with 

occasional mixing.   

Initially the solution became cloudy and the protein precipitated and incubation 

was continued for 28 hours until the solution cleared and the protein was all at the 27 kDa 

size by gel electrophoresis (monitored every 2-4 hours of incubation).  

Finally, the purified cruzain was concentrated using Centricon YM-10 filter 

devices and stored in 100 μL aliquots at -70 oC.  At this point, the enzyme is ready to be 

used in cruzain inhibition assays for inhibitor screening. 
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KM and Vmax Determination of Cruzain 

In order to determine the kinetic parameters KM and Vmax, solutions of various 

concentrations of substrate (Z-FR-AMC) ranging from 0.3 μM to 150 μM were prepared 

by serial dilutions of 10 mM and 0.6 mM substrate (Z-FR-AMC) stock solutions as 

indicated in Table 11 and Table 12.   

Activation buffer (50 μL), water (36.7 μL) and cruzain (100 μL) were mixed in 

fluorescence quartz cuvettes and incubated at 25°C for 5 minutes followed by addition of 

substrate (Z-FR-AMC) (13.3 μL) to initiate the reaction.   

Fluorescence intensity readings for each assay were taken at 10 second intervals 

for 15 minutes at 25 °C.  A trend line was fit to each data set and the slope of each trend 

line was derived as the velocity of each assay.  KM and Vmax were derived by fitting the 

data to the Michaelis-Menten equation using the non-linear regression function with 

GraphPad Prism software version 4.03. 

Table 11.  Preparation Table for 10 mM and 0.6 mM Z-FR-AMC Stock Solutions. 

Solution 
Number 

Z-FR-AMC 
Final concentrations in DMSO 

[µM] 

Volume of 
[μ]L 

Z-FR-AMC 
Stock [mM] 

Water
[μL] 

1 3000.0 300.0 10.0 700.0 
2 2250.0 225.0 10.0 775.0 
3 1500.0 150.0 10.0 850.0 
4 600.0 60.0 10.0 940.0 
5 300.0 30.0 10.0 970.0 
6 250.0 25.0 10.0 975.0 
7 200.0 20.0 10.0 980.0 
8 100.0 10.0 10.0 990.0 
9 30.0 50.0 0.6 950.0 
10 16.0 26.7 0.6 973.3 
11 6.0 10.0 0.6 990.0 

Table is taken directly from Chen 2008 with some modifications.30 
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Table 12.  Preparation Table for Substrate (Z-FR-AMC) Solutions in 7% DMSO.  

Solution 
Number 

Z-FR-AMC 
Concentration 

[μM] 

Volume 
(μL) 

Dilute from 
Z-FR-AMC 

[μM] 

Volume of 
Water (μL) 

Final 
Concentration 

in Assay 
1 150.0  50 3000.0  950 10.00 μM 
2 112.5  50 2250.0  950 7.50 μM 
3 75.0  50 1500.0  950 5.00 μM 
4 30.0  50 600.0  950 2.00 μM 
5 15.0  50 300.0  950 1.00 μM 
6 12.5  50 250.0  950 833.33 nM 
7 10.0  50 200.0  950 666.67 nM 
8 5.0  50 100.0  950 333.33 nM 
9 1.5  50 30.0  950 100.00 nM 
10 0.8  50 16.0  950 53.33 nM 
11 0.3  50 6.0  950 20.00 nM 

Table is taken directly from Chen 2008 with some modifications.30 

IC50  Determination of Potential Cruzain Inhibitors 

Out of the sixty compounds evaluated against cathepsin L, twenty five of them 

were evaluated for Cruzain inhibitory activity.  The effect of a single inhibitor 

concentration (20 μM) on cruzain inhibition was first investigated for each compound 

and no further analysis was done on compounds that did not inhibit cruzain at this 

concentration. 

For those that did inhibit cruzain, at least eight serial dilutions (ranging from 20 

μM to 1 nM) were incubated separately with assay/activation buffer, water, and cruzain 

in fluorescence quartz cuvettes as described in Table 13 for 5 minutes at 25°C prior the 

initiation of the reaction with the addition of substrate Z-FR-AMC.  

The reaction mixtures were then monitored for 10 minutes at excitation and 

emission wavelengths of 355 and 460 nm, respectively. The final condition for this assay 

was 100 mM sodium acetate buffer (pH 5.5), 5 mM DTT and 0.1% Brij 35. 
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The baseline control for each assay used the same conditions without the 

inhibitor.  IC50 values were determined by performing non-linear regression analysis 

fitting velocities and the logarithm of inhibitor concentrations to a sigmoidal dose 

response model using GraphPad Prism software version 4.03. 

Table 13.  Preparation Table for IC50 Determination Experiment 

Item Volume (μL) 
Assay/Activation Buffer 50.0 
Water 33.3 
Inhibitor/20% DMSO 3.3 
Cruzain (0.5 nM) 100 
Substrate (Z-FR-AMC) (150 μM)  13.3 
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CHAPTER SIX 

Results and Discussion for the Recombinant Cruzain Purification and Evaluation of 
Potential Inhibitors of Cruzain for the Treatment of Chagas Disease 

Recombinant Cruzain Purification 

Genomic DNA from epimastigotes of T. cruzi was generously provided by Dr. 

James McKerrow from University of California at San Francisco in San Francisco, CA. 

Cruzain, the major cysteine protease of Trypanosoma cruzi, was initially expressed in 

Escherichia coli bacteria as an insoluble fusion polypeptide with the first 40 amino acids 

of the E. coli protein, CheY.   

Then, it was isolated from the bacterial lysate,  refolded, purified and recovered 

from the fusion peptide by incubation in sodium acetate activation bufer (pH 5.5) for 28 

hours at 37 oC.  This incubation period activated the proteolytic processing events that 

removed the CheY fusion, the prodomain, and the COOH-terminal domain of the 

cruzain.89 

Since it has been reported that the pI of activated cruzain is 3.5, inactivated 

cruzain was purified using an anion exchange chromatography column (Q Sepharose Fast 

Flow) at pH 7.6, with a 1 M NaCl elution gradient.   

In order to test the column efficiency, 2 mL of a mixture of commercial standard 

proteins with known pI’s (equine myoglobin (pI 6.9), conalbumin (pI 4.9), chicken 

ovalbumin (pI 4.6) and soybean trypsin inhibitor (pI 4.5) were run on the equilibrated Q 

Sepharose Fast Flow column.  
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The protein with the highest pI, the equine myoglobin, eluted first at fraction 25, 

the next protein, conalbumin, with a pI of 4.9 eluted at fraction 36 and finally, the last 

two proteins, chicken ovalbumin and soybean trypsin inhibitor, both eluted at about the 

same time as their pI, 4.6, and 4.5, are similar (Figure 69).  

 

0 10 20 30 40 50 60 70
0.00

0.05

0.10

Fraction

Ab
so

rb
an

ce
 U

ni
ts

 (A
U

)

 
Figure 69.  Elution profile of four proteins from a Bio-Rad column standard kit contaning 
equine myoglobin (pI 6.9), conalbumin (pI 4.9), chicken ovalbumin (pI 4.6) and soybean 
trypsin inhibitor (pI 4.5).  

This standardization process demonstrated the Q Sepharose Fast Flow column 

was set up and packed effectively as the protein elution predicted was obtained 

experimentally.   

Cruzain Purification and Analysis of Column Fractions 

The proteins contained in the supernatant from the previous cruzain purification 

step were fractionated by ion exchange chromatography on a 2.5 x 30 cm Sepharose Q 

Fast Flow column using a 0-1 M gradient of NaCl.   
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Next, the active fractions were pooled together with100 mM sodium acetate 

buffer (pH 5.5) containing 0.9 M NaCl, 5 mM DTT and 10 mM EDTA and incubated at 

37 oC resulting in auto-proteolysis and subsequent increase in activity that was monitored 

by the release of the fluorogenic AMC from the peptide substrate Z-FR-AMC.   

Initially the solution became cloudy as the protein precipitated, but after 20 hours 

the maximal activity was attained and incubation was continued for a total of 28 hours 

until the solution cleared (Figure 71).  This purified material was then concentrated with 

a Centriprep centrifugal filter device to 1.11 µM and 3.7 µM final concentrations and 

stored at -70 oC to be used for inhibitor screening procedures. 
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Figure 71.  Cruzain auto-activation monitoring profile 

The purity of these two batches of concentrated cruzain was determined using 

polyacrylamide gel electrophoresis.  As shown in Figure 72, the samples exhibited a 

single band with an approximate molecular weight of 25 kDa in good agreement with the 

already reported 27 kDa.89   
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Figure 73.  Calibration curve generated by plotting log molecular weight (MW) versus 
mobility [cm] of each band in Precision Plus Protein Kaleidoscope standards through an 
SDS-PAGE gel. 

Vmax and KM Determination of Cruzain 

Kinetic parameters of the recombinant cruzain with the fluorogenic synthetic 

peptide benzyloxycarbonyl-L-phenylalaninyl-L-argininyl-7-amido-4-methylcoumarin (Z-

FR-AMC), indicates that cruzain velocity as a function of substrate concentration follows 

the Michaelis-Menten equation, therefore KM is the concentration of substrate that leads 

to half-maximal velocity and Vmax is the limiting velocity as the substrate concentrations 

increase.  

To obtain Vmax and KM, cruzain activity was measured with a fixed enzyme 

concentration while varying the substrate concentrations.  Vmax and KM were obtained by 

fitting the initial rates to the Michaelis-Menten equation using non-linear regression 

analysis with Graphpad 4.03 software as shown in Figure 74.  The KM value was found to 

be 1.3 ± 0.3 μM, similar to the one previously reported in literature (0.96 μM).30  The 

Vmax was determined to be 13625 ± 1128 μM/s.  R2 of the fit was 0.96.   



174 

 

0 1 2 3 4 5 6 7 8
0

2.0×103

4.0×103

6.0×103

8.0×103

1.0×104

1.2×104

1.4×104

Z-FR-AMC [uM]

Ve
lo

ci
ty

 (c
ou

nt
s 

pe
r s

ec
on

d)

 
Figure 74.  Dependence of cathepsin L activity on substrate concentration.  (■) denote 
data points, and line (▬) was fitted to the Michaelis-Menten equation wih non-linear 
regression using the GraphPad software. 

IC50 Determination  

A library of 25 thiosemicarbazones derivatives of tetrahydronaphthalene, 

benzophenone, propiophenone, chromenone, thiochromenone, thiochromenone dioxide, 

indane, bromophenylcyclohexane, and bromophenylcyclopentane synthesized by Dr. 

Kishore Gaddale, Freeland Ackley, Jiangli Song, and Lindsay Jones from Dr. Kevin G. 

Pinney’s laboratory at Baylor University137   were evaluated for IC50 values.  

Stock solutions (20 mM) of these inhibitors were prepared in DMSO (99.9%) and 

serial dilutions were subsequently made with DMSO and ultrapure water.  At least eight 

concentrations of inhibitors ranging from 1 nM to 20 μM were then co-incubated with 

cruzain for 5 minutes in the assay/activation buffer.  These mixtures were assayed for 

activity upon addition of 13.3 μL of the150 μM substrate Z-FR-AMC.   
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The reactions were monitored for 10 minutes at an excitation of 355 nm and an 

emission wavelength of 460 nm at 25 °C for 10 minutes.  Co-incubation of a constant 

enzyme concentration with increasing amounts of the same inhibitor results in a gradual 

loss of the enzyme activity, consequently,  IC50 values were determined by performing 

non-linear regression analysis fitting velocities and the logarithm of inhibitor 

concentrations to a sigmoidal dose response model using the GraphPad Prism 4.03 

software.  The average of duplicate IC50 values of these compounds is summarized in 

Table 14. 

Discussion of the Thiosemicarbazones as Inhibitors of Cruzain 

Inhibition of Cruzain by Benzophenone Thiosemicarbazone Derivatives 

The benzophenone thiosemicarbazones 1 and 2 from the thiosemicarbazone 

library evaluated in this study were previously reported as potent cruzain inhibitors with 

IC50 values of 80 nM and 24 nM, respectively and are included here for comparison 

purposes.   

Compound 1 presents a poor inhibitory activity against cathepsins L, which 

makes this potent cruzain inhibitor a very promising starting point for the development of 

selective cruzain inhibitors. 

As shown in Scheme 15, the following potency trend in terms of IC50 values was 

observed in the bromo benzophenone series: X= Br (24 nM) > H (80 nM) > CH3 (355 

nM) > F (366 nM) > CF3 (587 nM) > OAc (418 nM).  

It can be noticed that the substitution of the aromatic ring at the meta position 

with bromine in compound 2 dramatically enhances its inhibitory potency.  
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It was also observed that compound 2 is significantly active against cathepsin L 

by a factor of 16-fold compared to its activity for cruzain. 

Compound 32 proved to inhibit both cruzain and cathepsin L exhibiting a 

moderate activity against cruzain, with an IC50 value of 366 nM, and a more pronounced 

active against cathepsin L by a factor of 5-fold. 

 
 

Compound # X Cruzain inhibition IC50 [nM] Cathepsin L Inhibition IC50 [nM] 

1 H 80 16200 

2 Br 24 1.5 

32 F 366 66 

31 CF3 622 587 

35 CH3 355 980 

50 OAc 418 540 
 

 
Scheme 15.  Benzophenone thiosemicarbazone derivatives.  Compound 1 and 2 have 
been previously reported in the literature. It is included here for the purpose of 
comparison (see reference 117). 

 

The substitution effect of moving the CF3 substituent to the para position on the 

aromatic ring (compound 44) decreased the inhibitory potency of this compound by a 

factor of 10-fold (31 versus 44).  A similar potency trend was observed for cathepsin L.   
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The substitution effect of moving substituents on both aromatic rings to the para 

position proved to be even more detrimental to the cruzain inhibitory potency of these 

compounds as shown in Scheme 16.  

It must be noted that these compounds also exhibit a nearly identical inhibitory 

potency trend as on cathepsin L. 

 

 
 
 

Compound # X Cruzain inhibition IC50 [nM] Cathepsin L Inhibition IC50 [nM] 

48 F 17000 16000 

47 Cl > 20000 > 20000 

46 Br > 20000 > 20000 

 
Scheme 16.  Para-substitucion in both aromatic rings of bromobenzophenone derivatives  

Bis-substitution with fluorine atoms at the meta positions of the phenyl ring 49 

proved to increase the inhibitory potency by a factor of 10-fold compared to substitutions 

with a chlorine atom 51 or a trifluoromethyl group 52, which presented similar IC50 

values as shown in Scheme 17. 

A comparison of IC50 values between monosubstituted and disubstituted 

bromobenzophenone thiosemicarbazone derivatives proved the disubstitution effect to be 

detrimental to the cruzain inhibitory potency of these compounds (32 versus 49; 31 

versus 52) (Scheme 17). 
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Compound # X Cruzain inhibition IC50 [nM] Cathepsin L Inhibition IC50 [nM] 

49 F 170 460 

51 Cl 1825 3500 

52 CF3 1066 4100 

 

 

Compound # X Cruzain inhibition IC50 [nM] Cathepsin L Inhibition IC50 [nM] 

32 F 366 66 

31 CF3 622 587 

 
Scheme 17.  Comparison between mono and disubstitution in bromobenzophenone TSC 
derivatives. 

Inhibition of Cathepsin L by Tetrahydronaphthalene Derivatives 

Thiosemicarbazone derivatives of the sulfone analog of a substituted 

thiochroman-4-one revealed interesting insights into the structure-activity relationship 

parameters.   
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The substitution with a chlorine atom at the meta positions of the phenyl ring 42 

resulted in a potent inhibitor compared to substitutions with a fluorine atom 40 or a 

trifluoromethyl group 43, which presented no inhibitory activity against cruzain (Scheme 

(scheme 18).  Compound 42 does not present any inhibitory activity against cathepsins L, 

which makes this compound a very promising starting point for the development of 

selective cruzain inhibitors. 

 
 

Compound # X Cruzain inhibition IC50 [nM] Cathepsin L Inhibition IC50 [nM] 

40 F >20000 4500 

42 Cl 202 17000 

43 CF3 >20000 31000 

 
Scheme 18.  Thiosemicarbazone derivatives of the sulfone analog of a substituted 
thiochroman-4-one. 

Two additional molecules discussed here are series containing 

tetrahydronaphthalene derivatives having a sulfur replacement of one benzylic carbon of 

the cyclohexane ring at the C4 position in halogenated dihydronaphthalenyl 

thiosemicarbazone scaffolds (Scheme 19).  

A comparison of the IC50 values for 39 (> 20000 nM) and 41 (2855 nM) showed 

that halogenation with a fluoride has detrimental effects in cruzain inhibitory potency and 

that 41 presents weak activity toward cruzain. 
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                          S

N
NH

NH2S

Br

 
 
                                39 (IC50= >20000 nM)      >      41 (IC50= 2855 nM)  
 
Scheme 19.  Potency trend in halogenated sulfur substituted α-tetralone compounds. 

Inhibition of cruzain by aziridine derivatives and other cyclic compounds 

Finally, it was determined that none of the aziridine derivatives (26-30) and 

compounds 34 and 35 showed inhibitory activity against cruzain.  Therefore no trend 

could be derived (Scheme 20).   

26       27 28 
 
 
 

  30 
29 

34 53 
 

Scheme 20.  Evaluated aziridine derivatives and other cyclic compounds. 
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Table 14.  Inhibition of Cruzain by TSC Analogues and other Novel Cyclic 
Compounds.137 

Compound 
Number Structure IC50 (nM) 

26 
 

>20000 

27 
 

>20000 

28 
 

>20000 

29 >20000 

30 
 

>20000 

31 622 

32 366 

34 
 

>20000 
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Table 14 (Continued) 

Compound 
Number Structure IC50 (nM) 

35 

 

355 

36 

 

>20000 

39 
 

23295 

40 
 

>20000 

41 
S

N

Br

H
N NH2

S

 
2855 

42 
 

202 

43 
 

>20000 

44 

 

3777 

45 

 

>20000 

 

N
NH

NH2S

Br Br
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Table 14. (Continued) 

Compound 
Number Structure IC50 (nM) 

46 

 

>20000 

47 

 

>20000 

48 

 

>17000 

49 

 
 
 170 

50 

 

418 

51 

 

1825 

52 

 

1066 

53 

 

1572 

 

 

N
NH

NH2S

Br F

F
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CHAPTER SEVEN 

Conclusions and Future Directions 

A new library of compounds bearing α-tetralone, benzophenone, propiophenone 

and related rigid molecular skeletons functionalized with thiosemicarbazone or α,β-

unsaturated carbonyl moieties were evaluated for their ability to inhibit human cathepsin 

L and the parasitic cysteine protease cruzain.  In the present study, a novel series of small 

non-peptidic thiosemicarbazone compounds were identified as potent inhibitors of 

cathepsin L.   

Out of fifty nine newly synthesized compounds, two were determined to be very 

effective inhibitors of cathepsin L: a dibromobenzophenone (2) and a sulfone analog of 

the bromo substituted thiochroman-4-one (22) with IC50 values of 60 nM and 1.0 nM, 

respectively, which are among the best reported in literature for non-peptidyl inhibitors. 

The structures of other cathepsins L inhibitors in the nanomolar range included 

the benzophenone thiosemicarbazones 32 (IC50= 66 nM), 37 (IC50= 140 nM), 50 (IC50= 

540 nM), 55 (IC50= 44 nM), 57 (IC50= 576 nM), the bromothiochromenone dioxide 21 

(IC50= 716 nM), the α-tetralone 9 (IC50= 619 nM), 10 (IC50= 530 nM), 11 (IC50= 367 

nM), and 25 (IC50= 322 nM). 

Kinetic analysis proved that compounds 2 and 22 inhibited cathepsins L in a time-

dependent fashion.  They were also found to be reversible, time dependent, slow, tight 

binding inhibitors of cathepsin L.   
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The mechanism of inhibition was also studied for both compounds and it was 

concluded that both 2 and 22 are active-site directed inhibitors of cathepsin L.   

Mechanistically, however, they were different as compound 22 was found to be a 

tight-binding reversible inhibitor while compound 2 appeared to be a time-dependent 

inhibitor.  Moreover, these inhibitors proved to be active in mammalian cell culture as 

demonstrated by the reduction in invasiveness and motility properties of the prostate 

cancer cell line, DU-145. 

However, further studies must be performed to determine the selectivity of these 

compounds as the design of therapeutically effective cathepsin L inhibitors requires a 

high degree of selectivity over cathepsin K and S, cysteine proteases from the same 

family whith active site similarities.   

Further studies are also necessary to determine the mechanisms by which both 

compounds inhibit the invasive and motility properties of DU-145 prostate carcinoma 

cells.  Immunoblotting analyses in cancer cell lines are proposed to determine wheter 

procathepsins B and L or their mature forms are being inhibited, to specify which form is 

secreted or alternatively if it is a product processed from the procathepsins after secretion 

into the medium. 

From the same library of thiosemicarbazone derivatives evaluated against 

cathepsin L, 25 compounds were evaluated against cruzain from which six compounds 

were in the nano-molar range with IC50 values ranging from 170 nM to 622 nM.  

Compound 42 does not present any inhibitory activity against cathepsins L, which 

makes this compound a very promising starting point for the development of selective 

cruzain inhibitors. 
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The structures of the most potent cruzain inhibitors included the benzophenone 

thiosemicarbazones 49 (IC50= 170 nM), 35 (IC50= 355 nM), 32 (IC50= 366 nM), 50 

(IC50= 418 nM), 31 (IC50= 622 nM) and the 6-bromothiochromenone dioxide 42 (IC50= 

202 nM).   

The structure-activity relationships of this novel library of compounds contributed 

conclusions aboute the following structural requirements for the development of more 

selective cathepsins L and cruzain inhibitors:  

1) The presence of a benzene ring containing a bromine atom attached at the meta 

position is essential for inhibitory activity in cathepsins L and cruzain. 

2) A comparison of IC50 values between mono-substituted and di-substituted 

bromobenzophenone thiosemicarbazone derivatives proved the disubstitution 

effect to be detrimental to the cathepsin L inhibitory potency of these compounds 

3) Substitution of the three positional isomers on the benzophenone groups with a 

variety of X substituents (Br, F, OH, OAc, CF3, CH3 and Cl) revealed that a 

phenyl ring containing a bromine atom or a fluorine atom was more effective for 

cathepsin L inhibition.  

4) The isosteric replacement of the benzylic methylene group in the 

tetrahydronaphthalene derivative by oxygen, a sulfur atom or a sulfone group 

resulted in a reduction in cruzain inhibition, but a sulfur substitution increased the 

cathepsin L inhibitory potency compared to a sulfone or oxygen substitution. 

5) Connected ring systems, aziridine derivatives, and other cyclic compounds did not 

show good inhibitory effects towards cruzain and cathepsin L 
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In summary, the SAR within this series indicated that the main important structural 

requirement for cathepsin L inhibition is the need of inhibitors to possess hydrophobic 

moieties, particularly aromatic rings containing one bromine or fluorine atom.  Also, the 

presence of negatively charged oxygen-based functional groups, such as sulfones 

increases the inhibitory potential of some compounds. 
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Cathepsin L IC50 Determination Data and Plots 
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Figure A1.  IC50 Determination of Compound 1. 
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Figure A2.  IC50 Determination of Compound 9. 
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Figure A3.  IC50 Determination of Compound 21. 
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Figure A4.  IC50 Determination of Compound 2. 
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Figure A5.  IC50 Determination of Compound 2. 
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Figure A6.  IC50 Determination of Compound 2. 
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Figure A7.  IC50 Determination of Compound 23. 
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Figure A8.  IC50 Determination of Compound 22. 
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Figure A9.  IC50 Determination of Compound 22. 
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Figure A10.  IC50 Determination of Compound 22. 
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Figure A11.  IC50 Determination of Compound 10. 
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Figure A12.  IC50 Determination of Compound 19. 
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Figure A13.  IC50 Determination of Compound 16. 
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Figure A14.  IC50 Determination of Compound 17. 
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Figure A15.  IC50 Determination of Compound 8 
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Figure A16.  IC50 Determination of Compound 20. 
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Figure A17.  IC50 Determination of Compound 18. 
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Figure A18.  IC50 Determination of Compound 3. 
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Figure A19.  IC50 Determination of Compound 13. 
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Figure A20.  IC50 Determination of Compound 11. 
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Figure A21.  IC50 Determination of Compound 4. 
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Figure A22.  IC50 Determination of Compound 6. 
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Figure A23.  IC50 Determination of Compound 5. 
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Figure A24.  IC50 Determination of Compound 14. 
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Figure A25.  IC50 Determination of Compound 15. 
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Figure A26.  IC50 Determination of Compound 12. 
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Figure A27.  IC50 Determination of Compound 7. 
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Figure A28.  IC50 Determination of Compound 31. 
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Figure A29.  IC50 Determination of Compound 25. 
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Figure A30.  IC50 Determination of Compound 35. 
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Figure A31.  IC50 Determination of Compound 37. 
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Figure A32.  IC50 Determination of Compound 32. 
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Figure A33.  IC50 Determination of Compound 33. 
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Figure A34.  IC50 Determination of Compound 39. 
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Figure A35.  IC50 Determination of Compound 40. 
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Figure A36.  IC50 Determination of Compound 41. 
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Figure A37.  IC50 Determination of Compound 42. 
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Figure A38.  IC50 Determination of Compound 43. 
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Figure A39.  IC50 Determination of Compound 45. 
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Figure A40.  IC50 Determination of Compound 44. 
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Figure A41.  IC50 Determination of Compound 49. 
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Figure A42.  IC50 Determination of Compound 50. 
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Figure A43.  IC50 Determination of Compound 48. 
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Figure A44.  IC50 Determination of Compound 47. 
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Figure A45.  IC50 Determination of Compound 46. 
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Figure A46.  IC50 Determination of Compound 51. 
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Figure A47.  IC50 Determination of Compound 52. 
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Figure A48.  IC50 Determination of Compound 53. 
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Figure A49.  IC50 Determination of Compound 38. 
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Figure A50.  IC50 Determination of Compound 38. 
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Figure A51.  IC50 Determination of Compound 38. 
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Figure A52.  IC50 Determination of Compound 38. 
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Figure A53.  IC50 Determination of Compound 54. 
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Figure A54.  IC50 Determination of Compound 54. 
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Figure A55.  IC50 Determination of Compound 55. 
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Figure A56.  IC50 Determination of Compound 55. 
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Figure A57.  IC50 Determination of Compound 56. 
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Figure A58.  IC50 Determination of Compound 56. 
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Figure A59.  IC50 Determination of Compound 57. 
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Figure A60.  IC50 Determination of Compound 57. 
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Figure A61.  .IC50 Determination of Compound 58. 
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Figure A62.  IC50 Determination of Compound 58. 
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Figure A63.  IC50 Determination of Compound 59. 
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Figure A64.  IC50 Determination of Compound 59. 
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Figure A65.  IC50 Determination of Compound 60. 
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Figure A66.  IC50 Determination of Compound 60. 
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APPENDIX B 
 

Table B1.  Q Sepharose Fast Flow Anion Exchange Column Characteristics 
 
 
 

Type of ion excahnger: Strong anion  
   
Total ionic capacity: 0.18-0.25 mmole/ml gel  
   
Available capacity: Thyroglobulin (Mt 669,000) 3 mg/ml 
 HAS (Mt 68,000) 120 mg/ml 
 α-lactalbumin (Mt 14,300) 110 mg/ml 
   
Bead structure: 6% highly cross-linked agarose  
   
Bead size range: 45-165uM  
   
Mean particle size: 90 uM  
   
Linear flow rate: 400-700 cm/h at 25oC, 0.1 MPa, XK, 

50/30 column, 15 cm bed height, 
mobile phase 0.1 M NaCl 

 

   
Max. operating pressure: 0.3 MPa   
   
pH stability working range 2-12  
long term 2-12  
short term 1-14  
   
Chemical stability All commonly used aqueous buffers, 

1.0 M NaOH, 8M urea  
8M guanidine hydrochloride 
24% ethanol (tested at 40 oC for 7 days) 

 

   
Physical stability Negligible volume variation due to  

changes in pH or ionic strength 
 

   
Autoclavable In 0.1 M NaCl at 121 oC for 30 min.  
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Figure C1.  IC50 Determination of Compound 25. 
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Figure C2.  IC50 Determination of Compound 25. 
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Figure C3.  IC50 Determination of Compound 31. 
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Figure C4.  IC50 Determination of Compound 31. 
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Figure C5.  IC50 Determination of Compound 32. 
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Figure C6.  IC50 Determination of Compound 32. 
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Figure C7.  IC50 Determination of Compound 35. 
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Figure C8.  IC50 Determination of Compound 35. 
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Figure C9.  IC50 Determination of Compound 39. 
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Figure C10.  IC50 Determination of Compound 41. 
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Figure C11.  IC50 Determination of Compound 41. 
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Figure C12.  IC50 Determination of Compound 50. 
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Figure C13.  IC50 Determination of Compound 50. 
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Figure C14.  IC50 Determination of Compound 48. 
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Figure C15.  IC50 Determination of Compound 48. 
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Figure C16.  IC50 Determination of Compound 49. 
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Figure C17.  IC50 Determination of Compound 49. 
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Figure C18.  IC50 Determination of Compound 46. 
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Figure C19.  IC50 Determination of Compound 46. 
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Figure C20.  IC50 Determination of Compound 47. 
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Figure C21.  IC50 Determination of Compound 44. 
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Figure C22.  IC50 Determination of Compound 51. 
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Figure C23.  IC50 Determination of Compound 51. 
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Figure C24.  IC50 Determination of Compound 51. 
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Figure C25.  IC50 Determination of Compound 52. 
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Figure C26.  IC50 Determination of Compound 52. 
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Figure C27.  IC50 Determination of Compound 33. 
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Figure C28.  IC50 Determination of Compound 33. 
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Figure C29.  IC50 Determination of Compound 38. 
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Figure C30.  IC50 Determination of Compound 38. 
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Figure C31.  IC50 Determination of Compound 42. 
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Figure C32.  IC50 Determination of Compound 42. 
 



290 

 
 

-10 -9 -8 -7 -6 -5 -4
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1

log conc

R
el

at
iv

e 
Ve

lo
ci

ty

 
Sigmoidal dose-response (variable slope)
Best-fit values
     BOTTOM
     TOP
     LOGEC50
     HILLSLOPE
     EC50
Std. Error
     LOGEC50
     HILLSLOPE
95% Confidence Intervals
     LOGEC50
     HILLSLOPE
     EC50
Goodness of Fit
     Degrees of Freedom
     R²
     Absolute Sum of Squares
     Sy.x
Constraints
     BOTTOM
     TOP
Data
     Number of X values
     Number of Y replicates
     Total number of values
     Number of missing values

Vel

0.0
1.000
-5.712
-0.4630
1.940e-006

0.1496
0.07827

-6.057 to -5.367
-0.6435 to -0.2825
8.765e-007 to 4.294e-006

8
0.9006
0.06054
0.08699

BOTTOM = 0.0
TOP = 1.000

11
1
10
1

Con [M]
0.000000

1.000000e-009
5.000000e-009
1.000000e-008
5.000000e-008
1.000000e-007
5.000000e-007

0.000001
0.000005
0.000010
0.000020

Vel
7281.00000
6018.00000
5964.00000
6444.00000
6359.00000
5683.00000
5253.00000
4939.00000
2568.00000
1774.00000
1748.00000

Con [M]

-9.000
-8.301
-8.000
-7.301
-7.000
-6.301
-6.000
-5.301
-5.000
-4.699

Vel
1.000
0.827
0.819
0.885
0.873
0.781
0.721
0.678
0.353
0.244
0.240

 
N

NH

NH2S

Br

  
 
 
 

Figure C33.  IC50 Determination of Compound 53. 
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Figure C34.  IC50 Determination of Compound 53. 
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