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RESUMO

Enzimas sdo responsaveis por regular grande parte dos processos biossintéticos de organismos
vivos. Devido a isso, a identificacdo de compostos bioativos que atuam em enzimas é
fundamental na area de quimica medicinal. As cisteino proteases (CPs) apresentam diversas
fungdes essenciais em organismos vivos, logo, membros desta classe de enzimas s&o
considerados alvos promissores para intervencdes terapéuticas. Cinco CPs que estdo envolvidas
em um grande numero de doencas humanas foram estudadas neste trabalho, tais como as
catepsinas L, S e K, alvos para o cancer e osteoporose, cruzaina e a cisteino protease da classe
B (LmCPB), alvos para doencas parasitarias como doenca de Chagas e leishmanioses,
respectivamente. Neste trabalho foi realizada a caracterizacdo cinética de uma série de
dipeptidil nitrilas que atuam como inibidores de CPs por meio de ligacdo covalente reversivel.
Modificagdes estruturais foram implementadas nas posi¢des P1, P2, e P3 para avaliar a
interacdo com os correspondentes subsitios S1, S2 e S3 das CPs. Através da analise de pares
moleculares (MMP) e relacdo estrutura atividade (SAR), estimamos como o efeito de nédo
aditividade para diferentes grupos nas posi¢ées P1 e P2 pode influenciar no modo geral de
interacdo dos inibidores. Demonstramos que, apesar do grande conhecimento sobre o subsitio
S2, os subsitios S1 e S3 também podem aumentar a afinidade e seletividade para as CPs
desejadas. O desenovelamento térmico da cruzaina foi avaliado neste trabalho através da
técnica de calorimetria diferencial de varredura (DSC), na qual um desenovelamento
irreversivel foi obtido. Juntamente, reportamos que alguns dos ligantes utilizados na analise
foram capazes de estabilizar a estrutura da cruzaina em mais de 13 °C. Além disso, foi
observada uma correlacdo linear entre a afinidade (pKi) dos ligantes e os valores de ATm

obtidos para a mesma série de inibidores.

Palavras-chave: Dipeptidil nitrilas, cisteino proteases, relacdo estrutura atividade



ABSTRACT

Enzymes regulate almost every biosynthetic process of living organisms and the identification
of bioactive compounds that act on enzymes is fundamental in the medicinal chemistry field.
Cysteine proteases (CPs) have several essential functions in the organisms, and members of this
enzyme class are considered to be potential targets for therapeutic intervention. Five CPs that
are involved in a range of human diseases were studied in this work, such as cathepsin L, S and
K, targets for cancer and osteoporosis, cruzain and class B cysteine protease (LmCPB), targets
for parasitic diseases such as Chagas disease and leishmaniasis, respectively. Kinetic
characterization for a series of dipeptidyl nitriles that acts as reversible covalent inhibitors of
CPs was performed. Structural modifications at the P1, P2, and P3 positions were implemented
to study the role of the corresponding Al, S2 and S3 subsites of the CPs. Through a matched
molecular pair (MMP) structure-activity relationship (SAR) analysis, we estimated how the
nonadditivity effect for different groups in P1 and P2 can influence the general mode of binding.
We show that besides the well-known S2 pocket also S1 and S3 can enhance affinity and
selectivity for the desired CPs. The thermal unfolding of cruzain was evaluated in this work
through differential scanning calorimetry (DSC), in which the irreversibility of cruzain
unfolding was determined. Herein, we report that some of the ligands were able to stabilize
cruzain structure of more than 13 °C. In addition, a trend was observed for a linear correlation

between the affinity of the ligands (pKi) and ATm.

Keywords: Dipeptidyl nitriles, cysteine proteases, structure-activity relationship
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1. INTRODUCTION

1.1. Cysteine Protease

Proteases (EC 3.4) are a large family of enzymes that hydrolyze peptide bonds in an
amino acid sequence through a nucleophilic attack (VERMA,; DIXIT; PANDEY, 2016). They
are one of the most abundant classes of enzymes, being involved in many biological processes,
such as cell-cycle, signaling, and cell death (DEU; VERDOES; BOGYO, 2012). Due to the
many processes in which these enzymes are involved, they turned into targets for various types
of diseases ranging from cardiovascular disorders to cancer and Alzheimer’s disease, as well as
for bacterial and infectious diseases ((DEU; VERDOES; BOGYO, 2012; HASANBASIC et
al., 2016; KEDZIOR; SEREDYNSKI; GUTOWICZ, 2016; MCKERROW, 2018;
ROBINSON; DALTON, 2011).

Cysteine proteases (CPs) are found in every living organism (DRAG; SALVESEN,
2010a; SIKLOS; BENAISSA; THATCHER, 2015). The most abundant CPs are papain-like,
due to a high homology with the papain structure, a plant protease isolated from Carica papaya
(POWERS et al., 2002).

CPs usually have two domains, with the active site being in a cleft between them. The
active site consists of three amino acid residues: cysteine (Cys), histidine (His) and asparagine
(Asn) (Figure 1). The Cys residue will be activated by the His residue creating an ionic pair that
will be stabilized by the Asn residue. The reaction with the substrate will be started through a

nucleophilic attack performed by the Cys thiol.

Figure 1: Structural representation of the cysteine protease Falcipain-2 with the active site (in green) in
a cleft between the two domains, with the catalytic triad Cys-His-Asn (PDB ID 3PNR).
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In detail, the mechanism of peptide hydrolysis (Figure 2) initiates with the deprotonation
of the thiol group of the Cys by the His residue. Then, the nucleophilic Cys binds the carbonyl
carbon of the substrate, forming the first tetrahedral intermediate through an acylation reaction.
The intermediate is stabilized by the oxyanion hole, a flexible cavity in the CPs structures,
through a hydrogen bond. Afterward, the amino-terminal fragment of the substrate is released,
and the His residue is restored to the deprotonated form. The hydrolysis of the acyl-enzyme
intermediate occurs and a second tetrahedral intermediate is formed and stabilized by the
oxyanion hole. Finally, the carboxylic acid formed is released, reestablishing the active site of
the enzyme (ARAFET; FERRER; MOLINER, 2017; POWERS et al., 2002; ZHAI; MEEK,
2018).

Figure 2: Schematic representation of the mechanism of peptide hydrolysis played by cysteine proteases.
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Source: Adapted from ZHAI, X.; MEEK, T. D. Catalytic Mechanism of Cruzain from Trypanosoma
cruzi As Determined from Solvent Kinetic Isotope Effects of Steady-State and Pre-Steady-State
Kinetics. Biochemistry, v. 57, n. 22, p. 3176-3190, 5 Jun. 2018
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The proteases can recognize their substrates through the peptide sequence or motif that
will bind to specific subsites pockets of the active site cleft (Figure 3) (DRAG; SALVESEN,
2010b). In that way, most of the inhibitors design for these enzymes are peptidic substances

that interact with specific subsites of the enzyme.

Figure 3: Recognition subsites pockets nomenclature used for proteolytic enzymes. The numbering
increase in the direction of the N-terminal residue of the enzyme.
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Source: Adapted from SIKLOS, M.; BENAISSA, M.; THATCHER, G. R. J. Cysteine proteases as
therapeutic targets: does selectivity matter? A systematic review of calpain and cathepsin inhibitors.
Acta Pharmaceutica Sinica B, v. 5, n. 6, p. 506-519, nov. 2015.

Five CPs were studied in this work that present functional structural similarities in which
three are mammalian cathepsins: Cathepsin L (hCatL), Cathepsin S (hCatS) and Cathepsin K
(hCatK), and two protozoa CPs: cruzain (Cz) from Trypanosoma cruzi and Leishmania
mexicana CPB (LmCPB). The human cathepsins are widely studied for being essential targets
for cancer and immune system-related diseases (DENNEMARKER et al., 2010; STONE et al.,
2019). As a result of that, a lot is known of their structures and substrate specificity, having a
large number of inhibitors deposited in the ChEMBL data bank (GAULTON et al., 2017).

Protozoan CPs, Cz and LmCPB are essential targets for Chagas disease and
Leishmaniasis, respectively, which display crucial roles in the life cycle of the parasites. Cz is
a well-established target for Chagas disease, and by that, much is known of its structure. Also
there is a significant number of inhibitors deposited in the ChEMBL databank (GAULTON et
al., 2017). While for LmCPB, little is known of its structure and inhibitors, with only one crystal
structure deposited in the PDB databank. However, LmCPB is considered a promising target
for the treatment of Leishmania mexicana, the cutaneous form of Leishmania donovani
(WILLIAMS et al., 2006).

In that way, these five CPs were studied with 22 inhibitors aiming to identify new hits

that display high affinity and selectivity for these enzymes.
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1.1.1. Cruzain

Cruzain, also assign as cruzipain (the full-length native enzyme), is the major cysteine
protease expressed in the parasite Trypanossoma cruzi (DA SILVA; DO NASCIMENTO
PEREIRA; FERREIRA, 2016). Cz its present in all stages of the parasite life cycle, inducing
damage to the host tissue and facilitating the parasite invasion. Therefore, its inhibition
interrupts several cellular processes leading to the death of the parasite (ATKINSON;
BABBITT; SAJID, 2009; DOYLE et al., 2011; ROGERS et al., 2012).

Cz is an endopeptidase enzyme that is expressed as a pro-enzyme (BARBOZA et al.,
2005). It has two domains (Figure 4), one mostly formed of a-helix secondary structure and the
other consisting of an extensive B-sheets interaction. The catalytic triad consists of three amino
acid residues, Cys25, His159, and Asnl75 (AVELAR et al., 2015; GILLMOR; CRAIK;
FLETTERICK, 1997; HERRERA-MAYORGA et al., 2019).

Figure 4: (a) Three-dimensional structure representation of Cruzain bound covalently to a vinyl a-
ketoester (PDB ID 1U9Q). (b) Cruzain binding site showing the S1, S2 and S3 pocket, covalently bound
to a dipeptidyl nitrile (NEQUIMED/IQSC/USP PBD ID 4QH6).

Cz is a member of the cathepsin L-family, being hCatL like; in that way, it has a high
degree of identity with hCatL (ATKINSON; BABBITT; SAJID, 2009). Cz, as the other CPs,
has a high preference for noncharged aliphatic or aromatic amino acids side chains, with a
hydrophobic characteristic (ROBINSON; DALTON, 2011).

The vinyl sulfone K777 (Figure 5) is one of the most known Cz irreversible covalent
inhibitor. It was first described by the Sandler Center for Research in Tropical Parasitic

Diseases (University of California) as a promising drug for the treatment of Chagas disease.
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The compound was active against a wide range of T. cruzi strains and reached the preclinical
phase without progressing to the next phase, due to high toxicity problems, probably related to
its mode of action (MCKERROW et al., 2009; SAJID et al., 2011).

A promising Cz reversible inhibitor is the BaCZ007 (Figure 5b) that reached the
preclinical phase, developed by Beaulie and co-workers. BaCZ007 has a nitrile as warhead and
displays a reversible covalent inhibition, different from the K777. Interestingly, the compound
exhibit low toxicity, probably due to its reversibility (BEAULIEU et al., 2010).

Figure 5: (a) Covalent irreversible inhibitor K777 structure developed by the University of California
and (b) Covalent reversible inhibitor BaCZ007 structure of the Merck pharmaceuticals, both cruzain
inhibitors.
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Source: Adapted from BEAULIEU, C. et al. Identification of potent and reversible cruzipain inhibitors
for the treatment of Chagas disease. Bioorganic & Medicinal Chemistry Letters, v. 20, n. 24, p. 7444—
7449, dez. 2010 and MCKERROW, J. et al. Two approaches to discovering and developing new drugs
for Chagas disease. Memdrias do Instituto Oswaldo Cruz, v. 104, n. suppl 1, p. 263-269, jul. 20009.

Nitrile class of inhibitors is attractive for research in medicinal chemistry due to their
high affinity and low toxicity.

1.1.2. LmCPB

LmCPB is one of the three families of CPs genes expressed in the genus Leishmania,
along with CPA and CPC. The class b cysteine protease (CPB) is also part of the papain family
and has essential involvement in the parasite life cycle in L. mexicana, (MOTTRAM,;
BROOKS; COOMBS, 1998; SANDERSON et al., 2000). Alongside with CPA, the enzymes
display an important role in autophagy and differentiation of promastigotes of the parasite to
infective megacycles (WILLIAMS et al., 2006). Recent studies have shown that LmCPB is

responsible for cleaving host cell proteins and for causing modifications in cell signaling and
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function of the immune system. This occurs in the promastigote and amastigote stages of the
parasite (ABU-DAYYEH et al., 2010).

LmCPB is the recombinant form of the amastigote specific isoform CPB2.8, lacking the
C-terminal extension, denominated CPB2.8ACTE. The enzyme is a typical cathepsin-L-like
endopeptidase (DE LUCA et al., 2018). LmCPB is also expressed as a pro-enzyme, and it has
two domains structure with a catalytic triad consisting of a Cys26, His164, and Asn184.

This enzyme has only one high resolution X-ray crystallography structure so far. The
structure was obtained by the NEQUIMED/IQSC/USP group and co-workers of the University
of Nottingham, in which an azanitrile inhibitor is covalently bound to the enzyme. The structure
was deposited in the PDB databank with the ID code 6P4E.

LmCPB has only five inhibitors reported in the ChEMBL database, due to that, new

studies of this enzyme can have immense contribution in the medicinal chemistry field.

1.1.3. Cathepsin Family

The cathepsin family is constituted by 11 members, in which the majority are
endopeptidases being all synthesized as zymogens in the human genome. They present a two-
domain structure and are also part of the papain-family (KRAMER; TURK; TURK, 2017).

The human cathepsins play chief roles in tumor progression, cardiovascular diseases,
osteoporosis and arthritis, neurodegenerative diseases and obesity, making them attractive as
drug targets (DENNEMARKER et al., 2010; OLSON; JOYCE, 2015; STONE et al., 2019).

The hCatL is an endosomal/lysosomal CP one of the most expressed cathepsins, which
plays a vital role in degrading intracellular proteins. Like the other cathepsins, the enzyme is
synthesized as a zymogen, and it is activated in an acidic pH (POREBA et al., 2018). It is known
to be involved in tumor invasion and metastasis for many types of cancers like ovarian, breast,
prostate, lung, gastric and pancreatic (DENNEMARKER et al., 2010; QUILLES JR et al., 2019;
TABISH et al., 2019),

hCatK is predominantly expressed in osteoclasts. It is a therapeutic target for bone
diseases, such as osteoporosis (STONE et al., 2019; ZAIDI et al., 2001). The hCatK are also
involved in atherosclerosis and cancer (MULDER et al., 2014). One of the most promising
substances that act as an inhibitor of hCatK is Odanacatib (Figure 5) that has reached phase 111
clinical trials (MULLARD, 2016). Another promising drug is the MIV-711 (K; = 0.98 nM) a

candidate for the treatment of atherosclerosis developed by the Medivir company. The drug has
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yet no chemical structure published, and it is currently on phase Il of clinical trials
(CONAGHAN et al., 2018; LINDSTROM et al., 2018).

hCatS is a lysosomal enzyme linked to the modulation of the immune response. It has
57 % of identity with hCatL and hCatK but differs with these enzymes by its preference for
neutral and slightly basic pH (MCGRATH et al., 1998). hCatS is a therapeutic target for several
types of diseases such as multiple sclerosis (FOTI CUZZOLA et al., 2012), psoriasis
(AINSCOUGH et al., 2017) and obesity (CHEN et al., 2018). Many inhibitors of this enzyme
are in clinical trials; the inhibitor VBY-891, for example, has undergone phase I studies, with

positive safety feedback. The structure of this substance is not yet published.

Figure 6: The dipeptidyl nitrile Odanacatib structure, a covalent reversible inhibitor of the human
cathepsin K.
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Source: Adapted from MULLARD, A. Merck & Co. drops osteoporosis drug odanacatib. Nature
Reviews Drug Discovery, v. 15, n. 10, p. 669-669, out. 2016.

The human cathepsins L, K, and S, share a high degree of structural homology, with a
similar active site region (Figure 6). The sequence forming the S1 subsite for all the three
cathepsins is precisely the same, with small changes in their shapes. The S2 and S3 subsites are
less conserved. The S2 subsite for hCatL and hCatS have a deep binding pocket, while hCatK

has a small S2 pocket. The three CPs have a preference for hydrophobic residues.
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Figure 7: Crystallographic structure representation of the cathepsins L, K, and S subsites. The PDB ID
codes for the enzymes are 2Y2J, 4X6H, and 30V X, respectively.
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Source: Adapted from CIANNI, L. et al. Can Cysteine Protease Cross-class Inhibitors Achieve
Selectivity? Journal of Medicinal Chemistry, 30 jul. 2019.

1.2. Covalent Reversible Inhibitors

The CPs are effectively modulated by several classes of covalent inhibitors (CI) due to
the presence of the active Cys residue of the enzyme, which facilitates nucleophilic attack to a
susceptible electrophile. Examples of successful drugs that act through a covalent mechanism
are aspirin and omeprazole (ABRANYI-BALOGH et al., 2018; SINGH et al., 2011).

ClI possesses many advantages over non-covalent compounds, such as high affinity that
can be translated into lower and less frequent dosing with decreased potential for off-target
effects. Covalent drugs also result in long residence times on the target, which can lead to
prolonged action (ABRANYI-BALOGH et al., 2018; DE CESCO et al., 2017; SMITH et al.,
2009).

Covalent inhibitors can bind to the enzyme reversibly or irreversibly, depending on the

rate of the reverse reaction (Figure 8).
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Figure 8: Generic mechanism in two-step played by covalent inhibitors, where E is the target enzyme, |
is the inhibitor, E.I is the reversibly bound enzyme-inhibitor complex, and E-I is the formation of a
covalent bond between the target and inhibitor.

Ki k2
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Source: Adapted from STRELOW, J. M. A Perspective on the Kinetics of Covalent and Irreversible
Inhibition. SLAS DISCOVERY': Advancing Life Sciences R&D, v. 22, n. 1, p. 3-20, Jan. 2017.

The K; (inhibition constant) is the noncovalent binding constant that tells how strong the
affinity of the inhibitor for the target is. Reversible covalent inhibitors have a finite value for
the constants kz and k-, as for irreversible inhibitors, the k> will be virtually zero (BAILLIE,
2016; SINGH et al., 2011). For the therapeutic field, reversible inhibitors are more interesting
than irreversible ones, due to the high toxicity that sometimes comes along with irreversible
drugs.

Cl has an electrophilic center responsible for binding to the enzyme known as a
warhead. The warhead modulates affinity, selectivity, and the mechanism of inhibition, being
an essential moiety for the recognition of the molecule by its target. A wide range of functional
groups can be used as warheads (SILVA et al., 2017).

In the present work, a nitrile moiety was used as a warhead. Nitriles are of abundant
interest due to its countless versatility, related to the short and polarized triple bond, which
makes it possible to go into deep clefts (BERTEOTTI et al., 2014), displaying as well, good
metabolic stability (FLEMING et al., 2010). The interaction of this moiety with the CPs
involves the sp carbon of the nitrile that will form a reversible covalent bond with the Cys thiol.

A class of inhibitors called dipeptidyl nitrile was used in this work, these compounds
are known to be CPs inhibitors for decades, presenting good inhibitory activity and selectivity
(AVELAR et al., 2015; OTTO; SCHIRMEISTER, 1997).

A dipeptidyl nitrile scaffold (Figure 9a) was designed considering the recognition sites
for proteolytic enzymes. The aim was to determine which variations in P1, P2, and P3 (Figure

9b), lead to a higher affinity with the targets.
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Figure 9: (a) Dipeptidyl nitrile scaffold with the nitrile group as a warhead. (b) Neq0570 and the mode
of interaction with the binding site of the CP.
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The substances used in this work will be analyzed by their affinity, through the analysis
of the structural-activity relationship and by comparison between the dot structure

modifications in pairs of molecules.

1.3. Structure-Activity Relationship

Drug discovery is a multidisciplinary area, in which compounds need to be optimized
for several reasons, which includes affinity improvement, bioavailability, safety, among other
properties before they become a promising drug candidate. One way to optimize compounds is
by using structure-activity relationship (SAR) analysis.

SAR is the relationship between the chemical or 3D structure of a molecule and its
biological activity. SAR is a fundamental analysis in drug discovery, from primary screening
to lead optimization and can be divided into two groups — those based on regression models
(QSAR) and those based on physicochemical approaches (GUHA, 2013). An understanding of
the SAR for a set of compounds, allows one to elucidate the chemical space of the desired
molecule and use that information for further optimization regarding physicochemical
properties or activity/selectivity index (GUHA, 2013; WAWER; BAJORATH, 2011).

In a research conducted by the NEQUIMED/IQSC/USP group at the University of Sdo
Paulo (USP), a SAR study was conducted for some Cz inhibitors. Several structural
modifications at the P2 and P3 positions were performed in a dipeptidyl nitrile scaffold (Figure
10). The modifications led to a compound with over 100 fold higher affinity toward Cz than the
prototypical compound, providing information about the enzyme preferences in the S2 and S3
pocket (AVELAR et al., 2015).
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Figure 10: Structural representation of a dipeptidyl nitrile as cruzain covalent reversible inhibitor used
for SAR studies, with the positions were structural modifications occurred market as blue (P2) and red
(P3) in the molecule structure.

Neq0409 pK, = 6.3

Source: Adapted from AVELAR, L. A. A. et al. Molecular Design, Synthesis and Trypanocidal Activity
of Dipeptidyl Nitriles as Cruzain Inhibitors. PLOS Neglected Tropical Diseases, v. 9, n. 7, p.
€0003916, 14 Jul. 2015

1.4. Matched Molecular Pair Analysis (MMPA)

MMPA is a concept that seeks to evaluate substances properties associated with a single
located structural change, as exemplified in Figure 11 (GRIFFEN et al., 2011). The substructure
shared between MMP partners is called key fragment, and the substructures that are different
are called value fragment. If this change in the affinity, commonly expressed as pK; values,
corresponds to be equal or higher than 2.0 log units, matched molecular pairs (MMPs) are called
activity cliffs. If no meaningful change (ApKj = 0.2 log units) is present, such pairs are called
bioisosteres (FUCHS et al., 2015; KRAMER et al., 2014; STUMPFE; BAJORATH, 2012).

Figure 11: MMPA for two dipeptidyl nitrile inhibitors of Cathepsin B, where a change, shown in red,
for the compound (1) from the compound (2), in orange, exhibit a difference in the activity of 1.0 log
unit.

N
H H
O 1) pK;=5.9 O @ pK.=6.9

Source: Adapted from SCHMITZ, J. et al. Cathepsin B Inhibitors: Combining Dipeptide Nitriles with
an Occluding Loop Recognition Element by Click Chemistry. ACS Medicinal Chemistry Letters, v.
7,n.3,p. 211-216, 10 Mar. 2016.
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The relationships between MMPs may be simple, as a hydrogen atom change for a
chlorine atom, or more complex involving a significant change in some part of the molecule
(BIRCH et al., 2009). Despite the structural changes, MMPA results also depend on the
chemical environment. The chemical properties of an atom/group can have a pronounced
impact on the effect of the chemical transformation (KRAMER et al., 2014; PAPADATOS et
al., 2010)

A crucial role of the MMPA is its use in the optimization of molecules aiming to obtain
a relationship between structure and activity (SAR), having an advantage of dealing directly
with measured data, providing clear understanding and interpretation of the results (GRIFFEN
etal., 2011).

In the present work, the affinity of a large number of inhibitors was determined using
a fluorimeter, in which the pK; values were obtained. We were able to use similar protocols for
the five CPs making a fast and efficient determination of the constants.

Furthermore, a study using the differential scanning calorimetry (DSC) technique was
performed with Cz. The technique allows one to identify the temperature in which the protein
is 50% in the folded form and 50% unfolded (Tm) by heating the protein solution at constant
pressure. Along with the Tm determination, the ACp and AH of the process of unfolding are
also determined. Therefore, the thermal stability investigation of Cz was performed in the
presence of some of the bests inhibitors in this work, using DSC, seeking to evaluate the

magnitude of stabilization (ATm) of the Cz structure when incubated with the ligands.
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2. OBJECTIVES

The main goal of this work is to evaluate the affinity of 22 covalent reversible inhibitors
with a dipeptidyl nitrile scaffold against five cysteine proteases of the papain family, being two
from parasites and three from mammalians. Additionally, characterize the thermal unfolding of
cruzain, as well as to evaluate the thermal stabilization of its structure in the presence of

different ligands by differential scanning calorimetry (DSC).

2.1. Specific Objectives

I.  Determine the inhibition constants (K;j) for a range of covalent reversible inhibitors
against cruzain, LmCPB, and hCatL using a fluorimetric technique.
Il.  Select some inhibitors based on their structures similarities with a pK; equal or higher
than 7.0, which are going to be tested against hCatS and hCatK.
[1l.  Analyze the chosen compounds relating their structures and activities with the five CPs.
IV.  Study the thermal unfolding of cruzain.

V.  Study the thermal unfolding of cruzain in the presence of ligands.
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3. MATERIAL AND METHODS

The enzymes cruzain and LmCPB were expressed in the NEQUIMED/IQSC/USP
laboratories by Ms. Fabiana Rosini and Dr. Jean F. R. Ribeiro, respectively. The synthesis of
the inhibitors used in this work was performed by Ms. Lorenzo Cianni, Dr. Daniela de Vita,
and Dr. Anwar Shamin.

All reagents and solvents were purchased from the companies Sigma-Aldrich, Combi-
Blocks, and Bachem. No prior procedures of purification were performed. The human enzymes
Cathepsin-L, Cathepsin-S, and Cathepsin-K, were purchased from the companies Sigma-
Aldrich and Enzo Life Sciences.

The computer software used to analyze the fluorimeter (spectroscopic technique) and
the DSC data were the Microsoft Excel, Gen5™Biotek®, SygmaPlot 10, Origin 8.5 and Nano
Analyze.

3.1. Enzyme Kinetics Assays

The assays were conducted with the fluorimeter equipment Biotek Synergy HT system,
in which the rate of hydrolysis of the fluorogenic substrates Z-Phe-Arg-AMC (Sigma-Aldrich/
Combi-Blocks) and Z-Leu-Arg-AMC (Bachem) were monitored for five enzymes. Different

protocols were used in the assays, as reported below.

3.1.1. Determination of the Michaelis constant (Kwm) for Cruzain, LmCPB,
and hCatL

The enzyme kinetics assays were done at 25 °C using a 96-well black microplate
(Corning®) with an excitation wavelength of 360 nm and an emission wavelength of 460 nm.
The enzymes were activated with an assay buffer 100 mM sodium acetate pH 5.5, 300 mM of
NaCl and 5 mM of EDTA (Sigma-Aldrich), containing 7 mM DTT (Sigma-Aldrich), 0.014 %
of Triton X-100 (Sigma-Aldrich), in an ice bath between 15-20 minutes, depending on the
enzyme. The concentrations used for the enzymes were 0.15 nM, 7 nM and 1.9 nM for cruzain,
LmCPB and hCatL (Sigma-Aldrich/Enzo Life Sciences), respectively. The reaction rate was
followed for 5 min in the fluorimeter, in which the rate of hydrolysis of the substrate Z-Phe-

Arg-AMC was monitored. It was used a final concentration of DMSO (Sigma-Aldrich) of 5 %



27

(10 pL) in each well. The assays were performed in triplicates. It was used eight different

substrate concentrations, prepared with a 0.5 dilution factor.

3.1.2. Determination of the Michaelis constant (Kw) for hCatK

Human recombinant Cat-K (Enzo Life Sciences) was assayed at 25 °C using a 96-well
black microplate with an excitation wavelength of 360 nm and an emission wavelength of 460
nm. The enzymes were activated at 37 °C (SANYO CO incubator) for 30 minutes in the assay
buffer 100 mM sodium acetate pH 5.5, 300mM of NaCl and 5 mM of EDTA, containing 7 mM
DTT, 0.014 % of Triton X-100. The concentration of the enzyme was 0.15 nM. The reaction
rate was followed for 5 min in the fluorimeter, in which the rate of hydrolysis of the substrate
Z-Leu-Arg-AMC was monitored. It was used a final concentration of DMSO of 5 % (10 pL) in
each well. The assay was performed in triplicates. It was used eight different substrate
concentrations, prepared with a 0.5 dilution factor.

3.1.3. Determination of the Michaelis constant (Kw) for hCatS

Human recombinant Cat-S (Enzo Life Sciences) was assayed at 25 °C using a 96-well
black microplate with an excitation wavelength of 360 nm and an emission wavelength of 460
nm. The enzymes were activated with an assay buffer 100 mM sodium citrate pH 6.0, 50 mM
of NaCl and 2 mM of EDTA, containing 7 mM DTT, 0.014 % of Triton X-100, and it was then
incubated at 37 °C for 60 minutes. The concentration of the enzyme was 1.12 nM. The reaction
rate was followed for 5 min in the fluorimeter, in which the rate of hydrolysis of the substrate
Z-Phe-Arg-AMC was monitored. It was used a final concentration of DMSO of 5 % (10 pL) in
each well. The assay was performed in triplicates. It was used eight different substrate

concentrations, prepared with a 0.5 dilution factor.

3.1.4. Determination of the inhibition constant (K;) for cruzain, LmCPB,
hCatL, hCatK, and hCatS

The inhibition constants were determined through an indirect test, in which substrate
and inhibitor are in the same solution of the enzyme. It was used a competitive inhibition
protocol; the experiment was already done by previous members of the
NEQUIMED/IQSC/USP group (CIANNI et al., 2018).
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For enzymes activation steps and enzymes concentrations, it was used the same protocol
described above (section 3.1). The substrates concentration used in the assay was fixed and
equal to the Kw, so [S] = Kwm.

The initial concentrations of the inhibitors varied from 50 to 0.01 uM, in which seven
solutions were prepared in DMSO with a 0.5 dilution factor. Negative control was performed
with DMSO. The experiment was done in triplicates. The final concentration of DMSO in each
well was 5 %.

The inhibitors were incubated with the enzyme solution for 2 minutes before the reaction
started by the addition of the substrate.

The apparent inhibition constant of the inhibitors was calculated using a non-linear
adjustment of the data, where vs. is the steady-state velocity, vo is the velocity in the absence of

inhibitor and [1] is the inhibitor concentration.
Vo .
Vs = =31 Equation 2

KPP

The actual inhibition constant Ki was determined by the correction of Ki®P, using the
Cheng and Prusoff (YUNG-CHI; PRUSOFF, 1973) equation. Substrates concentrations were

equal to the Kwm value.

K;app K;app .
K=—w - K= . Equation 3

[S]
1+m

The assays were conducted, if necessary, until a higher concentration of 50 uM for weak
inhibitors. When the pKi value was lower than 5.0 the results were displayed as a percentage of
inhibition, which is equal to the RFU s obtained for the highest inhibitor concentration divided
by the RFU s obtained for the blank sample.

3.2. Differential Scanning Calorimetry Assay

The thermal stability assay was carried out for cruzain. The Tm, temperature in which
half of the protein is in the folded and unfolded form, were determined along with the AHTm.
The experiment was performed in a differential scanning calorimetry- Nano DSC of the TA
Instruments. The instrument consists of two cells with a 600 uL of capacity, being one for the

sample solution and the other for the reference.
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3.2.1. Cruzain Reversibility Assay

Cruzain was thawed at room temperature for approximately 5 minutes. After that, the
protein was added in a dialysis membrane (Amicon Ultra) of 15 mL and 10 kDa, along with a
buffer solution of 100 mM sodium acetate, 300 mM of NaCl and 5 mM of EDTA pH 5.5and 1
mM of B-mercaptoethanol (Sigma-Aldrich). The solution was centrifuged (Eppendorf 5804R)
at 4500 rcf at 4 °C for 35 minutes. Afterward, the solution was transferred to a micro centrifuge
tube and kept on ice. The Cz concentration was measured in mg mL™ using a DeNovixDS-11+
spectrometer; the measurement was repeated three times.

The samples for the reversibility assay were prepared with a final volume of 1000 pL.
The sample solution was prepared with a Cz concentration of 30 uM (0.7 mg mL™), acetate
buffer pH 5.5, 0.014 % v/v of Triton X-100, and 5 % of DMSO. The reference cell was prepared
with the acetate buffer pH 5.5, 0.014 % v/v of Triton X-100, and 5 % of DMSO. Both samples
were degassed for 5 minutes before being added in the equipment cells.

The experiment was performed with sequential scans at 3 atm and with a rate of 2
°C/min. First, the sample was heated from 0 to 90 degrees, then it was cooled to 0 °C and again

heated to 90 °C. The experiment was performed in duplicates.

3.2.2. Thermal stability of cruzain with different ligands

The dialysis of the protein was made in the same way described before. The samples
were prepared with a final volume of 1000 pL. The sample solution was prepared with a Cz
concentration of 30 uM (0.7 mg mL1), acetate buffer pH 5.5, 0.014 % v/v of Triton X-100, 5
% of DMSO and with a ligand concentration of 120 uM. The reference cell was prepared with
the acetate buffer pH 5.5, 0.014 % v/v of Triton X-100, and 5 % of DMSO. Both samples were
degassed for 5 minutes before being added in the equipment cells.

The blank was made for all the compounds, where the protein was removed from the
sample cell. The experiment was performed in duplicates.

The experiment was performed with a single scan at 3 atm and with a rate of 2 °C/min,

where the samples were heated, ranging from 0 °C to 90 °C.
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4. RESULTS AND DISCUSSION

4.1. Kinetic Characterization of Dipeptidyl Nitriles

In order to evaluate the activity of the five CPs, the Km and Vmax Were determined
through the Michaelis-Menten equation. In the assays, two different substrates were used, the
Z-Phe-Arg-AMC and Z-Leu-Arg-AMC (Figure 12). Both substrates are fluorogenic due to the
presence of a coumarin moiety. Through a hydrolysis reaction, the substrate is cleaved by the

enzyme which releases the 7-amino-4-methylcoumarin fluorescent group.

Figure 12: Structures of the substrates Z-Phe-Arg-AMC (a) and Z-Leu-Arg-AMC (b) with their
structural differences highlighted in red at the P2 position. The guanidine group (pKa = 12.5) of the
arginine, present in both substrates, is protonated under the assay conditions (pH = 5.5).

Source: Own author

For Cz, LmCPB, hCatL, and hCatS the substrate Z-Phe-Arg-AMC was used, while Z-
Leu-Arg-AMC was used for hCatK. The main reason for the use of the two substrates lays in
the differences in the S2 pocket of these CPs. Cz, LmCPB, hCatL, and hCatS have a deep mainly
hydrophobic S2 pocket. So, the Z-Phe-Arg-AMC bearing Phenylalanine in P2 has moderate to
high affinity for these CPs. On the other hand, hCatK has a smaller S2 pocket and it privileges
Leucine or Isoleucine as amino acid in P2.

The protocols also varied in the time and temperature of activation, for Cz, LmCPB, and
hCatL the activation occurred in an ice bath in an interval of 10 to 20 minutes. hCatK and hCatS
were activated at 37 °C taking about 30 to 60 minutes (FRIZLER et al., 2011).

Two different pHs were used in the assays, one being pH 5.5 and the other 6.0. Because
the activation of Cz, LmCPB, hCatL and hCatK occurs in slightly acidic media, the pH chosen
for the assays was 5.5. hCatS have an optimum pH between 6.0 and 7.5, so the pH 6.0 was
chosen for the assays (TURK et al., 2012).
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The Michaelis-Menten plot was obtained for the five CPs having the rate of the reaction

(umol gt s1) in the y-axis and concentration (uM) in the x-axis, as shown in Figure 13 for Cz.

Figure 13: Velocity plot as a function of Z-Phe-Arg-AMC concentration for cruzain fit in the Michaelis-
Menten equation.
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The Km and Vmax obtained for all the CPs are shown in Table 1, every assay was done

in triplicate and at least twice. The plots can be seen in Appendix A.

Table 1: Km and Vmax results for the five CPs obtained through the Michaelis-Menten equation. The
experimental Kwu results showed at BRENDA? website for Cz is 1 to 3 uM; LmCPB 5 to 17 uM; hCatL
= 0.7 to 6 uM; hCatS = 14 to 42 uM; hCatK is 1.5 t0 4.6 uM.

Enzyme Km (LM) Vmax (umol gt s?) Keat (s Keat /[Km (M 1)
Cruzain ® 1.8+£0.2 7.4+0.6 0.2+0.01 11.1x10*
LmCPB® 6.7+0.9 81+85 2.1+0.22 31.3x10*
hCatL* 3.3+0.2 11+0.8 0.3+0.02 9.1x10*
hCatS ¢ 37+05 46+15 0.1+0.04 0.3x10*
hCatK ¢ 1.7 £0.07 2.2+0.7 0.06 + 0.01 3.5x10*

2https://www.brenda-enzymes.org/

® Results obtained through the average of four measurement
¢ Results obtained through the average of three measurement
d Results obtained through the average of two measurement



32

From the Km and Vmax, it is possible to calculate the kcat and the kcat/Km ratio. The less
efficient enzyme in the assay conditions is hCatS. This enzyme has a high Ku value, which
indicates a lower affinity for the substrate. The turnover number (kcar) and the ratio kca/Km for
hCatS were the lowest among the enzymes, indicating the low efficiency in hydrolyzing the
substrate. Indeed, hCatS has a preference for branched hydrophobic residues in the S2 subsite
(CHOE et al., 2006). As for the other CPs, keat and keat/Km exhibit satisfying results with high
conversion rates of the substrates.

Having obtained the Kwm values for the five enzymes, the inhibition assays were
performed with a wide range of covalent reversible inhibitors. In the inhibition assays, the
compounds were incubated with the enzyme in which the substrate solution is subsequently
added. The substrate will try to displace the inhibitor from the active site of the enzyme by a
displacement mechanism. As soon as the inhibitor is displaced, the substrate will be hydrolyzed
by the enzyme, and the fluorescence signal will be observed. The higher the inhibitor affinity
for the enzyme, the lower the observed fluorescence signal. The fluorescence signal has units
of velocity (RFU s) and was plotted against different inhibitors concentrations (mol L) as
shown in Figure 14 for the compound Neq0570. The inhibition constant K; was obtained from
equation 2 through a nonlinear fitting and was then converted to pKi (- logio = K;j). The higher
the pK; the greater the affinity of the compound for the target.

Figure 14: Inhibition curve obtained for the prototypic compound Neg0570 against Cruzain in the
presence of the substrate Z-Phe-Arg-AMC.
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Twenty-two compounds were selected for the inhibition assays with the five CP in
which their pKjvalues and structures are presented in Table 2. Compounds bearing a pyrazole
group in the P3 position were chosen to evaluate the influence of this group in the bimolecular
recognition process. The trifluoro ethylamine group in P3/P2 was also chosen, as they are
derivatives of Odanacatib and BaCz007. Compounds with a sulfonamide in P3 were selected
to evaluate if this class of compounds is an acceptable bioisostere to replace the amide bond in
P3/P2. Lastly, pairs of compounds with different structural groups in P1 were selected to map
the S1 and S1° subsites, since little is known about these interactions.

In addition to the 22 compounds selected, a total of 130 compounds were tested against
Cz, 110 against LmCPB and 82 against hCat-L. These inhibition studies were perform in
collaboration with other members of the NEQUIMED/IQSC/USP group.

4.2. MMP/SAR analysis of a series of dipeptidyl nitriles

The chosen compounds are dipeptidyl nitrile that acts as reversible covalent inhibitors

and displays a competitive mechanism of inhibition (AVELAR et al., 2015).

Table 2: Inhibitors chosen for the SAR and bio calorimetric studies with the pK; values for the five CPs,
as well as their molecular structures. Protozoa CPs are black colored and mammalian blue-colored.

Structure pKi (Cz) pKi pKi pKi pKi
(LmCPB) | (hCatlL) (hCatK) (hCatS)
Neq0533.1
o 5 N 73+0.01|71+£0.01 | 82+0.01% | 6.5+0.03% | 6.8+0.072
bz
e
\
N’N\ (e}
Neq0569.2
o)
ﬂ N 178+001|73+004| 76+0.012 | 83+0.22 | 7.4+0.032
SN K
N’N\ (0]
Neq0570
P NN 6.7+001|66+001| 74+0.03 | 6.4+0.02 | 7.3+0.01
©)LN B K
H o
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Neg0635.1 .
F
H N 73+£0.02|69+002 |74 £0.05 |64 +£0.02 | 7.6 £0.02
(STNTS) K
H oo
Neq0641 F\T/F
N 5 N 73+001|73+0.03| 6.6+0.03 | 7.1+£0.01 7.2+0.05
Neq0642 e r
81+001|77+005| 6.1+£0.03 | 79+£0.03 6.9 + 0.03
(S) N (S) 5
Neq0643.1 F
H N + + + + +
P S N@/// 8.7+£0.03|86+0.02 | 88+0.03 | 8.6+0.01 8.7 +0.06
H :
(e}
Neqg0818
73+0.01|68+005| 7.7+0.02 | 7.2+£0.04 8.0 +0.03
(S)
Neq0819
©)LN7§’(\ 74+003|71+£002| 74005 | 7.1+£0.02 7.4 +0.03
Neq0831
7.0+0.07|70+0.06 | 6.4+0.02 | 6.8+0.03 7.4 +0.03

O /,




35

Neq0838
0. 0 y N 68002 68+002| 65+001 | 6.6+0.07 | 7.0£0.02
O \S*N (s) N Z -
o
Neq0865 Cl
6.9+£001|6.2+002 | 7.3+0.03* | 62+0.072 | 7.7+0.12
Q H
N7s)
H (6]
Neq0866 a
/ N | 74%004 67001 | 86+0.05 | 6.4+0.07%| 6.7+0.12
-N
N
Neq0866.1
e 6.3£0.03 | 6.1+0.03 | 6.9+0.01% | 56+0.04% | 59+0.052
Neq0877 T
o] H //N
%{:ﬁ” = ﬁ@ 724005 | 6.8+0.04 | 81+0.04% | 6.0+0.03% | 65+0.05°
.
Neqg0922
e
WN (s Rj{ 794001 |7.7+£001 | 7.2+0.03 | 7.8+0.02% | 7.3+0.012
N=

©




36

Neqg0925
(o]
F
F SNy S 74+003|73+001| 7.6+007 | 70+0.03 | 7.4+0.02
\ H
F N’N (o] B
N \T::]
Neq0937
(@] H N
Wﬂ SN2 772002 | 782001 | 855003° | 635005° | 7320042
N—N\ 0 - :
Neq0940
H N
A N\,/ 75+0.06 | 7.4+0.02 | 83+0.02% | 6.7+0.042 | 6.9+0.082
T\I’N H O Y
Neq0942
(o]
WN S \( 714004 | 6.7+001 | 7.0+0.03% | 7.8+0.022 | 50+0.12
\ (R
N-N_
Neq0952
o e 65+0.02 | 6.4+0.03 | 7.0+001% | 6.0+0.042 | 6.0+ 0,052
Neq0954
N 2N
S Ny e 75+0.02 | 7.2+0.01 | 83+001% | 65+0.042 | 7.2+0.062
N-N o i
|
>N

2 Kinetics assays performed at the University of Bonn (Germany). The same protocol was used for the
determination of the pKis.

The MMP/SAR analysis considered the differences in affinity related to a structural
change, defined as ApKi. The ApKiis calculated through the differences in affinity between two

molecules (e.g., ApKi = pKi [Neq0569.2] — pKi [Neq0533.1]). ApKi values lower than 0.2 log
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units were considered not significant for affinity. For selectivity, a ApKi equal or higher than
1.0 log units was considered significant. Therefore, 8 compounds with different substituents at

the P1, P2, and P3 positions and different stereochemistry were evaluated in Figure 15.

Figure 15: MMPA of Neq0533.1 with seven compounds with ApK; values corresponding to structural
modifications targeting five enzymes. Positive modifications are shown in green, negative in red, and
when no significant difference was observed in grey. Modifications in P1 are highlighted as orange, P2
blue and P3 red.
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The structural modification at the P3 position changing the 3-(tert-butyl)-1-methyl-1H-

pyrazole (Neq0533.1) for the phenyl group (Neq0570) led to a loss in affinity for almost all the
CPs, except for hCatS. Changing the 3-(tert-butyl)-1-methyl-1H-pyrazole for the phenyl
brought a significant decrease for hCatL affinity due to the methyl in the 3-(tert-butyl)-1-
methyl-1H-pyrazole group, which is able to perform van der Waals interactions with the Leu69
residue in the S3 pocket of hCatL (ASAAD et al., 2009). As for hCatS, the Phe70 residue in
the S3 pocket can possibly perform n-m stacking interactions with the phenyl ring of the
inhibitor without having enough space to accommodate the bulkier 3-tert-butyl-N-methyl-
pyrazole group (JADHAV et al., 2014).

Modification in P2 changing a Phe (Neq0533.1) for a Leu (Neq0569.2) led to a gain in
the affinity for four of the CPs, with the highest change observed for hCatK (+1.8 log units).
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hCatL was affected as expected due to the preference of this enzyme for aromatic residues in
the P2 position.

Structural modifications in P1 take into account five compounds. Not surprisingly, the
(S) configuration of the moiety in P1 was favored rather than the (R) configuration, as also
observed in a recent study for amino acids in P2 (AVELAR et al., 2015). The substitution of
the cyclopropane to the (S)-benzyl (Neq0937) raised the affinity for all CPs. However, when
the (R) configuration (Neq0866.1) was analyzed, a considerable loss in affinity occurred. The
exchange of the cyclopropane for the iso-propyl (Neq0940) did not lead to any particular
improvement.

The modification from the cyclopropane to the pyridine group (Neq0954), maintains
the affinity for all the CPs. Despite no significant change, pyridine is a fascinating group in the
medicinal chemistry field. The pyridine raises the solubility of the inhibitor without modifying
the main hydrophobic interaction with the target protein.

Other structural modifications at the P1 position were investigated among pairs of

compounds, as shown in Figure 16.
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Figure 16: MMPA with ApK; values corresponding to structural modifications in the P1 position
targeting five enzymes. Positive modifications are shown in green, negative in red, and when no
significant difference was observed in grey. Modifications in P1 are marked as orange.
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The modification in P1 for Neq0942 to Neq0922 brought significant changes in affinity
for Cz, LmCPB, and hCatS, especially for hCatS, for the latter we observed an activity cliff
with an improvement in affinity over one hundredfold. hCatS, Cz, and LmCPB may not tolerate
hydrogen bond donors as the hydroxyl group in the threonine, while showing a preference for
hydrogen bond acceptors and large hydrophobic moiety as the protected benzyl threonine (Thr-
O-Bn) in Neg0922. It is important to point out that the Thr-O-Bn moiety is interacting with the
S1’ subsite of the CPs and not the S1. The Thr-O-Bn is a large and flexible group and thus have

a different mode of interaction leading to the S1’ pocket.
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For Neq0877 and Neq0866, no significant change in affinity occurred for the five CPs
when the Thr-O-Bn was changed to the smallest cyclopropane moiety. Probably the loss of S1°-
P1 interaction is counterbalanced with the higher electrophilic character of the carbon on the
nitrile due to its interactions with the cyclopropane. In a medicinal chemist point of view, the
cyclopropane group contains other important features as metabolic stability, small size, and
absence of stereogenic centers (TALELE, 2016).

The effects described above were detected as well for the sulfonamides Neq0838 and
Neq0831, in which the substitution of the cyclopropane group to a benzyl group led to no
meaningful differences in affinity.

The greatest improvement in affinity was observed when the non-peptidic pairs
Neq0635.1 and Neq0643.1 were analyzed. The modification of a cyclopropane to a benzyl
group led to over one log unit increase in affinity. An activity cliff was observed for hCatK,
with over one hundredfold of gain in the compounds’ affinity. For this reason, the inhibitors
will be further analyzed for their chemical properties through a SAR cycle (Figure 20).

Some modifications in the P2 and P3 positions were also analyzed between pairs, as

depicted in Figure 17.
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Figure 17: MMPA with ApK; values corresponding to structural modifications in P2 and P3 targeting
five enzymes. Positive modifications are shown in green, negative in red, and when no significant
difference was observed in grey. Modifications in P2 are marked as blue and P3 as red.
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The transformation at P2 changing the phenyl ring for the 3-chlorophenyl leads to no
significant improvement. When changing the (S)-Phe for the (S)-Leu group a slight increase in
affinity occurred for all the five CPs. hCatK was the enzyme in which the modification affects
more positively due to the preference for a small group in that position.

When taking into account the P3 modifications, the use of the 1-methyl-3-
(trifluoromethyl)-1H-pyrazole group (Neq0925) has brought no significant effect in affinity.
This implies that the substitution of the tert-butyl for the CFs in the 1-methyl-1H-pyrazole
structure influenced negatively the affinity. It was possible to assume that the trifluoromethyl
moiety, due to its high polarity, forced the orientation of the pyrazole in the P3 pocket blocking
hydrophobic interactions with the Leu69. It is important to point out that in all cases when the
3-(tert-butyl)-1-methyl-1H-pyrazole was used a gain in the inhibitors’ affinity was observed.

Stereochemistry differences in pairs, for the P1 and P3 position were evaluated as shown

in Figure 18.
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Figure 18: Analysis of different stereochemistry in MMP with ApK; values corresponding to structural
modifications targeting five enzymes. Positive modifications are shown in green, negative in red.
Modifications in P1 are marked as orange and P2/P3 as blue.
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As discussed earlier, the transformations at P1 lead to a gain of almost 1.0 logarithmic
unit or more, for the 5 enzymes, thereby showing a strong preference for the S configuration.
When analyzing the P2/P3 position, specifically for the trifluoro ethylamine group
configuration, the enzymes did not suffer significant changes in affinity regard of the inversion
of configuration. These results give the opportunity to use both configurations without greater
loss in affinity for CPs. The CF3 group is an interesting group in medicinal chemistry because
it can mimic the C=0 of the peptide bond and bring metabolic stability to the molecule. The
sps hybridization of the atoms in the CFs group allows better orientation of the molecule in the
enzyme’s active Site, improving interactions with the target and thus improving affinity (SANI,;
VOLONTERIO; ZANDA, 2007).

A double transformation cycle was made aiming to identify structural changes that leads
to a gain in the compound’s affinity by analyzing the additivity in the SAR (Figure 19).

Additivity can be evaluated when comparing a ApK; value related to double structural
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transformations of a pair with the sum of the ApK;j values resulted from the pairs of individual
transformations. The additivity analysis considers all the processes that occur when a structural
modification is made in a molecule, such as changes in the types of molecular interactions and
their physicochemical characteristics.

The effects of the structural transformations can be additive, superadditive or
subadditive. A superadditive effect occurs when the ApK; related to more than one structural
transformation is higher than the sum of the pairs ApKi. A subadditive effect occurs when the
sum of the affinities of individual structural transformations are greater than the affinity of the
two structural transformations. The additive effect occurs when the individual structural

transformations are equal to the affinity observed for the two structural transformations.

Figure 19: Nonadditivity in SAR analysis of four compounds where the ApK; values shown are related
to hCatK inhibition. The green arrow represents positive changes in affinity and the grey arrow no
significant change. Blue circles indicate a structural modification in P2 and brown circle in P3.
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Table 3 shows the ApKi for the five CPs related to the figure 19 cycle.

Table 3: ApK; for the four CPs from the SAR analysis of Figure 19, the notation [X — Y] indicates a
structural modification. Diagonal transformation is highlighted in orange

Structural transformation Cz LmCPB hCatL hCatK hCatS
[Neq0570 — Neq0818] +0.6 +0.2 +0.3 +0.8 +0.7
[Neq0570 — Neq0533.1] +0.6 +0.5 +0.8 +0.1 -05
[Neq0533.1 — Neq0569.2] +0.5 +0.2 -0.6 +1.8 +0.6

[Neq0818 — Neq0569.2] +0.5 +0.5 -0.1 +1.1 -0.6
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[Neq0570 — Neq0569.2] +11 +0.7 +0.2 +1.9 +0.1

Strong superadditivity was observed for hCatK in which the sum of the ApKi of the
transformations [Neq0570 — Neq0818] and [Neq0570 — Neq0533.1] was equal to + 0.9 and
the double structural modification to a ApKiof + 1.9. The obtained results demonstrated the
greater influence that substituents at the P2 position have for hCatK. The structural
transformations between [Neq0570 — Neq0818] and [Neq0533.1 — Neq0569.2] displayed
the largest gain in affinity. This gain is related to the structural change of a Phe for the Leu
group in P2 which fits better in the S2 pocket of the enzyme. In addition, the structural changes
in the P3 position demonstrate that the 3-(tert-butyl)-1-methyl-1H-pyrazole has a positive effect
in affinity for hCatkK when combined with the Leu in P2. The 3-(tert-butyl)-1-methyl-1H-
pyrazole can increase the number of interactions between the inhibitor and the target. The S3
pocket of hCatK has a Tyr67 and an Asn61 residue which can form H-bond interactions with
the nitrogen atom on the pyrazole ring.

Cz ApKivalues for the individual structural transformations [Neq0570 — Neq0818] =
+ 0.6 and [Neq0570 — Neq0533.1] = + 0.6 shown in Figure 19 sum up +1.2. The double
structural transformations that correspond to [Neq0570 — Neq0569.2] has a ApK;of +1.1. As
a difference in ApK;j of + 0.2 is considered not meaningful, the results showed that the structural
transformations on Cz have an additive effect. The same effect was observed for LmCPB since
both ApKiwere equal to + 0.7.

hCatL and hCatS displayed effects of subadditivity for the structural transformations
reported in Figure 19.

Alongside with the cycle shown in Figure 19, another double transformation cycle was
made using some of the compounds in Table 2 (Figure 20). We seek to evaluate if there are

additivity effects in the structural transformations between the pairs that lead to Neq0643.1.
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Figure 20: Nonadditivity in SAR analysis of six compounds where the ApK; values shown are related to
cruzain inhibition. The green arrow represents positive changes in affinity, red arrows a negative change
in affinity and grey arrow no change in affinity. Orange circles indicate a structural modification in P1,
blue circles modifications in P2 and brown circle in P3.
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In the Table below, the ApKifor LmCPB, hCatL, hCatS, and hCatK of Figure 20 are
presented.

Table 4: ApK; for the four CPs from the SAR analysis of Figure 20, the notation [X — Y] indicates a
structural modification. Diagonal transformations are highlighted in orange.

Structural transformation Cz LmCPB hCatL hCatS hCatK
[Neq0570 — Neq0818] +0.6 +0.2 +0.3 +0.7 +0.8
[Neq0570 — Neq0631] -0.6 -0.8 -0.6 -0.1 -1.0

[Neq0570 — Neq0635.1] +0.6 +0.3 0.0 +0.3 0.0
[Neq0818 — Neq0635.1] 0.0 +0.1 -0.3 -04 -0.8
[Neq0631 — Neq0635.1] +1.2 +1.1 + 0.6 +0.4 +1.6
[Neq0631 — Neq1031] +15 +1.9 +1.7 +1.0 +15
[Neq0631 — Neq0643.1] +2.6 +2.8 +20 +15 +3.2

[Neq0635.1 — Neq0643.1] +1.4 +17 +1.4 +11  +22
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[Neq1031 — Neq0643.1] +11 +0.9 +0.2 +0.5 + 1.7

The upper part of the cycle consists of a flat SAR because there were no significant
gains in affinity. At the same time, all transformations observed were superadditive. The
structural transformation related to the ApK; of [Neq0570 — Neq0635.1] were below 1.0 log
units. The individual transformation of [Neq0570 — Neq0631] brought a decrease in the
compounds affinities for the five CPs. This loss of almost 1.0 log unit is due to the change in
the P3 position, changing the C=0 bond to the CFz group. In addition, we see that the loss
related to the CF3z group only occurs when the Phe and cyclopropane are at the P2 and P1
position, respectively. The structural modification of [Neq0631 — Neq0635.1] with the change
of the Phe in the P2 position for the Leu and maintaining the CFs group has brought an
expressive increase in affinity of almost 100 times. Therefore, the combination of the CFz group
with the Leu at the P2 position has a positive effect on affinity.

For the lower part of the cycle, which leads to Neq0643.1 from Neq0631, the structural
transformations for the five CPs were all additive as the differences in ApKiwere between +
0.1/0.2 log units, considered insignificant.

Opposed to the first cycle, a massive improvement in affinity was obtained in the second
cycle. One could justify these phenomena by considering that when the CFz is implemented,
the mode of binding (MoB) of the inhibitors change, allowing a better accommodation of P1,
P2 and P3 moieties in the subsites pockets. Indeed, the CF3z moiety raises the affinity of the
inhibitors of about one hundredfold. Modifications at P1 and P2 displayed high gain in affinity
in an additive and subadditive way. These structural modifications lead to the most potent
compound of the work, Neq0643.1. Table 5 shows the physical-chemical properties for the

compounds.

Table 5: Physical-chemical properties of the compounds presented in Figure 20.

Compounds MW (g Mol?)?  H-Bond Donor? H-Bond Acceptor? Log Pom®

Neq0570 319.4 2 3 2.2
Neq0631 387.4 2 6 3.6
Neq0818 299.4 2 8 2.0
Neq0635.1 353.4 2 6 3.4
Neq1031 451.5 2 6 4.8
Neq0643.1 417.5 2 6 4.5

2 Results obtained in the swissadme website, access in 10/07/2019.

As we can see in the Table above, the molecular weight of Neq0643.1 is bigger than

Neg0570 and Neq0631. Compared with Neg0570, the number of atoms that can accept
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hydrogen bond was folded, being one of the possible reasons for the high affinity observed for
the five CPs. The Log P was also higher, making the molecule more lipophilic, a very
desirable characteristic for bioactive compounds. Nonetheless, these properties will need to be
better balanced with cell-based studies.

The five CPs have high affinity for the Neq0643.1, with pK; varying from 8.6 to 8.8.
These results are very optimistic for a bioactive compound due to the high capability to inhibit
all the CPs. At the same time, has brought a surplus characteristic, that is the lack of selectivity

of the molecule.

4.3. Selectivity study amid the five CPs

Selectivity can be a very difficult task to accomplish for CPs inhibition (CIANNI et al.,
2019). In this way, an analysis was conducted to evaluate the selectivity of 22 compounds
(Table 2), considering their affinities for the five CPs. The results obtained for the comparison
between LmCPB x hCatL are shown in Figure 21. The rest of the analysis is shown in the

Appendix B.

Figure 21: Selectivity analysis obtained for LmCPB over hCatL. The compounds in the blue and orange
circles have differences in pK; greater or equal to 1.0 log units.
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The y-axis shows the differences between the pK; values for two enzymes and the x-

axis the average of the pKis. Inhibitors for which CPs have high affinity (x-axis) are placed in
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the right part of the graph. The highest selectivity is observed for inhibitors that are farthest
from zero on the y-axis.

As shown in Figure 21, the compounds are mostly distributed in the negative part of the
graph. This indicates a tendency in selectivity for hCatL. Above the + 1.0 line, only Neq0642
exhibits a selectivity of more than 1.0 log unit for LmCPB. As for hCatL, five compounds
displayed high selectivity for this enzyme with over 1.0 log unit of differences in pKi.

Cz was analyzed (Appendix B) with the cathepsins in which Neq0642 and Neq0942
displayed a difference in pK; of more than 2.0 log units over hCatL and hCatS respectively.
Analyzing the selectivity of Cz with hCatK, Neq0866, Neq0877, Neq0937 and Neq0954, had
greater selectivity for Cz.

For hCatL and hCatS, the compounds showed to be more selective for hCatL, with 7
compounds with differences in pK; greater than 1.0 log unit. As for hCatL and hCatK, the
differences are even greater, having ten compounds with over 1.0 log units of differences in
pKi, in which Neq0866, Neq0877, and Neq0937 displayed more than 2.0 log unit of selectivity
over hCatK.

Finally, the observed selectivity between hCatS and hCatK places most inhibitors close
to the O axis. Nevertheless, most of them have more preference for hCatS. Both enzymes had
two compounds displaying selectivity beyond 1.0 log unit.

In general, mammalian CPs have more affinity for the inhibitors than the protozoan CPs.
Cysteine cathepsins showed high affinity for 15 of the 22 inhibitors studied. The hCatL showed
better affinity/selectivity for eleven inhibitors in which the most relevant were Neq0533.1,
Neq0866.1, and Neq0954, which exhibit similar structures with the 3-(tert-butyl)-1-methyl-
1H-pyrazole in P3 and the Phe residue at P2. The key modifications sit on P1 position, in which
these inhibitors carry different moieties.

On the other hand, the most selective inhibitor among the cathepsins was Neq0942,
displaying a preference for hCatK and hCatL over hCatS of almost 3.0 log units. The most
important feature in Neq0942 structure is the threonine residue at P1, bringing a crucial element
to attain selectivity among the mammalian CPs. Nevertheless, Neq0642 displayed more
selectivity for the protozoan CPs, with over 2.0 log units of difference in affinity. This inhibitor
has a CFz moiety in P3/P2 and a biphenyl at P3, thus, could be explored to achieve selectivity
over mammalian CPs.

With the relationships settled, flanked by compound structures and the enzymes, a
biocalorimetric study was conducted for Cz with the ligands Neq0533.1, Neq0569.2, Neq0570,



49

Neq0635.1, Neq0643.1, Neq0818, Neq0865, Neq0866, Neq0922, Neq0925, Neq0937,
Neq0940, Neq0942, and Neq0954, in which the structures are shown in the table 2.

4.4. Differential scanning calorimetry study

The DSC technique was used to evaluate the thermal stability of Cz with some of the
compounds, which are identified in Table 7.

First, a reversibility study of the thermal unfolding of Cz was performed, seeking to
identify if the process of unfolding is reversible or irreversible. Therefore, sequential scans were
performed in which firstly the native protein solution was heated to 90 °C, cooled and then,
heated again. The result obtained is shown in Figure 22.

Figure 22: Reversibility assay performed for Cz. The blue line corresponds to the first heating scan,
ranging from 0 to 90 °C, the green line corresponds to the cooling scan and the red line to the second
heating process. The peak of the unfolding process is depicted with Tm = 66.4 °C. The scans were done
at 3 atm and with a rate of 2 °C per minute.
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By the sequential scans, it was determined that Cz has an irreversible unfolding due to
the non-appearance of a peak in the second heating scan. This result is in agreement with

previous studies made for papain and other CPs of this family, in which an irreversible
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unfolding was also noticed (SOLIS-MENDIOLA; ROJO-DOMINGUEZ; HERNANDEZ-
ARANA, 1993).
Having established the irreversibility unfolding of the protein, the assay of the native

protein was done to determine its temperature of melting (Tm) (Figure 23).

Figure 23: (a) Raw data before the baseline subtraction where the integration of the area of the peak was
performed. (b) Cruzain unfolding peak obtained after the correction of the blank (buffer-buffer), the
blue line corresponds to the raw data obtained and the red line is the adjustment of the curve using a
Two-State Scaled model. The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3 atm and
a rate of 2 °C/min.
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In the figure above, an endothermic peak was observed being characteristic for proteins
thermal unfolding. The presence of one peak is an indicative of the protein structure
cooperativity. Cz has a two-domain structure and because only one peak appeared in the scan,
both domains unfold cooperatively. At Figure 23(a) the peak begins in a lower stage and
finishes in a higher one due to the heat capacity (Cp) change of the thermal unfolding of the
protein. A positive ACp was observed for Cz with a mean value of approximately + 6.8 kcal
mol™? K. A positive ACp indicates that the Cp of the unfolding state is greater than the folded
state, that is mainly due to the exposure of hydrophobic amino acids of the protein structure to
the solvent molecules (PRABHU; SHARP, 2005).

Calorimetric enthalpy was obtained by integrating the area under the peak before the
baseline subtraction (Figure 23a) and the value corresponds to the enthalpy at the Tm when
there is an equilibrium between the folded and unfolded forms of the protein. The AH®' consists
of endothermic and exothermic contributions correlated to the bonds and interactions disrupted

by the heating process. The AHV" was obtained when the fit of the raw data was done using a
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two-state scaled model (Figure 23b), this fit takes into account the equilibrium constant (Keq)
considering that both forms of the protein are in perfect equilibrium.

In addition, the ratio AH®/ AHV" of the enthalpies was obtained aiming to identify if
the unfolding process of Cz follows a two-state model, without the formation of intermediates.
If AH® is equal to AHV" the unfolding process follows a two-state model, but if AH® were
greater or lower than AHVH the thermal unfolding may occur through the presence of an
intermediate (BRUYLANTS; WOUTERS; MICHAUX, 2005).

The Tm of the unfolding process, the calorimetric enthalpy (AH®') and the Van’t Hoff
enthalpy (AHVH), are shown in Table 6, as long as the AH®/ AHV" ratio.

Table 6: Experimental results of Cz thermal denaturation. All values are an average of four independent
experiments.

Tm (°C) AH® (kcal/mol)  AHVH (kcal/mol) AH®/ AHVH
66.4 £ 0.1 1005 113 +£12 0.9

As shown in Table 6, the ratio AH®®/ AHVH s very close to 1.0 and the standard deviation
of the analysis indicates that both enthalpies can be equal, and the process of unfolding can be
considered of two states with an equilibrium constant equal to 1. So, as the enthalpy values are
close, a thermal unfolding without the presence of intermediates was considered for Cz.

Afterward, the analysis proceeded to the investigation of the thermal unfolding of Cz in
the presence of different ligands (Table 2). The parameters obtained are shown in the Table

below.

Table 7: Experimental results obtained for fourteen compounds when incubated with Cz and analyzed
by DSC. The ATm was obtained by subtracting the Tm of the incubated protein by the Tm of the native
protein. The conditions for the assays were the same used for native cruzain assays with the only
difference being the presence of the ligands. The mean values of the two measurements are presented.

Ligand Tm (°C) ATm AH® AHM AH%/ AHVH
®) (kcal/mol)  (kcal/mol)
Neq0533.1 76.7 10.5 105+ 6 189 £ 13 0.5
Neq0569.2 79.3 13.1 1172 196 +7 0.6
Neq0570 72.5 6.1 115+ 2 133+2 0.8
Neq0635.1 76.4 10.2 107 +6 193+ 12 0.5
Neq0643.1 79.7 13.5 127 £ 15 187 +2 0.7
Neq0818 76.9 10.7 128 + 28 191 +12 0.7
Neq0865 75.0 8.8 68 +2 190 + 22 0.4
Neq0866 76.2 10.0 93+2 185+9 0.5
Neq0922 77.1 10.9 125+ 13 178 £ 11 0.7
Neq0925 76.7 10.5 92+2 190+ 4 0.5
Neq0937 76.2 10.0 75%2 198 + 12 0.4

Neq0940 76.8 10.6 88 +2 202 £12 0.4
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Neq0942 75.8 9.60 77+5 212 +15 0.4
Neq0954 76.6 10.4 74+3 188 +9 0.4

In Table 7 all AH®/ AHYM ratios were lower than 1.0, indicating a shift in the
equilibrium of the process. The Tm values are higher than that obtained for the native protein,
showing that the ligands are interacting with the folded protein, therefore, stabilizing Cz
structure. The positive shift indicates that the equilibrium constant was displaced to the folded
form due to the stabilization of the Cz structure. Because of that, when Cz is bound to the
ligands the thermal unfolding probably occurred through the presence of an intermediate and
the two domains may unfold separately but not independently as only one peak was observed.
Figure 24 shows the Gaussian obtained for Cz bound to Neq0569.2, one that best stabilizes Cz.

Figure 24: Cruzain unfolding peak when incubated with Neq0569.2 obtained after the correction of the
blank (buffer-buffer), the blue line corresponds to the raw data obtained and the red line is the adjustment
of the curve using a Two-State Scaled model. The solution was heated from 0 to 90 °C in acetate buffer
pH = 5.5, 3 atm and a rate of 2 °C/min.
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The ACp for the unfolding of Cz in the presence of the ligands varied between positive
and negative values. A negative ACp characterizes polar solvation (PRABHU; SHARP, 2005)
that was noticed for compounds that have more atoms capable of accepting hydrogen bonds,
being the case for ligands with the CF3 and pyrazole groups.

A positive temperature shift, like the one obtained in Figure 24, is believed to be
proportional to the affinity of a ligand. A plot of pKi versus ATm (Figure 25) was made to
identify a possible correlation among the two parameters.
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Figure 25: Scatter plot correlating affinity (pKi) and thermal stability (ATm) of Cz with fourteen
inhibitors.
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The scattered points suggest a linear trend that, however, should be further investigated.
Neq0570 and Neq0865 which have the lowest pKi values, 6.7 and 6.9 respectively, were the
only ones that present a ATm lower than 10 °C. This may be due to the less quantity of
groups/atoms that are H-bond acceptors in these compounds, making the inhibitors to perform
fewer interactions with the protein when compared with the rest of the ligands.

Most of the ligands have pK;between 7.0 and 8.0, because of that, the ATm did not
suffer significant changes being around 9.5 to 11 °C.

The most potent ligand of the series against Cz, Neq0643.1 (pK; = 8.7) was able to
thermally stabilized Cz structure in 13.5 °C. This molecule has 6 H-bond acceptors
groups/atoms in its structure, different from the other molecules that have between 3 and 4,
being Neq0635.1 the only exception (it has also 6 H-bond acceptors). This may be one of the
reasons for its high affinity and capability to stabilize Cz.

Neq0922 (pKi = 7.9), that has a similar affinity for Cz as Neq0569.2, stabilized Cz
structure two degrees lower than Neq0569.2. Both ligands have the same moieties at the P3 and
P2 positions, but differ in the P1. The ligands must have a different pose when bound to the
enzyme, as Neq0922 have a moiety in P1 that goes to the S1° pocket. Furthermore, Neq0569.2
and Neq0643.1 have almost 1.0 log unit of differences in pKi and their structures lack similarity,
however, they have almost the same ATm. A molecular docking study could be performed to
identify the possible reasons for these results, evaluating the pose that these molecules have

when in the protein’s active site.
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5. CONCLUSION

In this work, we have identified covalent reversible inhibitors with high affinity for
protozoan and mammalian CPs which are involved in different disease states. A high efficient
protocol was implemented to test several reversible inhibitors for a panel of CPs. Structural
modifications in P1, P2 and P3 positions in a dipeptidyl nitrile scaffold were performed and
analyzed through an MMP/SAR analysis.

The P1 position exhibits a preference for the S stereochemistry. A great loss in the
affinity of the inhibitors was observed when the R configuration was employed, independently
of the functional group in that position. Overall, the cyclopropane at P1 was more effective than
the (S)-benzyl, improving the ability of inhibition for the five CPs. The threonine residue at P1
displayed less gain in affinity than the Thr-O-Bn. An improvement in affinity was observed
when using the Thr-O-Bn moiety for Cz, LmCPB, and hCatS, while no change was noticed for
hCatL and hCatK. The Thr-O-Bn moiety in P1 is an attractive group for targeting hCatS
selectively since an increase of one hundredfold in affinity was observed for Neq0922. The (S)-
benzyl at P1 showed to be an interesting group when combined with the trifluoro ethylamine
moiety at the P3/P2 position. When both moieties were used, a gain of more than 1.0 log unit
was observed for the five CPs.

Switching Phe to a Leu on P2, when combined with a phenyl group in P3, an
improvement in affinity for three CPs is observed, with a minor effect on LmCPB and hCatL.
When Leu is on P2 and 3-(tert-butyl)-1-methyl-1H-pyrazole sitting on P3, a high increase in
some CPs affinities is observed, especially for hCatK. Nonetheless, there is a decrease in the
pK; value for hCatL. Therefore, these combinations can be explored to get high affinity and
selective inhibitors for hCatK and hCatL.

In summary, the 3-(tert-butyl)-1-methyl-1H-pyrazole is an attractive group at the P3
position for four CPs. For hCatS, this moiety at P3 brought no gain in affinity being the phenyl
group more compelling for this enzyme. The stereochemistry of the CFz group in P3/P2 brought
an interesting result, in which both configurations were tolerable. A slight preference for the S
configuration was noticed for Cz, LmCPB, and hCatK, while the R were preferred for hCatL
and hCatS. Thanks to our structural analysis, we have identified that P3/P2 modifications
strongly influence the possible mode of interaction of inhibitors. There is better accommodation

on the site and thus a greater capacity for inhibition.
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Neq0643.1 is the most potent inhibitor of this work with a pKj ranging from 8.6 and 8.8
for the five CPs, being a very interesting inhibitor for these enzymes. It is hard to say the reasons
for the lack of selectivity observed for Neq0643.1.

In general, compounds displayed low selectivity amid the five CPs. The most important
inhibitors were Neq0642, Neq0533.1, Neq0866.1, Neq0954, and Neq0942 achieving a
difference in affinity of more than 2.0 log units. Additionally, Neq0642 was the best selective
inhibitor for the protozoan CPs. For the mammalian CPs, the structural features of Neq0533.1,
Neq0866.1, and Neq0954 can be explored to achieve selectivity among the cathepsins, focusing
on hCatL.

An irreversible unfolding was observed for Cz along with a two-state unfolding process.
Ligands that displayed the highest thermal stabilization of Cz were Neq0569.2 and Neq0643.1
with over 13 °C. Other ligands have shown similar ATm, ranging from 6.0 to 11 °C. Moreover,
a might linear trend was observed between pKi and ATm values. However, further studies
should be carried out to better understand these correlations at the molecular level.

Overall, this work has provided information on mammalian and protozoan CP
preferences for dipeptidyl nitrile class inhibitors and how to obtain selectivity among them.
Hence, with MMP/SAR analysis, we were able to discover and improve the knowledge of cross-
class inhibitors for CPs within a number of structural transformations. Our efforts now offer the
opportunity to plan new chemical entities (NCEs) directly, without resorting to expensive

random testing campaigns.
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7. APPENDIX

APPENDIX A- Km ASSAYS

e Cruzain assay replicates:

Figure 1: Cruzain velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the
Michaelis-Menten equation.
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Figure 2: Cruzain velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the
Michaelis-Menten equation.
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Figure 3: Cruzain velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the
Michaelis-Menten equation.
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e LmCPB assay replicates:

Figure 4. LmCPB velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the
Michaelis-Menten equation.
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Figure 5: LmCPB velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the
Michaelis-Menten equation.
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Figure 6: LmCPB velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the
Michaelis-Menten equation.
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Figure 7: LmCPB velocity plot as
Michaelis-Menten equation.
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Figure 8: hCatL velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the Michaelis-

Menten equation.
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Figure 9: hCatL velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the Michaelis-
Menten equation.
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Figure 10: hCatL velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the Michaelis-

Menten equation.
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e hCatS replicates:
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Figure 11: hCatS velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the Michaelis-
Menten equation.

Rate (umoligfs)

B -

5 -
4 -
3 -
Kvm =37.8 UM £ 6.6
27 Vimax = 6.0 £0.5
pseudo—R2 =0.97
1 p-value = 0.35
Syn.x =0.27
U T T T T T 1
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010

[Substrate] (uM)

Figure 12: hCatS velocity plot as a function of Z-Phe-Arg-AMC concentration adjusted in the Michaelis-
Menten equation.
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e hCatK replicates:

Figure 13: hCatK velocity plot as a function of Z-Leu-Arg-AMC concentration adjusted in the
Michaelis-Menten equation.
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Figure 14: hCatK velocity plot as a function of Z-Leu-Arg-AMC concentration adjusted in the
Michaelis-Menten equation.
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APPENDIX B- SCATTER PLOTS BETWEEN THE FIVE CPS

Scatter plot of Cz against LmCPB, hCatL, hCatS, and hCatK.

Figure 15: Scatter plot obtained when analyzed Cz with LmCPB.
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Figure 16: Scatter plot obtained when analyzed Cz with hCatL.
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Figure 17: Scatter plot obtained when analyzed Cz with hCatS.
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Figure 18: Scatter plot obtained when analyzed Cz with hCatK.
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Scatter plot

of LmCPB against hCatS and hCatK.

Figure 19: Scatter plot obtained when analyzed LmCPB with hCatS.
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Figure 20: Scatter plot obtained when analyzed LmCPB with hCatK.
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e Scatter plot of hCatL against hCatS and hCatK.

Figure 21: Scatter plot obtained when analyzed hCatL with hCatS.
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Figure 22: Scatter plot obtained when analyzed hCatL with hCatK.
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e Scatter plot hCatS against hCatK.

Figure 23: Scatter plot obtained when analyzed hCatS with hCatK.
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APPENDIX C- THERMAL STABILITY STUDY OF CRUZAIN AGAINST
FOURTEEN LIGANDS

Figure 24: Cruzain unfolding peak when incubated with Neq0533.1 obtained after the correction of the
blank (buffer - buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.

— —
TwoStateScaled Raw Data

18t

TwoStateScaled Aw :(0.42849
161 Tm : 767657 *C
dH : 207.080 kcal/mol

1t

124

10|

Analysis Data (keal / molK)

Residual
=]
T

Temp (°C)

Figure 25: Cruzain unfolding peak when incubated with Neq0570 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 26: Cruzain unfolding peak when incubated with Neq0635.1 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 27: Cruzain unfolding peak when incubated with Neq0643.1 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 28: Cruzain unfolding peak when incubated with Neq0818 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 29: Cruzain unfolding peak when incubated with Neq0865 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3

atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 30: Cruzain unfolding peak when incubated with Neq0866 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 31: Cruzain unfolding peak when incubated with Neq0922 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3

atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 32: Cruzain unfolding peak when incubated with Neq0925 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 33: Cruzain unfolding peak when incubated with Neq0937 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 34: Cruzain unfolding peak when incubated with Neq0940 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 35: Cruzain unfolding peak when incubated with Neq0942 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3
atm and a rate of 2 °C/min. The ligand concentration was 120 uM.
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Figure 36: Cruzain unfolding peak when incubated with Neq0954 obtained after the correction of the
blank (buffer-buffer + ligand). The solution was heated from 0 to 90 °C in acetate buffer pH = 5.5, 3

atm and a rate of 2 °C/min. The ligand concentration was 120 uM.

—
TwoStateScaled

—
Raw Data

161

TwoStateScaled Aw @ 0.37007
14 Tm:76.3645°C
dH : 203.927 kcal/mol

124

-
=
L
T

w
L
T

Analysls Data (keal / molK)

[ Standard Deviation Around Fit: 1.0714528

Residual
=
T

Temp (*C)



