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Abstract

Cruzain, a cysteine protease of Trypanosoma cruzi, is a validated target for the treatment of
Chagas disease. Due to its high similarity in three-dimensional structure with human cathep-
sins and their sequence identity above 70% in the active site regions, identifying potent but
selective cruzain inhibitors with low side effects on the host organism represents a signifi-
cant challenge. Here a panel of nitrile ligands with varying potencies against cathepsin K,
cathepsin L and cruzain, are studied by molecular dynamics simulations as both non-cova-
lent and covalent complexes. Principal component analysis (PCA), identifies and quantifies
patterns of ligand-induced conformational selection that enable the construction of a deci-
sion tree which can predict with high confidence a low-nanomolar inhibitor of each of three
proteins, and determine the selectivity for one against others.

Introduction

Cysteine proteases, specifically those belonging to the Papain family [1](family C1 and Clan
CA, in the MEROPS [2] database classification), can be found in cellular lysosomes and the
extracellular matrix after cellular secretion [3,4], and are involved in many different biological
processes and pathways, including development and growth, cellular signalling, apoptosis,
pro-hormone processing, nutrition, invasion of host cells and others [5]. Unsurprisingly then,
they are of significant interest to the pharmaceutical industry[6,7] and amongst these enzymes
are validated targets for the development of treatments for osteoporosis, cancer, immune dis-
eases and parasitic diseases[8] (e.g. malaria, Chagas disease [9], and leishmaniasis). As a result
of this interest there are currently a considerable number of small molecule inhibitors of cyste-
ine proteases, especially of human cathepsins, [10-12] Trypanosoma cruzi cruzain, [13-15]
and falcipains from Plasmodium falciparum [16,17].

Chagas Disease is a parasitic disease caused by the flagellated parasite Trypanosoma cruzi
and was described for the first time in 1909 by Carlos Chagas [18-20]. Despite the high eco-
nomic cost of Chagas disease, estimated at 7 billion dollars per year [21] due to palliative
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treatment and early retirement, this disease is neglected by the pharmaceutical industry. The
current available treatment is the drug benzonidazole, which was developed during the 1970s
and has severe side effects [22]. The T. cruzi enzyme cruzipain (Enzyme Classification number
3.4.22.51) is abundant throughout the life cycle of the parasite and is particularly important
during the amastigote phase. Cruzipain is essential to parasite nutrition as well as during dif-
ferentiation phases and host cell invasion, when it activates inflammatory process and
degrades immunoglobulins. It is expressed as a zymogen consisting of catalytic, pre and pro
domains. The last is cleaved to obtain the mature enzyme, while the pre-domain, highly glyco-
sylated, is maintained as part of the enzyme and only released later to trigger an immunogenic
response in the host organism [23]. The presence of this domain in cruzipain differentiates it
from human cathepsins [24]. However, it has been shown that the cleavage of the pre-domain
does not affect the catalytic activity of the protein [25] and hence most research focuses on the
N-terminal catalytic domain, which when expressed heterologously in Escherichia coli is
named cruzain. Cruzain is composed of 215 residues of which Cys25 and His159 are the cata-
lytic dyad. It features three disulfide bonds distributed over the protein that enhance extracel-
lular stability and are also present in cathepsin enzymes.

Cysteine proteases are effectively inhibited by several classes of covalent and non-covalent
inhibitors [14, 26]. Covalent inhibitors typically present groups containing a reactive electro-
philic centre (warhead) susceptible to nucleophilic attack by the activated cysteine present in
the enzyme active site. Depending on the nature of the warhead, covalent bond formation
between the inhibitor and the protein may be irreversible or reversible. [27]. Examples of
reversible covalent inhibitors are peptide-aldehydes, o-diketones, a-ketoesters, o-ketoamides,
o-keto acids and nitriles [28]. In contrast, compounds such as peptidyl diazomethyl ketones,
fluoromethyl ketones, epoxides and vinyl sulfones are capable of binding irreversibly to the
catalytic cysteine, acting as "suicide" inhibitors [29]. Several non-covalent inhibitors of prote-
ases have also been described in the literature, including the analysis of the mode of binding of
our cruzain inhibitor Neq0176 [14]. However, few of them exhibit comparable enzyme affinity
to those acting via a covalent mechanism [30], with the notable exception of a new (non-cova-
lent) and reversible competitive inhibitor that inhibits cruzain in nanomolar concentration
and another one that also kills T. cruzi in low micromolar range [31].

The rational design of selective, potent reversible covalent inhibitors of cysteine proteases is
complicated by their mechanism of action. Aspects of both their covalent and non-covalent
interactions must be considered, but how to do so remains an open question. We have recently
shown [32] that careful QM/MM calculations on the covalent binding of dipepdidyl nitrile
ligands to cruzain can correlate well with experimental binding data, but the procedure is not
suitable for high throughput use where the interactions of multiple ligands with multiple
enzymes requires to be evaluated. Recently, Waldner et al. [33] have shown that, for a panel of
serine proteases, substrate specificity that could not be understood from an analysis of static
(crystal) structures, was interpretable once the differential dynamics of the proteins was con-
sidered. It is well established that any attempt to understand and optimise a ligand-protein
interaction must take into account protein flexibility [34, 35]. The two limiting models for
ligand-induced conformational change in a protein are induced fit and conformational selec-
tion [36]. The former supposes that the native, free, form of protein has a preference for one or
more specific conformations with which the ligand interacts, which then induces and stabilize
a new conformation of protein that was not accessed originally [37]. The latter hypothesises
that the normal thermally-activated dynamics of the free protein involves it spontaneously but
transiently adopting the conformation appropriate for ligand binding. In the presence of the
ligand this state is captured and ‘titrated out’ of the equilibrium distribution [38]. These two
limiting models make very different predictions about the effect of ligand binding on the
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conformational dynamics of the protein, and thus configurational entropy components of the
binding free energy. The induced fit model involves the ligand encouraging the protein to visit
conformational states it did not sample in the apo state-configurational entropy may tend to
increase. In contrast, the conformational selection model involves the ligand discouraging the
protein from adopting certain conformations, so configurational entropy may tend to
decrease. Molecular simulation methods can provide powerful insights into this process, [39,
40], and so rationally guide ligand design.

Here we use molecular dynamics simulations to investigate the effects of a range of nitrile-
based cysteine protease inhibitors, with affinities ranging from the micromolar to nanomolar
range, on the conformational dynamics of the active sites of cathepsin K, cathepsin L, and cru-
zain. We hypothesised that analysis of the ways in which different ligands perturb and limit
the intrinsic dynamics of the apo enzymes might give insights into the origins of affinity and
selectivity, and indeed this proves to be the case. Our approach is somewhat different from
that described by Waldner et al. but the outcomes are similar: with the aid of principal compo-
nent analysis (PCA), we identify and quantify patterns of ligand-induced conformational
selection that enable the construction of a decision tree which can predict with high confidence
a low-nanomolar inhibitor of each of three proteins and determine the selectivity for one
against others.

Methods
Ligand and protein data set

To evaluate the capacity of molecular dynamics simulations to discriminate between inhibitors
of cruzain, cathepsin K and cathepsin L, four ligands with known potency against all three pro-
teins were chosen from the literature. These ligands were selective for cruzain over cathepsin L
(compound 26 from Beaulieu et al. [13], here called “ICR”), cathepsin K over cathepsin L (oda-
nacatib [41], “ICK”), cathepsin L over cathepsin K (compound 17 from Asaad et al. [42],
“ICL”) and cathepsin K over cruzain (compound 8 from Black et al. [43], “IKR”). A fifth
ligand, BCR, was added to the data set so it included at least one molecule known to be inactive
against cruzain. (Fig 1 and Table 1). To test the decision tree that this work ultimately pro-
duced, we additionally selected four ligands from our own laboratory: Neq0409, Neq0544,
Neq0538, and Neq0539, that have known Ki against cruzain. The protein crystal structures
used were 2072 (cruzain [44]), IMEM (cathepsin K, [45]) and 2Y]J2 (cathepsin L [46]).

Docking studies

Protein and ligand preparation and docking was done using tools from the Schrodinger soft-
ware suite [49]. For the proteins, all non-protein atoms were removed and disulfide bond and
missing sidechain atoms added using the ProteinPreparation Wizard tool. Protonation states of
residues were calculated at pH 5.8 using the PropKa algorithm implemented in Maestro. The
catalytical diad Cys25 and His159 in cruzain (and the equivalents in the cathepsins) were con-
sidered as deprotonated and protonated, respectively. Also, cruzain Asp57 was defined as pro-
tonated. A default minimization implemented on ProteinPreparation Wizard tool was
performed to relax the systems.

The ligand K777 (complexed with cruzain in PDB code 20Z2) was used as the reference
molecule to define a box of 15 A from its centroid for the docking procedure. Furthermore, it
was also used to define three hydrogen bond constraints: between the ligand and the backbone
N and O atoms of G66, and between the ligand and the backbone O atom of D158 (cruzain
numbering). During the docking procedure, using the StandardPrecision parameters, poses
were only selected if they formed at least one hydrogen bond with any of these atoms. Glide
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Fig 1. Structure of dipeptidyl nitriles used in this work. Top, left to right: ICR, ICK, ICL. Centre, left to right: IKR
and BCR. Bottom, left to right: Neq0409, Neq0544, Neq0568, Neq0569.

https://doi.org/10.1371/journal.pone.0222055.9001

was permitted to return a maximum of 10 different poses; other parameters were set at default
values. The ligands were prepared using LigPrep for pH 5.8, the same as used in cruzain enzy-
matic assays [14].

Molecular dynamics simulations

Ligand parameterisation. All simulations were performed using AmberI4. Electrostatic
potentials for each ligand (formal charge predicted by LigPrep for a pH of 5.8) were calculated
at the HF/6-31G+ level using Gaussian09 [50]. No geometry optimization was done, so as to
preserve the docked pose of ligand. Then, RESP [51] partial atomic charges were derived using
R.E.D-vIIL.4 [52] and Ante-RED-1.4 scripts. The Antechamber package implemented in
AmberTools14 was used to generate the gaff (general amber force field) [53] library and topol-
ogy parameters for each ligand. For covalent ligands, we initially generated a molecule consist-
ing of the studied ligand covalent bounded to a cysteine residue, which has its N and C

Table 1. IC50 values, in nM, of dipeptidyl nitriles against cruzain, cathepsin K and cathepsin L. Values in italics are Ki values rather than IC50s.

Ligand Cruzain Cathepsin K Cathepsin L Ref
ICR 0.4 2 1060 [13]
ICK 40 0.2 2995 [41]
ICL - >10000 20 [42]
IKR 1,8 0.005 47 [13],[47]
BCR 6300 - - [48]
Neq040 453 - - [48]
Neq054 159 - - [48]
Neq056 56 - - [48]
Neq056 25 - - [48]

https://doi.org/10.1371/journal.pone.0222055.t001
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terminal capped by ACE (acetyl) and NME (methyl amine) groups respectively. The ligand
portion of the cross-linked molecule was named using gaft nomenclature while cysteine atoms
were named using FFF14SB nomenclature. All steps were done as previously described, except
for the RESP derivation step. On this procedure, the N, H, C and O atoms had charges fixed to
-0.4157, 0.2719, 0.5973 and -0.5679, respectively (as per standard AMBER amino acids). In
addition, the caps ACE and NME were defined to have final charge zero and to be removed
from final molecule. After the charge derivation, a connectivity table was generated using
Antechamber and the missing parameters due to the interfaced gaft-FF14SB nomenclature
were estimated from comparable connections in the gaft force field. The C and N terminal of
the non-natural residue was defined in tleap as being the C and N atom of the cysteine.

Protein preparation. The protein structure created for the docking procedure was used
as the starting point to prepare the molecular dynamics complex. Initially, all hydrogen atoms
were removed to avoid nomenclature incompatibility. The disulfide cysteines were renamed to
CYX, and the catalytic C25, to CYM. Histidine residues were renamed as HIP, HID or HIE
according to it tautomer/protonation state. The only CONECT lines kept from the .pdb file
were those relating to disulfide bonds. Noncovalent ligand information was included at the
end of file for complexes where covalently cross-linked adducts replaced the standard C25 resi-
due, with the same nomenclature used in the library file previously prepared.

Parameterisation of protein-ligand complexes. Once the .pdb file of each complex
(covalent or non-covalent) was prepared and all the ligands were parametrised, prmtop (topol-
ogy file) and inpcrd (initial coordinate files) for each complex were generated based on
FF14SB (protein atoms) and gaff (ligand atoms) force fields using a tleap script. Systems were
neutralised by the addiction of Na+ or Cl- ions and then solvated with TIP3P [54] water in a
truncated octahedral box extending at least 10 A beyond any protein atom.

Equilibration. Prior to production MD, the equilibration process started with 2000 cycles
of minimization of solvent and ions. A position restraint of 500 kcal.mol ' was applied to pro-
tein and ligand atoms. After that, the whole system was minimized for 3500 cycles without any
restraints. All MD simulations were done using a cut-off of 10 A for non-bonded interactions
and a time step of 2 fs, SHAKE [55] was used to constrain bonds to hydrogen atoms and the
Langevin approach to control the temperature (collision frequency 2 s™). First, the system was
heated to 310 K over 50ps using the NVT ensemble and a position restraint of 10 kcal.mol™* on
protein and ligand atoms. After the heating procedure, a density equilibration at NTP were
carried out over 300 ps followed by an extended equilibration phase of 5 ns. The 100 ns pro-
duction simulations were run in the NTP ensemble in 5 ns “chunks”, with a new seed for Lan-
gevin dynamics to restart each simulation. Coordinates were saved every 50ps.

Data selection and collection. To minimize artefacts that might be due to imperfect con-
struction of the initial systems, we adopted a two-stage simulation strategy. First (round 1) we
ran five replicate 100ns simulations on each complex, with randomized initial velocities. The
final structure from the replicate that showed the greatest conformational stability over the
first 100ns was then used as the start point for five further 100ns simulations (round 2), again
each beginning with a new randomized set of velocities. In cases where all five replicates in
round 1 showed stable behaviour, round 2 was not performed.

Molecular dynamics simulation analysis

Data regarding the RMSD of the ligand and the distance between the ligand nitrile carbon and
the sulfur of C25 (distance C-N) data were calculated for production simulations using cpptraj
as implemented within the AmberTools14 package. Frame alignment and RMSD calculation
used the docked conformation as the reference. Graphs were generated using xmgrace.
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Principal component analysis, was performed using PyPcazip [56]. The calculations were done
using default parameters. One PCA was performed for each of the ligands studied. Each PCA
included all relevant simulation data, taking a sample every 100ps. Thus, for each of ligands
ICR, ICK, ICL, and IKR, the PCA included: a) the data from the five replicate simulations of
cruzain, cathepsin K and cathepsin L in apo form; b) the data from the simulations of the same
three proteins when non-covalently complexed to the ligand; and c) the data from the simula-
tions of the same three proteins when covalently cross-linked to the ligand. In the case of
ligand BCR, since we only have binding data for the interaction of this ligand with cruzain, the
dataset for PCA contained just apo-cruzain, plus the non-covalent and covalent complexes of
BCR with cruzain.

To permit a full comparison of PCA results, a common subset of atoms was selected from
every trajectory as follows. Firstly, all residues in the reference cruzain-K777 complex
(PDB:20Z2), that had at least one atom within 7 A of the ligand were selected. Then by struc-
tural alignment the corresponding residues in cathepsin K (PDB code IMEM) and cathepsin L
(PDB: 2Y]J2) were identified. At positions where the amino acid differed between one protein
and another, the maximum common subset of structurally equivalent atoms was retained.

Conformational distribution analysis

For each ligand, we analysed the PCA data to observe, in the PC1/PC2 plane, the conforma-
tional space sampled by the common subset of protein binding site atoms in the apo, non-
covalently bound, and covalently bound complexes. We found that for every ligand, the sam-
pling of the PC1/PC2 plane lay within a bounding box of -20-20 A in each dimension. There-
fore we calculated 2D histograms for each dataset within these limits, with a 1 A resolution
(thus 20 x 20 bins). For each ligand we then defined three (potentially overlapping) sets. The
first, A, contains all bins that are sampled by the apo protein. The second, N, similarly contains
all bins sampled by the protein when non-covalently bound to the ligand. The third, C, con-
tains all bins sampled in the simulation of the relevant covalent complex. For all sets, bins with
less than 1% occupancy were ignored. Using standard set theory notation, the number of sam-
ples in A is |A|, etc., the set of bins sampled in both the apo- and non-covalent simulations is
ANN, etc., and the number of samples in this intersection is [ANN], etc.

Results
Structural analysis of molecular dynamics simulations

Our 2-round, 5-replicate, MD protocol was designed to maximize the chance of obtaining a
“well-behaved” trajectory data set for each non-covalent ligand simulation. We expected that
simulations of ligand complexes that were known to have a high binding affinity would be
more likely to be stable than those where it was known the ligand was a poor inhibitor of the
protein, and in general this was what was observed. The two quality metrics were a) the dis-
tance between the S atom of the catalytic cysteine and the C atom of the warhead nitrile; and
b) the RMSD of the ligand from its original, docked, conformation. The results obtained are
summarized in Table 2 and in S1-55 Figs. For ligands IKR, ICR, and ICL, there appears some
relationship between these metrics and binding affinity. However for ICK the simulations sug-
gest a poor geometry for the non-covalent complex with cruzain, and a poor warhead geome-
try for the complex with CatK, despite the fact it is a good (or reasonable) inhibitor of both
enzymes. Conversely, the complex of BCR with cruzain appears to have a good stability and
geometry but is known to be a poor inhibitor. In this last case, close inspection of the binding
pose shows that though the nitrile-cysteine distance is not long, the relative orientations of the
groups are not conducive to nucleophilic attack, so this may explain this anomaly. In
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Table 2. Summary of metrics extracted from the MD simulations of the non-covalent ligand-protein complexes: Distance C-N (distance between thiolate of Cys25
and nitrile carbon of ligand, in Angstroms) and RMSD of ligands from the initial docked conformation (in Angstroms) during the second round of simulations.
Cells are colour coded according to experimentally determined inhibitory activity, orange: < 5 nM; tan: < 50 nM; red: > 1000 nM; white: not determined.

Distance C-N RMSD
Protein cruzain cathepsin K cathepsin L cruzain cathepsin K cathepsin L
Ligand
ICL 4.9 4.7 1.9 2.0
IKR 6.4 41 180 66 25 59
ICR 5.1 34 | 55 36
ICK 10.0 7.7 ‘ 6.8 3.1
BCR s E : E

https://doi.org/10.1371/journal.pone.0222055.t1002

summary, neither of these simple quality metrics provides a reliable guide to ligand potency/
selectivity.

Binding free energy calculations using the MMGBSA method

Moving beyond simple structural metrics, the relative binding free energy of complexes was
estimated using the MMGBSA approach. Since these nitrile inhibitors are covalent-reversible
inhibitors of these enzymes, the application of this approach requires some justification. The
chemistry of the cross-linking reaction is the same for all the ligands and all the enzymes stud-
ied here-nucleophilic attack of the protein cysteine sulfur atom at the ligand nitrile carbon,
with the formation of a thioimidate adduct. Thus, while the energetics of this process are likely
to be a major contribution to the overall thermodynamics of ligand binding, they are unlikely
to be the source of observed patterns of selectivity/affinity. The assumption of the MMGBSA
approach as used here is that this term is in effect a constant, so that the other terms the calcu-
lation takes into account-desolvation terms and non-covalent interactions-should correlate
with observed binding affinity. However this did not prove to be the case; the method did not
satisfactorily differentiate between the low nanomolar and low micromolar complexes (see S7
and S8 Figs). Rather than put this down to our assumption that the covalent term is more or
less constant, we hypothesized that part of the reason for the poor performance of the
MMGBSA method in this case could be due to incomplete consideration of the entropic term,
particularly ligand-induced changes in the flexibility of the proteins. It is well known that the
conventional MMGBSA approach does not handle such terms well, so we decided to investi-
gate this aspect in detail.

Principal component analysis of cysteine protease active site conformations
in presence of noncovalent and covalent ligands

Using the meta-trajectory PCA approach described in the methods section, we analysed, for
each protein, how the conformational space sampled by the active site region was perturbed
(shifted, and/or constricted) by both non-covalent, and then covalent, binding of each ligand.

Results are presented in Fig 2, and in more detail in S9-S13 Figs. In each case the PC1/PC2
space sampled by the apo protein is indicated by the black dots, by red dots for when the pro-
tein is bound non-covalently to the ligand, and by green dots when there is a covalent complex.
Broadly speaking, we would expect conformational selection-type behaviour to be manifested
by a shrinkage in the sampling within the boundaries of the previous state, while induced fit-
type behaviour would lead to a shift in the distribution so that previously unsampled states
became populated, and previously populated ones not.
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ICR ICK ICL IKR BCR

cruzain

cathepsin K

Fig 2. Projections onto the first two principal components of cruzain (first row), cathepsin K (second row) and
cathepsin L (third row) simulations in their apo form and complexed with noncovalent and covalent forms (black,
red and green dots, respectively) of ligands ICR, ICK, ICL IKR and BCR. Each panel is at the same scale (40
Angstroms in both X and Y).

https://doi.org/10.1371/journal.pone.0222055.9002

Our results can be divided into complexes with activity below and above 500 nM, respec-
tively. The first class is composed of the complexes ICR-cruzain, ICR-cathepsin K, ICK-cru-
zain, ICK-cathepsin K, ICL-cathepsin L, IKR-cruzain, IKR-cathepsin K, IKR-cathepsin L. In
this class, we observe a common pattern for the changes in the conformational space sampled
by the active site of the enzymes as we transit from apo form to noncovalent and then covalent
complexes (black, red and green dots respectively). This is characterized by a gradual reduc-
tion of flexibility of the protein active site. The black dots cover a largest space and the red dots
are contained into this space. Furthermore, the green dots are in turn contained into noncova-
lent space delimited by red dots. The fact that this behaviour was observed for all three proteins
allows us to make a well-substantiated proposal that these cysteine proteases adopt the confor-
mational selection model of flexibility when complexed with low nanomolar dipeptidyl nitrile
inhibitors.

In contrast, the second class (ICL-cathepsin K, ICK-cathepsin L, ICR-cathepsin L, IKR-
cathepsin L, BCR-cruzain) does not present a common pattern for different complexes with
respect to the conformational space covered by protein active site in each kind of simulation.
This second class can be subdivided into three different subclasses according to the behaviour
of protein active site in presence of noncovalent and covalent form of ligand.

The first subclass is comprised by the complexes ICR-cathepsin L, IKR-cathepsin L, and
BCR-cruzain, in which the noncovalent form of ligand stabilizes a distinct conformation of
protein active site when compared with conformations accessed by this site in (the maybe only
theoretical) complex with the corresponding covalent ligand. In these cases, we propose that
low inhibitory activity is due to the fact that the protein must undergo two different conforma-
tional changes (apo — noncovalent complex, then noncovalent complex — covalent com-
plex), and the noncovalent ligand is not able to stabilize a conformation in the active site in
which the nucleophilic attack is favourable.
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The second subclass is represented by complex ICK-cathepsin L, where the conformational
space of protein in presence of noncovalent form of ligand is almost the same of the apo form,
meaning that protein does not appear to ‘feel’ the presence of the ligand. The weakness of the
ICK-cathepsin L interaction is also evident from the observation that of all the studied com-
plexes, this is the one with the highest ligand RMSD, indicative of the ligand tending to leave
the active site over the period of the MD simulations.

It is interesting to observe that the behaviour of this ligand in complex with both cruzain
and cathepsin L protein is almost the same, but the PCA analysis here shows two different pat-
terns. The cruzain-ICK complex shows two sequential reductions in conformational space
covered by simulation, the first after noncovalent ligand binding and the second one after the
formation of the covalent bond, suggesting the ligand induces a conformational selection from
all possible states of the protein to a specific one that permits a better interaction with the
ligand. In contrast, the conformational spaces covered by cathepsin L in both the free state and
in noncovalent complex with ICK are almost the same, suggesting the protein does not prop-
erly recognize the ligand. In the (maybe hypothetical) covalent complex, the enzyme is forced
to adapt to ligand because of the imposition of bond formation between Cys25 and ligand
nitrile.

Lastly, in the case of the ICL-cathepsin K system we see that, remarkably, the conforma-
tional space accessed by the noncovalent complex smaller than that for the covalent complex,
what may suggest the covalent form ligand induces the protein to a less stable conformation in
comparison with noncovalent complex, maybe due to some steric repulsion.

Development of a decision tree to identify strong and weak complexes

We hypothesised that it might be possible to convert our observations regarding the effects of
strong and weak ligands on the dynamics of cysteine protease active sites into a predictive tool.
From the parameters obtained by application of set theory to the PCA data (see methods sec-
tion and S1 Table), a decision tree to identify strong and weak complexes (pK; or pICs, above
and below 7, respectively) was built (Fig 3) that classified correctly all twelve complexes from
training set.

The main metric of the decision tree, (|ANNNC|)(|C|), measures the fraction of conforma-
tional space of protein active site in the covalent complex that is accessible in all three states
(apo, non-covalently bound, and covalently-bound). A high value for this parameter means
the covalent form of ligand only restricts the conformational space of apo and noncovalent
state of protein active site without the emergence of a new conformation, i.e. it fits the confor-
mational selection model of flexibility. In fact, a value for this parameter above 60% is found
for ICR-cruzain, ICR-cathepsin K, ICK-cruzain, ICK-cathepsin K, ICL-cathepsin L and IKR-
cathepsin K, all of which are considered strong complexes. On the other hand, if the protein-
ligand pair presents a low overlap between the conformational space covered by each three
states (JANNNC|W(|C| < 60%) and a high overlap between the conformational space covered
by apo and covalent system (|ANC|)(|C| > 80%) this implies a large conformational change
occurs in the protein active site between the non-covalent and covalent states. The three com-
plexes that presented this kind of behaviour: ICK-cathepsin L, ICR-cathepsin L, and BCR-cru-
zain, are all examples of weak inhibitors.

The last parameter chosen, for the third branch of the decision tree, was ((NNC|W{(|N|). A
high value for this parameter indicates (if account is taken of the partitioning of examples
higher up in the decision tree) that the noncovalent form of ligand may be forcing the protein
to a conformation not accessed by apo form. This would be an indicative of induced-fit model
for the system. In our case, for cysteine proteases in complex with dipeptidyl nitriles, a value
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Good complex

Good complex

Fig 3. Decision tree for identification of low nanomolar cysteine protease-dipeptydil nitrile complexes on the
basis of conformational space overlaps.

https://doi.org/10.1371/journal.pone.0222055.9003

above 50% for this rule identifies the ICL-cathepsin K complex, which is defined as a weak
complex. This result strengthens the hypothesis that conformational selection behaviour for
ligands of cysteine proteases is a mark of strong inhibitors, though more examples of com-
plexes that follow this apparent induced-fit behaviour are required to support a general conclu-
sion that this correlates with poor binding.

Test of the decision tree

To test the decision tree, we applied it to four ligands from our in-house collection of dipepti-
dyl nitriles (Fig 1 and Table 1). Two of these are potent inhibitors of cruzain, one is moderate
(but on the basis of our <500nM cut-off, is classified as active), and one is poor. Simulations of
these ligands bound both non-covalently and covalently to cruzain were conducted using
exactly the same protocol as described above, and the data analysed in the same way. The deci-
sion tree predicts Neq0409-cruzain complex as active at the first node, as (JANNNC|)(|C]| for
this system is 71%. The other three cruzain complexes, with Neq0544, Neq0568 and Neq0569,
pass through to the third node, as they have values of (|ANNNC|YC| of 58%, 38% and 33%
respectively, and values for (|ANC|W|C| of 75%, 63% and 38% respectively. At this node, (|
NNC|UN]| of 52%, 37% and 26% classifies Neq0544, Neq0568 and Neq0569 as inactive, active
and active, respectively. In this way the potencies of all four test molecules against cruzain are
also successfully classified by the decision tree.

Conclusions

In this work, we demonstrate the use of molecular dynamics simulations to identify low nano-
molar complexes of dipeptidyl nitriles and cysteine protease by the analysis of the conforma-
tional space accessed by protein active site during simulations of free form of protein and
noncovalent and covalent complexes.
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We predict that these cysteine proteases make use of the conformational selection model
for ligand selectivity. We observe that the active site in its free form accesses an extended con-
formational space that is reduced stepwise by the noncovalent, then covalent, binding of
ligands. Besides the space reduction, we observe the covalent space lies within the noncovalent
space which in turn lies within the free protein space, a typical behaviour of proteins that obey
the conformational selection model. Furthermore, this pattern is only observed for complexes
with IC50 or Ki below 500 nM. For weak complexes, the conformational space sampled by
protein active site in covalent simulations is not a subset of the noncovalent space. This mode
of analysis has predictive power: a set theory treatment of PCA distributions can generate a
decision tree capable of categorizing the activity of different dipeptidyl nitriles against at least
papain-family proteins.

Simpler metrics based purely on analysis of the non-covalent complexes, e.g. RMSD of the
ligand from the conformation suitable for cross-linking, or distance between the key cysteine S
and nitrile C atoms, are not reliable. At a higher level, MMGBSA binding energy calculations
are also not predictive. In part this is not unexpected, since these approaches do not deal in
any detail with the process of transforming from the non-covalent to the covalent complex.
What our studies reveal is that this step has energetics that do not necessarily correlate with
those of the previous step. Though considerably more compute intensive that simple non-
covalent docking, the approach described here is has the potential to be applied in a medium-
throughput way more realistically than, for example, QM/MM investigations of the cross-link-
ing reaction. We hypothesise that the success of our approach is due to the fact that it captures
most of the sources of energetic variation in the dataset-the variation in the structure of the
ligands, and the variation in the structure of the receptors. The only terms that is ignored is the
actual energy of cross-link formation, and since all ligands and receptors feature the same reac-
tive groups, this is more or less constant. Of course, if in the future we wished to extend the
approach to other classes of ligands with different warheads, some modification of the
approach would be required as the assumption of a constant cross-link energy term would not
hold. One could imagine adding a QM-derived term to the model to account for this. Note
that as the chemistry of cross-linking would be the same for all target proteins, we would only
need to calculate this term once, and potentially using a small model system.

The workflow used here could be readily automated and should provide a useful tool for
the optimisation of high affinity cruzain inhibitors that avoid cross-reactivity with host cyste-
ine proteases. The approach is also quite generic and could be explored for any drug design
project that wishes to exploit the covalent modification of the target.

Supporting information

S1 Table. Auxiliary metrics derived from two first principal components obtained for sys-
tem all systems studied. A, N and C are defined as the set of bins occupied by Apo, noncova-
lent and covalent simulations and N the intersection of set.

(PDF)

S1 Fig. Distance between ICR nitrile and sulfur from Cys25 residue (first column) and
RMSD of IKR ligand (second column) complexed with cruzain, cathepsin K and cathepsin
L (first, second and third row respectively). Black vertical bars delimit the replicates. Black
and red lines represent respectively Round 1 and 2 simulations.

(PDF)

S2 Fig. Distance between ICK nitrile and sulfur from Cys25 residue (first column) and
RMSD of ICK ligand (second column) complexed with cruzain, cathepsin K and cathepsin
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L (first, second and third row respectively). Black vertical bars delimit the replicates. Black
and red lines represent respectively Round 1 and 2 simulations.
(PDF)

$3 Fig. Distance between ICL nitrile and sulfur from Cys25 residue (first column) and
RMSD of ICL ligand (second column) complexed with cruzain, cathepsin K and cathepsin
L (first, second and third row respectively). Black vertical bars delimit the replicates. Black
and red lines represent respectively Round 1 and 2 simulations.

(PDF)

$4 Fig. Distance between IKR nitrile and sulfur from Cys25 residue (first column) and
RMSD of IKR ligand (second column) complexed with cruzain, cathepsin K and cathepsin
L (first, second and third row respectively). Black vertical bars delimit the replicates. Black
and red lines represent respectively Round 1 and 2 simulations.

(PDF)

S5 Fig. Distance between BCR nitrile and sulfur from Cys25 residue (first column) and
RMSD of the ligand (second column) complexed with cruzain. Black vertical bars delimit
the replicates. Black and red lines represents respectively Round 1 and 2 simulations.

(PDF)

S6 Fig. Distance (first column) between ligand nitrile and sulfur from Cys25 residue and
RMSD of ligand (second column) complexed with cruzain. Black vertical bars delimit the
replicates. Black and red lines represent respectively Round 1 and 2 simulations. The rows are
respectively Neq0409, Neq0544, Neq0569, Neq0568.

(PDF)

S7 Fig. Binding free energy over the time of round 1 of simulations for ligands ICR, ICK,
ICL and IKR (first, second, third and fourth column respectively) complexed with Cruzain
(first row), Cathepsin K (second row) and Cathepsin L (third row). Different colors repre-
sented different replicates of the same system.

(PDF)

S8 Fig. Binding free energy over the time of round 2 of simulations for ligands ICR, ICK,
ICL and IKR (first, second, third and fourth column respectively) complexed with cruzain
(first row), cathepsin K (second row) and cathepsin L (third row). Different colors repre-
sented different replicates of the same system.

(PDF)

S9 Fig. Projection over the first two principal components of cruzain (first row), cathepsin
K (second row) and cathepsin L (third row) simulation frames in it apo form and com-
plexed with noncovalent and covalent forms of ligand ICR (black, red and green dots,
respectively).

(PDF)

$10 Fig. Projection over the first two principal components of cruzain (first row), cathep-
sin K (second row) and cathepsin L (third row) simulation frames in it apo form and com-
plexed with noncovalent and covalent forms of ligand ICK (black, red and green dots,
respectively).

(PDF)

S11 Fig. Projection over the first two principal components of cruzain (first row), cathep-
sin K (second row) and cathepsin L (third row) simulation frames in it apo form and
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complexed with noncovalent and covalent forms of ligand ICL (black, red and green dots,
respectively).
(PDF)

S12 Fig. Projection over the first two principal components of cruzain (first row), cathep-
sin K (second row) and cathepsin L (third row) simulation frames in it apo form and com-
plexed with noncovalent and covalent forms of ligand IKR (black, red and green dots,
respectively).

(PDF)

S$13 Fig. Projection over the first two principal components of cruzain simulation frames
in it apo (black dots) form and complexed with noncovalent (red dots) and covalent forms
(green dots) of ligands Neq0409 (first row), Neq0544 (second row), Neq0569 (third row)
and Neq0568 (fourth row).

(PDF)

Author Contributions

Conceptualization: Geraldo Rodrigues Sartori, Carlos A. Montanari, Charles A. Laughton.
Data curation: Geraldo Rodrigues Sartori.

Funding acquisition: Andrei Leitdo, Carlos A. Montanari, Charles A. Laughton.
Investigation: Geraldo Rodrigues Sartori.

Methodology: Charles A. Laughton.

Project administration: Carlos A. Montanari.

Supervision: Andrei Leitdo, Carlos A. Montanari, Charles A. Laughton.

Writing - original draft: Geraldo Rodrigues Sartori, Charles A. Laughton.

Writing - review & editing: Andrei Leitdo, Carlos A. Montanari.

References

1.  Kamphuis IG, Kalk KH, Swarte MBA, Drenth J. Structure of papain refined at 1.65 A resolution. J Mol
Biol. 1984; 179(2):233-56. https://doi.org/10.1016/0022-2836(84)90467-4 PMID: 6502713

2. Rawlings ND, Barrett AJ, Finn R. Twenty years of the MEROPS database of proteolytic enzymes, their
substrates and inhibitors. Nucleic Acids Res. 2015; 44(D1):D343-50. https://doi.org/10.1093/nar/
gkv1118 PMID: 26527717

3. Sajid M, McKerrow JH. Cysteine proteases of parasitic organisms. Mol Biochem Parasitol. 2002; 120
(1):1-21. https://doi.org/10.1016/s0166-6851(01)00438-8 PMID: 11849701

4. Brix K, Dunkhorst A, Mayer K, Jordans S. Cysteine cathepsins: Cellular roadmap to different functions.
Biochimie. 2008; 90:194—207. https://doi.org/10.1016/j.biochi.2007.07.024 PMID: 17825974

5. Turk V. Lysosomal cysteine proteases:facts and opportunities. EMBO J. 2001; 20(17):4629-33. https://
doi.org/10.1093/emboj/20.17.4629 PMID: 11532926

6. ReiserJ, Adair B, Reinheckel T. Specialized roles for cysteine cathepsins in health and disease. J. Clin.
Invest. 2010; 120:3421-31. https://doi.org/10.1172/JCI42918 PMID: 20921628

7. Fonovi¢ M, Turk B. Cysteine cathepsins and their potential in clinical therapy and biomarker discovery.
Proteomics—Clinical Applications. 2014; 8:416—-26. https://doi.org/10.1002/prca.201300085 PMID:
24470315

8. McKerrow JH, Engel JC. Cysteine Protease Inhibitors as Chemotherapy for Parasitic Infections. Bioorg
Med Chem. 1999; 7(4):639-44. https://doi.org/10.1016/s0968-0896(99)00008-5 PMID: 10353643

9. Engel JC, Doyle PS, Hsieh |, McKerrow JH. Cysteine protease inhibitors cure an experimental Trypano-
soma cruzi infection. J Exp Med. 1998; 188(4):725-34. https://doi.org/10.1084/jem.188.4.725 PMID:
9705954

PLOS ONE | https://doi.org/10.1371/journal.pone.0222055 December 19, 2019 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222055.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222055.s014
https://doi.org/10.1016/0022-2836(84)90467-4
http://www.ncbi.nlm.nih.gov/pubmed/6502713
https://doi.org/10.1093/nar/gkv1118
https://doi.org/10.1093/nar/gkv1118
http://www.ncbi.nlm.nih.gov/pubmed/26527717
https://doi.org/10.1016/s0166-6851(01)00438-8
http://www.ncbi.nlm.nih.gov/pubmed/11849701
https://doi.org/10.1016/j.biochi.2007.07.024
http://www.ncbi.nlm.nih.gov/pubmed/17825974
https://doi.org/10.1093/emboj/20.17.4629
https://doi.org/10.1093/emboj/20.17.4629
http://www.ncbi.nlm.nih.gov/pubmed/11532926
https://doi.org/10.1172/JCI42918
http://www.ncbi.nlm.nih.gov/pubmed/20921628
https://doi.org/10.1002/prca.201300085
http://www.ncbi.nlm.nih.gov/pubmed/24470315
https://doi.org/10.1016/s0968-0896(99)00008-5
http://www.ncbi.nlm.nih.gov/pubmed/10353643
https://doi.org/10.1084/jem.188.4.725
http://www.ncbi.nlm.nih.gov/pubmed/9705954
https://doi.org/10.1371/journal.pone.0222055

@ PLOS|ONE

Ligand-induced conformational selection predicts the selectivity of cysteine protease inhibitors

10.

11.

12

13.

14.

15.

16.

17.

18.

19.
20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Kos J, Mitrovic A, Mirkovic B. The current stage of cathepsin B inhibitors as potential anticancer agents.
Future Med Chem. 2014; 6(11):1355-71. https://doi.org/10.4155/fmc.14.73 PMID: 25163003

Feurer E, Chapurlat R. Emerging drugs for osteoporosis. Expert Opin Emerg Drugs. 2014; 19(3):385—
95. https://doi.org/10.1517/14728214.2014.936377 PMID: 24995794

Reginster JY, Neuprez A, Beaudart C, Lecart MP, Sarlet N, Bernard D, et al. Antiresorptive drugs
beyond bisphosphonates and selective oestrogen receptor modulators for the management of post-
menopausal osteoporosis. Drugs and Aging. 2014; 31:413-24. https://doi.org/10.1007/s40266-014-
0179-z PMID: 24797286

Beaulieu C, Isabel E, Fortier A, Massé F, Mellon C, Méthot N, et al. Identification of potent and revers-
ible cruzipain inhibitors for the treatment of Chagas disease. Bioorganic Med Chem Lett. 2010; 20
(24):7444-9.

Wiggers HJ, Rocha JR, Fernandes WB, Sesti-Costa R, Carneiro ZA, Cheleski J, et al. Non-peptidic Cru-

zain Inhibitors with Trypanocidal Activity Discovered by Virtual Screening and In Vitro Assay. PLoS
Negl Trop Dis. 2013; 7(8):€2370. https://doi.org/10.1371/journal.pntd.0002370 PMID: 23991231

Ferreira RS, Dessoy MA, Pauli I, Souza ML, Krogh R, Sales AlL, et al. Synthesis, biological evaluation,
and structure-activity relationships of potent noncovalent and nonpeptidic cruzain inhibitors as anti-Try-
panosoma cruzi agents. J Med Chem. 2014; 57(6):2380-92. https://doi.org/10.1021/jm401709b PMID:
24533839

Mane UR, Gupta RC, Nadkarni SS, Giridhar RR, Naik PP, Yadav MR. Falcipain inhibitors as potential
therapeutics for resistant strains of malaria: a patent review. Expert Opin Ther Pat. 2013; 23(2):165-87.
https://doi.org/10.1517/13543776.2013.743992 PMID: 23228154

Marco M, Miguel Coteron J. Falcipain Inhibition as a Promising Antimalarial Target. Curr Top Med
Chem. 2012; 12(5):408—44. https://doi.org/10.2174/156802612799362913 PMID: 22242849

Coura JR, Vifias PA. Chagas disease: a new worldwide challenge. Nature. 2010; 465(7301 SUPPL.):
S6-7.

Rottenberg ME, O A. Chagas’ Disease. In: Inmunology. 1998. p. 521.

Guhl F, Schmunis GA, Yadon ZE. Chagas disease: A Latin American health problem becoming a world
health problem. Acta Trop. 2010; 115(1):14-21.

Lee BY, Bacon KM, Bottazzi ME, Hotez PJ. Global economic burden of Chagas disease: A computa-
tional simulation model. Lancet Infect Dis. 2013; 13(4):342-8. https://doi.org/10.1016/S1473-3099(13)
70002-1 PMID: 23395248

Pinazo MJ, Mufioz J, Posada E, Lépez-Chejade P, Gallego M, Ayala E, et al. Tolerance of benznidazole
in treatment of Chagas’ disease in adults. Antimicrob Agents Chemother. 2010; 54(11):4896-9. https://
doi.org/10.1128/AAC.00537-10 PMID: 20823286

Martinez J, Campetella O, Frasch ACC, Cazzulo JJ. The reactivity of sera from chagasic patients
against different fragments of cruzipain, the major cysteine proteinase from Trypanosoma cruzi, sug-
gests the presence of defined antigenic and catalytic domains. Immunol Lett. 1993; 35(2):191-6.
https://doi.org/10.1016/0165-2478(93)90090-0 PMID: 7685319

Duschak VG, Couto AS. Cruzipain, the major cysteine protease of Trypanosoma cruzi: a sulfated glyco-
protein antigen as relevant candidate for vaccine development and drug target. A review. Curr Med
Chem. 2009; 16(24):3174—202. https://doi.org/10.2174/092986709788802971 PMID: 19689291

Aslund L, Henriksson J, Campetella O, Frasch ACC, Pettersson U, Cazzulo JJ. The C-terminal exten-
sion of the major cysteine proteinase (cruzipain) from Trypanosoma cruzi. Mol Biochem Parasitol.
1991; 45(2):345-7. https://doi.org/10.1016/0166-6851(91)90103-d PMID: 2038364

Ferreira RS, Bryant C, Ang KKH, McKerrow JH, Shoichet BK, Renslo AR. Divergent Modes of Enzyme
Inhibition in a Homologous Structure—Activity Series. J Med Chem. 2009 Aug; 52(16):5005-8. https:/
doi.org/10.1021/jm9009229 PMID: 19637873

Otto H, Schirmeister T. Cysteine Proteases and Their Inhibitors. Chem Rev. 1997; 97(1):133-72.
https://doi.org/10.1021/cr950025u PMID: 11848867

Gotz MG, Caffrey CR, Hansell E, McKerrow JH, Powers JC. Peptidyl allyl sulfones: a new class of inhib-
itors for clan CA cysteine proteases. Bioorg Med Chem. 2004 Oct; 12(19):5203—11. https://doi.org/10.
1016/j.bmc.2004.07.016 PMID: 15351403

Scheidt KA, Roush WR, McKerrow JH, Selzer PM, Hansell E, Rosenthal PJ. Structure-based design,
synthesis and evaluation of conformationally constrained cysteine protease inhibitors. Bioorg Med
Chem. 1998; 6(12):2477-94. https://doi.org/10.1016/s0968-0896(98)80022-9 PMID: 9925304

Ferreira RS, Simeonov A, Jadhav A, Eidam O, Mott BT, Keiser MJ, et al. Complementarity between a
docking and a high-throughput screen in discovering new cruzain inhibitors. J Med Chem. 2010; 53
(13):4891-905. https://doi.org/10.1021/jm100488w PMID: 20540517

PLOS ONE | https://doi.org/10.1371/journal.pone.0222055 December 19, 2019 14/16


https://doi.org/10.4155/fmc.14.73
http://www.ncbi.nlm.nih.gov/pubmed/25163003
https://doi.org/10.1517/14728214.2014.936377
http://www.ncbi.nlm.nih.gov/pubmed/24995794
https://doi.org/10.1007/s40266-014-0179-z
https://doi.org/10.1007/s40266-014-0179-z
http://www.ncbi.nlm.nih.gov/pubmed/24797286
https://doi.org/10.1371/journal.pntd.0002370
http://www.ncbi.nlm.nih.gov/pubmed/23991231
https://doi.org/10.1021/jm401709b
http://www.ncbi.nlm.nih.gov/pubmed/24533839
https://doi.org/10.1517/13543776.2013.743992
http://www.ncbi.nlm.nih.gov/pubmed/23228154
https://doi.org/10.2174/156802612799362913
http://www.ncbi.nlm.nih.gov/pubmed/22242849
https://doi.org/10.1016/S1473-3099(13)70002-1
https://doi.org/10.1016/S1473-3099(13)70002-1
http://www.ncbi.nlm.nih.gov/pubmed/23395248
https://doi.org/10.1128/AAC.00537-10
https://doi.org/10.1128/AAC.00537-10
http://www.ncbi.nlm.nih.gov/pubmed/20823286
https://doi.org/10.1016/0165-2478(93)90090-o
http://www.ncbi.nlm.nih.gov/pubmed/7685319
https://doi.org/10.2174/092986709788802971
http://www.ncbi.nlm.nih.gov/pubmed/19689291
https://doi.org/10.1016/0166-6851(91)90103-d
http://www.ncbi.nlm.nih.gov/pubmed/2038364
https://doi.org/10.1021/jm9009229
https://doi.org/10.1021/jm9009229
http://www.ncbi.nlm.nih.gov/pubmed/19637873
https://doi.org/10.1021/cr950025u
http://www.ncbi.nlm.nih.gov/pubmed/11848867
https://doi.org/10.1016/j.bmc.2004.07.016
https://doi.org/10.1016/j.bmc.2004.07.016
http://www.ncbi.nlm.nih.gov/pubmed/15351403
https://doi.org/10.1016/s0968-0896(98)80022-9
http://www.ncbi.nlm.nih.gov/pubmed/9925304
https://doi.org/10.1021/jm100488w
http://www.ncbi.nlm.nih.gov/pubmed/20540517
https://doi.org/10.1371/journal.pone.0222055

@ PLOS|ONE

Ligand-induced conformational selection predicts the selectivity of cysteine protease inhibitors

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

Mott BT, Ferreira RS, Simeonov A, Jadhav A, Ang KK-H, Leister W, et al. Identification and Optimiza-
tion of Inhibitors of Trypanosomal Cysteine Proteases: Cruzain, Rhodesain, and TbCatB. J Med Chem.
2010; 53(1):52—60. https://doi.org/10.1021/jm901069a PMID: 19908842

Dos Santos AM, Cianni L, De Vita D, Rosini F, Leitédo A, Laughton CA, et al. Experimental study and
computational modelling of cruzain cysteine protease inhibition by dipeptidyl nitriles. Phys Chem Chem
Phys. 2018; 20(37):24317-28. https://doi.org/10.1039/c8cp03320j PMID: 30211406

Waldner BJ, Fuchs JE, Huber RG, Von Grafenstein S, Schauperl M, Kramer C, et al. Quantitative Cor-
relation of Conformational Binding Enthalpy with Substrate Specificity of Serine Proteases. J Phys
Chem B. 2016; 120(2):299-308. https://doi.org/10.1021/acs.jpcb.5b10637 PMID: 26709959

Teilum K, Olsen JG, Kragelund BB. Functional aspects of protein flexibility. Cell Mol Life Sci. 2009; 66
(14):2231-47. https://doi.org/10.1007/s00018-009-0014-6 PMID: 19308324

Huber R, Bennett WS. Functional significance of flexibility in proteins. Pure Appl Chem. 1982; 54
(12):2489-500.

Hammes GG, Chang Y-C, Oas TG. Conformational selection or induced fit: a flux description of reaction
mechanism. Proc Natl Acad Sci U S A. 2009; 106(33):13737—41. https://doi.org/10.1073/pnas.
0907195106 PMID: 19666553

Koshland DE. Application of a Theory of Enzyme Specificity to Protein Synthesis. Proc Natl Acad Sci.
1958; 44(2):98—104. https://doi.org/10.1073/pnas.44.2.98 PMID: 16590179

Ma B, Kumar S, Tsai CJ, Nussinov R. Folding funnels and binding mechanisms. Protein Eng. 1999; 12
(9):713-20. https://doi.org/10.1093/protein/12.9.713 PMID: 10506280

Dobbins SE, Lesk VI, Sternberg MJE. Insights into protein flexibility: The relationship between normal
modes and conformational change upon protein-protein docking. Proc Natl Acad Sci U S A. 2008; 105
(30):10390-5. https://doi.org/10.1073/pnas.0802496105 PMID: 18641126

Wiodarski T, Zagrovic B. Conformational selection and induced fit mechanism underlie specificity in
noncovalent interactions with ubiquitin. Proc Natl Acad Sci. 2009; 106(46):19346-51. https://doi.org/10.
1073/pnas.0906966106 PMID: 19887638

Gauthier JY, Chauret N, Cromlish W, Desmarais S, Duong LT, Falgueyret JP, et al. The discovery of
odanacatib (MK-0822), a selective inhibitor of cathepsin K. Bioorg Med Chem Lett. 2008; 18(3):923-8.
https://doi.org/10.1016/j.bmcl.2007.12.047 PMID: 18226527

Asaad N, Bethel PA, Coulson MD, Dawson JE, Ford SJ, Gerhardt S, et al. Dipeptidyl nitrile inhibitors of
Cathepsin L. Bioorganic Med Chem Lett. 2009; 19(15):4280-3.

Black WC, Bayly Cl, Davis DE, Desmarais S, Falgueyret J-P, Léger S, et al. Trifluoroethylamines as
amide isosteres in inhibitors of cathepsin K. Bioorganic Med Chem Lett. 2005; 15(21):4741-4.

Kerr ID, Lee JH, Farady CJ, Marion R, Rickert M, Sajid M, et al. Vinyl sulfones as antiparasitic agents
and a structural basis for drug design. J Biol Chem. 2009; 284(38):25697—7083. https://doi.org/10.1074/
jbc.M109.014340 PMID: 19620707

McGrath ME, Klaus JL, Barnes MG, Bromme D. Crystal structure of human cathepsin K complexed
with a potent inhibitor. Nat Struct Mol Biol. 1997; 4(2):105-9.

Hardegger LA, Kuhn B, Spinnler B, Anselm L, Ecabert R, Stihle M, et al. Halogen Bonding at the Active
Sites of Human Cathepsin L and MEK1 Kinase: Efficient Interactions in Different Environments. Chem-
MedChem. 2011; 6(11):2048-54. https://doi.org/10.1002/cmdc.201100353 PMID: 21898833

Li CS, Deschenes D, Desmarais S, Falgueyret JP, Gauthier JY, Kimmel DB, et al. Identification of a
potent and selective non-basic cathepsin K inhibitor. Bioorganic Med Chem Lett. 2006; 16(7):1985-9.

Avelar LAA, Camilo CD, De Albuquerque S, Fernandes WB, Gongalez C, Kenny PW, et al. Molecular
design, synthesis and trypanocidal activity of dipeptidyl nitriles as cruzain inhibitors. PLoS Negl Trop
Dis. 2015; 9(7):1-24.

Maestro. version 9. Schrddinger Release 2014—-2. New York, NY; 2014.

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman JR, et al. Gaussian 09,
Gaussian, Inc. Wallingford CT. Gaussian, Inc. Wallingford CT. 2009.

Cornell WD, Cieplak P, Bayly Cl, Kollman P a., Kollmann PA. Application of RESP Charges To Calcu-
late Conformational Energies, Hydrogen Bond Energies, and Free Energies of Solvation. J Am Chem
Soc. 1993; 115(7):9620-31.

Dupradeau FY, Pigache A, Zaffran T, Savineau C, Lelong R, Grivel N, et al. The R.E.D. tools: Advances
in RESP and ESP charge derivation and force field library building. Phys Chem Chem Phys. 2010; 12
(28):7821-39. https://doi.org/10.1039/c0cp00111b PMID: 20574571

Wang J, Wolf RM, Caldwell JW, Kolliman PA, Case DA. Development and testing of a general Amber
force field. J Comput Chem. 2004; 25(9):1157—-74. https://doi.org/10.1002/jcc.20035 PMID: 15116359

PLOS ONE | https://doi.org/10.1371/journal.pone.0222055 December 19, 2019 15/16


https://doi.org/10.1021/jm901069a
http://www.ncbi.nlm.nih.gov/pubmed/19908842
https://doi.org/10.1039/c8cp03320j
http://www.ncbi.nlm.nih.gov/pubmed/30211406
https://doi.org/10.1021/acs.jpcb.5b10637
http://www.ncbi.nlm.nih.gov/pubmed/26709959
https://doi.org/10.1007/s00018-009-0014-6
http://www.ncbi.nlm.nih.gov/pubmed/19308324
https://doi.org/10.1073/pnas.0907195106
https://doi.org/10.1073/pnas.0907195106
http://www.ncbi.nlm.nih.gov/pubmed/19666553
https://doi.org/10.1073/pnas.44.2.98
http://www.ncbi.nlm.nih.gov/pubmed/16590179
https://doi.org/10.1093/protein/12.9.713
http://www.ncbi.nlm.nih.gov/pubmed/10506280
https://doi.org/10.1073/pnas.0802496105
http://www.ncbi.nlm.nih.gov/pubmed/18641126
https://doi.org/10.1073/pnas.0906966106
https://doi.org/10.1073/pnas.0906966106
http://www.ncbi.nlm.nih.gov/pubmed/19887638
https://doi.org/10.1016/j.bmcl.2007.12.047
http://www.ncbi.nlm.nih.gov/pubmed/18226527
https://doi.org/10.1074/jbc.M109.014340
https://doi.org/10.1074/jbc.M109.014340
http://www.ncbi.nlm.nih.gov/pubmed/19620707
https://doi.org/10.1002/cmdc.201100353
http://www.ncbi.nlm.nih.gov/pubmed/21898833
https://doi.org/10.1039/c0cp00111b
http://www.ncbi.nlm.nih.gov/pubmed/20574571
https://doi.org/10.1002/jcc.20035
http://www.ncbi.nlm.nih.gov/pubmed/15116359
https://doi.org/10.1371/journal.pone.0222055

@ PLOS | O N E Ligand-induced conformational selection predicts the selectivity of cysteine protease inhibitors

54. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential
functions for simulating liquid water. J Chem Phys. 1989; 79:926-35.

55. Ryckaert J-P, Ciccotti G, Berendsen HJC. Numerical integration of the cartesian equations of motion of
a system with constraints: molecular dynamics of n-alkanes. J Comput Phys. 1977; 23(3):327—41.

56. Shkurti A, Goni R, Andrio P, Breitmoser E, Bethune |, Orozco M, et al. pyPcazip: A PCA-based toolkit
for compression and analysis of molecular simulation data. SoftwareX. 2016; 5:44-50.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222055 December 19, 2019 16/16


https://doi.org/10.1371/journal.pone.0222055

