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ABSTRACT: Cruzain is a primary cysteine protease expressed by the protozoan
parasite Trypanosoma cruzi during Chagas disease infection, and thus, the development
of inhibitors of this protein is a promising target for designing an effective therapy
against the disease. In this paper, the mechanism of inhibition of cruzain by two
different irreversible peptidyl halomethyl ketones (PHK) inhibitors has been studied by
means of hybrid quantum mechanics/molecular mechanics—molecular dynamics (MD)
simulations to obtain a complete representation of the possible free energy reaction
paths. These have been traced on free energy surfaces in terms of the potential of mean
force computed at AM1d/MM and DFT/MM levels of theory. An analysis of the
possible reaction mechanisms of the inhibition process has been performed showing
that the nucleophilic attack of an active site cysteine, Cys25, on a carbon atom of the
inhibitor and the cleavage of the halogen—carbon bond take place in a single step. PCIK
appears to be much more favorable than PFK from a kinetic point of view. This result
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would be in agreement with experimental studies in other papain-like enzymes. A deeper analysis of the results suggests that the
origin of the differences between PCIK and PFK can be the different stabilizing interactions established between the inhibitors
and the residues of the active site of the protein. Any attempt to explore the viability of the inhibition process through a stepwise
mechanism involving the formation of a thiohemiketal intermediate and a three-membered sulfonium intermediate has been
unsuccessful. Nevertheless, a mechanism through a protonated thiohemiketal, with participation of His159 as a proton donor,
appears to be feasible despite showing higher free energy barriers. Our results suggest that PCIK can be used as a starting point to

develop a proper inhibitor of cruzain.

hagas disease (American trypanosomiasis) is an illness
caused by the protozoan parasite Trypanosoma cruzi and
was discovered in 1909 by the Brazilian doctor Carlos Chagas
(1879—1934)." It is estimated that the illness affects ~7—8
million people living mainly in endemic Latin American
countries.” The movement of Chagas disease to areas
previously considered nonendemic, resulting from increasing
population mobility between Latin America and the rest of the
world, represents a serious public health challenge.®> There is
not any available vaccine to prevent Chagas disease, and the
two available drugs for treatment, benznidazole and nifurtimox,
are not only toxic and and have important contra-indications
(pregnancy, renal or hepatic failure, and psychiatric and
neuronal disorders) but also ineffective for the chronic stage
of the disease.*® Clearly, there is an urgent need to develop an
effective therapy against Chagas disease. One approach consists
of developing inhibitors of cruzain, the primary cysteine
protease expressed by T. cruzi during infection.®”®
Cruzain, which belongs to the family of cysteine proteases,
was initially discovered from the parasite cell-free extracts and
subsequently heterologously expressed in Escherichia coli”'
This protease is expressed in all life cycle stages of the parasite
and is involved in nutrition and the fight against host defense
mechanisms.''~** Addition of a cruzain inhibitor to cultures of
mammalian cells exposed to trypomastigotes or to mammalian
cells already infected with T. cruzi amastigotes blocks
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replication and differentiation of the parasite, thus interrupting
the parasite life cycle.">™>'

Several groups have demonstrated that irreversible inhibition
of cruzain by small molecules eradicates infection of the
parasite in cell culture and animal models.'”**~*° Trreversible
inhibitors that contain an electrophilic functional group, such as
vinyl sulfones, fluoro methyl ketones, aziridines, or nitriles,
covalently bind to cruzain via nucleophilic attack of the active
site cysteine,”® showing good inhibition activity.>”* In fact, to
date, only irreversible inhibitors of cruzain have successfully
cured parasitic infection,” implying that tight binding to the
enzyme may be essential. In this sense, Shoellmann and Shaw
developed in 1962 the first peptidyl chloromethyl ketones, L-1-
tosyl-amido-2-phenylethyl chloromethyl ketone, as specific
inhibitors for the serine protease chymotrypsin.’® The major
disadvantage of this inhibitor was its lack of selectivity because
of the great chemical reactivity of the chloroketone functional
group. The development of chloromethyl ketone inhibitors led
to the investigation of analogous inhibitor structures with
different halo leaving groups replacing the chlorine atom.
Bromomethyl and iodomethyl ketones have been synthesized
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and are typically more reactive but less stable in aqueous
solutions. The first peptide fluoromethyl ketone inhibitors were
reported in the literature by Rasnick in 1985°° and by Shaw’s
group in 1986.>" These peptide fluoromethyl ketones were
shown to be highly reactive and selective irreversible inhibitors
for cysteine proteases. They are poor irreversible inactivators
for serine proteases and are not reactive toward bionucleo-
philes. Inhibition of cruzain activity with fluoromethyl ketone-
based inhibitors seems to be correlated with the loss of
feasibility of parasites in both ex vivo tissue culture and in vivo
mouse models.'”*>*?

Information derived from the study of the molecular
mechanism of hydrolysis catalyzed by cysteine proteases
could be used as a starting point to explore the inhibition
mechanism at an atomistic level. Early studies revealed a
participation of residues Cys2S and His159 (cruzain number-
ing) from the active site of these proteases.>* ¢ The catalytic
cysteine mediates protein hydrolysis via a nucleophilic attack on
the carbonyl carbon of a susceptible peptide bond. The
imidazole group of the histidine polarizes the SH group of the
cysteine and allows deprotonation even at neutral to weakly
pH, and a highly nucleophilic thiolate/imidazolium ion pair is
thereby produced.®” The ion pair mechanism explains the
unusually high reactivity of cysteine proteases toward electro-
philic reagents in comparison to the nucleophilicity of the sulfur
of cysteine or glutathione, especially in slightly acidic
environments.*®

With regard to the study of the inhibition mechanism of
cysteine proteases, only few irreversible inhibitors have been
studied theoretically.** *® The study of diazomethyl ketones
based on gas phase MNDO calculations proposed a mechanism
in which the Cys25 residue binds to the inner diazo nitrogen
thus forming an intermediate that evolves to a stable p-
thioketone and molecular nitrogen.** More recently, density
functional theory (DFT) and semiempirical methods have also
been used to study the inhibition process of nitrile-containing
compounds in the gas phase.*' Classical MD simulations and
exploration of potential energy surfaces (PESs) obtained with
quantum mechanics/molecular mechanics (QM/MM) poten-
tials have been used to study the inhibition of czlsteine
proteases by epoxides and aziridine-based compounds.*

Powers and co-workers proposed two possible mechanisms
(mechanisms I and II) of irreversible inhibition by peptidyl
halomethyl ketones (PHK) based on different crystal structures
of cysteine proteases (see Scheme 1).*” Mechanism I, as shown
in Scheme 1, is the direct displacement of the halide group by
the thiolate anion. Mechanism II involves formation of a
tetrahedral intermediate named thiohemiketal (TH) and a
three-membered sulfonium intermediate (TMSI) that rear-
ranges to give the final thioether adduct. The formation of the
TH is equivalent to the presence of a tetrahedral intermediate
in the serine protease mechanism.>” Nevertheless, mechanism
IT has not been supported by theoretical studies. Kollman and
co-workers, employing classical molecular mechanics simula-
tions and semiempirical quantum mechanics with model
systems to study the cysteine protease catalysis, showed that
the attack of S™ on a carbonyl carbon does not involve a stable
anionic tetrahedral structure.*®*° Later, Suhai and co-workers
in a QM/MM study of the active site of free papain and of the
NMA—papain complex did not obtain a stable tetrahedral
NMA—papain complex.*® Gao and Byun, in a combined QM/
MM study of the nucleophilic addition reaction of
methanethiolate and N-methylacetamide, concluded that
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Scheme 1. Reaction Mechanisms of Inhibition of Cysteine
Proteases by Peptidyl Halomethyl Ketones (X = F or CI)“
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“Mechanisms I and II were proposed by Powers and co-workers.”” TH
refers to the thiohemiketal intermediate and TMSI to the three-
membered sulfonium intermediate. Mechanism III is an alternative
mechanism that takes place through a thiohemiketal protonated
intermediate, THH.

there is no stable tetrahedral intermediate in going from the
reactant to the tetrahedral adduct.>! Moreover, Warshel and co-
workers in an ab initio study of general base/acid-catalyzed
thiolysis of formamide and the hydrolysis of methyl
thiolformate showed that the anionic tetrahedral intermediate
for the acylation reaction was found to be unstable in aqueous
solution and to collapse immediately into the neutral form,
which is the only intermediate on the reaction pathway.** On
the basis of DFT methods with model compounds, Kolandaivel
and co-workers explored the PESs of the inhibition of
haloketones*® and diketones* in the gas phase. According to
their results, the thiohemiketal protonated intermediate would
be stable but, in general, less stable than the reactant.*>*® More
recently, Zhan and co-workers in a pseudobond first-principles
QM/MM-FE study of the reaction pathway for papain-
catalyzed hydrolysis of N-acetyl-Phe-Gly 4-nitroline concluded
that in the acylation step any path that includes the formation
of the TH does not exist.”> Nevertheless, to date, the
mechanism of inhibition of cysteine protease by PHKs has
not yet been studied by computational tools, including the
protein environment effects.

The principal aim of this paper is to gain insights into the
mechanism whereby PHK inhibitors bound to a cysteine
protease, in particular to cruzain. In a previous theoretical study
conducted in our laboratory, the mechanism of inhibition of a
protease involved in the degradation of human hemoglobin,
namely falcipain-2 (FP2), by the epoxysuccinate N-[N-(1-
hydroxycarboxyethyl-carbony)leucylamino-butyl]guanidine,
E64, was conducted.> The results indicated that the irreversible
attack of a conserved cysteine on E64 can take place on both
carbon atoms of its epoxy ring because both processes present
similar barriers. We herein present a theoretical study of the
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Figure 1. (a) Monomer 1AIM structure showing the crystal structure of cruzain from T. cruzi bound to Bz-Tyr-Ala-CH,F (PFK). The inhibitor
(CM) is covalently bound to the enzyme through the SG atom from residue Cys25. The inhibitor and Cys25 are represented as thick sticks. (b)
Details of the active site corresponding to the studied model. The gray region corresponds to the QM subset of atoms that includes the inhibitor Bz-
Tyr-Ala-CH,X (X = F or Cl), Cys25, the side chain of GIn19, and the imidazole ring of His159. The link atoms between the QM and MM regions

are indicated as black dots.

mechanism of inhibition of cruzain by two PHKs, benzoyl-
tyrosine-alanine-fluoromethyl ketone (Bz-Tyr-Ala-CH,F, or
PFK) and benzoyl-tyrosine-alanine-chloromethyl ketone (Bz-
Tyr-Ala-CH,Cl, or PCIK). The main difference between these
two inhibitors and the previously studied E64 is the presence of
the electrophilic functional group, an a halogen atom in PHKs
and an epoxide ring and a carboxylic group in E64. The studied
proteins belong to the same family of cysteine proteases (clan
CA) but are responsible of different human diseases; FP2 is
associated with malaria and cruzain with Chagas disease.
Hybrid QM/MM>*"%¢ potentials have been employed to
explore the PESs and to run molecular dynamics (MD)
simulations that allow the free energy profiles of the reaction to
be determined in terms of the potential of mean force (PMF).
The reaction mechanisms, with their corresponding free energy
barriers, averaged geometries, and interactions between the
inhibitor and the protein, have been the subject of a deep
analysis that aimed to improve our understanding of the
molecular mechanism, paving the way to the design of new
inhibitors that allow the effective treatment of Chagas disease.

B COMPUTATIONAL MODEL

The initial coordinates were taken from the X-ray crystal
structure of cruzain from T. cruzi bound to Bz-Tyr-Ala-CH,F
with PDB entry 1AIM>> at 2.0 A resolution. The structure
consists in one chain of 215 amino acids (cruzain), the inhibitor
without the fluor atom, and 46 water molecules (see Figure 1a).
Cruzain is located in the intracellular vesicles during the
dormant stage of the parasite at a slighly acidic pH. During the
intracellular amastigote stage of the T. cruzi life cycle, cruzain is
present on the surface of the parasite where the pH of the host
cytoplasm is almost neutral (7.4).>* Thus, hydrogen atoms were
added at this physiological pH using the fDYNAMO library,*”
according to the pK, values of the residues of the 1AIM
structure calculated within the empirical PROPKA 3.1 program
of Jensen et al.>*~® Fluor and chlorine atoms were added using
Pymol®' to create the two systems being studied here: Bz-Tyr-
Ala-CH,F and Bz-Tyr-Ala-CH,Cl. A total of 12 counterions
(Na*) were placed into optimal electrostatic positions around
both systems, to obtain electroneutrality. Finally, the systems
were placed in a 79.5 A side cubic box of water molecules.
As depicted in Figure 1b, the inhibitor, Cys25, the side chain
of GInl19, and the imidazole ring of His159 (81 atoms) were
described by means of the AM1d semiempirical Hamiltonian.%>
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GIn19 was treated quantum mechanically to explore its active
role in mechanism II, because formation of a bond or charge
transfer from the OT atom of the inhibitor must be considered
as a possibility. His159 was treated quantum mechanically to
explore mechanism III. The rest of the protein and water
molecules were described by OPLS-AA®® and TIP3P** force
fields, respectively. To saturate the valence of the QM/MM
frontier, we used the link atom procedure.ss’65 Because of the
size of the full system, all residues more than 25 A from the
CAl atom of the inhibitor were kept frozen during the
simulations (43169 atoms from a total of 50126). A force
switch function with a cutoff distance in the range of 14.5—18 A
was applied to treat the nonbonding interactions. All the QM/
MM calculations were conducted using the fDYNAMO
library.>”

The two systems were relaxed by means of QM/MM MD for
1 ns at 300 K using the NVT ensemble and the Langevin—
Verlet integrator. Analysis of the time evolution of the root-
mean-square deviation (rmsd) of backbone atoms of the
protein and the inhibitor for the Bz-Tyr-Ala-CH,F and the Bz-
Tyr-Ala-CH,Cl systems confirms that the systems were
equilibrated (see Figure S1 of the Supporting Information).
Structures obtained after relaxation were used to generate
hybrid AM1d/MM PESs. Stationary structures (including
reactants, products, intermediates, and transition state
structures) were located and characterized by means of a
micromacro iterations scheme.*®

Once the PESs were explored, PMFs generated as a function
of a distinguished reaction coordinate (RC) were obtained
using the weighted histogram analysis method (WHAM)
combined with the umbrella sampling approach.”*® The RC
is defined depending on the chemical step under study. In
general, for the monodimensional PMFs (1D-PMF), the value
of the force constant used for the harmonic umbrella sampling
was 2500 kJ mol™" A™? and the simulation windows consisted
of equilibration for 20 ps and production for 40 ps, with a time
step of 1 fs. Subsequently, 200 ps AM1d/MM MD simulations
of the stationary points were performed to analyze the main
geometrical parameters as an average. For the study of
mechanism I (see Scheme 1), a 1D-PMF AMI1d/MM was
obtained using the antisymmetric combination of the bond-
breaking and bond-forming distances: RC = [d(X—CM) —
d(SG—CM)], where X represents F or Cl. This required series
of 92 and 85 simulation windows for Bz-Tyr-Ala-CH,-F and
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Bz-Tyr-Ala-CH,-Cl systems, respectively. For mechanism II
(see Scheme 1), a 1D-PMF AM1d/MM was computed to study
the formation of the TH from the reactant state using the
antisymmetric combination of the bond-breaking and bond-
forming distances [RC = d(SG—CT) — d(CT—OT)]. This
required series of 61 and 66 simulation windows for Bz-Tyr-
Ala-CH,-F and Bz-Tyr-Ala-CH,-Cl systems, respectively. A 1D-
PMF AM1d/MM was obtained for the formation of the TMSI
from the product state using the SG—CT bond-breaking
distance as the RC. This required series of 41 and 37 simulation
windows for Bz-Tyr-Ala-CH,-F and Bz-Tyr-Ala-CH,-Cl sys-
tems, respectively. For the study of mechanism III (see Scheme
1), a two-dimensional AM1d/MM PMF (2D-PMF) was
computed for the formation of the THH intermediate from
the reactant state using the ND1—HD1 bond-breaking distance
as RC1 and the SG—CT bond-forming distance as RC2. This
required series of 1092 and 1288 simulation windows for Bz-
Tyr-Ala-CH,-F and Bz-Tyr-Ala-CH,-Cl systems, respectively.
For the formation of the IH intermediate from the THH
intermediate, an AM1d/MM 2D-PMF was obtained using the
SG—CM bond-forming distance as RC1 and the X—CM (X = F
or Cl) bond-breaking distance as RC2. This required series of
651 simulation windows for both systems. Finally, a 2D-PMF
AM1d/MM was obtained for the formation of the product state
from the IH intermediate using the ND1—-HD1 bond-forming
distance as RC1 and the X—CT (X = F or Cl) bond-breaking
distance as RC2. This required series of 1288 and 2310
simulation windows for Bz-Tyr-Ala-CH,-F and Bz-Tyr-Ala-
CH,-Cl systems, respectively.

Because of the large number of structures that must be
evaluated during free energy calculations, QM/MM calculations
are usually restricted to the use of semiempirical Hamiltonians.
To correct the low-level AM1d energy function used in the 1D-
PMFs, an interpolated correction scheme developed in our
laboratory has been applied.* In this correction scheme, on the
basis of a method proposed by Truhlar et al. for dynamical
calculations of gas phase chemical reactions,” the new energy
function employed in the simulations is defined as

E = By v + S[AE[(£)] (1)
where S denotes a spline function, whose argument AE{({) is
a correction term taken as the difference between single-point
calculations of the QM subsystem using a high-level (HL)
method and the low-level (LL) one. The correction term is
expressed as a function of the distinguished reaction coordinate
¢ (RC). When corrections were made on 2D-PMF, the
correction term was then expressed as a function of the two
coordinates, {; and {,, to generate the higher-level 2D-PMF.
The HL calculations were conducted by means of the M06-2X
functional”" with the 6-31+G(d,p) basis set’> following the
suggestions of Truhlar and co-workers.”””> The 6-311+G-
(2df2p) basis set’*”> was also checked for the F system
(mechanism I), because this is the one specifically recom-
mended for this element. Tests of the use of both basis sets
rendered almost quantitatively equivalent results (see Figure S2
of the Supporting Information), and consequently, the 6-
31+G(d,p) basis set was used for all calculations. These
calculations were conducted using Gaussian09.”®

B RESULTS AND DISCUSSION

The first proposed mechanism of inhibition of cruzain by the
two studied PHKs (mechanism I in Scheme 1)*” has been
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initially explored by computing the PESs. Once the stationary
points were located on the PESs, the mechanisms of both
systems were clearly identify as single-step mechanisms, where
the attack of Cys25 on carbon CM takes place concomitantly
with the breaking of the bond of the halogen with CM.

In the next step, the free energy profiles have been calculated
in terms of 1D-PMFs at the AM1d/MM level (see Figure S3 of
the Supporting Information) and corrected at the M06-2X/6-
31+G(d,p)/MM level (Figure 2). The first observation is the
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Figure 2. Free energy profiles of cruzain inhibition with PHKs for
mechanism I, computed at the M06-2X/6-31+G(d,p)/MM level. RC
corresponds to d(X—CM) — d(SG—CM), where X is F (red) or Cl
(green).

dramatic influence of increasing the level of the QM region
description on the energy barriers and reaction energies. This
result justifies the use of high-level Hamiltonians to properly
describe the energetics of this chemical reaction when studied
by means of QM/MM methods. Consequently, the analysis of
energies will be conducted with M06-2X/MM results. As
observed in Figure 2, the free energy barrier for the inhibition
of cruzain with PCIK (~10 kcal mol™) is much lower than that
obtained with PFK (~29.5 kcal mol™). This result would
describe a higher chemical reactivity of the peptide inhibitor
with cloro than with fluor atoms. Despite no experimental
kinetic data being available for the inhibition of cruzain with
PHKs, experimental studies with cathepsin B (papain-like
enzymes known as clan CA)”’ concluded the reactivity of a
PCIK is higher than that of a PFK,>"3%3! in agreement with our
results.

Analysis of the reaction energies obtained for both inhibitors
shows that the process with PCIK appears to be much more
exergonic than the reaction with the PFK. Nevertheless, the
reaction is irreversible in any case because the leaving anion will
diffuse into the surrounding water shell because of the
concentration gradients. Quantitative differences in reaction
free energies obtained from the PMFs can be due to the limits
of the distinguished reaction coordinate that, obviously, do not
cover the full diffusion process of the anion into the bulk
solvent. Interestingly, and as can be confirmed by the averaged
values of the key distances reported in Table 1, the transition
state in the PCIK system appears at a more advanced value of
the RC (—0.09 A) than in the reaction of PFK (—0.48 A). The
fact that a more advanced TS was not associated with a higher
activation barrier is due to the differences observed in the
reactant complex: the minimum obtained in the PFK is located
at a value of the RC (—1.60 A) more negative than in the PCIK
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Table 1. Averaged Distances for Key States Located along
the Inhibition of Cruzain by PHK, through Direct
Mechanism I*

d (A)
R TS P
(a) PFK
SG-CM 3.1 + 0.03 2.52 + 0.03 1.79 + 0.03
F—CM 1.55 + 0.02 2.04 + 0.03 2.70 + 0.02
F-H1 4.58 + 0.11 3.03 + 0.14 2.55 +0.12
F-H2 3.18 + 0.13 341 +0.15 624 + 091
F-H (H,0) 4.67 + 0.99 3.81 + 1.30 1.52 + 0.09
F—H (H,0) 423 + 0.90 3.82 + 0.74 175 + 0.51
SG—H (Trp26) 1.54 + 0.14 1.55 + 0.20 3.15 £ 0.22
SG—H (Gly160) 3.10 + 0.65 3.56 + 0.81 2.63 + 024
SG—HDI1 (His159) 5.00 + 0.38 3.17 + 0.99 4.12 + 028
OT-H (Cys25) 4.74 + 040 546 + 1.13 3.07 + 035
OT-H (GIn19) 6.12 + 0.82 7.75 + 1.05 293 + 047
O1-H (Trp26) 3.89 + 029 3.94 + 041 1.59 + 023
01-H (Gly66) 222 +0.19 5.55 + 043 3.80 + 0.40
N2—H (Trp26) 544 + 024 4.09 + 0.44 349 + 0.34
N1-H (Gly66) 349 + 031 523 + 028 2.68 + 0.40
H2-0 (Gly66) 537 + 025 2.18 + 0.31 2.19 + 0.67
H1-0 (Gly66) 2.04 + 024 3.58 + 0.26 5.60 + 0.54
(b) PCIK
SG-CM 2.80 + 0.03 2.33 + 0.03 1.78 + 0.03
Cl-CM 1.77 + 0.03 224 + 0.03 3.10 + 0.03
Cl-HD1 (His159) 3.50 + 0.59 4.06 + 0.36 2.40 + 0.20
Cl-HEI1 (Trp181) 5.10 + 0.78 5.76 + 0.62 3.78 + 0.76
Cl-H (H,0) 391 + 073 3.36 + 0.74 2.50 + 0.26
SG—H (Trp26) 2.38 + 0.54 2.95 + 029 3.08 + 0.20
SG—H (His159) 1.92 + 0.10 5.14 + 029 326 + 0.46
SG—H (Gly160) 2.92 + 0.66 251 £ 021 3.03 + 043
OT-H (Cys25) 4.38 + 0.98 2.55 + 032 3.07 + 0.64
OT-H (GIn19) 5.74 + 1.69 2.54 + 033 3.90 + 0.82
01-H (Gly66) 334 +0.73 3.58 + 0.44 3.92 + 0.36
O1-H (Trp26) 2.59 + 115 1.65 + 0.31 1.52 + 020
02—-H (Gly66) 442 + 045 2.99 + 045 4.13 £ 0.29
03-H (Gly66) 3.46 + 0.68 2.99 + 045 3.01 + 042
N1-H (Gly66) 3.03 + 038 274 + 022 2.82 + 024
H1-0 (Gly66) 2.01 + 023 2.06 + 0.20 1.99 + 0.17
H2-0 (Asp158) 3.67 + 047 321 + 049 343 + 038

“Results were obtained from 200 ps AM1d/MM MD simulations on
the stationary points taken from the M06-2X/6-31+G(d,p)/MM free
energy profiles (in angstroms). Interatomic distances associated with
the RCs were constrained during the simulations.

(—1.03 A). Interestingly, the change in the RC from the
reactant complex to the transition state in both systems is very
similar [ARC g r5) values of 0.94 and 1.12 A for PCIK and PFK,
respectively]. Then, the differences in the free energies of
activation can not be completely discussed in these terms, and
further analysis of average structures of stationary points of the
free energy surfaces has to be conducted. Representative
snapshots of reactants, transition states, and products of both
inhibitory reactions are presented in Figure 3. As observed in
the figure, and quantitatively confirmed by the geometrical data
listed in Table 1, more hydrogen bond interactions between the
inhibitor and the residues of the active site are detected in the
TS of PCIK (OT—Hg, x5 O1—Hyyye and HI—Ogygq) than in
the TS of PFK (HZ—OGlysé), which is in agreement with the
lower barrier obtained for the former reaction. The larger
amount of favorable inhibitor—protein interactions obtained in
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products of the PCIK than in the products of the PFK inhibitor
would also support a higher level of stabilization of the PCIK—
protein complex (see Table 1). The halogen atoms in products
appear to be stabilized mainly by interactions with water
molecules, in both reactions. It can be observed that fluor ion
interacts with a hydrogen H2 atom of the inhibitor and two
water molecules. In the case of PCIK, chlorine ion interacts,
mainly, with His159 and two water molecules but also exhibits
weak interactions with GIn19 and Trp181. Thus, the thioether
adduct (products) presents interactions that are stronger than
those of the reactants, supporting a description as an
irreversible inhibition.

As mentioned in the introductory section, Powers and co-
workers*” proposed a second mechanism of inhibition of
cruzain by PHKs (mechanism II in Scheme 1) involving the
formation of a thiohemiketal intermediate (TH) and a three-
membered sulfonium intermediate (TMSI). Nevertheless, all
the attempts conducted to explore the mechanism by means of
AM1d/MM PESs were unsuccessful. TH has not been found to
be a stable intermediate in the PES. This has been confirmed
when exploring the evolution of the PMF from reactants to the
TH using the d(SG—CT) — d(CT—OT) antisymmetric
combination as a reaction coordinate. The resulting PMFs
obtained for both inhibitors at the M06-2X/6-31+G(d,p)/MM
level (see Figure 4) confirm the instability of the proposed TH.
The corresponding profiles at the AM1d/MM level, reported in
Figure S4 of the Supporting Information, render the same
conclusions.

The minimum that appears in Figure 4a at an RC value of
1.17 A corresponds to an intermediate with SG—CT and SG—
CM distances equal to 241 + 0.03 and 3.06 + 0.10 A,
respectively. Obviously, this structure does not correspond to
the TH. Moreover, further attempts to explore mechanism II
were based on the exploration of the step from products to the
TMSI. The PMFs obtained as a function of the SG—CT
distance render profiles that do not allow the localization of
stable structures for this intermediate, as shown in Figure S.
The corresponding profiles at the AM1d/MM level (Figure SS
of the Supporting Information) render the same conclusions.
Finally, any attempt to equilibrate the PHK—cruzain systems at
TH or TMSI intermediates by means of constrained QM/MM
MD simulations reveals the instability of these structures as
soon as all atoms of the system are allowed to move (see
Figures S6—S8 of the Supporting Information).

These results suggest that inhibition of cruzain by PHKs
cannot take place through the proposed mechanism II, a
conclusion that is in agreement with previous theoretical
studies of different systems showing that the attack of S™ on a
C=O0 bond does not involve a stable anionic tetrahedral
structure.*®™>* Moreover, regardless, experimental studies
suggest the possibility of mechanism II taking place in serine
proteases through the formation of the TH between the
serine—OH and C=O bonds from the inhibitor;"® no
experimental evidence of this mechanism in cysteine proteases
exists.

Finally, a third mechanism through a protonated thiohemi-
ketal, THH (mechanism III in Scheme 1), has been explored.
From a computational point of view, this mechanism appears to
be more complex because of the participation of an acid,
His159, that protonates the OT carbonyl oxygen of the
inhibitor. Consequently, and as described in Computational
Model, 2D-PMFs were computed to unequivocally define the
mechanism. Thus, the first step corresponds to the attack of

DOI: 10.1021/bi501551g
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Figure 3. Representative snapshots of the key states of reaction mechanism I of inhibition of cruzain by (a) PFK and (b) PCIK.
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Cys25 on the CM carbon atom and the transfer of a proton
from His159 to the OT oxygen leading to THH. The resulting
FESs obtained at the M06-2X/6-31+G(d,p)/MM level are
shown in Figure 6. The corresponding surfaces at the AM1d/
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MM level are shown in Figure S9 of the Supporting
Information. The first conclusion derived from Figure 6 is
that this step takes place without any barrier when inhibition
takes place with PCIK. In the case of PFK, the proton from
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Figure 6. 2D-PMFs for the formation of the protonated thiohemiketal intermediate, THH, from reactants, computed at the M06-2X/6-31+G(d,p)/
MM level: (a) Bz-Tyr-Ala-CH,F inhibitor and (b) Bz-Tyr-Ala-CH,Cl inhibitor. Distances are in angstroms, and isoenergetic lines are displayed every

0.5 kecal mol™%.

Figure 7. Representative snapshots of the protonated thiohemiketal intermediate, THH, in reaction mechanism III of inhibition of cruzain by (a)

PFK and (b) PCIK.

(sd-CM)

Figure 8. 2D-PMFs for the transformation from protonated thiohemiketal, THH, to intermediate IH, computed at the M06-2X/6-31+G(d,p) /MM
level: (a) Bz-Tyr-Ala-CH,F inhibitor and (b) Bz-Tyr-Ala-CH,Cl inhibitor. Distances are in angstroms, and isoenergetic lines are displayed every 1.0

keal mol™.

His159 is transferred to the OT atom of the inhibitor also
without an energy barrier, but rendering a stable intermediate
(RH in Figure 6a). Then, the attack of Cys2S on the CT atom
proceeds with a free energy barrier defined by TSI.
Interestingly, both 2D-PMFs show the protonated thiohemi-
ketal, THH, as a stable species and confirm the previous results
(see Figure 4) that indicated the instability of the TH.
Representative snapshots of this THH species obtained with
both inhibitors are shown in Figure 7.
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The second step has also been explored by means of 2D-
PMFs, controlling the X—CM and SG—CM distances. The
resulting M06-2X/6-31+G(d,p)/MM FESs are presented in
Figure 8 (the corresponding surfaces at the AM1d/MM level
are shown in Figure S10 of the Supporting Information). In this
step, the mechanisms of both inhibitors proceed in an almost
equivalent way. Finally, when the last step of the inhibition of
cysteine protease by PFK and PCIK inhibitors is explored,
differences are found. Via comparison of panels a and b of
Figure 9, we observed how the transformation from IH to
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products takes place in a concerted way for PCIK but through a
stable intermediate, I, for PFK. The same conclusions are
derived form the AM1d/MM free energy surfaces reported in
Figure S11 of the Supporting Information.

The complete free energy profiles for the inhibition of
cruzain through mechanism III, derived from the M06-2X/MM
2D-PMFs reported in Figures 6, 8, and 9, are summarized in
Figure 10. We can conclude that, as was observed for
mechanism I, the inhibition of cruzain with PCIK is much
more favorable than the inhibition with PFK, once again in
agreement with experimental studies of papain-like enzyme
studies,”’ leading to the conclusion that the reactivity of a PCIK
is higher than that of a PFK.*”?**! The rate-limiting step of
mechanism III would correspond to TS3 for both inhibitors
with effective free energy barriers, computed from the stabilized
THH, of 47.7 and 47.8 kcal mol™! for PFK and PCIK,
respectively. Nevertheless, as observed on the profiles, if
reactants are considered to be the reference state, the inhibition
of cruzain with PCIK is clearly more feasible than the inhibition
with PFK.

From a thermodynamic point of view, the energetic results
derived from the FESs in this mechanism would describe an
endorgenic process in which inhibition takes place with PFK
but an exergonic one for the reaction with the PCIK.
Regardless, as mentioned above, the reaction must be
irreversible because the leaving anion will diffuse into the
surrounding water shell because of the concentration gradients.
Quantitative differences obtained from the PMFs can be
associated with the limits of the distinguished reaction
coordinate in the last step that, obviously, do not cover the
full diffusion process of the leaving anion.

Analysis of geometries of stationary point structures
(reported in Table S1 of the Supporting Information) reveals
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more hydrogen bond interactions between the inhibitor and the
residues of the active site in TS3 of PCIK than in TS3 of PFK,
which is in agreement with the lower energies obtained for the
former reaction. Again, and as observed in the results of
mechanism I, the larger amount of favorable inhibitor—protein
interactions obtained in products of the PCIK compared to the
amount in the products of the PFK inhibitor is in agreement
with the higher level of stabilization of the PCIK—protein
complex (see Table S1 of the Supporting Information).

B CONCLUSIONS

This paper reports the theoretical study of the inhibition of
cruzain by two irreversible peptidyl halomethyl ketones
inhibitors, Bz-Tyr-Ala-CH,F (PFK) and Bz-Tyr-Ala-CH,Cl
(PCIK), conducted by means of MD simulations using hybrid
AM1d/MM and MO06-2X/MM potentials. The reaction
mechanisms previously proposed in the literature®” have been
explored. According to our results, the nucleophilic attack of
the unprotonated Cys25 on the CM atom of the inhibitor
(PFK or PCIK) and the cleavage of the halogen—CM bond
take place in a concerted way. Analysis of free energy barriers
and reaction free energies, computed at both levels of theory,
shows that the inhibition by PCIK would be kinetically and
thermodynamically more favorable. In fact, the difference
between the barriers of both reactions is ~3-fold (10.0 and 29.5
kcal mol™ for PCIK and PFK, respectively), and even larger
differences are obtained upon comparison of the reaction
energies stabilized (—27.7 and —2.3 kcal mol™" for PCIK and
PFK, respectively). It is important to point out that the use of a
semiempirical Hamiltonian to treat those atoms described
quantum mechanically in our QM/MM scheme provokes an
important overestimation of the free energy barriers, by
comparison with those generated by DFT methods. Our
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results confirm the great chemical reactivity of PCIK as an
irreversible inhibitor of cruzain. Despite the fact that no
experimental kinetic data are available for this particular
reaction, our results would be in agreement with experimental
studies of other papain-like enzymes (cathepsin B) that
concluded that the reactivity of a PCIK is higher than that of
a PFK. A deeper analysis of the results suggests that the origin
of these differences can be in the different stabilizing
interactions established between the inhibitors and the residues
of the active site of the protein. Any attempt to explore the
viability of the inhibition process through a stepwise
mechanism involving the formation of a thiohemiketal
intermediate and a three-membered sulfonium intermediate
has been unsuccessful. All QM/MM calculations show that
these intermediates are unstable, which does not lead to
recommending the use of the intermediate as a template to
design an efficient inhibitor. Nevertheless, an alternative
stepwise mechanism has been determined through a proto-
nated thiohemiketal intermediate. This species, which is
generated though the transfer of a proton from a histidine
residue located in the active site of cruzain protein, His159, and
the attack of Cys25 on the CT atom of the inhibitor, appears to
be dramatically stabilized with respect to the initial reactant
species. Our results suggest that, in fact, this covalently bound
inhibitor—protein complex could be a final state of the
inhibition process because significant barriers are obtained in
going from this complex to the final product complex.

Altogether, our results suggest that benzoyl-tyrosine-alanine-
chloromethyl ketone is a good candidate for the development
of a proper inhibitor of cruzain, which in turn could be used in
the treatment of Chagas desease.
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