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Abstract

Cruzaine is the major cysteine protease of Trypanosoma cruzi. Cruzaine is involved throughout the parasite’s life cycle in
host cells, and is a promising target in the search for new antichagasic agents. Quantum chemical calculations based on
density functional theory (DFT B3LYP/cc-pVDZ) were performed to obtain nuclear magnetic resonance data and to
optimize the geometry of four dihydrochalcones. The results showed good agreement with the experimental data and were
used to suggest the relative stereochemistry of one of the four dihydrochalcones studied. In addition, we evaluated the
interaction of cruzaine with these new inhibitors. We used molecular dynamics simulations, free energy calculations, and a
per-residue energy decomposition method. It was observed that these molecules are capable of interacting with residues
important for enzymatic activity, like Cys25, His161, and Asp160. The ranking of the inhibitors obtained from the binding
free energy calculations is in agreement with that experimentally reported. The evaluation of the energy components
involved in these calculations demonstrated that the van der Waals term is the major contributor to the drug-receptor
stabilizing interactions.
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Introduction

Chagas disease is a disease caused by the flagellate proto-
zoan Trypanosoma cruzi (T. cruzi) (Chagas and Chagas
1909). This disease, in many Latin American countries, is a
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public health problem because of the high fatality rate
(Chatelain 2017).

More than 100 years after its discovery, Chagas disease
continues to be neglected. The infection by the T. cruzi
parasite affects about 6 million people, mainly in Latin
America (Pérez-Molina and Molina 2018). This disease can
be transmitted orally, by blood transfusion, via placental or
congenital transmission, through the birth canal at the time
of birth, in laboratory accidents, by handling infected ani-
mals, by raw meat intake, through organ transplantation,
and via sexual transmission (Coura 2015).

Currently, only two drugs are clinically available for the
chemotherapy of Chagas disease: benzonidazole and
nifurtimox. Both are options for patients in the acute phase
of the disease but are less effective in the chronic phase
(Morillo et al. 2015). Another reason why the search for
new antichagastic agents is necessary is because parasites,
through different mechanisms, develop resistance to com-
monly used drugs (Carneiro et al. 2017).

From the sequencing of the 7. cruzi genome, it was
possible to identify several promising biological targets, and
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most of these were from enzymes (Magalhaes Moreira et al.
2014). Among these enzymes, the major cysteine trypano-
somal cysteine protease is involved in the invasion, differ-
entiation, and proliferation processes of the parasite in host
cells (Massarico Serafim et al. 2014).

Cruzaine is expressed at all stages of parasite develop-
ment (Caputto et al. 2011). This enzyme has the interaction
site divided into four subsites (S1, S1°, S2, and S3) that are
targeted for the development of new inhibitors (McGrath
et al. 1995). The catalytic cysteine, Cys25, and other two
residues, His159 and GIn19, which form the catalytic triad
of the enzyme, are present in the sites S1 and S1’; these
latter two amino acids are part of the region known as
oxyion cavity that plays a role in the mechanism of the
reaction catalyzed by the enzyme (Turk et al. 1998). Sub-
sites S1, S1°, and S2 are responsible for enzyme—substrate
interactions while S3 accounts for the enzymatic specificity
(Farady and Craik 2010).

In the present study, theoretical methods at the DFT/
B3LYP /cc-pVDZ level were used to determine the struc-
tural (geometric) and spectroscopic data (1IH and 13C
NMR) of four dihydrochalcones. The nuclear magnetic
resonance (NMR) calculation results showed good agree-
ment with the experimental data and were used to suggest
the relative stereochemistry of dihydrochalcone 4, which
could not be determined experimentally. Besides that,
molecular docking studies were performed using four
dihydrochalcones isolated from Metrodorea stipularis
(Burger et al. 2014), reported as promising inhibitors of
cruzaine (Fig. 1).

To evaluate the mechanism of the interaction of cruzaine
with these new inhibitors, molecular dynamics (MD)

simulations and free energy calculations using the mole-
cular mechanics generalized born surface area (MM/GBSA)
method were employed. We also explored the importance of
the different residues of the cross-linked binding site on the
drug-receptor interactions by applying a per-residue bind-
ing free energy decomposition technique. In addition, we
also investigated the chemical nature of the interactions of
these residues with the inhibitors.

Methodology
Computational methods

Initially, structural optimization of dihydrochalcones 1, 2, and
3 was performed, and, later, the vibrational analyses con-
firmed the stationary points using the density functional the-
ory (DFT) method at the level of B3LYP/cc-pVDZ (Lee et al.
1988; Borges et al. 2016). The representative local minimum
energy conformations were used as input in the calculations
of the chemical displacements of 1H and 13C, using DFT
with the gauge invariant atomic orbital method (DFT-GIAO)
(Rauhut et al. 1996) approximation at the B3LYP/cc-pVDZ
level of theory under the influence of the acetone solvent
modeled using the continuous polarization model (Miertu§
et al. 1981), to prove the effectiveness of the method
employed. After proving the efficiency of the computational
method, it was used to elucidate the stereochemistry of
dihydrochalcone 4, which presented two structural possibi-
lities: 4A and 4B, as can be observed in Fig. 2.

The two structural possibilities were optimized at the
B3LYP level together with the basis set cc-pVDZ, by

OH o
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Fig. 1 Chemical structure of the compounds. a Dihydrochalcone 1, b Dihydrochalcone 2, ¢ Dihydrochalcone 3, and d Dihydrochalcone 4
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Fig. 2 Structural possibilities of
Dihydrochalcone 4. a
Dihydrochalcone 4A and b
Dihydrochalcone 4B

10'

9

adjusting such molecules to a minimum local energy con-
formation, and minimum energy structures were guaranteed
by the absence of any imaginary frequency. To obtain the
chemical displacements of 13C and 1H, the GIAO method
was used (Gauss and Stanton 1995). The calculations were
carried out under the influence of the methanol solvent,
modeled by the PCM, using as input the optimized struc-
tures at the BALYP/cc-pVDZ level (Kaur et al. 2015; Khan
et al. 2017).

Statistical analysis

The NMR data were analyzed using linear regression, and
the most-relevant parameters were: degree of adjustment
(Rz), standard deviation (s), degree of significance (F), and
predictability (Q? and spggss). The software MINITAB 14
was used in the statistical analysis (Wild 2005). Other sta-
tistical parameters were determined to evaluate the quality
of the calculations, but none of them can be considered
satisfactory if analyzed individually: coefficients a and b of
the linear regression 6,1 = a + bocyp; average absolute error
(AAE), defined as AAE =%, | Sq1c — Oexp | /11; and corrected
mean absolute error (CMAE), defined by CMAE=ZX,
| Scorr= Oexp | /11, ONde Scorr = (Scarc — a)/b (Cimino et al. 2004,
Brasil et al. 2008). In addition, the predicted values for &
were determined by applying the mathematical models
obtained and comparing them with the experimental values.

@ Springer
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The equations obtained by the linear-regression proce-
dure were tested for their predictability power using a cross-
validation procedure. Cross-validation is a practical and
reliable method of testing for significance. The so-called
“leave-one-out” approach consists of developing a series of
models omitting one sample at a time. After the develop-
ment of each model, the omitted data are predicted, and the
difference between true and predicted values () are calcu-
lated. The sum of the squares of these differences is
determined. Finally, the performance of the model (its
predictive ability) can be given by the sum of the square of
the prediction errors (PRESS) e Sprgss (standard deviation
of cross-validation) (Moreira et al. 2008):

PRESS = 37, (v — 1) "
‘Press = 7”3’25?

where y is the experimental value, y is the predicted value, n
is the number of samples used to obtain the model, and & is
the number of NMR parameters.

The predictive ability of the models was also quantified
in terms of Q?, which is defined as:

n ~\2

Q2 — 10 _ Z;:l (yl {l)z (2)
> i (i =)

onde, y = Yaverage-
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Molecular docking

The chemical structures of the four dihydrochalcones were
designed using the GaussView 5 software (Dennington et al.
2015) and then optimized with the DFT method at the
B3LYP/cc-pVDZ level using the Gaussian 09 software
(Frisch et al. 2009). Molecular virtual docker (MVD) 5.5
(Thomsen and Christensen 2006) and the crystallographic
model of the cross-enzyme code ID: IME3 (Huang et al.
2003) in the protein data bank were used for the molecular
docking simulations. The receptor and linkers were prepared
using a standard MVD preparation module. For each com-
plex, hydrogen atoms were added, and the program’s standard
partial atomic charges were employed. The docking calcula-
tions were performed using the MolDock scoring function,
with a grid resolution of 0.3 A. The region of the active site of
the enzyme was defined as a spherical region of 10 A, cov-
ering all amino acid residues of the cross-linked active site,
with the center at x =2.32, y=12.32, and z = 5.98. For each
complex, the calculations were performed generating different
conformations using the MolDock optimizer algorithm.

Molecular dynamics simulation

The protonation states of the amino acid residues of the
protein were determined from the results obtained with the
PDB2PQR server (Dolinsky et al. 2004).

The atomic charges of the inhibitor molecules were
calculated using the restrained electrostatic potential
(RESP) protocol at the HF/6-31G* level of theory (Cornell
et al. 1993; Wang et al. 2000) using the Gaussian 09 soft-
ware. We used the Antechamber module of Amber 16 (Case
et al. 2005; Cruz et al. 2018) to create parameters compa-
tible with the general Amber force field (GAFF) (Wang
et al. 2004) for the inhibitors.

The tLEaP module was used to construct the systems and
to add the absent hydrogens. The simulations were carried
out using an explicit solvent representation in which the
water molecules where described by the TIP3P model
(Jorgensen et al. 1983). The force field used for all atomic
simulations was ff14SB (Maier et al. 2015).

Then, each system was solvated in an octahedron peri-
odic box, and a 12 A cutoff radius was applied. To conclude
this step, counterions were added to neutralize the charge of
the enzyme-inhibitor system.

Prior to the MD production simulations, the systems
were subjected to energy minimization, heating, and
equilibration.

Four steps were performed to minimize the energy of the
systems. In each step, 5000 cycles were performed with the
steepest descent method and conjugate gradient algorithm.
In the first stage, the solute was fixed with a harmonic force
constant of 100 kcal/(mol A%). In the following steps, this

harmonic force constant was gradually reduced until it
reached zero in the last step so that the whole complex
(solute, water, and counterions) was free to move.

The systems were heated to 300K in four steps of 600
ps. In the two initial steps, a harmonic force constant of 25
kcal/(mol A%) was applied to restrict the solute. There were
no restrictions in the two final stages. A Langevin ther-
mostat (Izaguirre et al. 2001) with a collision frequency of
3.0ps~! was used.

To equilibrate the system, a 5Sns MD simulation at a
constant temperature of 300 K and without any restriction
was performed.

The calculation of the electrostatic interactions was per-
formed using the particle mesh Ewald method (Darden et al.
1993), and the SHAKE algorithm (Ryckaert et al. 1977)
was used to restrict the bond lengths involving hydrogen
atoms.

After all these steps, 100 ns MD production simulations
were carried out on all the systems.

MM/GBSA calculations

The MM/GBSA method was applied to estimate binding
free energies (AGyi,g) (Kollman et al. 2000; Genheden and
Ryde 2015). To this end, 1000 snapshots were extracted
from the last 5 ns of every MD simulation.

The AGy,q can be calculated according to the equations:

AGbind = Gcomplex - (Gprotein + Gligand) (3)
AGyping = AH — TAS = AEyym 4 AGgoy — TAS 4)
AEMM = AEimemal + AEelectrostatic + AEvdw (5)
AGyy = AGgg + AGnonpol (6)

Where AGy;, is the inhibitor-protein binding free energy
resulting from the sum of the molecular mechanics energy
(AEyy), desolvation free energy (AGg,y), and the entropic
term (—TAS). The gas-phase molecular mechanics energy
(AEyy) can be described by the sum of the internal energy
contributions (AEj ema, Sum of the energies due to the
bonds, angles, and dihedrals), electrostatic contributions
(AE ectrosiatic)» and van der Waals term (AE,.4,). The
desolvation free energy (AGi,,) is the sum of the polar
(AGgg) and non-polar (AGpenpo1) contributions. The polar
desolvation term was calculated using the implicit general-
ized Born (GB) approach.

Per-residue energy decomposition

A per-residue energy decomposition method was used to
determine the total energy contribution of each residue to

@ Springer
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Table 1 13C and 1H experimental (Exp.), theoretical (DFT), residues
and predicted (by linear models) data for the structure of
dihydrochalcone 1 (in ppm)

Table 2 13C and 1H NMR (Exp.), theoretical (DFT), residues and
predicted (by linear models) data for the structure of dihydrochalcone
2 (in ppm)

Position Exp. 13C Exp. 1H Position Exp. 13C Exp. 1H

Calc. Res Pred. Calc. Res Pred. Calc. Res Pred. Calc. Res Pred.
Cl1 1344 133.78 0.62 136.08 Cl1 204.7 199.27 5.43 204.78
c2 130.1 129.55 0.55 131.65 7.09 6.89 0.2 7.19 c2 455 5424 774 4992 33 28 0.5 3.07
C3 1158 113.05 2.75 11436 6.75 648 027 6.77 C3 29.7  36.27 657 3192 283 262 021 2.89
C4 156.4 15341 299 156.63 c2 75.6  79.25 3.65 77.37
C5 1158 112.03 3.77 11329 6.75 632 043 6.6 C3 312 3481 361 3035 1.76 1.73 0.03 197
Cc6 130.1 126.13 3.97 128.06 7.09 7.02 0.07 7.33 c4 16.2 1897 277 13,59 253 226 027 251
Ccr 102.1 107.38 5.28 108.43 C4’a 104.8 99.84 496 99.16
c2 162.6 156.37 6.23 159.74 cs' 157 156.49 0.51 159.12
c3 107.8 1028 5 103.62 Co6' 100 108.56 8.56 108.39
c4 1654 15632 9.08 159.68 Cc7 162.2 15529 691 158.14
C5' 949 91.17 373 9145 6.07 55 0.57 5.76 C8' 945 9275 175 91.82 592 544 048 58
Ce6' 160.4 15553 4.87 158.86 C8’a 1652 15694 8.56 159.89
Cc1» 21.8 2463 283 21.75 326 274 052 29 co 255 3147 597 2684 122 133 0.11 1.56
c2” 124 122.42 1.58 124.18 527 497 03 521 Cl10’ 25.5 2417 133 19.1 122 1.15 0.07 136
c3” 1335 139.72 6.22 1423 c2” 732 77.87 4.67 76.04
Cc4” 16.1 1578 032 1248 1.77 175 0.02 1.88 c3” 324 3552 312 31.14 269 154 115 1.77
cs5” 40.5 47.14 6.64 4532 192 1.78 0.14 Cc4” 22.1 258 3.7 20.82 2.69 245 024 2.71
c6” 274 32.08 468 2954 21 196 0.14 C4“a 120 121.85 1.85 122.68
c7” 125.1 1262 1.1 12814 5.1 5.19 0.09 543 c5” 126.8 129.18 2.38 127.71 691 6.29 0.62 6.68
Cc8” 131.4 13523 3.83 137.59 Cc6” 132.2 13346 1.26 134.99
c9” 25.8 2759 1.79 2485 1.62 158 0.04 1.7 Cc7” 128.1 12659 1.51 13045 693 6.87 0.06 7.28
C10” 177 18.05 035 1485 156 151 0.05 1.63 Cc8” 116.8 116.02 0.78 1165 6.56 644 0.12 6.84
CcO 2055 1983 7.2 203.66 C87a 151.9 152.07 0.17 154.73
Ca 46.8 47.12 032 453 289 293 0.04 3.1 c9” 25.5 2451 099 1945 133 1.1 0.23 1.31
Cp 30.7 328 2.1 303 3.34 291 043 3.07 C10” 25.5 31.89 699 2728 133 126 0.07 148

the drug-receptor interaction and also to investigate the
chemical nature of its interactions (Gohlke et al. 2003).

The interaction energy between an inhibitor and every
residue in the enzyme can be described, according to the
equation below, as a sum of four terms: van der Waals
(AE,q4y) and electrostatic (AE,) contributions in the gas-
phase, and polar (AG,,) and nonpolar solvation (AGpgnpol)
contributions:

AGinhibitorfresidue = AEvdw + AEele + AGpol + AGnonpol
(7)

Results and discussion
NMR spectra and statistical analysis

The theoretical NMR data of 1H and 13C were calculated
for dihydrochalcones 1, 2, and 3 and tetramethylsilane

@ Springer

(TMS) (internal standard, shielding constants of 31.2969 for
1H and 192.5621 for 13C). The NMR chemical shifts 1H
and 13C, the experimental (Burger et al. 2014), theoretical,
and predicted values, and the difference between experi-
mental and theoretical chemical shifts in 1, 2, and 3 are
presented in Tables 1-3, respectively. The most-relevant
statistical parameters are presented in Table 4.

Figure 3 shows the correlation between the calculated
and experimental chemical shifts of 13C (a) and 1H (b).

Statistical analysis revealed that all linear models had a
good linear correlation and satisfactory results after the
cross-validation procedure for the 1H and 13C NMR data of
the three structures. These results confirm the relevance of
the theoretical data used to calculate the chemical shifts of
these compounds.

The statistical data show that, in general, the regression
model of 1H and 13C NMR data of the structures is sig-
nificant and well adjusted. This analysis indicates that there
is a linear agreement between the theoretical chemical shift
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data of 1H and 13C NMR obtained in relation to the
experimental values for the dihydrochalcones studied,
because they are quantitatively similar to the experimental
chemical shifts mentioned in the literature, showing that the

Table 3 13C and 1H NMR (Exp.), theoretical (DFT), residues and
predicted (by linear models) data for the structure of dihydrochalcone
3 (in ppm)

theoretical method B3LYP/cc-pV-DZ, applied here, can be
a tool that effectively helps the use of NMR techniques.
The values of the chemical shifts calculated at the level
of B3LYP/cc-pV-DZ were close to the experimental ones,
as can be observed in Tables 1-3, presenting low residual
values (difference between experimental and theoretical

Position Exp. 13C Exp. 1H (a) .
Calc. Res Pred. Calc. Res Pred. 0
— 300 -
Cl 204 196.13  7.87 200.53 § 250 -
c2 455 5364 8.14 5002 325 259 0.66 271 § 200 A /
C3 30.2 3462 442 2993 282 266 0.16 2.79 S 150 -
c2 756 7932 372 7714 S 00
Cc3' 313 3476 346 30.08 1.76 1.72 0.04 1.82 '-E & //
c4' 159 19.16 326 13.59 255 233 022 245
C4’a 104.8 99.81 4.99 98.79 0 0 5'0 160 1é0 260
Ccs' 162 15595 6.05 158.1 Experimental (ppm)
Ce6' 100  108.18 8.18 107.63
Cc7 156 15577 0.23 1579 ®)
Cs' 94.1 94.11 0.01 9276 587 5.63 024 583 21 1
C8’a 164 15772  6.28 159.96 —~ 18 1
c9 25 2428 072 19 1.33 1.18 0.15 1.26 §: 15 4
C10' 25 3148 648 2661 133 133 0 1.46 = 12 -
C1” 1322 132.72  0.52 133.55 'g g
c2” 128.7 129.05 0.35 129.67 6.87 6.64 0.23 6.86 ;.5’ 6 4
c3” 126  127.05 1.05 127.56 ;E 3
Cc4” 152 154.85 2.85 156.93 5 o)
cs” 1143 11453 023 11434 664 639 025 661 1 2 3 4 : é - é
Cc6” 1259 127.83 193 12839 6.83 6.78 0.05 7.01 Experimental (ppm)
cr 27.7 3593 823 3131 325 3.19 0.06 3.33 . . . .
Fig. 3 Correlation between experimental and calculated chemical
2 1226 12394 1.34 12428 528 5.16 0.12 535 shifts of 13C a and 1H b for structures 1 (solid square), 2 (open
c3 131.4 142.16 10.76 143.52 square), and 3 (solid triangle). NMR data of structures 2 and 3 were
c4 164 185 2.1 129 168 1.7 002 1.8 displaced from 60 to 120 ppm (13C NMR) and from 6 to 12 ppm (1H
C5 255 2773 223 2265 169 179 01 1.9 i\ilr\)/f)l:é,drzzp:c(zitgile}; lli:rcl)é each set of data, the linear fitting is also
I;:Ebj[RL;iZa;eﬁzezazzﬂsﬁzz dto Parameters  Dihydrochalcone 1 Dihydrochalcone 2 Dihydrochalcone 3
for substances 1, 2, and 3 813C 81H 813C 81H 813C S51H
a 0.95 0.96 0.94 0.97 0.94 0.97
b 3.87 —0.06 6.16 —0.15 6.28 —0.05
EAM 3.51 0.22 3.79 0.27 3.82 0.17
EAMC 2.8 0.15 292 0.22 3.24 0.12
s 3.51 0.2 3.51 0.36 4.03 0.18
R’ 99.3% 98.88% 99.6% 98.02% 99.59% 99.31%
0* 99.52% 98.95% 99.53% 97.24% 99.38% 99.16%
F 5536.76 1547.03 5714.82 562.05 4351.36 1762.16
PRESS 326,659 0.670032 331,925 1.68 443.09 0.181872
SPRESS 0.780.6 0.06 0.79 0.12 0.91 0.03
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Fig. 4 Correlation between experimental and calculated chemical
shifts of 13C a and 1H b for structures 4A (solid square) and 4B (open
square). NMR data of the structures 4B were displaced from 30ppm

chemical shifts) and similar to their respective predicted
values (obtained with the linear models).

Statistical treatment based on simple linear-regression
and cross-validation procedures reinforces the proximity
between the theoretical and calculated data for the studied
structures, reaching satisfactory correlation and predict-
ability degrees, in addition to a high degree of significance,
which generated linear models that confirm the efficiency of
the computational method used, showing that the method
can be applied to aid interpretation of experimental data to
elucidate structures similar to the dihydrochalcones
mentioned.

Thus, this theoretical method was used to suggest the
relative stereochemistry of the C-4“a and C-9” positions of
molecule 4, which is not possible using the experimental
data. Thus, it was necessary to design two structural pos-
sibilities of dihydrochalcone: 4A and 4B.

In Fig. 4, correlation plots obtained after linear-
regression treatment of the theoretical 1H and 13C NMR
data of substances 4A and 4B are shown, along with
experimental NMR data of dihydrochalcone 4. Afterward,
the statistical parameters presented in Table 5 were eval-
uated to verify the degree of fit, significance, and predict-
ability of the models, as well as which structure is better
suited to the data obtained.

Analyzing the statistical data shows that the correlations
obtained for the 4A structure were those that presented the
best parameters for ¢ (R*=99.60%; S =23.63; Spress=
0.73; F = 6275.84; 0*> = 99.49%) and for 5y (R*=99.05%;
S =0.19; Spress = 0.05; F=1923.91; Q*=98.98%). That
is, these linear models present the best adjustments, as well
as the highest degree of significance and predictability, so

@ Springer
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(13C NMR) and from 3 ppm (1H NMR), respectively. For each set of
data, the linear fitting is also reported as a dashed line

Table 5 Linear fit parameters to the NMR properties calculated for the
possibilities 4A and 4B

Parameters Dihydrochalcone 4A Dihydrochalcone 4B

813C 81H 813C 51H
a 0.96 0.98 0.94 0.98
b 3.05 -0.16 4.49 —1.18
EAM 3.13 0.24 43 0.3
EAMC 2.62 0.15 373 0.22
5 3.63 0.19 5.15 0.33
R 99.6%  99.05% 98.92% 98.05%
0? 99.49%  98.98% 98.96% 97.12%
F 6275.84  1923.91 3028.16 672.29
PRESS 421,261 0.787435 843,671 21,697
SpRESS 0.73 0.05 1.04 0.08

the results obtained with the theoretical calculations, treated
from linear regression, indicate that substance 4A is the
most probable structure for compound 4.

The indication of structure 4A was also suggested by
analyzing the residue values near the C-4 “a and C-9”
position A. Calculations of NMR chemical shifts of 13C
and 1H in position C-4”a, when compared to the experi-
mentally observed values for compound 4, demonstrated the
smallest residues, for structures 4A [residue related to O¢
(Exp.—Calc.) in position C-4”’a=6.9 ppm]; e 4B [residue
related to dc (Exp.—Calc.) in position C-4”a=7.7 ppm];
residue related to d¢ (Exp. —Calc.) in position C-9”a=1.5
ppm; residue related to oy (Exp. — Calc.) in position C-97a
=0.1 ppm]; and 4B [residue related to 5c (Exp.—Calc.) in
position C-97a=2.6 ppm; residue related to oy (Exp.-
Calc.) in position C-9”a = 0.44 ppm], 4A [residue related to
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Table 6 NMR (8H and 8C) experimental (Exp.), theoretical (DFT),
and predicted (by linear models) data for dihydrochalcone 4A (in ppm)

Table 7 NMR (8H and 8C) experimental (Exp.), theoretical (DFT),
and predicted (by linear models) data for dihydrochalcone 4B (in ppm)

Position Exp. 13C Exp. 1H Position Exp. 13C Exp. 1H

Calc. Res Pred. Calc. Res Pred. Calc. Res  Pred. Calc. Res Pred.
C1 204.7 197.71 6.99 202.14 C1 204.7 199.11 5.59 205.15
c2 454 4778 238 4644 328 285 043 3.06 c2 454 497 429 4765 328 272 0.13 3.11
C3 30 3149 149 2953 285 293 0.08 3.14 C3 30 32.65 2.65 29.69 2.85 2.87 041 295
Cl’a 162.2 15742 4.78 160.3 Cl’a 162.2 15741 4.79 161.2
c2 75.6  79.22 3.62 79.09 c2 75.6 7925 3.65 78.81
Cc3' 312 346 34 3276 1.77 154 023 1.73 c3' 312 3464 344 3178 177 1.62 0.15 1.84
c4 162 18.88 2.68 1643 256 2.04 052 224 c4' 16.2 1899 279 1529 256 2.19 037 241
C4’a 100 99.94 0.06 100.61 C4’a 100  100.18 0.18 100.87
(65} 157 155.54 1.46 158.35 (65} 157 15535 1.65 159.03
C6' 104.8 108.14 3.34 109.13 Ce6' 104.8 108.07 3.27 109.19
Cc7 164.5 15549 9.01 158.3 Cc7 1645 15544 9.06 159.12
Cs8' 94 93.73 027 94.16 587 555 032 58 Cs8' 94 9398 0.02 9433 5.87 559 0.28 5.87
() 25 24.19 0.81 2195 134 1.09 025 1.28 () 25 24.19 0.81 20.77 1.34 1.13 0.21 1.34
C10' 41 314 9.6 2944 134 125 0.09 144 C10' 41 3141 959 2838 1.34 128 0.06 1.49
C1” 22.1 2697 4.87 2484 C1” 22.1 40.65 1855 38.12
c2” 39.5 4052 1.02 3891 158 1.18 04 1.37 c2” 39.5 3632 318 3356 158 1.5 0.08 1.71

1.9 125 065 144 1.9 1.08 0.82 1.28

Cc3” 195 21.64 214 193 163 151 0.12 1.7 Cc3” 19.5 2477 527 2138 1.63 155 0.08 1.77
Cc4” 412 4257 137 41.03 148 163 0.15 1.82 Cc4” 412 3493 627 3209 148 194 046 2.16
C4“a 75 8191 691 81.88 C4*a 75 82.73 7.73 8247
Cs5” 116 11553 047 1168 6.57 6.3 0.28 6.56 C5” 116 11454 146 11601 657 63 027 6.59
C5%“a 151.9 150.89 1.01 153.53 C5%a 151.9 14996 1.94 153.34
c6” 1294 1267 2.7 1284 6.89 6.65 024 6.92 c6” 129.4 12646 294 12857 6.89 6.67 022 6.97
c7” 132.2 131.57 0.63 133.46 cr 132.2 13247 0.27 13491
C8” 126.6 12533 1.27 12697 6.89 6.76 0.13 7.04 C8” 126.6 125.88 0.72 12796 6.89 6.72 0.17 7.01
C8“a 120 123.46 3.46 125.04 C8“a 120 12197 197 123.84
9”7 23 2737 437 2525 264 247 0.17 2.68 9”7 23 29.16 6.16 26 2.64 1.86 0.78 2.08
9“a 48 4649 1.51 4511 1.65 155 0.1 1.74 9“a 48 50.6 2.6 48.61 1.65 121 044 142
10” 185 2621 7.71 2405 1.18 1.05 0.13 1.24 10” 185 31.62 13.12 286 1.18 14 022 1.62
11”7 331 3175 135 298 093 083 0.1 1.01 11”7 33.1 33.07 003 30.13 093 0.74 027 094
127 31 27.72 328 2561 1.01 096 0.05 1.14 127 31 31.64 0.64 28.62 1.01 135 042 1.56

oc (Exp.—Calc.) in position C-10"=7.71 ppm; residue
related to 8y (Exp.—Calc.) in position C-10” =0.13 ppm
and 4B [residue related to ¢ (Exp.— Calc.) in position C-
10> =13.12 ppm residue related to oy (Exp.-—Calc.) in
position C-10”=0.22 ppm (see Tables 6 and 7) showing
that the structure 4A has a theoretical value closer to the
experimental one and that it possesses more-probable ste-
reochemistry for the dihydrochalcone 4.

Interactions between dihydrochalcones and
cruzaine

To validate the accuracy of our docking protocol, the co-
crystallized binder was docked back into the cruzaine

enzyme. The root mean square deviation (RMSD) between
the co-crystallized binder (blue) and the binding mode
obtained by our docking protocol (orange) was 0.95 A. As
can be seen in Fig. S1, the two structures are quite over-
lapping, so the results were able to predict the experimental
binding mode of the inhibitor at the catalytic site of
cruzaine.

The results of the molecular docking study suggest good
interaction between the non-covalent inhibitors and the
active site of the enzyme. The results obtained from Mol-
Dock Score are summarized in Table 8. Figure
S2 simultaneously exhibits the four inhibitors docked in the
binding pocket.
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Figure 5 shows the docking positions of the dihy-
drochalcones 1, 2, 3, and 4, and also the residues involved
in the molecular interaction.

The two compounds that showed the best inhibition
values were the dihydrochalcones 1 and 4. Compound 1

Table 8 Molecular docking results

Inhibitor MolDock score Hydrogen bonds
(kcal/mol) (kcal/mol)
Dihydrochalcone 1 —139.43 —4.04
Dihydrochalcone 2 —115.96 —5.70
Dihydrochalcone 3 —-119.62 —4.87
Dihydrochalcone 4 —137.67 —6.67

interacts with Ser61 and Cys25, and compound 4 interacts
with several residues located in the catalytic site of the
enzyme: Cys25, Hisl61, and Aspl160. These interactions
are responsible for the stabilization and fixation of the
inhibitor in the active site of cruzaine (Serafim et al. 2017).
Cys25 and His161 are located in the subsite S1 and belong
to the catalytic triad of the enzyme; these residues are
important in the mechanism of enzymatic action (Arafet
et al. 2017). Dihydrochalcones 2 and 3 establish hydrogen-
bond interactions with Cys25 and Gly66, the latter being
located in the S3 subsite of the enzyme.

Cys25 is the major residue related to the anti-7. crugzi
activity. According to the mechanism proposed in the lit-
erature, interactions with these residues increase the inhi-
bition of the enzyme. Our molecular docking results justify

Seré4
N\, v A v,
(©) (d
4 N 4

L

R

Fig. 5 Molecular interaction between dihydrochalcones and key catalytic residues
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Fig. 6 Overlapping of RMSF graphs of the protein backbone

the great potential of these compounds to inhibit cruzaine
and contribute to the studies of Burger et al. 2014.

Structural stability of the systems

The protein backbone fluctuation throughout the simulation
time was analyzed, from the RMSF plots of alpha carbons
versus the number of protein residues. In Fig. 6, the over-
lapping of the RMSF plots for the four systems can be
observed.

In general, the graphs profile is similar, with some dif-
ferences in the protein loop regions, however, these regions
are structurally considered as being more flexible. This
justifies the greater fluctuation observed in these residues,
which were highlighted and can be seen in Fig. S3.

The stability of the cross-inhibitor systems was con-
firmed by the analysis of the RMSD plots during the 100 ns
MD simulations.

Through the RMSD plots, in which the RMSD of the
alpha carbon atoms versus the simulation time is displayed,
it is possible to verify the stability and convergence of the
protein backbone and the molecular structure of the inhi-
bitors. For the inhibitors, only their heavy atoms were taken
into consideration. Figure 7 shows the time series of the
RMSD values for 100 ns of MD.

As can be seen in Fig. 7, the RMSDs of the protein
backbone for all systems show that their structure remained
stable, without significant conformational changes, during
the simulation time. The dynamic evolution of the cross-
linker structure was similar for all systems, with RMSD
values of 0.96, 1.02, 0.83, and 0.79 for the systems where
the receptor was complexed with molecules 1, 2, 3, and 4,
respectively.

The structural stability of the ligands at the active site of
the protein was also evaluated using the RMSD; the graphs
for all inhibitors are shown in red color. Molecule 1
achieved structural stability after 40 ns; however, at about

80 ns, its RMSD underwent some oscillations; molecule 1
remained at the protein binding site for 100 ns. Inhibitor 2
showed conformational variability during the initial 50 ns
and, only after 50 ns of simulation, it achieved conforma-
tional stability because of its interactions with the protein
binding site residues. The highest conformational instability
was observed for the third dihydrochalcone (several oscil-
lations were observed in its RMSD plot); however, in the
last 10 ns, the RMSD of this molecule showed tendency to
reach an equilibrium. It is important to note that, despite this
lack of stability, molecule 3 remained in the protein binding
site.

Our fourth inhibitor was the one that most quickly
reached a stable conformation. After approximately 10 ns
and until the end of the MD simulation, the molecule
showed the tendency to remain in a determined conforma-
tion, with rare small conformational deviations.

Binding affinity and energy components

To better understand the mode of interaction of these new
inhibitors, it is important to estimate their binding affinities
(AGying) and the values of the other energetic contributions.
In this way, the MM-GBSA method was used to perform
the free energy calculations and also to obtain the free
energy results.

The AGy;yg and the values of the van der Waals energetic
(AEqw), electrostatic (AEy.), polar (AGgg), and nonpolar
(AGhonpot) contributions are summarized in Table 9.

The AGy;,g for molecules 1, 2, 3, and 4 were —28.73,
—22.63, —24.68, and —26.18 kcal/mol, respectively. This
ranking is in accordance with the experimental values
proposed by Burger et al. (2014), which suggest the same
classification for these compounds; the ICs, values are also
present in Table 9.

The vdW contributions are the main factor responsible
for the ligand-receptor interaction. In addition to the vdW
energies, the AE. and AGyy also favored this interaction.
In all systems, the polar solvation free energy contribution
counterbalances the favorable interactions.

Mode of interaction of the compounds with the
cruzaine binding site

To evaluate the chemical interactions of the key residues in
the receptor with the inhibitors, we used a per-residue free
energy decomposition analysis.

Figure 8 summarizes the residues that perform interac-
tions and the kind of interaction that exists between the
protein and the different compounds.

As can be observed in Fig. 8, the interaction between the
compounds and the protein is mainly due to the van der
Waals contributions. In general, this is the preferential type
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Fig. 7 RMSDs of the protein backbone (in black) and inhibitors (in red) (color figure online)

of interaction observed between the complexes under study
and protein residues.

The inhibitors are observed to interact with residues
other than those in the cruzaine binding site. The two best
compounds reported by Burger et al. (2014) are dihy-
drochalcones 1 and 4; the results of our per-residue analyses
show that these molecules have different spectra of inter-
action with the amino acids in the binding cavity. This
suggests that, during the MD simulation, the inhibitors
moved inside the binding site and stabilized at slightly
different positions. This movement occurred because the
molecules sought satisfactory molecular interactions leading
to the inhibition of the enzymatic activity.

Despite the fluctuations in the RMSD plot found for
some inhibitors, all remained in their binding sites; how-
ever, to be accommodated in the catalytic pocket, the
compounds had to undergo conformational changes.

The best binding pose for the first and fourth compounds
was found to be deeply buried inside the catalytic site of the
enzyme. The triphenol of compound 1 and the diphenol
portion of compound 4 remained embedded in the catalytic

@ Springer

site, which allowed the molecules to interact with the resi-
dues around it. The phenolic moiety of the inhibitor 1 and
the cycloxane ring of molecule 4 were partially exposed to
the solvent.

Molecules 2 and 3 do not have a long carbonic chain
similar to that of the first inhibitor; instead, they have a
bulky group formed by an oxane ring at the end of the chain
and a shorter carbonic chain, respectively. Thus, these
molecules performed few significant intermolecular inter-
actions with the residues involved in the inhibition of
cruzaine.

The strongest interaction between the first inhibitor and
the protein occurs with Trp184 whereas, for the third inhi-
bitor, it takes place with Leu67. Compounds 2 and 3
interact satisfactorily with few residues at the cruzaine
binding site. This agrees with the low inhibition power
found for these molecules.

The inhibition model of cysteine proteases (including
cruzaine), according to the literature, reports that some
compounds may inhibit the catalytic activity of these pro-
teins interacting with subsites of the binding pocket, but not
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Table 9 Estimated binding Compounds AEgy AL, AGas  AGumo  AGua  ICx (1M
affinities and energetic
o (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
contributions for the systems
under study. The ICs values Dihydrochalcone 1~ —28.65 ~14.26 2235 ~8.17 2873 7.1£02
obtained by Burger et al. (2014) .
Dihydrochalcone 2~ —25.41 —15.11 24.75 —6.86 —22.63 21.6+25
Dihydrochalcone 3~ —27.39 —17.19 25.82 -5.92 —24.68 12.0x0.1
Dihydrochalcone 4 ~ —27.32 —15.74 24.51 —7.63 —26.18 8.7+2.0
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Fig. 8 Interactions between the inhibitors and the active pocket residues of cruzaine

necessarily with the residues belonging to the enzymatic
catalytic triad. Thus, these inhibitors are able to inhibit
substrate conversion by blocking their access to the protein
binding pocket (Laskowski and Qasim 2000; Brak et al.
2008; Farady and Craik 2010; Wiggers et al. 2013). Our
results suggest that the inhibitors that belong to the dihy-
drochalcones class have a mode of inhibition as described
above, since they were able to remain bound to the active
site of cruzaine throughout the time of MD dynamics. In

addition, the experimental results of in vitro biological
activity demonstrate the ability of the compounds under
study to inhibit the cruzaine Burger et al. (2014).

Conclusions

The chemical shifts obtained for the nuclei of 1H and 13C
using the DFT B3LYP/cc-pVDZ for structures 1, 2, and 3
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are consistent with the experimental ones, presenting low
residues. Thus, the quantum method was used to elucidate
structure 4, which was not completely elucidated by tradi-
tional experimental techniques, making it possible to sug-
gest that structure 4A has more-probable stereochemistry
for dihydrochalcone 4. This indicates that the methodology
used can be employed in studies of the prediction of spec-
troscopic properties of substances with structures similar to
those described in this work.

In our molecular docking studies to predict the binding
mode of the new inhibitors, it was possible to observe that
these molecules are capable of interacting with residues
important for the enzymatic activity like Cys25, His161,
and Aspl160. The amino acid residues Cys25 and His161
belong to the catalytic triad of cruzaine; therefore, the
molecules that are capable of interacting with them have a
high potential for inhibiting cruzaine. We also performed
MD simulations to evaluate the molecular behavior of these
inhibitors over time and free energy calculations with the
MM/GBSA method. Our AGy;,q results rank the inhibitors
in accordance with the experimental results of Burger et al.
(2014). The evaluation of the energy components involved
in the AGy;,q calculations demonstrated that the vdW
interactions are the main factor responsible for the drug—
receptor interactions.
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