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Abstract

Cancer is a very complex disorder, and it is urgent to find new ways to treat it. This study aims to evaluate the inhibition
mechanism of ALK-5 (target related to breast cancer) from an electronic point of view. Computational simulations (QM/
MM, NBO, QTAIM) were performed, and the ONIOM method (B3LYP/cc-pVDZ:UFF) was used to obtain the optimized
geometries of the studied systems. The NBO analyses indicated that the most important electron transfer occurs between LP
N (inhibitor 1) and BD* O-H (Tyr249) orbitals (AE*>=11.89 kcal/mol). The weakest interaction occurs between the LP N
(inhibitor 4) and BD* N-H (His283) orbitals (AE>=0.81 kcal/mol). The QTAIM analyses suggested that the most active
inhibitors perform a greater number of hydrogen bonds with the major residues. Therefore, quantum mechanics methods
proved to be important to better understand the inhibition of ALK-5, as well as helping the design of new inhibitors.
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1 Introduction

Cancer is characterized by uncontrolled proliferation and
growth of transformed cells. In the world, according to data
from GLOBOCAN 2018, an estimated 18.1 million new
cases of cancer and 9.6 million cancer-related deaths hap-
pened in that year [1]. Several studies show the importance
of studying biological targets related to this chronic disease
[2, 3]. One of the biological targets involved in the can-
cer cases is known as TGF-p receptor type I (transform-
ing growth factor ), also called ALK-5 (activin receptor-
like kinase 5), which is a biological receptor of the TGF-
superfamily [4]. This growth factor is responsible for several
physiological processes, such as wound healing, immune
system control, homeostasis and tumor suppression, and is
also related to the recruitment of immune cells, apoptosis,
among other biological events [5]. Thus, biological signaling
of TGF-p occurs by type 1 receptors (TGF-p RI or ALK-5)
and type 2 receptor (TGF-f RII). If this signaling is unregu-
lated, TGF-f transforms into a tumor promoter, causing the
spread of cancer cells and metastasis [6].

Several studies have shown that the ALK-5 inhibition
is related to various types of tumors, such as pancreatic,
breast and colon, and these studies have been done to
induce the inhibition of TGF-f signaling [7-9]. In this
paper, six molecules ((1 (4-([1, 2, 4] triazole [1,5-a]
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pyridin-6-yl)-N-(4-methoxyphenyl)-3-(6-methylpyridin-
2-yl)-1H-pyrazole-1 carbothioamide, two molecules of
1-substituted-3-(6-methylpyridin-2-yl)-4-([1, 2, 4] tria-
zole [1,5-a]pyridin-6-yl) pyrazole group (the most active
inhibitors) and 3-((3-(6-methylpyridin-2-yl)-4-(1,5-
naphthyridin-2-yl)-1H-pyrazol-1-yl) methyl) benzoni-
trile), N-(3-cyanophenyl)-3-(3-(6-methylpyridin-2-yl)-4-
(quinolin-6-yl)-1H-pyrazol-1-yl) propanethioamide and
3-((3-(6-methylpyridin-2-yl)-4-(quinolin-6-yl)- 1H-pyra-
zole-1-yl) methyl) benzonitrile (the least active com-
pounds)) [10—12] capable of inhibiting ALK-5 were stud-
ied. In addition, the main interactions of these molecules
with the major amino acid residues of the target binding
site (structural water molecule, Lys232, Glu245, Tyr249,
His283 and Asp351) [13] were also analyzed. Currently,
there are several ways to study the ALK-5 inhibition, and
one of them is the use of molecular modeling techniques
and theoretical chemistry.

Of the diverse computational methodologies that can
be employed, the present work uses a quantum mechanical
approach to perform an electronic analysis of the system
such as analyses on the electron transfers involved in the
main interactions between inhibitors and the biological tar-
get. The first employed method was ONIOM (own n-lay-
ered integrated molecular orbital and molecular mechan-
ics) [14—16] to generate the conformations related to the
electronic structure of the six inhibitors, the structural water
molecule and the main residues of ALK-5. After obtaining
these conformations, NBO (natural bond orbital) [17-21]
technique was used to verify the intensity of the hydrogen
bonds. Moreover, QTAIM (quantum theory of atoms in
molecules) [22-24] method was used to obtain the topol-
ogy of the electron density of the molecular systems under
study. Finally, calculations of interaction energy (AE) [25]
were performed to analyze the electronic levels related to the
stability of the hydrogen bonds being studied. In this way,
studying the electronic interactions of a protein—inhibitor
system is very important in the development of new possible
drug candidates.

2 Computational details
2.1 Dataset

The tridimensional structure of ALK-5 used in all analyses
was selected from PDB (Protein Data Bank [26]) with the
code 3HBM [13] (Fig. S1). A set of six ALK-5 inhibitors
has been chosen from the literature [10-12], which have ICj
values that were converted to pIC50 (—log ICs). Table 1
shows the structures of the selected compounds and their
respective ICs, values.

@ Springer

2.2 Calculations of bond lengths and angles

To validate the basis set to be used in the ONIOM, NBO
and QTAIM analyses, the bond lengths and angle values
of 2-(6-methylpyridin-2-yl)-N-pyridin-4-ylquinazoline-
4-amine (crystallographic inhibitor, PDB: 3HMM) [13] were
analyzed by using DFT (density functional theory), with the
B3LYP functional [27-30] and eight basis sets (Pople func-
tions and a Dunning double—{ base—cc-pVDZ, correlation
consistent basis set with double {) [31, 32]. After determin-
ing the RMSD (root-mean-square deviation) between the
theoretical and experimental values, the ONIOM method
was used to obtain the conformation of the ligand—receptor
complexes.

2.3 ONIOM analyses

The initial conformation of each ligand-receptor com-
plex, used in the QM/MM (quantum mechanics/molecular
mechanics, using the ONIOM method) calculations, was
previously obtained [8], and, for these calculations, we
employed Gaussian09 [33]. Initially, the binding site of
ALK-5 was delimited at a radius of 5 A, and this cut was
done by using Pymol [34]. After selecting the binding site of
the biological target, GaussView was used to select the high
and low regions (quantum mechanics and classical mechan-
ics, respectively) [14, 35]. The high layer of ONIOM has the
following residues: Lys232, Glu245, Tyr249, His283 and
Asp351, the inhibitors and the structural water molecule.
For the top layer of the ONIOM calculations, B3LYP/cc-
pVDZ (basis set that generated the best correlation with the
experimental values of bond lengths and angles for the refer-
ence compound) was employed; the layer that compasses the
protein environment was analyzed with the universal force
field (UFF) [31, 36]. After obtaining the conformations of
the ligand-receptor complexes from ONIOM, the next stage
was the analysis of the NBO orbitals, whose main purpose
is to evaluate the electron transfer levels that occur in the
interactions between inhibitors and the main residues at the
binding site of ALK-5.

2.4 NBO calculations

From the optimized geometries obtained from B3LYP/
cc-pVDZ (high layer of ONIOM), natural bond orbitals
(NBO) were determined with this same calculation level
[20, 37]. The computational code used was NBO 3.1. The
NBO model describes the electron density in terms of
hybridization and covalent effects for polyatomic wave
functions. This model can also be used in the study of
electronic interactions that occur from a donor—acceptor
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Table 1 Chemical structure of
the studied ALK-5 inhibitors N
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point of view. For the study of ALK-5 inhibitors, NBO
analysis was used to assess the formation of hydrogen
bonds and electronic transfers related to the following
interactions: inhibitors + Lys232, Glu245, Tyr249, His283,
Asp351 and structural H,O. This type of intermolecular
interaction occurs between electron-rich regions, in the
case of lone pair (LP) and anti-ligand orbitals, forming
the hydrogen bonds. About the second-order stabilization
energy (AE?) of the NBO orbitals, the values for the inter-
actions considered were higher than 0.7 kcal/mol. Equa-
tion 1 presents the calculation of (AE?) [20, 38]
2 o|F|c*?
AE? =-2———— 1)

O0*
Epv — Eg

From Eq. 1, it is possible to verify that the Fock opera-
tor is the term F and ¢, and €. are the NBO orbital ener-
gies [20]. The NBO model was also used in the study of
the electronic transfers that occur in the phosphorylation
mechanism of ALK-5. The methodology used in the NBO
calculations for this step was the same as previously used
(B3LYP/cc-pVDZ). Afterward, the next step of this study
was to analyze the electronic topology of the ligand-recep-
tor interactions from the QTAIM technique [22, 39].

2.5 QTAIM analyses

The same structures of the complexes obtained from
ONIOM (B3LYP/cc-PVDZ:UFF) were used to carry out
the QTAIM analyses. This approach is based on the topo-
logical variables of electronic density (p) and Laplacian of
electronic density (V2p) and performs the mapping of the
location and behavior of atoms in a chemical bond. Bond
critical points (BCPs) were analyzed, which can be classified
according to their classification (o) and signature (o), being
that w is related to the number of nonzero curvatures of p at
a critical point and o is the algebraic sum of the signs of the
curvatures, that is, each curvature contributes + 1 depending
on whether it is positive or negative. Therefore, there are
four types of stable and nonzero critical points: [40].

(a) (3, —3) three negative curvatures: p is a local maxi-
mum;

(b) (3, —1) two negative curvatures: p is a maximum in the
plane defined by the corresponding eigenvectors, but is
a minimum along the third axis that is perpendicular to
that plane;

(c) (3,+1)two positive curvatures: p is a minimum in the
plane defined by the corresponding eigenvectors, but is
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a maximum along the third axis that is perpendicular to
that plane;
(d) (3, +3) three positive curvatures: p is a local minimum.

In addition to the definition of the different types of
critical point, the Laplacian of electronic density is defined
according to the QTAIM theory as an energy density, as is
presented in Eq. 2 [23]:

(7 am ) V20 7) = 27 + V(@) @

where T(?j and V(?) are the kinetic and potential energy of
the electron density p(_r'), respectively. Equation 2 clearly
shows the relation of Laplacian (V2p(7)) with the atomic
virial theorem, satisfying Eq. 3.

2T(2) = V() 3)

In other words, when Vzp(7) is negative, the potential
energy will prevail, i.e., the electronic density is compressed
in BCP. When V? p(?) is positive, the kinetic energy in BCP
is higher, indicating that the electronic charge is expanded
with the charge density values of less than 0.1 u.a. [23].

Thus, single-point calculations (B3LYP/cc-pVDZ) were
initially performed to obtain the wfx (AIM Extended Wave-
function Files) file, which is a newer version of the wfn file
(AIM Traditional Wavefunction Files), and the data are pre-
sented cleanly and allow the writing of the data related to
the wave function of the system [41]. All these single-point
calculations were performed with Gaussian09. Hereafter,
this file was used to obtain the topological variables p and
V2 for the BCPs of the interactions between the six inhibi-
tors, the main amino acid residues at the binding site active
of ALK-5 and the structural water molecule. For this, we
employed the AIMQB program (AIMALL subprogram)

Fig.1 3D and 2D structure of
molecule 2-(6-methylpyridin-
2-yl)-N-pyridin-4-ylquinazo-
line-4-amine
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[41]. Several output files are obtained, and from the sumviz
extension files, it is possible to obtain the molecular graphs,
the gradient maps and the values obtained for p and V2p of
the BCPs of the interactions of the studied systems (using
the AIMStudio subprogram).

2.6 Stabilization of hydrogen bonds

From the QTAIM topological analysis, it was possible to
verify the formation of intermolecular closed-layer interac-
tions (hydrogen bonds) that are important in the study of
the ALK-5 inhibition. To evaluate the level of stabilization
of these closed-loop interactions, we calculated the interac-
tion energy values, and the first step of this technique was
the single-point calculation by using Gaussian09 (B3LYP/
cc-pVDZ). The interaction energy calculation considers the
energy values of the total system between inhibitor (or struc-
tural water molecule) +residues (or water molecule) as E,
and E, and Ej for the energy values for the isolated mol-
ecules, as presented in Eq. 4. Therefore, from this approach,
it is possible to evaluate the hydrogen bonding interactions
that present greater stability (lower values of AE) [25]:

AE=E,;; —E, — Ep 4)

3 Results and discussion
3.1 Calculations of bond lengths and angles

The geometry optimization of 2-(6-methylpyridin-2-yl)-N-
pyridin-4-ylquinazoline-4 (Fig. 1) was performed to choose
a reliable basis set to be used in the ONIOM, NBO and
QTAIM calculations. These calculations were performed
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to evaluate the basis set that presents the highest correla-
tion with the experimental data (bond lengths and angles).
This analysis was performed by varying only the basis set,
while the functional was kept fixed (B3LYP). Supplemen-
tary Tables 1 and 2 (S1 and S2) display the experimental
and calculated values of bond lengths and angles for the
reference compound.

From Tables S1 and S2, it is possible to analyze the val-
ues of the experimental and theoretical bond lengths. The
RMSD calculation was used to verify the highest correlation
with the experimental data, as presented in Eq. 5 [42]:

2:;1(5’1' - yi)2

n

&)

RMSD =

Regarding the terms of Eq. 5, §;=experimental values
and y;=values obtained computationally. Table 2 shows the
RMSD values for the bond lengths.

The data presented in Table 2 show that the B3LYP den-
sity functional shows a higher correlation with the exper-
imental data when it is calculated using the basis set cc-
pVDZ (RMSE =0.020 /0%). For the analysis of the atomic
angles, the obtained results are given in Tables S3 and S4,
and these results show the values of experimental and the-
oretical bond angles. To evaluate the correlation between
these data, RMSE errors were also calculated, which are
given in Table 3.

From the results presented in Table 3, it is possible to note
that the highest correlation between theoretical and experi-
mental data is obtained from cc-pVDZ (RMSE=3.11°).
In addition to the comparison between the calculated and
experimental values for the bond lengths and angles, the
total energy values (E) were evaluated and the results are
displayed in Fig. 2.

From Fig. 2, it is possible to observe that the individual
energies obtained from different basis sets are below the
average (blue line), except for the smaller basis set (3-21G),
which ended up raising the average. It is important to
observe that the energy of the molecule tends to decrease
with the increase in the size of the basis set. In the case of
6-31G, the addition of diffuse and polarization functions

Table2 RMSD Yalues obtained Basis set Error (A)

from the correlation between

experimental and theoretical cc-pVDZ 0.020

values of bond lengths 631G 0.021
3-21G 0.022
6-31G(d,p) 0.022
6-31+G(d,p) 0.023
6-311+G(d,p) 0.024
6-311G 0.024
6-311G(d,p) 0.024

Table 3 Values of errors

> Basis set Error (°)

(RMSE) for the correlation

between valugs of experimental cc-pVDZ 3.11

versus theoretical angles 631G 312
3-21G 3.13
6-31G(d,p) 3.14
6-31+G(d.p) 3.14
6-311+G(d,p) 3.15
6-311G 3.15
6-311G(d,p) 3.16

decreased the energy value. Since the energy values obtained
with 6-3114++G (d, p) are equivalent, we decided to use the
Dunning basis due to its lower computational cost. Thus,
from these analyses, we can conclude that the most appropri-
ate basis set for the ONIOM calculations is cc-pVDZ.

3.2 ONIOM analyses

The ONIOM calculations were performed for the six
ligand-receptor complexes using B3LYP/cc-pVDZ (for the
region containing the inhibitors, the structural water mol-
ecule and the main residues—Lys232, Glu245, Tyr249,
His283 and Asp351) and the universal force field (UFF) for
the remaining environment. Figures 2 and 3 show the con-
formations obtained from the ONIOM calculations for the
inhibitors 1 and 4 (the most and least active compounds,
respectively). Figures S2 to S5 (Supplementary Material)
display the conformations obtained for the other inhibitors
at the binding site of ALK-5.

Basis set

3-21G

6-31G
6-31G(d,p)
6-31+G(d,p)
6-311G
6-311+G(d,p)
6-311++G(d,p)
cc-pVDZ

-1000
-1001 A
-1002 A
-1003 A
-1004 -
-1005 A
-1006 A
-1007 1 S RTIY OV S
-1008 -

Total Energy (Hartree)

Fig.2 Values of total energy for the reference compound (2-(6-meth-
ylpyridin-2-yl)-N-pyridin-4-ylquinazoline-4-amine) obtained from
different basis set and B3LYP. The blue baseline refers to the average
of all calculated energies. The orange line corresponds to the individ-
ual energy values obtained for each basis set
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Fig.3 Conformation of the
complex 1 (ALK-5 +inhibitor
1) obtained from B3LYP/cc-
PVDZ:UFF

Figures 3 and 4 show the conformations obtained for the
most and the least active inhibitors at the binding site of
ALK-5 (high layer=B3LYP/cc-pVDZ; low layer = UFF).
Thus, the ONIOM method was employed to generate the
conformations based on the electronic structure of the six
inhibitors, the major residues of the ALK-5 binding site and
the structural water molecule. In this way, it is possible to
analyze the hydrogen bonds that occur at the ALK-5 binding
site by using the NBO method.

3.3 NBO calculations

The first step in the NBO calculations was to isolate the
QM (quantum mechanics) part (the inhibitors, the structural
water molecule and the residues from the conformations
obtained by ONIOM (B3LYP/cc-pVDZ:UFF)) of the high
region (B3LYP/cc-pVDZ). From the isolated structures, the
single-point calculation (B3LYP/cc-pVDZ) was also per-
formed from the NBO technique. From this model, hundreds
of intramolecular and intermolecular interactions between
the inhibitors, the amino acid residues and the structural
water were obtained. However, to perform the analysis of
the donor or acceptor natural bond orbitals, GaussView 4.1.2
was used to generate the figures containing the electronic

@ Springer

clouds of the NBO orbitals. (Only the hydrogen bonds
were considered.) The orbitals of the inhibitors 1 and 4 are
displayed in Figs. 5 and 6. (The orbitals for the other four
inhibitors are shown in Figs. S6-S9.)

Taking into account the donor and acceptor NBOs, it is
possible to verify from Fig. 5 the electron density involved in
the formation of six intermolecular hydrogen bonds between
the inhibitor 1 and the binding site of ALK-5. Regarding
the NBO orbitals related to the hydrogen bonds between the
inhibitor 4 and the binding site of ALK-5, Fig. 6 shows that
three intermolecular hydrogen bonds were formed. Thus,
from the NBO analysis related to hydrogen bonds, it is pos-
sible to suggest that there is a greater inhibition of ALK-5
from the intermolecular interactions (hydrogen bonds) made
with the inhibitor 1. For the analysis of the energy intensities
of these hydrogen bonds formed between ALK-5 and the
inhibitors 1 and 4, Table 4 presents the values of AE? and the
distances among the atoms that are part of the interactions.
(For the other four inhibitors, these values are displayed in
Tables S5-59.)

From Table 4, it is possible to verify the intensities of
the six intermolecular interactions that occur between the
inhibitor 1, the structural water and the main residues at the
binding site of ALK-5 from a NBO donor—acceptor point
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Fig.4 Conformation of the
complex 4 (ALK-5 +inhibitor
4) obtained from B3LYP/cc-
PVDZ:UFF

of view. The most intense interactions occur between the
isolated pair of electrons of the nitrogen atom (LP N) pre-
sent in the inhibitor 1 and the antibonding orbital located at
the OH bond of Tyr249 (11.89 kcal/mol) and between the
isolated pair of electrons of the oxygen atom (LP O) of the
structural water and the antibonding & orbital located at the
NH bond of Glu245 (4.78 kcal/mol). For the inhibitor 4, the
most intense interactions occur between the isolated elec-
tron pair of the oxygen atom (LP O) of the structural water
and the antibonding = orbital at the NH bond of Asp351;
another interaction is also formed between the isolated pair
of the oxygen atom (LP O) of the structural water and the
OH antibonding & orbital located at Tyr249 (2.12 kcal/mol).
From the NBO analysis for this complex, it was also possible
to verify that the hydrogen bond between the inhibitor 4 and
His283 presents a low value of AE* (0.81 kcal/mol), sug-
gesting that ALK-5 presents lower stability when interacting
with this inhibitor.

Therefore, the NBO analyses indicated that the most
active inhibitors (1, 2 and 3) present a greater number of
hydrogen bonds from the highest values of AE? (greater
intensity of the NBO interaction). Also, the values of AE>
suggest that the electron transfer levels are higher when
ALK-5 performs hydrogen bonds with the most active

inhibitors. It is important to highlight that these results con-
tribute to understand the electronic interactions that occur
between the set of selected molecules and the binding site of
ALK-5. Afterward, the QTAIM technique was employed to
analyze the topology of intermolecular interactions.

3.4 QTAIM analyses

For the interactions of ALK-5 and the selected compounds,
the same interactions obtained from NBO were analyzed
with QTAIM. The BCP search for the six complexes was
performed from the electronic density gradient V p(?). The
gradient vector lines for the inhibitors 1 and 4 and their
respective BCPs are displayed in Figs. 7, 8, 9 and 10. (For
the other four inhibitors, these results are presented in Figs.
S10-15.)

Figures 7, 8, 9 and 10 show lines around the atomic
nuclei that refer to gradients of the electronic density Vp
(r). At points where Vp (r) =0, singularities are called
critical points (CP). The Hessian trace of the electronic
density characterizes these critical points. If the sum
is equal to — 3, the critical point is an atomic nucleus
(nuclear attractor critical point—NACP) characterized by
the symbology (3, —3). If the sum of the Hessian trace is

@ Springer
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Fig.5 NBO orbitals (donors and acceptors) related to the interactions among inhibitor 1, the structural water and the major residues of ALK-5.
The arrows indicate the direction of the electronic movement (from donor to acceptor)

equal to — 1, the critical point is called bond critical point
(BCP), indicating that the electronic density is maximum
in the plane formed by two atomic nuclei, remaining in
the middle of the connection path between two atoms.
Analyzing Figs. 7, 8, 9 and 10, we observed that the gra-
dient of electronic density starts at infinity and ends at
NACPs. BCPs are displayed between the red dot binding
pathways, and they are related to the intra- and intermo-
lecular interactions that occur between the six inhibitors
and ALK-5. From Table 5, it is possible to identify the

@ Springer

covalent bonds (V?p negative) and the hydrogen bonds
(V?p positive) carried out in the complexes 1 and 4. (All
BCPs obtained for the other complexes are shown in Sup-
plementary Material.)

Table 5 shows the QTAIM results that characterize the
chemical bonds and hydrogen bonds between the inhibitors
and ALK-5. Taking into account the covalent bonds, the
values of V2p are negative; for the unsaturated bonds, these
values are positive (greater than 0.20 a.u.) and, for the
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-

'S

Asp351

H20

Fig.6 NBO orbitals (donors and acceptors) related to the interactions among inhibitor 4, the structural water and the major residues of ALK-5.
The arrows indicate the direction of the electronic movement (from donor to acceptor)

Table 4 Results on NBO donors
and acceptors for the complex 1

(inhibitor 1, structural water and
binding site of ALK-5)

Interactions, distances and angles NBO donor NBO acceptor AE? (kcal/mol)
Complex 1 (inhibitor 1, structural water and binding site of ALK-5)

1. H,0+Lys232 (2.21 A and 154.81°) BD(x) O-H BD* (1) N-H 2.57
2. H,0+Glu245 (2.24 A and 148.00°) LPO BD*(n) N-H 4.78
3. H,0+Asp351 (2.09 A and 171.26°) LPO BD*(n) O-H 3.15
4. Inhibitor 1+H,0 (2.30 A and 169.18°) LPN BD*(n) O-H 3.82
5. Inhibitor 1+ Tyr249 (2.04 A and 165.97°) LPN BD*(n) O-H 11.89
6. Inhibitor 1+ His283 (2.25 A and 151.16°) LPN BD* (x) N-H 2.83
Complex 4 (inhibitor 4, structural water and major residues of ALK-5)

1. H,0+ Asp351 (2.00 A and 166.11°) LPO BD*(n) N-H 3.16
2. H,0+ Tyr249 (1.59 A and 165.10°) LPO BD*(n) O-H 2.12
3. Inhibitor 4 + His283 (2.47 A and 153.95°) LPN BD*(n) N-H 0.81

* BD (bonding orbital), BD * (antibonding orbital), LP (lone pair)

intermolecular hydrogen bonds (BCPs in bold in Table 5),
the signal of the Laplacian is positive and the values of
V?2p are smaller than 0.1 a.u. Thus, from the QTAIM analy-
sis on the chemical bonds and intermolecular interactions,
the next step involved the calculation of interaction energy
(AE), which allows verifying the stability of the hydrogen
bonds.

3.5 Stabilization of hydrogen bonds

To carry out a more detailed analysis of the hydrogen
bonds, the interaction energy values were also calculated.
For this, the isolated energies of the complexes (taking into
account the studied intermolecular interactions, E,jex),
the inhibitors, the structural water molecule and the main

@ Springer
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Fig.7 Maps of the vector field
gradient of p for the interaction
between the inhibitor 1 and the
structural water (a) and between A
the water molecule and Lys232

(b)

residues were calculated to obtain the AE values. The results
obtained for the inhibitors 1 and 4 are presented in Table 6.
(The results obtained for the other compounds are displayed
in Supplementary Material.)

About the hydrogen bonds that occur between the most
active inhibitors, the structural water and the binding site
of ALK-5, we can see from the BCPs analyzed by the
QTAIM method that the unbound electronic pair at nitro-
gen is the main responsible for the following intermolecular
interactions:

@ Springer

(a) inhibitor 1 +H,0

(b) inhibitor 1+ Tyr249

(c) H,0+Lys232 (at the binding site with the inhibitor 1)
(d) H,O+ Glu245 (at the binding site with the inhibitor 1)
(e) inhibitor 4 + His283

() H,O0+Tyr249 (at the binding site with the inhibitor 4)

Analyzing the hydrogen bonds formed between the struc-
tural water and the main residues of ALK-5, we can observe
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Fig.8 Maps of the vector field
gradient of p for the interaction
between the inhibitor 1 and A
Tyr249 (a) and between the

water molecule and Glu245 (b)

that the electronic pair on the oxygen atoms is the main
responsible for the following intermolecular interaction:

(a) H,O+ Asp351 (at the binging site with the inhibitor 1)
(b) H,O+ Asp351 (at the binding site with the inhibitor 4)

From Table 6, it is possible to verify that the inhibi-
tor 1 makes the most stable interactions with ALK-5.
One clue to this statement is the interaction that occurs
between the inhibitors and His283. For the inhibitor 1,
AFE is equal to —0.91 a.u., and for the inhibitor 4, AE is
equal to +10.99 a.u. This result can be discussed using
the QTAIM parameters, since there is a BCP between O2
and C17 (p=0.0036 a.u. and V>p=0.01 a.u., see Supple-
mentary Material). The formation of an intermolecular
BCP between these atoms can be explained by the ste-
reochemical factor of the conformation of the inhibitor 4

/1
Lol
& A |
'

(/] A Y
i //

|
\ \
[/ \H“\\

at the binding site of ALK-5. In addition, these analyses
also indicate hydrogen bonds with lower AE values for the
inhibitor 1, suggesting its greater stability at the ALK-5
binding site. From these results, it is also possible to verify
that the least active inhibitors make less stable hydrogen
bonds and, in the case of the least active inhibitor (4),
there is an unstable interaction. Thus, from the topologi-
cal QTAIM analysis and the mapping of the closed-shell
interactions, it was possible to analyze the importance of
deep electronic analysis on the role of hydrogen bonds to
understand the biological activity against ALK-5 presented
by the selected inhibitors.

@ Springer
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Fig. 9 Maps of the vector field
gradient of p for the interaction
between the inhibitor 1 and
His283 (a) and between the
water molecule and Asp351 (b)

4 Conclusions

The computational study of ALK-5 and its inhibition was
carried out to understand the electronic factors involved
in this process. Initially, the validation of the theoretical
methodology was performed by calculating the values of
bond lengths and angles and compared them to experimen-
tal data. The results obtained in this step showed that the
combination of B3LYP-cc-pVDZ provided better results
when compared to experimental data obtained from the
ligand structure found in the PDB structure (PDB code:
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3HMM). From the choice of the theoretical methodology,
QM/MM simulations were performed using the ONIOM
technique. In this way, the conformations obtained from
ONIOM (B3LYP/cc-pVDZ:UFF) were used in the NBO
analyses, where information was obtained on the electron
transfer levels of the hydrogen bonds that occur between
ALK-5 and the six studied inhibitors. From this analysis,
it was possible to verify a greater number of hydrogen
bonds to the complex 1 (containing the most active inhib-
itor). Values of second-order perturbation energy (AE?)
showed that the most intense interaction occurs between
the isolated pair of electrons at the nitrogen atom (LP
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Fig. 10 Maps of the vector field
gradient of p for the interaction
between the inhibitor 4 and
His283 (a) and between the
structural water and Tyr249 (b)
and Asp351 (c)

N) present in the inhibitor 1 and the antibonding orbital
located at the OH group of Tyr249 (11.89 kcal/mol). The
least intense interaction occurs between the isolated pair
of electrons at the nitrogen atom (LP N) of the inhibitor
4 and the antibonding orbital NH at His283 (0.81 kcal/
mol). Also, the QTAIM methodology indicated the for-
mation of chemical interactions, such as covalent bonds
and closed-shell interactions (intermolecular hydrogen
bonds) for the major amino acid residues of ALK-5 and
the respective inhibitors. For the most active inhibitor of
the series (compound 1), it was possible to verify hydro-
gen bonds with the following species: structural water
(p=0.01 au and V?p=0.04 au), Tyr249 (p=0.02 au and
V?p=0.07 au) and His283 (p=0.01 au and VZp=0.04 au).

The inhibitor 4 (the least active) makes only one hydrogen
bond with His283 (p=0.01 a.u. and V?p=0.03 a.u.). To
verify the stability of hydrogen bonds analyzed from the
NBO and QTAIM techniques, interaction energy calcula-
tions were also performed, and the results indicated that
the inhibitor 1 achieves the most stable hydrogen bonding
(His283, AE=—-0.91 a.u.) and the least active inhibitor
(4) makes a hydrogen bond with His283, but the value
is 10.99 a.u., suggesting instability. Therefore, from the
results obtained in this study, a contribution to the elec-
tronic features related to the main interactions of some
inhibitors and ALK-5 was made, in particular to under-
stand the mechanisms of action of ALK-5 and to design
new drug candidates to treat illnesses like cancer.
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Table 5 Electronic density

¢ Inhibitor receptor ~ BCPs p(au.) V?p(au.) Inhibitor receptor ~BCPs p(au) V?p(au.)
(p) and Laplacian of electron

dQe;I;thKA (Z:rﬂiigggggsﬁom Inhibitor] +H,0 ~ NI-C4 035 —090  Inhibitorl + Tyr249 N27-C28 039 —1.11
occurring between ALK-S and NI-N5 036  —0.69 NI9-N23 036  —0.69
the inhibitors 1 and 4 NI3-C24 035 —1.03 N29-N31 036  —0.68
NII-NI3 036  —0.68 N19-C22 035 —093
NI5-C23 035 —117 N31-C42 035 —1.03
NI-H54 001  0.04 HIS-N27 0.02  0.07
052-H53 032 —1.75 O10-HI8 032 —185
052-H54 032 -221 N25-H60 034  —1.54
Inhibitor] + His283 N31-C39 039  —1.16  H,0+Lys232 02-C21 04 0.66
N7-C8 036 —124 N24-H25 034 —1.56
NI7-N21 036  —0.69 N24-H26 034 —1.56
N27-N29 036  —0.68 N7-HIS 033 —144
03-C68  0.35 0.72 O19-H23 033  —2.03
HIO-N31 0.01  0.04 HIS-O19 0.02  0.05
NI-HI0O 033 —1.55 O19-H20 031 —1.84
N23-HS8 034 —1.54
H,0+ Glu245 C4-05 041 041  H,0+Asp351 02-Cl4 04 0.62
02-CI13 040  0.67 C5-06 04 027
NI6-HI8 034 —1.54 O16-HI7 034 -2.1
NI6-HI17 034 —161 O12-HI3 033 —197
O11-HI2 034  —2.07 NIS-HI9 033  —145
09-H17 0.2  0.04 O6-HI3 0.02  0.05
09-HI5 033  —2.07 O16-HI7 034 -2.1
OI12-HI3 033 —197
Inhibitor4 + His283 N22-C39 046 058  H,0+Tyr249 02-C22 040  0.68
02-C64 040 077 O19-H21 034  -20I
NIS-N20 036  —0.69 N24-H25 033  —147
NI5-C16 035 —1.06 N24-H26 033 —1.44
N66-H68 034  —1.59 O19-H20 032 —1.66
N15-H68 0.01 0.03 HIS-019 0.06  0.09
N$-HI4 034 —16l 02-C22 040  0.68
N22-C39 046 0.8 O19-H21 034  —201
H,0 + Asp351 02-C22 040  0.66

N24-H26 0.34 -1.55
N24-H25 0.34 -1.56
019-H21 0.34 -1.94
N7-H17 032 -1.36
H18-019 0.02 0.07
019-H20 0.32 —-1.60
02-C22 0.40 0.66
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Table 6 Energy values for the
complexes formed by the most

and the least active compounds, 1
structural water and the main
ALK-5 residues

Inhibitor Interaction EComplcx (au) E, (au) Egy (a.u) AE (a.u)
Inhibitor (A)+H,0 (B) —1821.01 —1744.62 (Inhibitor) —76.40 (H,0O) 0.00
Inhibitor (A)+ Glu245 (B) —2299.42 —1744.62 (Inhibitor) —554.79 (Tyr249) —0.02
Inhibitor (A) +His283 (B) —2218.00 —1744.62 (Inhibitor) —472.47 (His283) —0.91
H,0 (A)+Lys232 (B) —498.18 —420.78 (Lys232) —76.80 (H,0) —0.60
H,0 (A)+Glu245 (B) -513.48 —437.08 (Glu245) —76.40 (H,0) —0.01
H,0 (A)+Asp351 (B) —552.81 —476.11 (Asp351)  —75.70 (H,0O) -0.99

4 Inhibitor (A) +His283 (B) —1754.51 —1292.06 (Inhibitor) —473.45 (His283) 10.99
H20 (A) + Tyr249 (B) —-631.21 —556.69 (Tyr249) —74.62 (H,0) 0.09
H20 (A)+ Asp351 (B) —498.21 —421.78 (Asp351)  —76.52 (H,0) —0.01
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