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Abstract: Cancer is a disease caused by the incorrect transformation of cells that
proliferate abnormally, and it is one of the leading causes of mortality worldwide. As a
result, new compounds with potential anticancer activity must be designed. In this article,
three — dimensional Quantitative Structure-Activity Relationship is used to study thirty-
one compounds of 1H-pyrrolo[2,3-b]pyridine derivatives as potent TNIK inhibitors
against colorectal cancer cells. Their pIC50 varied from 7.37 to 9.92. The two contours,
Molecular Field Analysis (CoMFA) and Comparative Molecular Similarity Indices
(CoMSIA) are critical in determining the nature of the groups that enhance or reduce
activity. The models COMFA and CoMSIA indicate strong reliability with (Q*= 0.65; R?
= 0.86; ries” = 0.97) and (Q?= 0.74; R? = 0. 96; res® = 0. 95), respectively. Based on the
good findings produced by the contour maps generated by the approach model, we have
suggested five drugs with strong activity against colorectal cancer cells. In addition, the
ADMET characteristics of these newly designed compounds were examined in silico.
These compounds were further evaluated by molecular docking, showing that two
molecules, Y4 and Y5, exhibit favorable interactions with the targeted receptor and a high
total score. Our vision is to develop new medicines with strong TNIK inhibitory activities
that target Traf2 and Nck-interacting kinase TNIK as a therapeutic target.

Keywords: Cancer; 1H-pyrrolo[2,3-b]pyridine; 3D-QSAR; ADMET; Molecular docking

1. Introduction

The diagnosis of cancer reveals colorectal cancer (CRC) is one of the most frequent cancers
worldwide, it affects men and women in different proportions (Jemal ez al., 2011), colon cancer is a
significant issue in human health, with over 700,000 fatalities each year (Katanoda et al., 2012), the
majority of individuals with colorectal cancer who have distant organ metastases, or no lymph nodes
may be treated with surgical resection used (Okuno, 2007), the percentage of patients with stage IV
colorectal cancer have a 5-year survival rate of less than 15 percent (Koutras et al., 2011; Omura,
2008). Colorectal cancer may be prevented by exercising regularly and eating a diet rich in fruits and
vegetables, whereas cigarettes, alcohol, processed meat, and red meat consumption increase the chance
of getting the disease.
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Traf2 and Nck-interacting kinase (TNIK) have been found to be required for the development of
colon cancer cell lines, and its inhibition, inhibits cancer cell proliferation and growth, colorectal
cancers are caused by mutations in one of two signaling pathway: b-catenin (CTNNBI1) and
adenomatous polyposis coli (APC) genes(Morin et al., 1997; Polakis, 2000). The colorectal cancer
cells retain their reliance on Wnt (Dow et al., 2015; de Lau, Peng, Gros, & Clevers, 2014; Wielenga et
al., 1999; Yamamoto et al., 2003) signaling, although the loss of the adenomate coli polypose is the
most precocious genetic event in colorectal cancer (Powell et al, 1992). The study of oncogenic
retroviruses had an impact on the discovery of Wnt signaling pathways, colorectal carcinogenesis is
fueled in part by Wnt signaling, TNIK is the main regulator of Wnt signaling, and colorectal cancer
cells rely on it for growth and proliferation (Kahn, 2014).

In recent years, several pharmaceutical companies have used TNIK inhibitors with different
chemical structures against colorectal cancer cells for example PF-794 (Pfizer) and Celon Pharma
(Bujak et al., 2015). TNIK is being studied as a possible colorectal cancer treatment target (Masuda et
al., 2016). Recently various compounds based on pyrrole and pyridine displayed attractive efficacy
both in vitro and in vivo and had the potential to treat breast cancer (Li et al., 2023; Imai et al., 2023;).
The objective of this study is to predict compounds that are effective TNIK inhibitors against colorectal
cancer cells. In the context of our ongoing interest in the development of anticancer drugs (EL-Mernissi
et al, 2021; El-Mernissi et al., 2021, 2022), a series of thirty-one 1H-pyrrolo [2,3-b] pyridine
compounds were employed in the quest for medicines against colorectal cancer based on TNIK
receptor inhibition (Yang et al., 2021). To identify the binding mechanisms of compounds with the
Traf2 and Nck-interacting kinase (TNIK) (PDB code: 2X7F), molecular docking was conducted by
utilizing surflex-docking, and the reliability of the suggested compounds was obtained.

2. Experimental Methods

2.1 Materials

A series of 31 substituted 1H-pyrrolo [2,3-b] pyridine derivatives from the literature were tested
to 3D-QSAR modeling. The database was split into two groups, with 26 chemicals chosen as a training
set and the remaining 5 as a test set (Khaldan ez al., 2021; Khalil EL Khatabi et al., 2021). The 3D-
QSAR (CoMFA and CoMSIA) model was built using the training set. Furthermore, the test set is used
to assess the model's prediction ability. The IC50 value was first measured in units (nM) and then
converted to pIC50 (pIC50 = Log 1/IC50) (M). The molecular structure of the agent for the study is
shown in Figure 1, and Table 1 lists the various structures for the test and training compounds, as well
as their biological activity (pIC50)(M).

NH

Figure 1. Structure of the studied compounds.
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Table 1. The structure and activities of studied compounds.
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Using the Gasteiger-Huckel partial atomic charges (Purcell & Singer, 1967) in the Sybyl (Cronin
et al., 2018) software, all molecular structures are minimised under the conventional Tripos force
field(Clark, Cramer, & Van Opdenbosch, 1989). Molecular alignment is one of the most important
factors in 3D-QSAR studies (El Khatabi et al., 2020; EL-Mernissi et al., 2020; K El Khatabi et al.,
2021). To align the database, the most active molecule 23 was utilised. Figure 2 depicts the core and
alignment of all compounds.

2.2 Minimization and alignment

Figure 2. Core and the alignment of molecules

2.3 3D QSAR study

The CoMFA(Cramer, Patterson, & Bunce, 1988; Khaldan & Lakhlifi, 2020) and CoMSIA analysis
is used to create 3D QSAR models(Bouamrane et al., 2022, Klebe, Abraham, & Mietzner, 1994), to
predict new compounds, and to explore various fields, such as steric and electrostatic for the CoOMFA
model, while CoMSIA gives steric, electrostatic, hydrophobic, H-bond donors and acceptors. To
achieve a linear correlation between the dependent variable (pIC50) and the independent variables
(contours), the partial least squares analysis (PLS)(Bush & Nachbar, 1993) regression method was
used. The process of non-cross-validation was given to evaluate the coefficient of determination (R?),
the value F (Fischer test and lowest value of the standard error of estimates (SEE), while to determine
the cross-validated correlation coefficient (Q?) and the optimum number of components N, a cross-
validation method was used. Furthermore, a test set was used for external validation to calculate rZex
and estimate the optimal predictive model.

The best QSAR model was chosen based on the high Q?, and the R? correlation coefficient should
respect the following criterion (Q? > 0.50 and R? > 0.60) (25), while r’cx should have a value more than
0.6, which in turns indicates the significant predictability of the obtained QSAR model, and the
combination of these positive results means that our model is reliable(EL-Mernissi et al., 2021).

2.4.Y-randomization

The Y-Randomisation was done to affirm the reliability of models obtained (Khalil EL Khatabi et
al., 2020; Lafridi, Oussa, Zgou, & Bouachrine, 2020), where the independent variables of the studied
molecules (pIC50) are shuffled several times randomly, and a new QSAR model is constructed after
every iteration. It is possible to observe the randomized QSAR models with low Q? and R? values
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compared to the original models due to structural redundancy and chance correlation, which indicate a
reliable and robust 3D- QSAR model.

2.5 ADMET Prediction

Absorption of the chemical, distribution in the body, including biotransformation or metabolism,
excretion, and toxicology are all part of pharmacokinetics (ADMET). This study used the SwissADME
web server for predicting the ADMET properties (Daina, Michielin, & Zoete, 2017). ADMET
prediction is an essential part of the discovery process, where the precise results help identify the best
drug candidates.

2.6 Molecular Docking
To confirm the 3D- QSAR, we have analyzed the binding interactions between the TNIK protein

(PDB code: 2X7F) and ligands. The surflex— Dock module of Sybyl was used for molecular docking
studies. The pymol was used to carry out the docking protocol's stages (Delano, 2002). Consequently,
the results were observed by using Discovery Studio 2016(“Free Download: BIOVIA Discovery Studio
Visualizer—Dassault Systémes,” ).

2.7 Macromolecule and ligand preparations

The TNIK protein structure (PDB code: 2X7F) obtained from the Protein Databank PDB site
(www.rcsb.org) was prepared using Discovery Studio 2016. Using the SKETCH option in Sybyl
software, the 3D structure of compound 23 and the proposed compounds was formed. Three-
dimensional structures were minimized under the Tripos standard force field with Gasteiger-Hiickel
atomic partial charges by conjugate gradient method with a gradient convergence criterion of 0.01
kcal/mol A.

3. Results and Discussion

The best results were obtained by combining the two contours, such as, the COMFA model has an
excellent value of non-cross-validated (R? = 0.86), Standard error of the estimate (Scv = 0.19), F of
124.92, with a cross-validated Q? (0.65), and an optimum number of components of four. Subsequently,
these models showed that the electrostatic field has the highest contribution in this model with a value
of 46%, while the steric field is found to be 54%, and the external validation indicated the rex® value
of 0.96. The CoMSIA model yielded excellent results in terms of R?>= 0.96, cross-validated Q*=0.74,
coefficient value of external validation rex? =0.95, an optimum component of 4, test value F=126.91,
and standard error of the estimate Scv=0.18. The contributions of an electrostatic, steric, hydrophobic,
H-bond donor and acceptor field were 23%, 20%, 22%, 17%, and 18%, respectively. The statistical
results are displays in table 2, while table 3 displays the experimental and predicted pIC50 values of
the best models.

Table 2. The PLS statistical results of methods models.

Model Q? R? Scv F N | red FRACTION
Ster | Elec | Acc | Don | Hyd

CoMFA | 005 | 086 |0.19 |12492 14 109 |054 |046 |- - -
CoMSIA | 074 | 096 |0.18 | 12691 |4 1095 |020 |0.23 |0.18 |0.17 |0.22
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Table 3. The experimental and predicted pIC50 values of the models.

Predicted Predicted
N pICso CoMFA | CoMSIA | N pICso CoMFA CoMSIA
™) ™M)
1* 7.85 8.04 8.02 17 8.42 8.55 8.61
2 7.85 7.09 7.08 18 8.10 8.24 8.11
3 7.72 7.63 7.59 19 9.64 9.41 9.51
4 9.04 9.14 9.02 20 9.68 9.50 9.57
5 7.82 7.96 7.81 21 9.60 9.71 9.88
6 7.37 7.44 7.46 22 9.74 9.62 9.63
7 7.57 7.37 7.26 23 9.92 10.01 9.98
8 7.92 8.06 8.12 24 9.68 9.72 9.74
9 8.15 8.24 8.34 25 9.66 9.92 9.52
10* 7.74 7.93 7.73 26 9.66 9.75 9.70
11* 9.89 9.72 9.93 27 9.33 9.40 9.38
12% 9.72 9.98 10.00 28 9.48 9.62 9.52
13* 9.37 9.69 9.56 29% 9.10 9.36 9.38
14 8.28 8.14 8.32 30 9.52 9.40 9.60
15 7.51 7.47 7.41 31 9.17 9.25 9.21
16 9.36 9.45 9.71

3.1 Graphical interpretation of CoOMFA and CoMSIA

The CoMFA/CoMSIA contour maps were built to visualize the model field distribution where
changes may result in an increase in activity. Figures 3 and Figure 4 display the CoMFA and
CoMSIA contour maps, respectively. The compound 23 was employed as a reference structure, and
all the contours represented the default 80% and 20% level contributions for favored and unfavored

regions.
O
\k

B d N~ -
: N [ - / \ v ’ [ ,} | )
s A N 'f/\ , S~ Y A “~ [ - fv—// C "h“r>, -
o \\ Al ¢ § —— / ’ 1 e )

e’

4
1, - . w/ . —(_1

=
» N ’
~—

Figure 3. CoMFA field. a: Steric, b: electrostatic

The steric contour maps (Fig, 3a). The green color appeared around Arl substitution, indicating
that bulky substitutions selection is necessary for this position (increase activity), this can explain
the higher activity of compounds 23 (pIC50 =9.92) having N-cyclopropylbenzamide in this position,
compared to the compound 30 (pIC50 = 9.52) having N-methylbenzamide group at this position.

The electrostatic contour maps (Fig, 3b). The blue color is founded close to CN substitute,
indicating that substituents with electron-donor character are favored at these positions (increased
activity). A slight red contour near the N-methylformamide which belongs to group Arl, indicating
regions where more negative charges are favorable for the activity. This explains the higher activity
of compound 23 (pIC50 = 9.92) has a bulky electron acceptor group compared to compound 22
(pIC50 =9.74) has a not bulky electron acceptor group.
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Figure 4. CoMSIA field. a: Steric, b: electrostatic, ¢: H-bond acceptor, d: Hydrogen-bond donor,
e: Hydrophobic

The fields of CoMSIA are presented in Fig 4 (a, b, ¢, d, and ¢). According to figure (a) and (b),
we haven't addressed the steric and electrostatic fields because are same in both contours, according to
table 2, the other hydrophobic, hydrogen-bond donor and acceptor fields have a percentage 22%, 17%
and 18% successively. The hydrogen bond acceptors contour maps (Fig, 4c). The colors red and
magenta denote favorable and unfavorable locations for hydrogen donor groups to boost anticancer
activity. The magenta contour around the N-methylformamide which belongs to Arl position and the
CN group which belongs to the other side, indicates that an H-bond acceptor substituent at this position
increases the activity, while the red appears not closer of CN group, this clarifies the higher activity of
compounds 4 (pIC50 = 9.04) has a CN in this position, compared to the compound 1 (pIC50 = 7.85)
have not any group at this position.

The hydrogen bond donor contour maps (Fig, 4d). The colors cyan and purple denote favorable
and unfavorable locations for hydrogen donor groups to boost anticancer activity. The cyan emerged
in the vicinity of the 1H-pyrrolo [2,3-b] pyridine and CN replacements, indicate that an H-bond donor
substituent at this position increases the activity, while the purple appears not closer of CN group.
The hydrophobic contour maps (Fig, 4e). The colors yellow and white indicate that hydrophobic groups
enhance and reduce anticancer activity successively. The yellow color located all benzene, which
belongs to Arl position, indicates that hydrophobic substituent at this position increases the activity.

3.2 Y — randomization

The pIC50 values were randomly mixed to test the models' durability, and a new QSAR model
was generated after each rounding. The new values of Q* and R? are not acceptable because (Q? <0.5,
R? <0.6), indicating that our optimal models are not due to a chance correlation. Q* and R? values of
the generated models after several Y-randomization tests are shown in Table 4.
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Table 4. Q? and R? values after several Y — randomization tests.
CoMFA CoMSIA
Iteration Q° R2 Q’ R2
-0. 358 -0.426 -0.258 -0.442
0.285 0.394 0.176 -0.181
0.190 0.232 0.263 0.395
-0.330 -0.261 -0.284 -0.189
0.212 0.415 0.113 0.224

N[ B W N -

3.3 Newly designed compounds

We designed five compounds with greater biological activity than the most active chemical
molecule in the database using 3D QSAR modeling. Table 5 displays the pIC50 values and structures
of these molecules.

Table 5. The structures of new molecules and their pIC50 values.

Predicted pICs
N° Ry R; CoMFA | CoMSIA

SeWh
a NH NH\S//I:I 1001 998
B3| \Q// h
X
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Y,

Ys Yli‘jl\ - 10.10 10.06

3.4 ADMET prediction

Absorption, distribution, metabolism, excretion, and toxicity (ADMET) characterization are
crucial stages in predicting pharmacological properties. These characteristics were determined by
utilizing Swissadme and the pKSM online tool in that order. Table 6 shows the ADMET prediction of
compound 23 and the proposed compounds (Y1-Y5).
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Table 6. ADMET prediction of the most potent C»; and newly designed inhibitors.

Models Compounds
Cx ‘ Y1 ‘ Y; ‘ Y; Y, Ys
Absorption (A)
Water solubility logS (log mol/L) -3.58 | -3.30 -3.28 | -3.86 -3.65 -3.66
Intestinal absorption (human) 90.26 | 80.71 79.85 | 86.559 91.38 | 91.12
Caco, perm.(log Papp in10-° cm/s) 0.71 0.41 0.58 0.58 0.81 0.92
Distribution (D)
Blood-brain barrier (logBB) -1.375 -1.55 -1.43 -1.56 -155 -1.57
Volume of distributionVps 0.16 0.12 0.22 0.15 0.58 0.46
Metabolism (M)
2D6 No No No No No No
Substrate (CYP) 3A4 Yes Yes Yes Yes Yes Yes
1A2 Yes Yes Yes Yes Yes Yes
. 2C19 Yes Yes Yes Yes Yes Yes
Inhibition (CYP) 2C9 Yes Yes Yes Yes Yes Yes
2D6 Yes Yes Yes Yes Yes Yes
3A4 Yes Yes Yes Yes Yes Yes
Excretion (E)
Clearence | 043 | 032 | 045 | 034 [ 097 | 072
Toxicity (T)
AMES toxicity ‘ No ‘ No ‘ No ‘ No ‘ No ‘ No

Compound's absorption is controlled by intestinal absorption (human), water solubility, and Caco2
permeability. A drug's solubility in both water and lipids is a key element in its therapeutic action.
Indeed, the medicine must go through numerous channels in the body to reach its target.

Every compound's solubility in water has a significant impact on its absorption and distribution,
compounds with low solubility in water (logS) will have a poor absorption scheme. The predicted water
solubility value of most medications on the industry is > -4, the poor absorbance the absorbance value
is less than 30%, and the absorption of orally delivered medicines is predicted using Caco2
permeability, if the predictive value is more than 0,90, it is said to have a high Caco2 permeability. In
the table above, all the suggested compounds have logS value > -4, a number higher than 75% of the
level of intestinal absorption, and good permeability, these compounds are solubility in water, absorbed
via the intestines of humans, and good permeable.

To assess the distribution factor, the Blood-Brain Barrier (logBB) and Volume of Distribution
(VDS) were used. More medication reaches the brain when the volume of distribution is larger.
Compounds with a logBB value < -1 will be poorly disseminated into the brain, but those with a logBB
value > 0.3 will be cross BBB. All compounds have a logBB value < -1 that they will be poorly
distributed into brain. The volume of distribution (VDS) is a parameter characterizing the distribution
of the active substance in the human body. The values are accepted if values (VDss)> 0.45, the results
obtained show that only the proposed Y4 and Y5 compounds have respected this value.

The results of metabolic parameters are more consistent, with some acceptable results. All the
compounds (Y1-5) are inhibitors and substrates cytochrome, with the exception for 2D6 are not a
substrate. The connection between drug concentration in the body and drug removal rate is described
by the constant clearance, when the clearance value is greater, the medication is considered healthy to
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take. The predicted compounds Y4 and Y5 have higher Clearance values and not toxicity, which
indicates are the best drugs chosen.

3.5 Docking results

Molecular docking ( Yang, B., et al. 2020; Diass. K., et al. 2023) is utilized to investigate and
observe the 2D View binding modes of the C23 and proposed (Y 1-5) compounds with the active site
of Traf2 and Nck-interacting kinase (TNIK), the results given in table 7.

Table 7. 2D interactions of the ligands Y1-5 and C23 with TNIK receptor.

N° 2D View Ne 2D View
) m M s X34
L Ah
23 b
o, Ys
Y [y
d P
M ¥ i
A £ ]
4o
¢ A:
s
Interactions
I unfavorable Bump I pi-Sigma Interactions
[ Conventional Hydrogen Bond [ pi-Sulfur B Conventional Hydrogen Bond Bl FiSigma
[ carbon Hydrogen Bond [ pi-Alkyl =71 Halogen (Fluorine) 1 pi-Alkyl
[ Pi-Donor Hydrogen Bond [ Pi-Donor Hydrogen Bond
) A48
M o
K3y Al
Y :
Y4 T
£th
Mo T Al
Y 1 Interactions Interactions
1 van der Waals I Unfavorable Acceptor-Acceptor [1 van der Waals I pi-sigma
I Unfavorable Bump B Pi-sigma I Conventional Hydrogen Bond [ Pi-pi Stacked
B Conventional Hydrogen Bond 1 Pi-Alkyl [1 carbon Hydrogen Bond 1 Alkyl
[ Carbon Hydrogen Bond 71 Halogen (Cl, Br, I) [ pi-Alkyl
[ Pi-Donor Hydrogen Bond
4538 A3
: , AN
Y2 . SRR (VS
i A1b6
X4 SR
Interactions AA f‘fs &3 ig‘/
[ conventional Hydrogen Bond 1 Pi-Lone Pair Interactions
I unfavorable Donor-Donor [ Pi-Pi T-shaped I Conventional Hydrogen Bond I Pi-sigma
= pi-Anion [ Pi-Alkyl [ carbon Hydrogen Bond 1 Alkyl
Bl Pi-sigma 1 Pi-Donor Hydrogen Bond [ Pi-Alkyl
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The stability of these complexes is increased by the presence of typical hydrogen bond interactions
in all the component, while C23, Y1, and Y2 components have an unfavorable type of interaction.
Furthermore, to continue comparing the stability of these compounds, table 8 shows the types of
interactions and total scoring.

Table 8. Types of interaction and total scoring.

Types of interactions Total
N Hydrogen Bond Unfavorable Interaction scoring
Cas VAL A:31, TYR A:36. Glu A: 106 2.83
Y ASP A: 115, GLU A:106, CYS A: 108. TYR A: 36, CYS A:108. 2.63
Y: ASN A: 33, GLU A:106. LYS A:108. 3.05
Y3 GLN A: 157. 3.19
Y, GLU A: 69, LYS A:54, GLY A: 109, GLN 3.64

A: 157.

Ys CYS A: 108, GLN A:157. 3.43

The predicted compounds have total score values between 2.05 and 3.64, which are higher than
the reference ligand C23 (2.83), except for the Y1 component, which has a value of 2.63, because it
has two unfavorable interactions.

The predicted component Y2 has two Hydrogen Bond interactions and one unfavorable interaction,
while Y3 has just one Hydrogen Bond interaction type, this explains why these components are less
stable compared to others.

The best ligands, Y4 and Y5, created four and three conventional hydrogen bonds, respectively,
and not formed any unfavorable interactions. The reference ligand C23 has two conventional hydrogen
bonds and one unfavorable interaction type, which explains why the predicted molecules Y4 and Y5
were more stable. Which we can conclude that the designed compounds (Y4 and Y5) are the most
potent TNIK inhibitors against colorectal cancer cells.

Conclusion

In this research, a series of thirty-one 1H-pyrrolo [2,3-b] pyridine derivatives were investigated
utilizing 3D-QSAR via CoMFA and CoMSIA models as effective TNIK inhibitors against colorectal
cancer cells, demonstrating efficient predictability and stability. The contour maps produced by the
3D-QSAR model are the most important structural characteristics in terms of possible activity-
increasing by favorable replacements. Consequently, based on the valuable guidelines developed by
3D-QSAR, five novels 1H-pyrrolo[2,3-b]pyridine derivatives were proposed with high activity against
cancer. The ADMET was utilized to determine the pharmacokinetic characteristics and molecular
docking was performed to validate them. The results show Y4 and Y5 were the most stable and active
anti-cancer activities. It is important to synthesize these compounds to use them against colorectal
cancer.

Disclosure statement: Conflict of Interest: The authors declare that there are no conflicts of interest.
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