Chemistry Research Journal, 2024, 9(1):136-146
Available online www.chemrj.org

——
?_E-St:‘ah
S .\

,“‘3 ‘ u o
§¥ (o b\ ISSN: 2455-8990
=¥ ,qéi ' Research Article '

CODEN(USA): CRJHAS

A note on 4-aminoquinoline derivatives as inhibitors of the receptor-
interacting protein kinase 2 (RIPK2)

J.S. Gomez-Jeria* and Sabrina Kinney-Garnica

Quantum Pharmacology Unit, Laboratory of Theoretical Chemistry, Department of Chemistry, Faculty of Sciences,
University of Chile. Las Palmeras 3425, Santiago CP 7800003, Chile
*E-mail: facien03@gmail.com

Abstract

We have studied the relationships between electronic structure and inhibition of the receptor-interacting protein
kinase 2 (RIPK2) in a group of 4-aminoquinoline derivatives. The wave function of all molecules in their protonated
form was calculated within the Density Functional Theory at the rmPW1PW91/6-311G(d,p) level after full
geometry optimization. We have discovered some electronic requirements in specific atomic centers to enhance
inhibitory activity. The associated pharmacophore should provide useful information for the synthesis of new
molecules.

Keywords: QSAR, KPG method, Klopman-Peradejordi-Gdmez method, electronic structure, 4-aminoquinoline,
receptor-interacting protein kinase 2, RIPK2.

1. Introduction

Receptor-interacting serine/threonine-protein kinase 2 (RIPK2) plays an essential role in the immune and
inflammatory response system. RIPK2 activity propagates inflammatory signaling through its association with
pattern recognition receptors (PRRs) and subsequent TAK1, NF-kB, and MAPK pathway activation. RIPK2 was
also shown to play different roles in different cancer types?®.

Therefore, RIPK2 represents a new potential therapeutic target for the treatment of diverse conditions, including
cancer and inflammatory diseases. Several molecular systems have been synthesized and evaluated for RIPK2
inhibition®-®,

In this paper we present the results of evaluating the hypothesis stating that the Klopman-Peradejordi-Gémez QSAR
method is suitable for finding relationships between electronic structure and RIPK2 inhibitory capacity of a specific
group of molecules.

2. Methods, models and calculations®

The method

The Klopman-Peradejordi-Gémez (KPG) QSAR method has been presented and explained many times in different
papers'®?°. For this reason we shall present here only the relevant procedures, results and discussion. The
application of the KPG method has provided very good results®-%,
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Selection of molecules and biological activities

The selected molecules are a group of 4-aminoquinoline derivatives selected from a recent study!. The biological
activity analyzed here corresponds to the RIPK2 kinase inhibition. The general formula and inhibitory activity of the
compounds selected are displayed, respectively, in Figs. 1 and 2, and Tables 1 and 2.
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Figure 1: General formulas of group 1 of 4-aminoquinoline derivatives

Table 1: 4-aminoquinoline derivatives and RIPK2 inhibitory activity of group 1.

Molecule  Xi X2 Xs Xa X log(RIPK2)
1 C C N C C 0.71
2 C N C C C 0.78
3 N C C C C 0.56
4 C N C N C 0.18
5 C C C C C 1.38
6 C C-CH-CH-NH-C C C 1.05
7 C-CH-CH-NH-C C C C 0.97
8 C-CH-N-NH-C C C C 0.57
9 C-CH-CH-NH-C N C C 0.86
10 C N C C-CH-CH-CH-CH-C 1.24
1 C N C-CH-CH-CH-CH-C C 1.62

In molecules 6 to 11 the chains in Table are five-and six-membered rings linking C atoms of ring D.
OMe

MeO

OMe

Figure 2: General formulas of group 2 of 4-aminoquinoline derivatives (X=C).

Table 2: 4-aminoquinoline derivatives and RIPK?2 inhibitory activity of group 2.
Molecule X1 X2 X3 Xs log(RIPK2)

12 Cc Cc N C 0.91
13 Cc N c C 0.38
14 N Cc c C 1.09
15 Cc N C N 1.04
16 C-CH-N-NH-C C C 0.85
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In molecule 16 the chain in Table are five-and six-membered rings linking C atoms of ring D.
Figure 3 shows the histogram of frequencies
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Figure 3: Histogram of frequencies for the experimental data.

Figure 4 shows the Box-Whiskers plot of XXX values with median and quartile values.
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Figure 4: Box-Whiskers plot of experimental values.

3. Calculations®’

The electronic structure of all molecules was calculated within the Density Functional Theory at the
rmPW1PW91/6-311G(d,p) level with full geometry optimization. The Gaussian suite of programs was used’. All
the information needed to calculate numerical values for the local atomic reactivity indices was obtained from the
Gaussian results with the D-Cent-QSAR software*!. All the electron populations smaller than or equal to 0.01 e were
considered as zero. Negative electron populations coming from Mulliken Population Analysis were corrected as
usual“2. We made use of Linear Multiple Regression Analysis (LMRA) techniques to find the best solution. For each
case, a matrix containing the dependent variable (the inhibitory activity) and the local atomic reactivity indices of all
atoms of a common skeleton as independent variables was built The Statistica software was used for LMRA %,

The common skeleton hypothesis states that there is a definite collection of atoms, common to all molecules
analyzed, that accounts for approximately all the inhibitory activity. The action of the substituents consists in
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modifying the electronic structure of the common skeleton and influencing the right alignment of the drug
throughout the orientational parameters. It is hypothesized that different parts or this common skeleton accounts for
almost all the interactions leading to the expression of the inhibitory activity. The common skeleton employed here

is shown in Fig. 5. Note that there are other possible common skeletons.
22

H26
Figure 5. Common skeleton for 4-aminoquinoline derivatives.

4. Results
The best equation obtained was:

log(RIPK2) =1.13-3.22F, (HOMO —1)*+7.96F7 (LUMO + 2)*+]_02F11 (HOMO-1)*-

1
~0.59F,, (LUMO +2)*+170S,,* (HOMO — 2)*-0.75F,, (LUMO + 2)* .

with n=16, R=0.98, R?=0.97, adj-R?=0.95, F(6,9)=47.624 (p<0.00000) and SD=0.08. No outliers were detected, and
no residuals fell outside the £2¢ limits. Here, F1o(HOMO-1)* is the Fukui index** of the second highest occupied
local molecular orbital (MO) of atom 10 (for local molecular orbitals see 2 2% %), F;(LUMO+2)* is the Fukui index
of the third lowest empty local MO of atom 7, F13(HOMO-1)* is the Fukui index of the second highest occupied
local MO of atom 11, Fx»(LUMO+2)* is the Fukui index of the third lowest empty local MO of atom 22,
S»F(HOMO-2)* is the electrophilic superdelocalizability of the third highest occupies local MO of atom 22 and
F21(LUMO+2)* is the Fukui index of the third lowest empty local MO of atm 21.
Tables 3 and 4 show the beta coefficients, the results of the t-test for significance of coefficients and the matrix of
squared correlation coefficients for the variables of Eq. 1.
Table 3: Beta coefficients and t-test for significance of coefficients in Eq. 1.
Variable Beta t(9) p-level

Fio(HOMO-1)* -0.78 -11.54 0.000001

F-(LUMO+2)* 0.87 10.81 0.000002

Fu(HOMO-1)* 0.24  3.29 0.009

F»(LUMO+2)* -0.28 -3.71 0.005

S»f(HOMO-2)* 035 4.77 0.001

F21(LUMO+2)* -0.29 -4.09 0.003

Table 4: Matrix of squared correlation coefficients for the variables in Eq. 1.
Fio(HOMO1)* F7(LUMO+2)* Fu(HOMO1)* Faz2(LUMO+2)* SxF(HOMO-2)*

F1o(HOMO-1)* 1.00
F/(LUMO+2)* 0.00 1.00

F11(HOMO-1)* 0.01 0.35 1.00

Foa(LUMO+2)* 0.02 0.09 0.21 1.00

S»E(HOMO-2)* 0.04 0.02 0.07 0.08 1.00
For(LUMO+2)* 0.06 0.03 0.00 0.01 0.10

Figure 6 displays the plot of observed vs. calculated values.
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Figure 6: Plot of predicted vs. observed log(RIPK2) values (Eq. 1). Dashed lines denote the 95% confidence

interval
The associated statistical parameters of Eqg. 1 indicate that this equation is statistically significant and that the
variation of the numerical values of a group of six local atomic reactivity indices of atoms constituting the common
skeleton explains about 95% of the variation of log(RIPK2). Figure 6, spanning about 1.4 orders of magnitude,
shows that there is a good correlation of observed versus calculated values.
Figures 7, 8 and 9 show, respectively, the plot of predicted values vs. residuals scores, the plot of residual vs. deleted
residuals and the normal probability plot of residuals.
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Figure 8: Plot of residuals vs. deleted residuals

Expected Normal Value

"0.14 -0.10 -0.06 -0.02 0.02 0.06 0.10 0.14
-0.12 -0.08 -0.04 0.00 0.04 0.08 0.12 0.16

Residuals
Figure 9: Normal probability plot of residuals
Figures 7 to 9 show that the linear equation 1 is a good approximation to study this biological data and also that the
regression coefficients are stable.

Local Molecular Orbitals
Tables 5 and 6 show the local MO structure of atoms 7, 10, 11, 21 and 22 (see Fig. 5). Nomenclature: Molecule
(HOMO)/(HOMO-2)*(HOMO-1)*(HOMO)* -(LUMO)*(LUMO+1)* (LUMO+2)*.

Table 5: Local Molecular Orbitals of atoms 7, 10 and 11.

Molecules Atom 7 (C sp?) Atom 10 (C sp?) Atom 11 (C sp?)

1(92) 891911927-93196198 = 891911927-931194195% 8868919171-9319419571

2 (92) 901917927-9319579 7w 907911921-93194795n 901911927-931957196%

3(92) 901911927-9319571966 907911927-931957n97n 8769019 17-9311951967

4 (92) 891911927-93197198n 89191792n-93194195n 8818991 n-93194195n

5(92) 90n917921-931951961 90m911921-931951967 90m917921-93195197n

6 (102) 9911007102%-10371057107r 9971007102%-103x1057107r  100710171027-1037x10571060
7 (102) 99711007102%-1037106w107r 9971017102%-103710571067  100710171027-103710571067
8 (102) 10071017x1027-10371067107r 98wx10071027-10371057107x 100x10171027-1037105721 067
9 (102) 100m10161027-103610661076  9971001027-10371057106%  100m1017x1027-10371057107%
10 (105) 9319461016-106m1076109%  103610471057-106710772108x  98710171037-10772108w1096
11 (105)  1037104w1057-106w107x110r 103710471057-10621077109%t 102710471057-106710771097
12 (102)  100m101%1027-1037104x106n  100x10171027-103w1047106n  9679911017-103710471057
13(102) 100m10171027-103210671076  100x10171027-103w1047106n  99710071017-103710471050
14 (102)  100x10171027-103w104x106n  100x10171027-103x1042106n  99710071017-103710471057
15(102)  100mx10171027-103w105%106n  100x10171027-103x1052106  99710071017-103710471057
16 (112) 110n111x112%-11371146115r 110n111x112x-1137114n116n  1096111n1127-11371 1471157
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Table 6: Local Molecular Orbitals of atoms 21 and 22.

Mol. (HOMO) Atom 21 (C sp?) Atom 22 (C sp?)

1(92) 9079 11921-931941951 9019 171921-931941951

2 (92) 9079 11921-931941951 9019 171921-93194n951

3(92) 901911927-931941956 891911921-94197198n

4(92) 90m91192n-93195197n 901917921-93194n957

5(92) 9019 1192n-931941951 901917921-93194195%

6 (102) 100m10171027-103x1047107r  98w1007t1027-104710771 087

7 (102) 99m10171027-1037t10471 067 95798n1017-104x10671080

8 (102) 100m10171027-103x1047106c 98w10171027-104710771 087

9 (102) 10010171027-10371047w105%  10071017102%-103w10471057
10 (105) 102110471057-106w1097111xr 100710271050-1097 11171127
11 (105) 103710471057-1067107x108  10171047w1057-108711071127
12 (102) 10010171027-1037104w1061c  10071017102%-106710771080
13 (102) 99110171027-1037106w107c 99710071027-106710771 087
14 (102) 100n10171027t-103w1047x106c 100x10171027-106w10771 087
15 (102) 100x10171027t-10371057106c 100x10171027-107w10871 097
16 (112) 110n1117112n-113wn114n116nc 110n111w112%-115%n116711 7%

5. Discussion

Table 3 shows that the importance of variables in Eq. 1 is F7(LUMO+2)*> F1o(HOMO-1)*>> S,F(HOMO-2)*>
F21(LUMO+2)*> Fo(LUMO+2)*> F13(HOMO-1)*. A high inhibitory activity is associated with large numerical
values for F1o(HOMO-1)*, F2(LUMO+2)* and F21(LUMO+2)*, small numerical values for F7(LUMO+2)* and
F11(HOMO-1)*, and large (negative) numerical values for S;,5(HOMO-2)*,

Atom 7 is a sp? carbon atom in ring C (Fig. 5). All local frontier molecular orbitals have n nature and coincide with
the molecular frontier MOs (Table 5). The only exception is molecule 10: its local HOMO* coincides with an inner
occupied MO of the molecule. A high inhibitory activity is associated with small numerical values for
F7(LUMO+2)*. Fukui indices of empty MOs are facing occupied MOs electrophilic superdelocalizabilities®. We
hold that the condition of a high biological activity and the nature of the mathematical conditions of the indices must
be always consistent. The first possibility is to assume that the condition imposed on F7(LUMO+2)* also holds for
F72(LUMO+1)* and F;(LUMO)*. This means that atom 7 will become a bad electron acceptor, fact not consistent
with the facing of an electron-rich center. The second possibility is to consider that the condition imposed on
F72(LUMO+2)* is only for this index. In this case we could consider that there is a limit on the interaction between
empty MOs of atom 7 and occupied MOs of the site. Anyway, the small numerical values for F7(LUMO+2)* are
obtained by making F7(LUMO+2)*=0. This means that the local (LUMO+1)7* is replaced by an upper empty MO of
the molecule. Then, we suggest that atom 7 is interacting with an electron-rich center with at most its two lowest
empty local MOs. Note that local HOMO* of molecule 10 coincides with an inner occupied MO. This situation
seems to be optimal because the repulsive interactions between occupied MOs from atom 7 and from the site are
weakened. The interactions can be at least m-anion and/or w-7 ones.

Atom 10 is a sp? carbon atom in ring C (Fig. 5). Table 5 shows that all local frontier MOs have a & nature and that
all coincide with the molecular frontier MOs. A high inhibitory activity is associated with large numerical values for
F1o(HOMO-1)*. Fukui indices of occupied MOs are facing nucleophilic superdelocalizabilities of empty MOs?°.
Large numerical values for F1o(HOMO-1)* are obtained by maximizing the value of this index: Fio(HOMO-1)*=2.
In this case the OM is fully localized on atom 7. Then atom 10 is interacting with an electron-deficient center with at
least (HOMO-1)10" and (HOMO)1o". The interactions can be at least n-& and/or w-cation ones.

Atom 11 is a sp? carbon atom in ring D (Fig. 5). Table 5 show that all local frontier MOs have a m nature. Local
HOMO* coincides with molecular (HOMO), (HOMO-1) or (HOMO-2) depending on the molecule. Local LUMO*
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coincides with the molecular (LUMO) or (LUMO+1). A high inhibitory activity is associated with small numerical
values for F11(HOMO-1)*. Fukui indices of occupied MOs are facing nucleophilic superdelocalizabilities of empty
MOs?. The ideal approach is to make F11(HOMO-1)*=0. This means that the actual (HOMO-1)1;" will be replaced
by another molecular MO having a larger ionization potential. This suggests that atom 11 is interacting with an
electron-deficient site only through (HOMO)1,". We speculate that inner occupied MOs can be engaged in a
repulsive interactions with occupied MOs of the site. The interactions can be at least t-anion and/or @-m ones.

Atom 21 is a sp? carbon atom in ring A (Fig. 5). Table 6 shows that all local frontier MOs have a m nature and that
all coincide with the molecule’s frontier MOs. A high inhibitory activity is associated with large numerical values
for Fo(LUMO+2)*. Fukui indices of empty MOs are facing occupied MOs electrophilic superdelocalizabilities?.
The ideal situation is to maximize the value of this reactivity index such as F21(LUMO+2)*=0. In this case this MO
will be fully localized on atom 21. We suggest that atom 21 is interacting with an electron-rich center through its
first three lowest empty MOs. The interactions can be at least n-n and/or n-cation ones.

Atom 22 is a sp? carbon atom in ring D (Fig. 5). Table 6 shows that all local frontier MOs have a m nature. Local
HOMO* coincides with the molecular HOMO, and only in one case with the molecular (HOMO-1). Local LUMO*
coincides with different molecular empty MOs depending on the molecule (from (LUMO) to (LUMO+4)). A high
inhibitory activity is associated with large numerical values for F2(LUMO+2)* and with large (negative) numerical
values for S»pF(HOMO-2)*. Note that Fukui indices of empty MOs are facing occupied MOs electrophilic
superdelocalizabilities?® and that electrophilic superdelocalizabilities of occupied MOs are facing Fukui indices of
empty MOs?. This two apparent contradictory constraints can be solved by suggesting that atom 22 is interacting
with two sites at the same time ones. Large numerical values for Fa»(LUMO+2)* are obtained by making
F22(LUMO+2)*2. This suggests that atom 22 is interacting with an electron-rich center through its three lowest
empty MOs. In this case the interactions can be at least m-n and/or m-anion ones. Large (negative) numerical values
for S;,F(HOMO-2)* are obtained by shifting the (HOMO-2)," energy toward zero, making the three highest
occupied MOs more reactive. This suggests an interaction of atom 22 with an electron-deficient site. In this case the
interactions can be at least -1 and/or 7t-cation ones.

All the suggestions are displayed in the partial 2D pharmacophore of Fig. 10.

Pi-pi andfor pi-cation
interaction with electron
deficient center.

Pi-pi and/or pi-anion
interactions with
cleciron-rich center

/ Repulsive interactions between occnpied
MOs of atom and site. Also pi-anion
and/or pi-pi interactions.

Interaction with an A

electron-rich center. u D ﬂ\

Pi-pi and/or pi-cation ;

interactions. X

(U

Interaction with an electron-deficiept ) I!nem_ﬂing with an e]e_tlr_c!n-del'iri_ent
center. Pi-pi and/or pi-cation site, Pi-anion and/or pi-pi interactions,
interactions.

Figure 10: Partial 2D pharmacophore for RIPK2 inhibition.

It should be noted that in this case, as in others that we have reported, the dataset for the LMRA has been created
with the following hypothesis about the orientation of the D ring. In all molecules that have an N atom that can be
positioned as X1, this has been done. Note that the article from which the experimental data were obtained only
presents drawings made by the authors, some of which could be misleading on this subject. This can be seen by
comparing the common skeleton with the drawings just mentioned!. Obviously, it is possible to fabricate other
assemblies with various orientations of the D-ring and conduct several different MRLs, but this is only done if the
first hypothesis does not produce statistically significant results. The recommendation is to synthesize compounds in
which positions 2 and 6, and 3 and 5 of rings similar to D are replaced by the same atoms.
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In summary, we have found a statistically significant relationship between the inhibitory activity of these
compounds and a set of local atomic reactivity indices, which should allow us to obtain compounds with greater
inhibitory capacity.
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