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ABSTRACT

AXL is an important drug target for cancers. Two-dimensional quantitative structure—
activity relationship (2D-QSAR) tests were performed to elucidate a relationship between
molecular structures and the activity of a series of 400 curcumin derivatives subjected to
AXL Kkinase by ATP competition in the catalytic site. The partial least square regression
method implanted in molecular operating environment software was applied to develop
QSAR models, which were further validated for statistical significance by internal and
external validation. The best model has proven to be statistically robust with a good pre-
dictive correlation of R* = 0.996 and a significant cross-validation correlation coefficient of
¢*> =0.707. Docking analysis reveled that three curcumin derivatives have the best affinity
for AXL and formed a hydrogen bond with the important amino acid residues in the binding
pocket. As treated in this article, the docking studies and 2D-QSAR approach will pave the
way for the development of new drugs while highlighting curcumin and its derivatives.

Keywords: AXL kinase, 2D-QSAR, internal and external validation, partial least square
regression.

1. BACKGROUND

XL RECEPTOR HAS BEEN IMPLICATED in a number of oncogenic processes (Wu et al., 2014), AXL
signaling activates many essential biological pathways for angiogenesis and metastasis, including
invasion, migration, survival, cell transformation, and proliferation (Korshunov, 2012). To this date, no
potent inhibitor was clearly intended for AXL, except BGB324, a small AXL inhibitor that is in clinical
development sponsored by the BergenBio Company (Oien et al., 2017). BGB324 has shown that AXL
inhibitor BGB324 enhances sensitivity to chemotherapy in mesothelioma and allows tumor reduction.
As mentioned earlier, developing potent and selective AXL inhibitors is always a scientists’ concern.
There is currently a great interest in natural compounds as potent anticancer drugs. The curcumin, is a
natural polyphenol substance, isolated from the rhizome of turmeric plant Curcuma longa (Li et al., 2015),
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acts on multiple targets and signaling pathways (Gupta et al., 2011). Up to now, curcumin has been shown
to possess wide range of pharmacological activities, including anti-inflammatory (Ghandadi and Sahebkar,
2017), anticancer (Bar-Sela et al., 2010), osteoarthritis (Panahi et al., 2014), cardiometabolic (Mohammadi
et al., 2013), depression (Esmaily et al., 2015), and respiratory (Lelli et al., 2017). These activities have
been attributed to methoxy, hydroxyl, o,B-unsaturated carbonyl moiety, or diketone groups in curcumin
(Aggarwal et al., 2014).

More than 40 clinical trials using curcumin were developed for the treatment of inflammatory diseases and
various human cancers (Huang et al., 1988; Aoki et al., 2007; Kuttan et al., 2007). However, phase I/II clinical
trials have shown that curcumin exhibits poor bioavailability in humans (Anand et al., 2007). Major reason is its
low absorption causing low plasma and tissue concentration, fast metabolism, and rapid systemic elimination
(Anand et al., 2007). Because of that, much work has been focused on modifications of specific functional
groups of curcumin that increase its bioavailability, hence increasing its activity. These researches have been
greatly facilitated by the combination of classical biochemistry tools with new approach such as the quantitative
structure—activity relationship (QSAR), which have radically shortened the time and the cost needed to establish
a relationship between molecular structures and their properties. Linking physicochemical properties and
biological activities to the molecular structure allows, on the one hand, to explain the origin of these activities/
properties and, on the other hand, to predict their activities that are unavailable (Darnag et al., 2010).

In this study, to search the molecules with enhances properties and stability, a 2D quantitative structure—
activity relationship (2D-QSAR) was employed to screen out 400 molecules curcumin derivatives with the
variations on carbonyl moiety and active methylene group. The QSAR model, developed by partial least
square (PLS) regression (Lakhlili et al., 2016) from 128 selected AXL inhibitors, was used to analyze the
inhibitory AXL activity of compounds and identify molecular properties that influence activity with a view
to provide a better rational design of some more curcumin analogs in the next studies. The molecular
docking studies were performed to highlight the binding mode of the most active compounds with our
three-dimensional (3D) structure obtained by homology modeling (Fatima et al., 2017).

2. MATERIALS AND METHODS
2.1. Software

All the software used was open source except the molecular operating environment (MOE); the aca-
demic license used was obtained from the Chemical Computing Group ULC, 1010 Sherbooke St. West,
Suite 910, Montreal, QC, Canada.

2.2. Data set selection

A total of 123 competitive ATP inhibitor molecules of AXL were selected using the canSAR3.0 (https://
cansar.icr.ac.uk) databases on the basis of their molecular weight and the IC50. We converted the IC50
values from units of molarity (M) to pIC50 (—log IC50) to provide numerically larger data values. All
molecules were randomly distributed into the training set composed of 95 molecules and the test set
realized by the 28 residing molecules. The training set molecules served to build the predictive 2D-QSAR
models. The test set used to assess the ability of the prediction and the extrapolation of the models obtained.

2.3. Molecular field descriptors calculation and 2D-QSAR models building

A descriptor is a quantitative property that depends on the structure of molecule. MOE software generates
184 different 2D descriptors for all training set compounds. The ‘“QuaSAR Contingency module,” a sta-
tistical application in MOE, was employed systematically to select the good and potent ones. PLS regression
in MOE was used to build the predictive models. PLS regression relates the descriptors as independent
variables to the biological activity (pICsg) of the compounds as dependent variable. The steps for model
developing are as follows: (1) Constitute a database from reliable experimental measurements of the property
or activity of each compound. (2) Select descriptors in relation to the activity being studied. (3) Divide this
database, randomly, into a series of training set with two-third of the database and a test set constituted by the
remaining one-third. (4) Establish mathematical models using the learning series. (5) Characterize the
models developed by their internal validation indices and check their robustness by a randomization test
(randomization) of the dependent variable Y (reply). (6) Validate the developed models using the test series
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and calculate their parameters external validation statistics. (7) Develop the applicability domain of the
chosen model. (8) Explore and exploit validated models to understand mechanisms and modes action.

2.4. Model validation

2.4.1. Internal validation. The “QuaSAR fit validation” panel application in MOE was used to
realize the model validation that assesses how the model can predict the bioactivities of training set
compounds accurately. This validation has been expressed by squared correlation coefficient (R%), which
compares between predicted and experimental activities. The root-mean squared error (RMSE) employed
to show the error between the mean of experimental values and predicted activities. R and RMSE approve
if the model possesses the predictive quality reflected in the R”.

2.4.2. Cross-validation. The ‘leave-one-out” (LOO) cross-validation test also implemented in
MOE has been used to calculate the cross-validated (CV) correlation coefficient (qz) and cross-RMSE. CV
values are considered more characteristic of predictive ability of the model; many authors consider high (¢
> (.5) as an ultimate proof of the high predictive power of the QSAR model. The data utilized in obtaining
g” are the compounds of training set used to determine R>.

2.4.3. Z-score. The Z-score is another parameter of validation that represents the absolute difference
between value of the model and the activity field, divided by the square root of the mean square error of
data set. Z-score was used to detect the molecules that are outside of the adjustment say ‘‘outliers” (Manoj
Kumar et al., 2006).

2.4.4. External validation. Test set is composed by the compounds that were not used in the model
development. In several searches, the estimation of the true predictive power correlation in the developed
QSAR model was done only by comparison of predicted and observed activities of an external test set
(Lakhlili et al., 2016).

2.5. Curcumin-synthetic analogs library selection

A data set of 400 curcumin analogs was extracted in (.sdf) format from Curcumin Resource Database
(CRDB) v.1.1 (consulted on August 25, 2017). CRDB also contains the information of various international
and national patents on curcumin and its analogs. Currently the database presents the curcumin analogs
with their molecular targets curated from public domain databases and published literature in peer-
reviewed journals. The CRDB web portal exposes user-friendly interfaces and is expected to be highly
useful to the researchers working on structure-/ligand-based molecular design of curcumin analogs.

Before predicting their activities by the developed QSAR model, ‘“ChemBioServer platform’ was used
to analyze the compound’s toxicity and search the toxic moieties based on a list of 25 known organic toxic
compounds. The platform server, group of tools, was developed to facilitate computational compound
screening and analysis (Athanasiadis et al., 2012). Then, we performed a filtering using Lipinski’s Rule-of-
Five-SCFBio (www.scfbioiitd.res. in/software) to remove compounds that do not meet the five Lipinski’s
Rules (Lipinski, 2004). The molecules that reside were downloaded in MOE software in (.sdf) format and
that converted to (.mdb) format by the same software. These filtered molecules were screened using the
best QSAR model to select those with predicted activity exceeding the threshold.

2.6. Docking studies

Molecular docking was carried out to get better insight about interaction between ligands and target.
Among the 400 analogs, 63 having the predict pIC50 exceeding a threshold set (Lakhlili et al., 2016) were
docked with the crystal structure of AXL kinase obtained by homology modeling approach using Auto-
Dock Vina (Trott and Olson, 2010). For all ligands, Gasteiger charges were designated and the torsions,
allowing to turn during the docking procedure, are added using AutoDock tools v.1.5.6 (Morris et al.,
2009). The AXL receptor was prepared, polar hydrogens were assigned, the grid box was set up to provide
coverage of the AXL active site, the dimensions were set at 30, 30, and 30 A (x, y, and z) consisting of
active site residues within the box. The receptor and ligands were saved in pdbqt format; visual inspection
of the docking results and image building was done by using PyMOL software (Seeliger and de Groot,
2010).
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3. RESULTS

3.1. Descriptors calculation and best model validation

i

Figure 1 shows the pertinent descriptors selected by “QSAR Contingency,”” including the three main
physicochemical properties hydrophobicity (SlogP_VSA, BCUT_SlogP, GCUT_SlogP), polarizability
(SMR_VSA, BCUT_ SMR, GCUT_SMR), and electrostatic interactions (PEOE_VSA, BCUT_PEOE,
GCUT_PEOE).

As shown in Figure 2, the PLS regression in conjugation with leave one out (LOO) CV techniques
implemented in ‘“QuaSAR-Model’”” module in MOE was used to develop the 2D-QSAR models through the
PLS of the training set (95 compounds). The statistical fitness of the best QSAR model was expressed by
means of various statistical parameters such as a correlation coefficient (R?) of 0.99 and an RMSE of 0.560.

The plot in the Figure 3 presents the relationship between observed and predicted values from the
training and test set. The predictive performance on validation confirmed by the CV RMSE of 0.672 and
CV correlation coefficient of ¢>=0.707.

Any compound with a Z-score value >2.5 was considered as an outlier (Manoj Kumar et al., 2006). Thus,
in external validation, the test set compounds were used to evaluate the predictive ability of the best model.
The test set molecules are displayed in Table 1 that shows the difference between experimental (pIC50)
versus predicted activity (SPRED) in this data is <1.

3.2. Curcumin-synthetic analogs library screening

We threaded 400 compounds extracted from CRDB using Lipinski’s Rule-of-Five in the FILTER
program; then, we analyzed their toxicity. Their activity was predicted by ‘“Model evaluate’” procedure in

% QuasAR-Model l=l®] =
Database:[biouechss trining set 3.7.17.mdb | Selected Entries Only
Status@ 06418 RZ=0%0-614202 XR2=0_722@
Activity Field: piC50 vllletl'lod: PLS ¥
Weight Field: (NONE) v|
Options: Component Limit: |0 Condition Limit: | 1e+006
Binary Threshold: | 0 Smooth: 0.25
Model: |Descriptor Coefficient Normalized 3

$Z-SCORE
$XPRED
SXRES - 3
$XZ-SCORE . : E‘
La] [»]
| Sort by Normalized | Sort by Name Select Database Fieks |
Fit | Report I Validate I Save Close

FIG. 2. Fitting the dependent variable (pIC50) to the independent variables (descriptors) of the training set in the
MOE “QuasSAR-Model”’ to generate the quantitative structure—activity relationship model and the parameters of
validation. Note that the gray circle surrounds the validation parameters (R2 and RMSE), whereas the black circle
surrounds the cross-validation parameters. RMSE, root-mean squared error.
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MOE. Only 63 molecules with a pIC50> 6, considered a threshold (Lakhlili et al., 2016), were prepared
and docked into pocket site of AXL tyrosine kinase structure using AutoDock Vina.

3.3. Molecular docking results

The docking scores (affinity) were set between —9.0 and —3.4 kcal/mol; the compounds with the low
energy conformations and the best predicted activities were selected to analyze and evaluate their inter-
action with the AXL active site. Molecular docking studies revealed that the CID10765707, CID11257493,
and CID21159180 compounds have a low binding energy —9.0, —8.6, and —8.2 kcal/mol, respectively, and
the best predicted activities. They are used further to study their interaction mode with the target protein. At
a distance of 4 A, the active site encompasses 45 amino acids (Messoussi et al., 2014), the most relevant are
Leu600 serving as gatekeeper and the triplet Pro 621, Phe 622, and Met623 forming a hinge, Lys 567 (the
binding site key residue of ATP), Asp 690, Phe 691, and Gly 692 (the DFG-motif in activation loop)
(Fatima et al., 2017).

Figure 4 shows that the three compounds interact with the residues around the catalytic site by hydrogen
and hydrophobic bonds. HZ-atom of the Met 623 in the hinge interacts by H bonding with hydroxyl group
in phenyl rings oriented in the deep hydrophobic pocket of the three compounds. On the other side, the
second hydroxyl phenyl-end exposed to the open gate elaborates the three H bonding with CID10765707
and CID21159180 compounds: the first H bonding with Ala 689 of the activation loop, the second H
bonding with Asp 690 one residue of DFG motif in the activation loop, and the third with Lys 567
positioned on a B-sheet of N-lobe (Fatima et al., 2017). The CID21159180 exhibits two other hydrogen
bonds with Glu585 and Asp627. As for the CID11257493 compound, the same hydroxyl phenyl-end
creates hydrogen bonds with Asp672, Arg676, and Asn677. Several hydrophobic interactions were also
observed with Glu544, Glu546, Lys624, and Asp690. The three curcumin synthetic analogs showed a
higher affinity to AXL receptor identical to that of curcumin and its natural derivatives (Fatima et al.,
2017). The CID 21159180 compound expressed a better predicted activity value reported in Table 2 that
includes the 2D structures of three inhibitors (extracted from NCBI-PubChem) and these molecular
properties, predicted activities, binding affinity, and key residues that interact with protein target.

4. DISCUSSION

In this study, a detailed 2D-QSAR was developed on a series of curcumin synthetic derivatives with
methoxy, hydroxyl, o,B-unsaturated -diketone moiety modifications to detect if they possess an anticancer
activity against AXL kinase. Only 2D descriptors generated by “QSAR Contingency’’ application in MOE
were selected to develop the QSAR models by PLS regression; the best one has an acceptable statistical
quality and predictive potential as indicated by the value of cross-validated squared correlation coefficient
(¢*=0.707) and the results of the external validation. The ligands library screening was done on 400
curcumin analogs. All ligands were filtered by ChemBioServer platform to remove the compounds that do
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FIG. 4. (a) All interactions of CID 10765707 against AXL protein. (b) All interactions of CID 11257493 against
AXL protein. (¢) All interactions of CID 21159180 against AXL protein.

not meet the Lipinski’s Rule-of-Five and having a high toxicity effect. A total of 355 compounds resulting
will be used to predict their activities by the developed QSAR model; only 63 with pIC50=6 have been
selected to test their interaction with AXL kinase by molecular docking.

The docking scores (affinity) were situated between —9.0 and —3.4 kcal/mol. QSAR analyses revealed
that the three compounds CID10765707, CID11257493, and CID21159180 exhibit the best predicted

TABLE 2. CoMPOUNDS 2D STRUCTURE AND MOLECULAR PROPERTIES, PREDICTED ACTIVITIES, BINDING AFFINITY,
AND THE KEY RESIDUES THAT INTERACT WITH AXL KINASE

Molecular Predicted Binding affinity, Interactions of
Compound 2D structure weight (g/mol) Log P activity kcal/mol amino acid residues
380.0 4.581 6.15 -9.0 Met 623; Asp 627;

: Lys624; Lys567,;
. - Ala 689; Asp690;
Asp690; Glu585

CID21159180: (2Z,6E)-2,6-bis
[(4-hydroxy-3-methoxy phenyl)
methylidene]-3-methylcyclohexan-
1-one
380.0 4.725 7.39 -8.6 Met 623; Asp672
Arg676; Glu546;
Asn677; Asp690

CID11257493: (2E,7E)-2,7-bis
[(4-hydroxy 3methoxyphenyl)
methylidene]cycloheptan 1-one
444.0 4.763 11.31 -8.2 Met 623; Lys567
Ala689; Asp690
Glu544

CID10765707: (1E,6E)-1,7-bis
(4-hydroxy-3-methoxyphenyl)-
4-phenylhepta-1,6-diene-3,5-dione

The three ID compounds and the most important residues are shown in boldface.
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activity with high affinity to AXL kinase. They are characterized by their symmetric structures with two
hydroxyl groups (OH) at C-4’ and two ortho-methoxy groups (OCH3) at C-3’ in bilateral phenyl rings. The
three analogs were designed with the same substitution on o,B-unsaturated -diketone moiety. In compounds
CID11257493 and CID21159180, the B-diketone moiety is removed and replaced by a cyclic ketone, a
cycloheptanone is linked to o,B-unsaturated fragment in CID11257493, whereas the second compound a
methyl-cyclohexanone group is attached to the same fragment (compound’s structure exposed in Table 1).
Concerning CID10765707 compound, a phenyl-heptadiene was planted on B-diketone moiety.

In this study, a hydroxyl group attached to the aromatic rings was imperative to enhance the activity of
curcumin analogs by building many hydrogen bonds around the active site, either at the hinge or at the
activation loop. These results are similar to Leong et al. (2015) study who showed, in structure—activity
comparison, that dihydroxylphenyl ring is crucial for analog’s bioactivities. Chen et al. indicate that a
hydroxyl group removal or substitution resulted in a reduction of analog’s activity and low affinity (Ji and
Shen, 2009; Chen et al., 2014). Moreover, we noticed that the activity of three analogs is obtained when the
phenolic hydroxyl group is present with two methoxy groups of each ring. Also the number of methoxy
groups in the each phenyl rang as well as their position was important for phenyl radical stability (Barclay
et al., 2000; Chandru et al., 2007); loss of one or two methoxy groups reduced the analog effect
(Cocorocchio et al., 2018).

In another side, the high affinity of these three compounds to AXL kinase may be due to the structure
modification of a B-diketone moiety since, it has been suggested that diketone fragment of curcumin is not
indispensable for the analog activity (Simoni et al., 2008). Selvam et al. (2005) showed that the structure
modification of the B-diketone fragment increases the inhibitory effects of curcumin against COX-2 protein.
In the same way, deleting B- diketone of curcumin may increase the stability and antiproliferative activity.

Furthermore, Xu et al. (2013) have deduced in their study that a novel o,B-unsaturated cyclohexanone
analogs designed through altering its B-diketones exhibit potent antiproliferative activity against EGFR by
suppressing levels of protein in two human tumor cell lines. Liang et al. (2009) mentioned that the reactive -
diketone moiety is responsible for the pharmacokinetic limitation of curcumin. It contributes to the instability
of curcumin under physiological conditions, poor absorption, and fast metabolism. They designed a cyclo-
pentanone and cyclohexanone analog without B-diketone; their results showed that the stability of these
analogs tested in vitro was greatly enhanced and their pharmacokinetic studies realized in vivo were also
significantly improved (Liang et al., 2009). On the basis of these findings, it is clear that hydroxyl and
methoxy groups implanted in the each phenolic group are essential for the activity. Besides, it has also been
found that the removing of -diketone moiety and its replacement by a cyclic ketone enhances the activity.

CONCLUSION

In this study, The QSAR approach combined with molecular docking studies have revealed that the
compounds CID10765707, CID11257493, and CID21159180, which bear dihydroxy dimethoxyphenoxyl
groups and the major modification in o,B-unsaturated B-diketone moiety portion exhibited significantly
higher activity and the best affinity against AXL kinase. The three selected compounds will undergo in
vitro and in vivo analyses to better understand their physicochemical and structural characteristics asso-
ciated with their biological properties, which will help further to design novel AXL inhibitors in completion
with ATP more stable than curcumin with high potent activity and better bioavailability.
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