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1. INTRODUCTION undergoes post-translational modifications (PTMs) for
its localization in the cell membrane and it signaling1-13,
An important step of these modifications is the
farnesylation, which occurs at the level of a cysteine
located in the C-terminal CAAX domain (C, cysteine; A,
aliphaticaminoacid; X, serine or methionine) of the
protein. Farnesylation is carried out by an enzyme called
farnesyltransferasel4-16, After farnesylation, the last
three amino acids of the CAAX motif are cleaved by a
protease called RCE1 (Ras converting CAAX
endopeptidase 1), and the N-terminal farnesylcysteine
residue is then methylated by an enzyme called ICMT
(isoprenyl cysteine carboxyl methyltransferase)!7-19. The
farnesyl tail attached to the N-terminal cysteine is crucial
for KRas to accumulate in the plasma membranel9-22,

KRas protein is an oncogenic protein that is encoded by
the KRAS gene. This protein has two forms according to
its binding state, one active at Guanosine-5'-triphosphate
(GTP) and the other inactive at guanosine diphosphate
(GDP)1-3. When KRas is active, it initiates two vital
signaling pathways, RAS/MAPK and PI3K/AKT, that are
crucial for controlling cell growth, survival, and
proliferation 14 In colorectal cancer, mutations in the
KRAS gene occur in roughly 40 to 50% of cases2356,
These mutations prevent the interaction of the KRas
protein with the GTPase activator proteins, which are
responsible for the hydrolysis of the KRas-bound GTP357.
As a result, the KRas protein remains in a constitutively

active state, which leads to an abnormal permanent
activation of cell proliferation289.

The direct targeting of the KRas protein is limited by its
small size, its relatively smooth and shallow surface810,
However, research has shown that the KRas protein
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Once farnesylated, the farnesyl tail of KRas is bound by
Phosphodiesterase-6 (PDES), which facilitates its
transport to the plasma membrane. Targeting the PDES
protein constitutes a promising strategy for blocking the
oncogenic signaling of the KRas protein20-22, The PDES§
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protein plays a crucial role in the process of localization
of KRas in the plasma membrane by binding the farnesyl
tail of KRas and facilitating its transport to the
membrane?2. In addition, PDES protects this farnesyl tail
against proteases present in the cytoplasm, thus
maintaining the active form of KRas and thus promoting
oncogenic signaling?3-25.
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In our research, we employed computational methods
including structure-based pharmacophore modeling,
virtual pharmacophore-based screening, and molecular
docking studies to discover new inhibitors of the PDE§
protein. Our goal was to disrupt oncogenic KRas
signaling. The detailed steps of our simulations are
shown in Fig. 1.
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Figure 1: Virtual screening steps implemented in the identification of the inhibition PDES.

2. MATERIAL AND METHODS
2.1. Structure-Based Pharmacophore Modeling

In this study, we undertook the construction of a
pharmacophore model based on the crystalline structure
of the PDES protein in complex with the 17X inhibitor,
whose identifier in the PDB database is 4JVFE. We used the
receptor-ligand pharmacophore generation protocol,
integrated into Discovery Studio, for this approach?¢. This
protocol is designed to generate pharmacophore models
based on the interactions between the receptor and the
ligand, thus making it possible to characterize the
structural motifs necessary for the biological activity of
the inhibitor. The characteristics such as hydrogen bond
acceptors, hydrogen bond donors, hydrophobic regions
and aromatic rings, corresponding to the interactions
between the binding ligand and the protein were used to
construct the pharmacophoric models. The parameters
of the receptor-ligand pharmacophore generation
protocol have been configured as follows: the maximum
number of pharmacophores has been set at 10, with a
minimum of 4 characteristics and a maximum of 6
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characteristics for each pharmacophore generated. Then,
the generated pharmacophoric models were classified
according to selectivity score. The selectivity of the
models was estimated using a genetic function
approximation model (GFA), based on a training set of
1544 pharmacophoric models.

2.2. Pharmacophore Model Validation

As part of our modeling process, we used the Receiver
Operating Characteristic (ROC) curve method to analyze
and evaluate the performance of the generated
pharmacophoric models. This method, integrated into
the software, allows us to measure the ability of our
models to differentiate positive results from negative
results. The ROC curve, generated by plotting (1-
specificity) on the x axis as a function of the sensitivity on
the y axis, illustrates the performance of a test in
distinguishing between the groups. A random test would
produce a diagonal line going from (0,0) to (1,1), which
would indicate an absence of discrimination ability. As
the accuracy of the test improves, the curve approaches
the ideal point of perfect sensitivity and specificity (0.1).
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The accuracy is quantified by the area under the curve
(AUC), which ranges from 0.5 (random model) to 1.0
(perfect model). Moreover, the area under the curve
reflects the probability of correctly identifying the true
positives and the true negatives. An ROC score of 0.5
means that the model is random and that it has no
predictive utility. We used a dataset comprising 478
molecules, of which 25 were known PDES inhibitors
obtained from bibliographic research, and the other 428
were molecules with unknown activity randomly
selected from the ZINC database (Table 1). Using the area
under the ROC curve (AUC), we can evaluate the
effectiveness of a pharmacophore in discriminating
active molecules from inactive molecules. The AUC scores
are often interpreted according to the following criteria:
For an AUC between 0.9 and 1.0, the model is qualified as
excellent, an AUC between 0.8 and 0.9 is generally
considered to be of good quality, When the AUC is
between 0.7 and 0.8, the model is considered acceptable,
and finally, an AUC between 0.6 and 0.7 indicates a low
model quality.

Table 1: The identified PDES inhibitors obtained from
bibliographic searches.

Ligands Name References
18F, 1M1, 1MO, 17X 27
5KP 28
NH6, DL3,9GD 29
8RQ 30
JAY, P59 31
8SF, 8SL 32
L8, L7, L4, L3, deltarasin, deltrazinone, 33
Spiperone, atorvastatin, 361
1-((2-(3-(7H-Pyrrolo[2,3-d]pyrimidin- pyrimidine
4-yl)phenyl)-2-(aminomethyl)-2,3- derivative
dihydro-1H-inden-5-yl)methyl)
azetidin-3-ol (compound)
6V0 34
PD3 35

2.3. Pharmacophore-Based Virtual Screening

The pharmacophore model, whose validity has been
confirmed, was used to screen 574676 small molecules
extracted from the Asinex database (available on
https://www.asinex.com/screening-libraries -(all-
libraries)) using the Discovery Studio screen library
module. The number of conformations was set at 255,
and the conformation method was defined as FAST. The
other parameters have been left at the default values.
After this step, the candidates who were perfectly aligned
with all the characteristics of the pharmacophore were
subjected to additional filtering using the Lipinski and
Veber rules. These rules provide crucial guidelines for
evaluating the potential viability of candidates as drugs,
taking into account aspects such as solubility, molecular
size and other important properties. All compounds that
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did not meet these criteria were rejected. No candidate
violated the Lipinski or Veber rules, which does not mean
that none presented violations.

2.4. Analysis of the interactions of hits

To ensure a complete and accurate model of the 4JVF
structure, we first reconstructed the six missing residues
using ChimeraX 1.9 and Modeller 10.6. This step was
essential to restore the integrity of the protein and
ensure the reliability of subsequent computational
analyses. Molecular docking was then carried out to
predict the placement of the hit in the active site of the
4]JVF structure, corresponding to the location of the 17X
inhibitor. The docking simulations were performed using
the GOLD program, chosen for its proven ability to
accurately predict ligand-protein binding conformations
36, The scoring function employed to evaluate the
predicted poses was ChemScore, which is widely
recognized for its ability to provide reliable estimates of
ligand-protein binding affinity. Following the docking, we
analyzed the interactions of the hit with PDES using the
Ligand Interaction Diagram tool in MOE 2015.10.

2.5. Prediction of ADME, toxicity, and solubility in
water for hits

The candidates selected after the virtual screening based
on the pharmacophore will be evaluated using two
prediction tools. First of all, the prediction of ADME
properties (Absorption, Distribution, Metabolism and
Excretion) will be carried out using the SwissADME
server, a tool widely used to evaluate the
pharmacokinetic properties of chemical compounds37.
Then, the potential toxicity of the candidates will be
evaluated using ProTox 3.0, a server specialized in
predicting the toxicity of chemical compounds38. These
tools will provide essential information on the
pharmacokinetics and toxicity of the candidates, thus
helping to inform decisions in the drug discovery process.
After having carried out the prediction of the ADMET
properties, we evaluated the solubility of the hits using
the different estimates of the octanol/water partition
coefficient (log S) provided by the ESOL, Ali and SILICOS-
IT methods. This essential step makes it possible to
obtain a complete vision of the pharmacokinetic
characteristics of the chemical compounds studied.

2.6. Evaluation of the Membrane Permeability of
the Hits Resulting from a Virtual Screening Using

After obtaining hits during the virtual screening, we
evaluated the Membrane Permeability of the Hits via the
PerMM server, a web server and a specialized database,
in order to evaluate the passive membrane permeability
and the translocation pathways of bioactive molecules as
part of this study3°. This platform offers a complete
approach to understanding how molecules interact with
cell membranes and cross the lipid barrier.

2.7. Evaluation of the stability of the PDES-HIT
complex

This study evaluates the stability of three systems using
molecular dynamics, carried out with the GROMACS
software: (1) the PDES complex linked to pose 1 of the
HIT compound obtained by docking, (2) the PDEGS
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complex associated with its 17X co-crystallized ligand,
and (3) the PDES protein alone, without ligand. The
topology of the protein was generated using the
CHARMM36 force field, while that of the ligands was
obtained thanks to the SwissParam tool. Each system was
solvated in a TIP3P water can, with a minimum distance
of 1 nm between the protein and the edges of the can.
Na+/Cl- ions have been added to neutralize the overall
charge of the system.

The balancing of the systems was carried out in two
stages under GROMACS: first a balancing in NVT
assembly for 100 ps, with a V-scale thermostat to
stabilize the temperature at 300 K temperature, then a
balancing in NPT assembly for 100 ps to stabilize the
pressure at 1 atm. An energy minimization was carried
out under GROMACS using the steepest descent
algorithm until convergence at a threshold of 1000 in
kJ/mol. A production simulation was carried out under
GROMACS over a period of 20 ns, with a time step of 2 fs.

Table 2: Summary of the pharmacophore models for PDES.
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The stability of each system was evaluated by calculating
the RMSD (Root Mean Square Deviation) and the RMSF
(Root Mean Square Fluctuation) of the protein and ligand
atoms over time. These analyses were carried out with
the GROMACS gmx rms and gmx rmsf tools, and the
results were visualized using Grace.

3. RESULT

3.1. Structure-Based Pharmacophore Modeling
and validation

The six pharmacophore models were generated from the
crystalline structure of the PDES protein in complex with
the 17X inhibitor (PDB ID: 4]JVF) using the receptor-
ligand pharmacophore generation protocol integrated
into Discovery Studio (Table 2). Then, we evaluated their
selectivity to determine their ability to accurately
identify the relevant ligand-protein interactions. The
selectivity of each pharmacophore model was estimated
using a genetic function approximation model (GFA),
based on a training set of 1544 pharmacophore models.

Pharmacophore Number of Features Feature Set Selectivity Score
01 5 AADHH 9,6184
02 4 ADHH 8,1036
03 4 ADHH 8,1036
04 4 AADH 8,1036
05 4 AADH 8,1036
06 4 AADH 7,1901

After generating the six pharmacophore models from the
crystalline structure of the PDES protein in complex with
the 17X inhibitor (PDB ID: 4]JVF), we evaluated their
effectiveness in terms of sensitivity and specificity,
indicating their ability to correctly identify active and
inactive compounds (Figure 3) (Table 3). Among the
pharmacophore models generated, the pharmacophore
model 2 was selected because of its high AUC (Area Under
the Curve) coefficient, estimated at 0.802 (Fig. 2). AUC is

A B

a commonly used measure to evaluate the performance
of a pharmacophore model, with a value closer to 1
indicating a  better predictive ability. =~ The
pharmacophore_2 model demonstrated a high sensitivity
of 0.88462, indicating its ability to correctly identify the
true positives among the active compounds. Moreover,
although its specificity is relatively low at 0.056485, the
model showed a significant ability to discriminate
inactive compounds with only 3 false positives.

-
N

Cc

Figure 2: The pharmacophore 2 model generated during the study is characterized by cyan spheres for hydrophobicity,
pink for the hydrogen acceptor, green for the hydrogen donor, and gray for the excluded volumes. (A) Crystalline structure
of PDES (PDB ID: 4JVF) in complex with the 17X co-crystallized ligand and the pharmacophore interaction map. (B) co-
crystallized ligand 17X and pharmacophore 2. (C) pharmacophore 2.
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Figure 3: Validation of the six pharmacophore models by the ROC method: Model 2 stands out with an AUC greater than
0.8, qualifying it as the best among the six evaluated models.

Table 3: Validation with Known Assets/Inactives.

Pharmacophore Total Total True True False False Sensitivity | Specificity
Actives | Inactives | Positives | Negatives | Positives | Negatives
Pharmacophore_1 26 478 16 222 256 10 0,61538 0,46444
Pharmacophore_2 26 478 23 27 451 3 0,88462 0,056485
Pharmacophore_3 26 478 24 39 439 2 0,92308 0,081590
Pharmacophore_4 | 26 478 19 143 335 7 0,73077 0,29916
Pharmacophore_5 26 478 17 78 400 9 0,65385 0,16318
Pharmacophore_6 26 478 25 31 447 1 0,96154 0,064854
ISSN: 2250-1177 [21] CODEN (USA): JDDTAO
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Following the evaluation of the six pharmacophore
models generated, pharmacophore 2 was chosen as the
query to screen the Asinex database, containing 574,676
small molecules. This strategic choice is based on the
ability of pharmacophore 2 to effectively discriminate
between active and inactive compounds, which makes it
a valuable tool for the discovery of new therapeutic
agents targeting PDES protein. The screening of this vast
database will make it possible to identify potential
candidates who exhibit pharmacophoric interactions
similar to those of the 17X inhibitor, thus paving the way
for new avenues in the design of drugs targeting this
specific target.

3.2 Pharmacophore-based Virtual Screening

In our search for new drugs specifically targeting the
PDES protein, we used the pharmacophore 2 model,
which was previously validated during the validation

Journal of Drug Delivery & Therapeutics. 2025; 15(11):17-30

phase (Figure 4A). This model has been applied to the
screening of a considerable database, comprising
574,676 small molecules from the Asinex database.
Following this initial screening, we identified 66
promising hits presenting a significant correspondence
with the specific characteristics of the pharmacophore
model. These 66 selected hits will now be evaluated to
predict their drug similarity, with the aim of identifying
the most promising candidates who share structural
similarities or chemical properties with drugs already
approved or under development. After screening the
candidates according to the strict rules of Lipinski and
Veber. Only one hit managed to pass without any
violation of these rules (Figure 4B). This hit will now be
subjected to a CLINICAL simulation to further evaluate its
pharmacological potential and its safety.

3.1 Docking and interactions analysis of hit

The analysis of the results of the two tables (Table 4 and
5) and of Fig. 5 reveals promising characteristics of hit 1
as a potential inhibitor of the PDES protein. First of all,
the binding energies calculated for the different poses
demonstrate a strong binding affinity between hit 1 and
the protein, with negative values indicating a significant
stability of the bond. These results are consistent with
the idea that hit 1 is able to bind effectively to the active
site of the target protein. In addition, the analysis of
hydrogen interactions reveals the presence of H-donor

ISSN: 2250-1177 [22]
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Figure 4: Identification of a new inhibitor of the PDES protein. (A) Mapping of hit on the Pharmacophore 2. (B) The hit
obtained by the screening.

and H-acceptor bonds between hit 1 and key residues of
the PDES protein, such as TYR140, GLU85 and GLN75, in
several binding poses. These hydrogen interactions
contribute to strengthening the stability of the bond
between hit 1 and the protein, which is crucial for its
effectiveness as an inhibitor By combining these
observations, we concluded that hit 1 has a strong
binding to the active site of the PDES protein, reinforced
by hydrogen interactions. These results position hit 1 as
a promising candidate for an effective inhibitor of the
PDES protein.
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Figure 5: Analysis of the Pose 1 of the Hit by Molecular Docking.

Table 4: Free binding energies of different poses.
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Les Poses Pose 1 Pose 2 Pose 3 Pose 4
Free energies of binding calculated by -27.6282 -27.3411 -23.9023 -23.2998
Chemscore (DG bind kJ/mol)
Table 5: Hydrogenic interactions between hit and the PDES protein in Various Binding Poses.
Poses Ligand Residue Protein Atom Interactions Distance E (kcal/mol)
Atom type
1 025 LEU56 CA H-acceptor 3.74 -0.7
C21 TRP34 6-ring H-pi 4.16 -0.6
2 C20 TRP92 5-ring H-pi 4.63 -0.6
5-ring ILE131 CG2 pi-H 3.81 -0.7
3 026 ARG63 NH1 H-acceptor 3.02 -1.2
C31 TRP34 6-ring H-pi 4,01 -0.6
4 026 ARG63 NH1 H-acceptor 3.22 -1.9

3.4 ADMET prediction of hit

Based on the pharmacokinetic parameters predicted by
the SwissADME server, the selected hit seems to be ideal
for optimal pharmacological activity (Table 6). It
demonstrates high gastrointestinal absorption. Although
its ability to cross the blood-brain barrier (BBB) is not
expected, this characteristic could be advantageous to

of skin toxicity. Overall, these

and safety.

Table 6: The ADME properties of hit predicted by the SwissADME server.

limit adverse effects on the central nervous system. In
addition, its negative Log Kp value suggests a limited
ability to cross the skin, which could minimize the risks
pharmacokinetic
characteristics indicate that the selected hit has a
promising potential for drug development, by offering a
favorable balance between bioavailability, metabolism

GI BBB P-gp CYP1A2 CYP2C19 | CYP2C9 | CYP2D6 | CYP3A4 | LogKp (skin
absorption | permeant | substrate | inhibitor | inhibitor | inhibitor | inhibitor | inhibitor | permeation)
High No Yes No No No Yes Yes -7.78 cm/s

ISSN: 2250-1177 [23]
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The Bioavailability Radar is a tool used to quickly assess
the "drug-likeness" of a molecule. It is based on six
physicochemical properties: lipophilicity, size, polarity,
solubility, flexibility and saturation. Each of these
properties is represented on an axis of the radar, with a
physico-chemical range. According to the predictions of

FLEX

INSATU

LIPO

INSOLU

Journal of Drug Delivery & Therapeutics. 2025; 15(11):17-30

the bioavailability radar provided by SwissADME, the hit
obtained is located in the optimal zone of the
Bioavailability Radar, thus indicating an increased
probability of a good bioavailability of the molecule
(Figure 6).

SIZE

POLAR

Figure 6: The Radar Bioavailability of hit obtained after the virtual screening. The pink zone represents the optimal
range for each physico-chemical property: lipophilicity (XLOGP3 between -0.7 and +5.0), size (MW between 150 and
500 g/mol), polarity (TPSA between 20 and 130 A2), solubility (log S not exceeding 6), saturation (carbon fraction in
sp3 hybridization of at least 0.25), and flexibility (no more than 9 rotary bonds).

3.5 Toxicity Analysis

According to the results of ProTox 3.0, presented in Table
7, the hit seems to have a low toxicity for the liver and the
heart, with high "Inactive" scores. However, it presents a
potential risk of respiratory toxicity, indicated by an
"Active" prediction. For other types of toxicity such as

Table 7: Prediction of hit toxicity by the ProTox 3.0 web server.

carcinogenicity, immunotoxicity, mutagenicity and
cytotoxicity, the predictions lean towards inactivity,
although some present uncertainty. Overall, these results
indicate a generally favorable toxicity profile for hit, but
it is important to closely monitor the risk of respiratory
toxicity.

Classification Target Prediction Probability
Organ toxicity Hepatotoxicity Inactive 0,61
Organ toxicity Respiratory toxicity Active 0,92
Organ toxicity Cardiotoxicity Inactive 0,91
Toxicity end points Carcinogenicity Inactive 0,50
Toxicity end points Immunotoxicity Inactive 0,58
Toxicity end points Mutagenicity Inactive 0,50
Toxicity end points Cytotoxicity Inactive 0,60

3.6 Water Solubility

Focusing on the different estimates of the octanol/water
partition coefficient (log S) provided by the ESOL, Ali, and
SILICOS-IT methods, it is clear that hit exhibits
consistency in its solubility properties. By examining the
solubility classifications, the hit is classified as "Soluble"
for the ESOL and Ali methods, and as "Moderately
soluble" for the SILICOS-IT method (Table 8). This
suggests that hit has a good chance of dissolving
effectively in biological media, which is crucial for its
absorption and potential as a drug. In summary, the
consistent estimates of log S reinforce the favorable
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perspective of this hit in terms of solubility and
bioavailability.

Table 8: Estimates of the octanol/water partition
coefficient (log S) for hit according to different methods.

Methodes Log (S)(mol/1) | *Class

Log S (ESOL) -3.59 Soluble

Log S (Ali) -3.29 Soluble

Log S (SILICOS-IT) | -4.99 Moderately
soluble

Note : *Solubility Class: Insoluble < -10 < Poorly < -6 <
Moderately < -4 < Soluble < -2 Very < 0 < Highly
CODEN (USA): JDDTAO
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3.7 Evaluation of the Membrane Permeability and
the Hit Translocation Path Predicted by the PerMM
Server

The results presented in Table 9, resulting from the
prediction of hit by the PerMM server, provide important
estimates concerning its membrane permeability. They
reveal a free binding energy of -3.11 kcal/mol for the
DOPC membrane, suggesting a potential affinity of hit
with this membrane. In addition, the logarithmic
permeability coefficients for different membranes, such
as -4.46 for BLM, -4.47 for BBB (Po), -4.62 for CACO2 (Po),
-5.34 for PAMPA-DS (Po) and -5.49 for the plasma
membrane, offer indications on the ability of hit to cross
these biological barriers. These results suggest that hit
has a relatively high permeability across different
membranes, which could be crucial for its effectiveness
as a drug candidate. According to the translocation path
of hit illustrated in Fig. 6, it is observed that the hit
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effectively crosses the plasma membrane and penetrates
into the membrane. These observations suggest a
promising ability of hit to cross biological barriers, which
could be crucial for its pharmacological activity and its
therapeutic potential.

Table 9: Parameters calculated by the PerMM server for
the evaluation of the membrane permeability of hit.

Calculated Parameters

Free energy of binding (DOPC) -3.11 kcal/mol
Log of perm. coeff. - BLM -4.46
Log of perm. coeff - BBB (Po) -4.47
Log of perm. coeff - CACO2 (Po) -4.62
Log of perm. coeff - PAMPA-DS (Po) | -5.34
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Figure 6: Analysis of the displacement of hit through the lipid bilayer according to the PerMM server. (A)Multiple
positions of hit as it moves through the lipid bilayer. (B) Transfer energy of 15 displacement through the lipid bilayer
calculated. (C) Graphical representation of the transfer energy profile calculated through the DOPC bilayer, AGtranf(z).
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3.8 Analysis of the Stability of the PDES-HIT Complex

The RMSD graph illustrates the structural stability of the
three PDES systems during a 20 ns molecular dynamics
simulation (Figure 7). The analysis shows that the apo
PDES protein (blue curve) is the most stable, with a low
and constant RMSD, indicating a well-conserved
structure in the absence of ligand. The PDES-HIT complex
(green curve) shows initial fluctuations but tends to
stabilize after about 5 ns, suggesting a moderately stable

Journal of Drug Delivery & Therapeutics. 2025; 15(11):17-30

interaction between the ligand and the protein. On the
other hand, the PDEG&-co-crystallized complex (red
curve) displays significant variations in RMSD, with
several sudden increases and decreases, reflecting a
probable structural instability due to conformational
rearrangements or to a weak maintenance of the ligand.
These results indicate that the HIT compound could
induce a better stability of the PDES complex compared
to the co-crystallized ligand.

—— PDEG6D-Hit complex

—— PDEG6D-co-crystallized complex

—— apo PDE6D

2 I |
) 1.5 — —
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a 1 -
m -
Z 05 il
- v, BV [ Ny "

0 \ \ ! |

0 5 10 15 20

Time (ns)

Figure 7: RMSD Analysis of PDES Complexes Over a 20 ns Molecular Dynamics Simulation.

Fig. 8 represents the mean fluctuations of the residues
(RMSF) of the PDES protein during the molecular
dynamics simulation. The analysis shows that the
majority of the residues show relatively small
fluctuations, suggesting a globally stable structure in the
three studied systems: apo PDES (blue), PDES-HIT
(green) and PDEG&-co-crystallized (red). However, a
significant increase in the RMSF is observed at the C-

RMS fluctuation

terminal end (around residue 150), indicating an
increased flexibility of this region. This strong fluctuation
could be due to the absence of stabilizing interactions
with the ligand or to intrinsic movements of the protein
in this region. Outside this area, the differences between
the three systems remain minimal, suggesting that ligand
binding does not strongly affect the flexibility of the
majority of the protein structure.

4
—— PDEG6D-HIT complex
i ‘|| — PDE6D-co-crystallized complex
3 —1| — apo PDE6D
1 - —
0 : J
0 50 100 150 200

Residue

Figure 8: Fluctuation of the residues of the PDES protein during the molecular dynamics simulation.
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4. DISCUSSION

Colorectal cancer frequently involves mutations in the
KRAS gene, especially in codons 12 and 1340. These
mutations, such as the G12C mutation, are associated
with a poorer prognosis in metastatic colorectal cancer
41, KRAS mutations are prevalent in colorectal cancer,
with a mutation rate of 37.1%, and are significantly
associated with the size of the tumor 42. Historically
considered as "intractable", KRAS mutations in colorectal
cancer have experienced breakthroughs with the
development of specific covalent inhibitors 43. Targeting
KRAS has always been difficult due to its lack of binding
sites to traditional drugs, which makes it difficult and
considered "non-druggable"4445. The high affinity of KRas
for cellular GTP further complicates the design of the
drug, since the single hydrophobic pocket is usually
occupied by GDP or GTP, which hinders the binding of
small molecules 46. Recent advances, such as the FDA
approval of sotorasib targeting the KRASG12C mutant,
have validated KRas as a viable target in oncology 7.
However, common mutations such as G12D and G12V
remain difficult to target effectivelys. Efforts using
macrocyclic peptides and CRISPR systems have shown
promise in inhibiting KRas signaling and targeting
downstream effectors, offering potential therapeutic
strategies. Despite these advances, resistance to
monotherapy with KRas inhibitors remains an important
obstacle, highlighting the need for combination therapies
to effectively treat KRAS mutant cancers*%50.

PTMs play a crucial role in the regulation of KRAS activity
1151, These modifications include prenylation, post-
prenylation, palmitoylation, ubiquitination,
phosphorylation, ~ SUMOylation, acetylation and
nitrosylation 52. The targeting of these post-translational
modifications has shown promising antitumor activities,
highlighting their importance in the treatment of cancer
53, In addition, the study of PTMs of KRAS proteins has led
to the identification of potential targets for the discovery
of anti-RAS drugs, highlighting the importance of
understanding these regulatory mechanisms in the
development of new therapeutic strategies®*5> . Also,
targeting the membrane localization of KRAS is an
effective therapeutic strategy due to the central role of
KRAS mutations in various cancers, including colorectal,
lung and pancreatic cancers 56-58,

The membrane localization of KRAS is a complex process
regulated by several cellular mechanisms>°. Initially
synthesized in the cytoplasm, KRAS is post-traditionally
modified by the addition of fatty acids on its C-terminal
part, an essential step for its anchoring to the plasma
membrane®%61. This lipid modification allows KRas to
associate closely with the membrane and to exercise its
biological functions, in particular its participation in the
transduction of the cellular signalé0-62. In addition,
chaperone proteins such as PDES facilitate the transport
and targeting of KRas to the cell membrane. Once at the
membrane, KRas interacts with other membrane
proteins to trigger cellular signaling cascades regulating
growth, survival and cell differentiation®3-65. Thus, the
membrane localization of KRas is a finely regulated
process and crucial for its biological activity5°. Targeting
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the interaction between KRas and PDES$ presents a
promising strategy to inhibit KRas activities ¢6. It has
been shown that the inhibition of the interaction
between KRas and PDES promotes the death of cancer
cells ¢7. By stabilizing the Ras-PDES complex, the
redirection of the RAS to the cytoplasm and the primary
cil inhibits the oncogenic RAS/ERK signaling, leading to
potential anticancer effects 34.

The cellular penetration of PDES inhibitors has been the
subject of research aimed at improving their
effectiveness 869, Strategies such as the engineering of a
"chemical spring" in prenyl binding pocket inhibitors and
the attachment of cell penetration groups have been used
to improve cell penetration 7. In the context of inhibitors
that are effective for passing clinical PDES inhibition
tests, compounds such as Deltaflexin-1 and -2 have
shown promising results®8. These compounds have been
specially designed with a kind of "chemical spring" that
makes them more robust and improves their ability to
penetrate inside the cells236870, Deltaflexin-1 and -2
selectively disrupt the membrane organization of the
KRas without affecting the HRas, highlighting their
specificity871, This selectivity profile results in a
significant antiproliferative activity on colorectal cancer
cells, indicating their potential as effective inhibitors of
PDES inhibition 68, Other research has identified small
molecules such as DW0254 that inhibit the activation of
Ras in leukemia cells by targeting the hydrophobic pocket
of PDES, resulting in inhibition of Ras and anti-leukemia
effects®7.

The discovery of PDES inhibitors has been an important
focus of cancer research °. By specifically blocking PDES,
itbecomes possible to disrupt the molecular mechanisms
underlying tumor growth’2-74 In this regard, the role of
protein PDES in the localization of KRas to the cell
membrane for its normal function. The results obtained
during the various stages of our in-silico study for the
identification of a new inhibitor of the PDES protein,
aimed at blocking the oncogenic signaling of the KRas
protein in colorectal cancer, have proven to be significant.
In addition, this inhibitor has demonstrated an ability to
penetrate the plasma membrane (Figure 1).
Pharmacophore modeling based on the crystal structure
of PDES in complex with the inhibitor has made it
possible to generate precise models characterizing the
key interactions necessary for the biological activity of
the inhibitors (Table 4). The virtual screening of vast
databases of chemical compounds led to the
identification of 66 promising hits, among which one hit
was selected after successfully passing the Lipinski and
Veber criteria, thus demonstrating its compliance with
pharmacological and safety standards (Figure 4). The
analysis of the interactions by molecular docking
revealed a strong binding affinity between the selected
hit and PDES, confirming its ability to bind effectively to
the active site of the target protein (Figure 5) (Table 4 and
5). In addition, the evaluation of the membrane
permeability of hit has provided essential information on
its ability to cross cell membranes, reinforcing its
potential as an inhibitor of oncogenic KRas signaling
(Figure 6). The analysis of the results of RMSD and RMSF
shows a better stability of the PDES-HIT complex
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compared to the co-crystallized complex(figure 7 and 8).
Indeed, the RMSD of PDES-HIT remains relatively stable
after 5 ns, while that of the co-crystallized complex
exhibits significant fluctuations, suggesting a less stable
interaction with the protein. Moreover, the fluctuations of
the residues (RMSF) are similar between the systems,
except at the level of the C-terminal end, where a strong
variability is observed. This local instability may be due
to the absence of structural constraints or to an intrinsic
flexibility of this region. The PDES apo shows superior
stability, which is expected in the absence of a ligand that
can induce conformational rearrangements. The better
stability of the HIT complex suggests that this ligand
interacts more favorably with PDES, maintaining its
structure more efficiently than the co-crystallized ligand,
which was however the experimental reference.

These results underline the effectiveness of in silico
approaches for the discovery of new therapeutic agents
targeting critical oncogenic pathways, thus paving the
way for future translational studies for the treatment of
colorectal cancer. Despite the progress made in the
development of PDES inhibitors with improved affinities
and selectivity, challenges remain to achieve optimal cell
penetration for effective therapeutic results’s. Further
research is needed to improve the effectiveness of PDES
inhibitors for potential clinical applications7s.

5. CONCLUSION

The study presents an innovative approach to target the
oncogenic signaling of the KRas protein in colorectal
cancer by identifying new inhibitors of the PDE®S
protein.The results demonstrate a strong
pharmacological potential of the identified inhibitor,
indicating promising prospects for the development of
new therapeutic strategies to treat colorectal cancer by
disrupting the molecular mechanisms involved in tumor
growth. Future prospects could include in vitro and in
vivo studies to validate the efficacy and safety of this
inhibitor, as well as clinical trials to evaluate its
therapeutic potential in colorectal cancer patients with
KRas mutations.
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