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ARTICLE INFO ABSTRACT

Keywords: Oncogenic RAS mutations, commonly observed in human tumors, affect approximately 30% of
KRAS G12D cancer cases and pose a significant challenge for effective cancer treatment. Current strategies to
Anticancer

inhibit the KRAS G12D mutation have shown limited success, emphasizing the urgent need for

gﬁiﬁgors new therapeutic approaches. In this study, we designed and synthesized several purine and py-
Pyrimidine rimidine analogs as inhibitors for the KRAS G12D mutation. Our synthesized compounds

demonstrated potent anticancer activity against cell lines with the KRAS G12D mutation, effec-
tively impeding their growth. They also exhibited low toxicity in normal cells, indicating their
selective action against cancer cells harboring the KRAS G12D mutation. Notably, the lead
compound, PU1-1 induced the programmed cell death of KRAS G12D-mutated cells and reduced
the levels of active KRAS and its downstream signaling proteins. Moreover, PU1-1 significantly
shrunk the tumor size in a pancreatic xenograft model induced by the KRAS G12D mutation,
further validating its potential as a therapeutic agent. These findings highlight the potential of
purine-based KRAS G12D inhibitors as candidates for targeted cancer therapy. However, further
exploration and optimization of these compounds are essential to meet the unmet clinical needs of
patients with KRAS-mutant cancers.

1. Introduction

The development of effective cancer therapies remains a difficult challenge in modern medicine. Although significant advance-
ments have been made in this field, rat sarcoma (RAS) mutations present a major obstacle for treatment [1]. Canonical RAS genes
include Kirsten-RAS (KRAS), neuroblastoma-RAS (NRAS), and Harvey-RAS (HRAS) [1]. RAS signaling pathways and their downstream
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effectors control various cellular activities, including cell proliferation, survival, growth, metabolism, and migration [2,3]. RAS ac-
tivity is governed by its switch-like behavior, transitioning between the active (GTP-bound) and inactive (GDP-bound) states [4].
However, mutations in RAS, particularly KRAS, lead to constitutive activation, resulting in the aberrant activation of the
mitogen-activated protein kinase signaling pathway and subsequently contributing to cancer development and progression [4]. The
first identification of oncogenic RAS mutations in human cancers in 1982 revolutionized our understanding of tumor formation and
progression and established RAS as a critical driver of cancer [5,6]. KRAS is one of the most commonly mutated oncogene observed in
solid tumors, particularly in colorectal cancer, lung adenocarcinoma, and pancreatic ductal adenocarcinoma (PDAC) [7]. Approxi-
mately 95% of cancer-associated RAS mutations occur at codons 12 (83%), 13 (14%), and 61 (2%). Among these, mutations at the
glycine residue 12 (G12) of KRAS are the most common, followed by those at glycine residue 13 (G13) in KRAS. Moreover, G12C,
G12V, and G12D are the most common substitutions in recurrent KRAS codon 12 mutations [1].

In recent years, significant advancements have been made in targeting KRAS mutations, which is regarded as the “holy grail" of
targeted cancer therapies [8]. In 2013, a breakthrough was achieved in understanding KRAS biology, and advancements in drug design
technologies revealed a cysteine drug-binding pocket in the GDP-bound mutant KRAS G12C protein [9]. This key finding facilitated the
development of covalent inhibitors selectively targeting mutant KRAS G12C. Sotorasib (AMG510) and adagrasib (MRTX849) were the
first and second U.S. Food and Drug Administration-approved selective and covalent KRAS G12C inhibitors, marking a significant
milestone. Several other promising inhibitors (BPI-421286, JAB-21822, D-1553, GFH925, and GH35) are currently being developed
[10]; however, effective KRAS-targeting drugs need to be developed. The KRAS G12D mutation is commonly observed in several
cancers, including pancreatic, colon, and lung cancers, and poses a significant challenge for targeted cancer therapy [7,11]. This
mutation is difficult to target because of the smooth surface and lack of suitable binding pockets. In PDAC, more than 90% of cases
carry oncogenic KRAS mutations, with KRAS G12D being the most common variant. It is a major initiating mutation in a substantial
proportion (45%) of PDAC cases, whose presence is associated with poor patient survival [12]. Currently, no therapeutic drugs tar-
geting the KRAS G12D mutation have been approved for clinical use [12].

However, recent studies have revealed the benefits of targeting specific mutations in KRAS beyond the well-known hotspot var-
iants. A remarkable breakthrough in this field was the pioneering work of Mirati Therapeutics. Using advanced structure-based drug
design approaches, they successfully developed a novel non-covalent inhibitor, MRTX1133, specifically tailored to target the KRAS
G12D mutation [1,11,13,14]. This inhibitor has demonstrated remarkable efficacy in preclinical studies, particularly in PDAC cells
harboring the KRAS G12D mutation. These findings can aid in the development of effective therapeutic interventions for patients with
KRAS G12D-driven cancers, offering a potential breakthrough in cancer treatment [11,13]. Previous studies on KRAS G12C inhibitors
have revealed chemoresistance as the leading cause of treatment failure in KRAS-induced cancers [15-17]. Most patients do not
respond to KRAS inhibitor therapy, owing to intrinsic or acquired resistance [18].

Purine- and pyrimidine-based molecules are widely used for anticancer drug development [19-21]. Several purine- and
pyrimidine-based anticancer molecules have been successfully developed. For example, 5-fluorouracil (5-FU), a pyrimidine analog
being used as an anticancer drug, inhibits thymidylate synthase, an enzyme involved in DNA synthesis, leading to impaired DNA
replication and cell death [22,23]. It is used to treat various solid tumors, including colorectal, breast, and gastric cancers [24,25].
Mercaptopurine, fludarabine, cladribine, cytarabine, and gemcitabine are some well-known purine- and pyrimidine-based analogs
used in anticancer research [20].

Bioisosteric methods involve the replacement of a part of a biologically active compound with other fragments [26-28]. This is a
widely used approach for drug discovery. In this study we used a bioisosteric replacement method to design a series of novel purine and
pyrimidine analogs as KRAS G12D inhibitors. The designed structures were synthesized, and their ability to inhibit the KRAS G12D
mutation was tested using different in vitro methods. Several in vitro experimental assays, including the cell viability, apoptotic, and
glutathione S-transferase-fused RBD (GST-RBD) pull-down assays were performed to evaluate the anticancer potential of the selected
compounds in KRAS G12D-expressing cancer cells. The most active compound, PU1-1, was further evaluated in vivo in a KRAS
G12D-induced pancreatic xenograft model.

2. Experimental section
2.1. Synthesis

The synthesis procedure for the new KRAS G12D derivatives, PU1-1, PU1-2, and PY (1-4), is depicted in Scheme 1 (Supplementary
Material).

Commercially available 2-methyl-6-chloropurine was treated with benzyl bromide in the presence of K2CO3 to produce 9-benzyl-6-
chloro-9H-purin-2-amine. The alkylated purine was treated with NaH to yield N,N, 9-tribenzyl-6-chloro-9H-purin-2-amine. Nucleo-
philic substitution of the secondary amine yielded urine derivatives, followed by deprotection of the N-Boc group using 4 N HCI to
obtain the desired final compounds, PU1-1 and PU1-2, with a KRAS G12D warhead functional group.

The synthesis procedure of pyrimidine derivatives is outlined in Scheme 2 (Supplementary Material). Commercially available
amidine with p-ketoester under the basic condition gave 4-oxopyrimides, followed by chlorination with phosphorous oxychloride to
yield 4-chloropyrimidnes. The resulting 4-chloropyrimidines underwent nucleophilic substitution with a secondary amine to yield the
corresponding pyrimidine derivatives, followed by deprotection of the N-Boc group using 4 N HCl or TFA to obtain the desired final
compounds, PY1-1, PY1-2, and PY1-3. The detailed experimental procedures and characteristics of all new compounds are provided in
the Supplementary Information.
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2.2. Cell lines, reagents and antibodies

AGS (gastric cancer), MKN1 (gastric cancer), SNU1197 (colon cancer), AsPC1 (pancreatic cancer), PANCI (pancreatic cancer), and
Hek293 (normal kidney) cell lines were obtained from the Korean Cell Line Bank (Seoul, Korea). Antibiotics (penicillin/streptomycin),
fetal bovine serum (FBS), and Roswell Park Memorial Institute (RPMI)-1640 cell culture growth medium were purchased from Gibco
(Thermo Fisher Scientific). Bio-Rad Laboratories Inc. Provided the chemicals and materials used for electrophoresis. EZ-CYTOX cell
viability, proliferation, and cytotoxicity assay kits were purchased from Do Gen Bio (Korea). Antibodies specific for ERK, pERK, S6,
pS6, PARP, and KRAS were acquired from Cell Signaling Technology (Danvers, MA, USA). Santa Cruz provided the AKT and pAKT
antibodies and f-actin.

2.3. Cell lines and culture

AGS, SNU1197, AsPC1, and MKNT1 cells were cultured and maintained in the RPMI-1640 medium (Gibco, Life Technologies,
Carlsbad, CA, USA). All experiments in this study were conducted using mycoplasma-free cell lines to ensure the accuracy and reli-
ability of the results. The medium was supplemented with 1% penicillin-streptomycin (Gibco) and 10% FBS (Gibco). The cells were
cultured at 37 °C with 5% COs in a humidified environment. Similarly, PANC1 and Hek293 cell lines were cultured in the Dulbecco’s
modified Eagle’s medium (Gibco) supplemented with 1% penicillin-streptomycin (Gibco) and 10% FBS (Gibco). These cells were also
maintained at 37 °C with 5% CO5 in a humidified environment.

2.4. WST cell viability assay

The viability of cancer cells was assessed using the WST cell viability assay, which utilizes the water-soluble tetrazolium salt
method. To begin, cells were seeded in a 96-well plate at a density of 3000-5000 cells per well and allowed to grow overnight.
Subsequently, the cells were subjected to different treatments: either a control (DMSO <1%) or various concentrations of new in-
hibitors, starting at 10 pM and diluted two-fold, for 72 h. To determine cell viability, the EZ-CyTox Cell Viability Assay Kit (manu-
factured by Daeil Lab Service Co., Ltd., Korea) was employed following the provided instructions. In brief, after the incubation period,
the cells were supplemented with 10 pl of EZ-CyTox solution containing WST-1 (Water-Soluble Tetrazolium Salt) and incubated for 2 h.
The absorbance was then measured at 450 nm using a GloMax® Discover microplate reader from Promega (WI, USA). Concurrently,
wells containing only the medium without cells were incubated with 10 pl of EZ-CyTox solution to determine the background signal.
The final cell viability percentage was calculated using the following formula: Cell viability (%) = (Atreatment)/(Acontrol) X 100 (%)
where A = absorbance at 450 nm.

2.5. Apoptosis detection assay

Apoptotic cells were identified using a FITC Annexin-V apoptosis detection kit 1 obtained from BD Pharmingen in San Diego, CA,
USA. In brief, AGS and MKNT1 cells were seeded at a density of 3-5 x 10° cells/well in 6-well plates and incubated overnight. The cells
were treated with PU1-1 at concentrations of 0, 2.5, and 5 pM for 24 h. After treatment, the cells were collected, washed with PBS, and
resuspended in 1X binding buffer. Subsequently, the cells were stained with Annexin V-FITC and PI for 15 min at room temperature in
the dark, and a binding buffer was added. Flow cytometry data were analyzed using the BD FACSAria™ III Cell Sorter flow cytometer.

2.6. Immunoblotting

AGS and MKN1 cells were seeded at a density of 3-5 x 10° cells/well in 6-well plates and allowed to grow overnight. The cells were
treated with Dimethyl sulfoxide (DMSO) as a control or PU1-1 at 5 pM and 7.5 pM concentrations for 24 h. Following the treatment, the
cells were washed once with 1x phosphate-buffered saline (PBS) and lysed in RIPA buffer obtained from iNtRON Biotechnology,
supplemented with a cocktail of protease and phosphatase inhibitors from Thermo Scientific. The protein concentrations were
determined using the Pierce BCA protein assay kit provided by Thermo Scientific. Equal amounts of protein were resolved on 8-12%
SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were blocked with 5% non-fat milk in TBST (Tris-buffered
saline with Tween) and then incubated overnight at 4 °C with primary antibodies. After washing, the membranes were incubated with
HRP-conjugated secondary antibodies for 1 h at room temperature. The blots were washed five times with TBS-T and developed using
an Enhanced chemiluminescent (ECL) detection system obtained from EMD Millipore.

2.7. GST-RBD pulldown assay

AGS and MKN1 cells were treated with DMSO or PU1-1 (0, 5 and 7.5 pM) for 24 h and cell lysate prepared using 1X passive lysis
buffer (Promega). A total of 400 pg protein in 500 pL total volume was pulled down using the Glutathione-GST-RBD (complex)
overnight, and the pulldown proteins were detected by immunoblotting with anti-KRAS antibody.

2.8. In vivo antitumor efficacy study

All mouse experiments complied with the Institutional Animal Care and Use Committee regulations and guidelines of the Lee Gill
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Ya Cancer and Diabetes Institute, Gachon University. Female BALB/c nude mice, aged 5-6 weeks, were obtained from ORIENT BIO,
Inc. To establish a tumor model, AsPC1 tumor cells (5.0 x 10° cells) were subcutaneously injected into the right hind flank of each
mouse in 100 pL of PBS. The mice were observed twice a week for two weeks, and tumor growth was monitored by measuring the
tumor size using calipers when they became palpable. Once the tumors reached an average volume of >100 mm?, the mice were
randomly assigned to the following treatment groups: control and PU1-1. The animals received daily intraperitoneal injections of the
vehicle or PU1-1. Daily monitoring of the mice, including tumor size measurements thrice per week and body weight measurements
twice per week, was performed for 14 days. Tumor growth inhibition (TGI) was assessed using the following formula: 100% x (final
vehicle tumor volume - final treated tumor volume/final vehicle tumor volume — initial vehicle tumor volume). The mice were
euthanized in a CO, chamber, and the tumors were extracted for further study. TGI (%) was calculated using the following formula:
TGI (%) = (1 - [RTVreatment]/[RTVeontrol]) X 100 (%). The relative tumor volume (RTV) was calculated using the following formula:
RTV = tumor volume on the measured day/tumor volume on day 0.

2.9. Insilico analysis

The designed compounds were subjected to various in silico analyses to gain insights into their binding to the active site of KRAS
G12D. A molecular docking study was performed to determine the binding affinity of the designed compounds using Glide [29].
Further molecular dynamics simulation studies were conducted to understand the structural dynamics of the inhibitors bound to the
active site of KRAS G12D. GROMACS version 2020.7. was used for MD simulations, as previously described [30-32]. CHARMM pa-
rameters were generated using the SwissParam web server [33]. The trajectory results were analyzed using the UCSF-chimera soft-
ware, whereas plots were generated using the XMGRACE tool (https://plasma-gate.weizmann.ac.il/Grace/).

3. Results
3.1. Biological evaluations

3.1.1. Invitro assay: evaluating the inhibitors’ effect on cancer cell viability

The effects of newly synthesized purine- and pyrimidine-based KRAS inhibitors on the viability of AGS, SNU1197, AsPC1, and
Hek293 cells were determined by seeding them at 3000-5000 cells/well in a 96-well plate and culturing them overnight. All cells were
treated with the control (DMSO <1%) or 2-fold dilution of purine- and pyrimidine-based KRAS inhibitors with a starting concentration
of 10 pM for 72 h. After 72 h of incubation, cell viability was measured using the WST assay. The percentage of viable cells was plotted,
and the IC50 was calculated using the GraphPad Prism software (http://www.graphpad.com/quickcalcs/Conflntervall.cfm). As
shown in Table 1, most compounds showed cell inhibition at IC50 < 10 pM. Specifically, PU1-1 inhibited all three KRAS G12D cell lines
at an average IC50 of 4.4 pM. While it demonstrated IC50 of 9.2 pM in Hek293 cells, indicating its selective cytotoxicity toward cancer
cells (Fig. 1 A and 1 B). Based on these results, we further evaluated the cell inhibitory effect of PU1-1 in a panel of cancer cells from
different backgrounds (Fig. 1 A) and calculated the IC50 values. PU1-1 showed the most potent growth inhibition in all KRAS G12D
mutant cell lines than in the KRAS wild-type (WT) MKN1 and normal (Hek293) cell lines, confirming its selectivity (Fig. 1 A and 1 B).
Therefore, we selected PU1-1 for subsequent experiments.

3.1.2. PUI-1 induced KRAS G12D cell apoptosis

To assess whether PU1-1 induces cancer cell apoptosis, AGS and MKN1 cells were treated for 24 h at different PU1-1 concentrations
(0, 2.5, and 5 pM), stained with Annexin V-FITC/PI, and analyzed via flow cytometry (BD FACSAria III Cell Sorter). As shown in Fig. 2,
after 24 h treatment with different concentrations of PU1-1, the proportion of early (LR) and late apoptotic (UR) cells increased. These
results confirmed that PU1-1 efficiently induces apoptosis in gastric cancer. MKN1 (KRAS wild-type) cells treated with PU1-1 (0, 2.5,
and 5 pM) for 24 h did not show significant apoptosis, indicating the specificity of the inhibitor toward KRAS G12D-induced cancers.
These results confirmed that PU1-1 efficiently induces apoptosis in KRAS G12D-mutated cells.

3.1.3. PUI-1 reduces active-KRAS protein along with its downstream proteins in KRAS G12D mutant cells
To investigate whether PU1-1 inhibits the active form of KRAS (GTP bound), GST-RBD pull-down assay followed by western
blotting analysis was performed in 24 h PU1-1 (5 or 7.5 uM) treated AGS and MKNT1 cells. Indeed, PU1-1 significantly downregulated

Table 1
In vitro antiproliferative activity of compounds.
D IC50 (uM)
AGS (G12D) AsPC1 (G12D) SNU1197 (G12D) Hek293 (Normal)
PY1-1 91+1.4 6.4 +£0.2 N/A 4.5+ 0.3
PY1-2 3.3+0.6 109 + 0.4 N/A 9.1 £0.7
PU1-1 3.2+04 59+0.3 3.8+0.8 9.2 +0.2
PU1-2 3.5+0.7 6.3 +0.7 29+0.3 5.6 +£0.2
PY1-3 6.5+ 1.2 5.8+ 0.2 7+ 0.6 4.5+ 0.4
MRTX1133 0.0065 0.062 0.037 19.69
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Fig. 1. Effect of PU1-1 on the cell viability of different cancer cells: (A). Different cancer cells, AGS, SNU1197, PANC1, AsPC1, MKN1 and Hek293
cells were seeded at 3000-5000 cells per well in 96 well plate and grown overnight. All the cells were treated with either Control (DMSO 1%) or
with 2-fold dilution of PU1-1 with a starting concentration of 10,000 nM for 72 h. After 72 h incubation, cell viability was measured using WST
assay. The IC50 values were calculated using GraphPad Prism and listed. (B). Data are presented as the mean + SD. Each KRAS G12D cell sample
was measured three times separately.
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Fig. 2. To assess whether PU1-1 could induce cancer cell apoptosis, AGS and MKN1 were treated with PU1-1 at different concentrations (0, 2.5, and
5 pM) for 24 h and stained with Annexin V-FITC/PI and analyzed by flow cytometry (BD FACSAria™ III Cell Sorter).

the KRAS-GTP levels in AGS cells in a dose-dependent manner (Fig. 3A). To further understand its mechanism of action, we evaluated
the effects of PU1-1 on the downstream signals of KRAS. PU1-1 treatment significantly decreased the pERK, pAKT, and pS6 levels in a
dose-dependent manner. As PU1-1 induced apoptotic cell death in AGS cells, we examined the apoptotic markers, PARP and cleaved
PARP in these cells. PU1-1 significantly increased the levels of cleaved PARP in the drug-treated groups than in the DMSO-treated
group, indicating that PU1-1 induces apoptosis in AGS cells (Fig. 3C). While in the KRAS wild-type ( MKN1 cells), PU1-1 showed
no protein expression changes in KRAS-GTP and KRAS downstream proteins, including PARP (Fig. 3B and D). These results suggest
that PU1-1 specifically reduces the active KRAS levels in KRAS G12D cells by inducing dose-dependent apoptotic cell death.

3.2. PUI1-1 suppresses tumor growth in the KRAS G12D-induced pancreatic xenograft model

To assess the in vivo antitumor activity of PU1-1, an AsPC1 female BALB/c mouse model was established. After attaining the tumor
volume >100 mm3, mice were treated with the vehicle control (40% PEG300 + 10% DMSO + 5% Tween-80 + 45% saline: in 200 pL/
mouse) or PU1-1 (15 mg/kg 10% DMSO + 5% Tween-80 + 40% PEG300 + 45% saline: in 200 pL/mouse) were administered
intraperitoneal (i.p.) once daily for 14 days. As shown in Fig. 4A. PU1-1 suppressed AsPC1 tumor growth, with a TGI of 42% on day 14.
Therefore, PU1-1 is a promising KRAS G12D inhibitor that warrants further investigation as a potential anticancer agent. The mice
showed no noticeable weight loss during treatment (Fig. 4B).
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Fig. 3. Effect of PU1-1 on the Active-KRAS protein in AGS and MKN1 cells were analyzed using GST-RBD pulldown assay: (A, B): Effect of
PU1-1 on the Active-KRAS protein in AGS and MKNT1 cells were analyzed using GST-RBD pulldown assay and representative band intensity was
quantified (n = 2). (C,D): The intensity of the bands in (c) and (d) was quantified and normalized to the expression of loading control (f-actin) (n =

2) (RBD: RBD pulldown sample, WB: Western blot of cell lysate).

3.3. Insilico analysis

Molecular docking studies are widely used for hit identification and lead optimization, in which small molecules are “docked”
against macromolecular targets, which are further ranked based on their binding affinities [34-37]. A molecular docking simulation
study was conducted to better understand the interaction of these compounds within the SWII-binding site of the KRAS G12D protein
(PDB code: 7RPZ). PU1-2 was found to effectively bind within the active site of KRAS G12D with a binding affinity of —4.855 Kcal/mol,
followed by PU1-1 which showed a binding affinity of —4.565 Kcal/mol (Table 2). Molecular docking revealed that purine-based
compounds were more effective in binding to KRAS G12D than their pyrimidine counterparts. As shown in Fig. 5, all compounds
shared similar binding conformations within the binding site of KRAS G12D and the same pocket as MRTX1133. Moreover, hydro-
phobic interactions governed the binding of all compounds.

Molecules complex with KRAS G12D were subjected to MD-based studies using the GROMACS software package. MD simulation is
a principal tool for drug discovery to investigate the structural changes within proteins, DNA, or any other biological molecules and
their complexes [35,38,39]. This study provides insight into the binding of these compounds with the active site of KRAS G12D. We
observed the ligand root mean square deviation (RMSD), which measures the deviation of the ligand from the active site during the
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Fig. 4. To assess the in vivo antitumor activity of compound PU1-1, an AsPC1 female BALB/c mice model was established. After the tumor volume
reached approximately >100 mm?, mice were treated either with vehicle control (10 % DMSO+ 40% PEG300 + 5% Tween-80 + 45% saline: in 200
pl/mouse) or PU1-1 (15 mg/kg10% DMSO+40% PEG300 + 5% Tween-80 + 45% saline: in 200 pl/mouse), by intraperitoneal (i.p.) injection once a
day for 14 days. PU1-1 compounds suppressed AsPC1 tumor growth with a TGI (tumor growth inhibition) of 42% (A). Changes in the body

weight (B).
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Table 2
Binding affinities of the selected compounds against KRAS G12D.

Heliyon 10 (2024) e28495

Sr. No. Compounds Glide Docking Score (Kcal/mol)
1 PY1-1 —3.860
2. PY1-2 —3.898
3. PU1-1 —4.565
4 PU1-2 —4.855
5 PY1-3 —3.451

T EL A
D

o7
@ >

Fig. 5. The structure of all the compounds shortlisted in this study and their binding orientation within the active site of KRAS G12D.

simulation. This is another measure for monitoring the binding stability of any compound within the protein-binding pocket. Most
molecules had stable RMSD plots and deviations of less than 3 A, as shown in Fig. 6A. Initially, PU1-1 exhibited some RMS fluctuation,
which later stabilized (below 3A) for the remaining time period. Notably, in silico findings do not always corroborate the experimental
results. In silico results are a valuable tool in scientific research; however, they may not always correlate perfectly with the experi-
mental results [40]. In this study, in silico analysis was performed to gain further insight into the binding of molecules to the active site
of KRAS G12D. Hydrogen bonds play a vital role in the overall stability of the protein-ligand complexes [41]. In addition, we analyzed
the hydrogen bond formation for 200 ns. Analysis of H-bonds is another method to determine the binding capability of any compound.
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Fig. 6. The image indicates (a) the RMSD plots and (b) hydrogen bond plots of the selected molecules.

The higher the number of hydrogen bonds, the more stable the complex. The selected molecules exhibited an average of three
hydrogen bonds throughout the simulation (Fig. 6B).

4. Discussion and conclusion

Recent advancements in the understanding of KRAS biology and the development of innovative drug design strategies have pro-
vided new targeted therapies for KRAS-mutated malignancies [14,42-45]. These breakthroughs have led to significant progress in
overcoming the challenges associated with KRAS mutation-induced disease treatment [30,31,33]. This progress has tremendous
potential for transforming the treatment landscape for patients with KRAS-driven cancers [44,32]. Nevertheless, much remains to be
discovered as most small GTPases and hotspot mutations remain unexplored. Additionally, the emergence of clinical resistance to
G12C inhibitors presents new challenges in cancer treatment [15-17]. Nonetheless, these advancements indicate exciting possibilities
for KRAS-targeted therapies [46].

Despite recent progress in the development of KRAS G12D inhibitors, several challenges remain. A major challenge in targeting the
KRAS G12D mutation is achieving sufficient selectivity for mutant KRAS while preventing the inhibition of wild-type KRAS that plays
an essential role in normal cellular signaling [46-48]. Another challenge is ensuring adequate drug delivery to the tumor tissues [49].
Moreover, KRAS G12D inhibitors may be toxic and drug-resistant. A multidisciplinary approach involving collaboration among me-
dicinal chemists, pharmacologists, and oncologists is necessary to overcome these challenges [10]. Recent advances in medicinal
chemistry have led to the development of various KRAS G12C inhibitors, such as sotorasib and adagrasib, which show efficacy in
treating various G12C harboring cancers [50,51]. However, the lack of an approved small-molecule drug for the KRAS G12D mutation
highlights the need to develop selective inhibitors targeting this KRAS variant.

Design and synthesis of small-molecule inhibitors is one of the most promising approaches for the development of KRAS mutation-
targeting therapies. Various inhibitors have been designed to specifically bind to mutated KRAS proteins and prevent downstream
signaling pathways that lead to tumor growth [8]. One approach involves the development of purine-based KRAS G12D inhibitors.
These inhibitors are specifically designed to target the KRAS G12D mutation, which is one of the most common and aggressive mu-
tations found in several cancers, including pancreatic cancer.

In this study, we developed and synthesized a series of novel analogs based on purine and pyrimidine structures to design effective
KRAS G12D inhibitors. Our developed compounds exhibited potent antiproliferative activity in cancer cell lines carrying the KRAS
G12D mutation (AGS, SNU1197, and AsPC1) with IC50 values in the low micromolar range. Among the tested analogs, PU1-1
consistently exhibited significant anti-proliferative activity, with an average IC50 of 3.6 uM in three KRAS G12D-mutated cell lines
(AGS, SNU1197, and PANC1). It was observed that the purine-based compounds were more effective on AGS and SNU1197 cell lines,
while they showed higher IC50 on the AsPC1 cells. In contrast, pyrimidine-based compounds were comparatively less effective on all
the studied cell lines. Except for PY1-2, which showed an IC50 of 3.3 pM on the AGS cells, other molecules in this class were not found
to be very effective (IC50 higher than the normal cells). The comparative analysis found that pyrimidine-based compounds showed
lower IC50 on normal cells than cancer cells, making them unsuitable. At the same time, the purine-based compounds (PU1-1 and PU1-
2) showed consistent anticancer potential, especially PU1-1. This compound was comparatively more selective against cancer cells
than its normal counterpart. Further investigations revealed that PU1-1 effectively reduced the active form of KRAS (KRAS-GTP) in
AGS (KRAS G12D harboring) cancer cells but not in KRAS wild-type harboring MKN1 cells. Additionally, PU1-1 induced apoptosis and
downregulated phosphorylated ERK levels in AGS cancer cells but not in MKN1 cells. Interestingly, in an AsPC1 tumor model,
treatment with PU1-1 (15 mg/kg) resulted in significant antitumor efficacy, with a TGI of 42%. These findings highlight the potential
of PU1-1 as a promising KRAS G12D inhibitor and warrant its further optimization as an anticancer agent. In summary, our study
outlines the design and synthesis of novel purine and pyrimidine analogs as potential KRAS G12D inhibitors. Here, PU1-1 exhibited
potent antiproliferative activity, selective KRAS-GTP reduction, apoptosis induction, and phosphorylated ERK downregulation. Our
results suggest the need for further optimization and exploration of PU1-1 as a potential therapeutic candidate for cancer.
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