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Abstract

Potent radiolabelled compounds eligible for therapy of prostate cancer need to be developed. Hence, we developed two
candidate therapeutic agents bearing the iodine-131 (*31) radionuclide, namely, [**!1]-xanthine (3,7-dihydropurine-2,6-
dione) and [**1]-hypoxanthine (1,9-dihydro-6H-purin-6-one). The radiolabelled compounds were subjected to a cellular
uptake study, which was accomplished by incubating [**!1]-xanthine and [*3!1]-hypoxanthine with the human prostate
cancer cell line (LNCaP) for 5, 15, 30, 60, and 90 min. Results showed that the accumulation of both [**!I]-xanthine and
[**1]-hypoxanthine in prostate cancer cells was significantly higher than the control group (**1). [**!1]-xanthine rapidly
accumulated in prostate cancer cells, with the highest percentage of cellular uptake of 2.73% + 0.40% observed at 30 min
of incubation. By contrast, [*3'1]-hypoxanthine exhibited more efficient accumulation in prostate cancer cells, especially
at 60 and 90 min of incubation, with cellular uptake values of 11.5% + 3.14% and 11.9% + 1.83%, respectively. Further-
more, the computational analysis showed that radioiodinated xanthine and hypoxanthine provide potential binding affin-
ities and interaction on both androgen and prostate-specific membrane antigen receptors. Overall, this study indicates that
[*31]-xanthine and [*1]-hypoxanthine can be potentially developed as therapeutic agents for prostate cancer.

Keywords: cellular uptake, computational analysis, prostate cancer, [**!1]-hypoxanthine, [*3*I]-xanthine

Introduction has positively contributed to the overall patient outcome
in clinical settings [5, 6].
Prostate cancer is the second most frequently diagnosed

malignancy and the sixth leading cause of death in men S-Emitting radionuclides have been widely reported to
worldwide in 2021, which has become a global health deliver therapeutic radiation to prostate cancer cells. Of
concern [1, 2]. A previous study proposed that the path- p-emitting radionuclides, lutetium-177 (*'’Lu), yttrium-
ogenesis of prostate cancer is driven by the androgen re- 90 (*°Y), terbium-161 (*6Th), and iodine-131 (*31) have
ceptor (a ligand-dependent transcription factor from the been utilized for the immunotherapy-based treatment of
nuclear receptor family) [3]. The standard of care for prostate cancer [7]. 31 (.= 8.02 days, Eg = 0.607 MeV)
therapy often includes the use of novel drugs [3], hormo- is one of the most commonly used S-emitter radionu-
nal therapy [4], and radiotherapy [5]. Over the past dec- clides in nuclear medicine for the therapeutic purposes of
ade, tremendous technological improvements in biomed- several diseases, including thyroid cancer, neuroblas-
ical science have been made. In particular, the advance- toma, and pheochromocytoma. 31 can be directly conju-
ment in the treatment of prostate cancer using prostate- gated with a phenol group on active material by simple
specific membrane antigen (PSMA) radioligand therapy oxidation, followed by an electrophilic substitution reac-
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tion using an oxidizing agent (e.g., iodogen and chlora-
mine-T) [8]. Moreover, a radioiodine atom can be at-
tached to the side chain of the molecule bearing the im-
idazole group [9].

Oxidative stress, a relative excess of reactive oxygen spe-
cies, is a hallmark of cancer and has been linked with the
progression and pathogenesis of prostate cancer, espe-
cially in therapeutic resistance and tumor metastasis [10,
11]. A previous study proposed that human xanthine ox-
idoreductase plays an important role in the process of on-
cogenesis by directly catalyzing the metabolic activation
of carcinogenic substances or indirectly by producing re-
active oxygen and nitrogen species [12]. Veljkovic et al.
investigated whether xanthine oxidase/ dehydrogenase
activity is the origin of oxidative stress in prostate tissue
and determined that the activity of xanthine oxidase was
significantly higher in tumors than in healthy tissue.
Thus, xanthine oxidase could be a promising theranostic
biomarker of cancers, especially prostate cancer [10].
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Xanthine (3,7-dihydropurine-2,6-dione) and hypoxanthine
(1,9-dihydro-6H-purin-6-one) are purine-based com-
pounds (alkaloids) found in nearly all living species, such
as plants, animals, and human body tissues [13, 14]. In par-
ticular, xanthine has been used in many studies as a lead
compound for the synthesis of a wide variety of pharma-
cologically active molecules, such as aminophylline, pent-
oxifylline, propentofylline, doxofylline, and others. Fur-
thermore, several compounds bearing the xanthine scaf-
fold, such as caffeine, theophylline, theobromine, and par-
axanthine, exhibit a broad range of biological activities
and, therefore, have been used as important pharmaco-
phores in drug development (Figure 1) [15].

In our previous study, the radiosynthesis of [*3]-
xanthine and [**!1]-hypoxanthine was successfully
achieved [16]. Here, we report the computational
analysis of these radiolabelled purine-based compounds
on androgen and PMSA receptors. Moreover, the
capability of the radiolabelled compounds to recognize
prostate cancer was measured by a cellular uptake study
in the human prostate cancer cell line (LNCaP).

Decrease bronchodilator potency
No anti-tumor activity
CFTR activation

Loss of potency
No activation of CFTR

Figure 1. Potential Modification Sites of the Xanthine Scaffold to Generate Specific Pharmacological Activities [15]

Materials and Methods

Materials and instruments. Unless stated otherwise,
all laboratory-grade or reagent-grade chemicals were
purchased from Merck Singapore and were used with-
out further purification. Radiosynthesis of [**!I]-xan-
thine and [*3!1]-hypoxanthine was accomplished in our
previous study (AlJ) and further used for in vitro study.
Nal-131 solution was produced by the G.A. Siwabessy
Multi-Purpose Reactor (Directorate of Nuclear Facility
Management) and subsequently prepared by the re-
searchers (Anung Pujiyanto, Daya Agung Sarwono, and
team) at the Research Center for Radioisotope, Radio-
pharmaceutical, and Biodosimetry Technology, Na-
tional Research and Innovation Agency of Indonesia
(BRIN). The human prostate cancer cell line (LNCaP)
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clone FGC was purchased from the European Collec-
tion of Authenticated Cell Cultures (Salisbury, UK).
The Roswell Park Memorial Institute 1640 medium
(RPMI 1640; American Type Culture Collection modi-
fication) was purchased from Gibco (Paisley, UK). Fe-
tal bovine serum (FBS), sodium pyruvate, and penicil-
lin—streptomycin antibiotic were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Avogadro,
ORCA, AutoDockTools 1.5.6, AutoDock Vina, and
BIOVIA Discovery Studio (freeware) and Amber 18 (li-
censed) were employed for computational simulations.

Cell culture. The human prostate cancer cell line
(LNCaP) was grown in RPMI 1640 medium supple-
mented with 1.0 mM sodium pyruvate, 10% FBS, and
1.0% penicillin—streptomycin antibiotic (penicillin =
100 IU/mL and streptomycin = 100 mg/mL) at 37 °C in
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5% CO_ atmosphere. The cell was harvested with 0.25%
trypsin/EDTA and centrifuged at 1009 for 7 min.

Cellular uptake. The human prostate cancer cell line
(LNCaP; 2.0 x 10° cells/well) was cultured in 24-well
culture plates in a complete medium and incubated over-
night. The medium was discarded, and the cells were
rinsed with Hank’s balanced salt solution (HBSS). Sub-
sequently, [**!1]-hypoxanthine, [**!1]-xanthine, and Nal-

Count value of cell lysates
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131 (0.7 MBq in 10 uL solution) were added to each well
containing HBSS and incubated at 37 °C for 5, 15, 30,
60, and 90 min. Then, the cells were washed with HBSS
and lysed using a sodium hydroxide solution (0.1 M).
The cell lysates were counted using a Wizard2® 2470
automatic gamma counter (PerkinElmer, Waltham, MA,
USA\) to determine the radioactivity. The results of cellu-
lar uptake were expressed as the percentage of cellular
uptake determined using the following formula:

x 100%.

% Uptake =

Computational analysis. Xanthine, hypoxanthine,
[3H1]-xanthine, and [**1]-hypoxanthine structures were
drawn using the Avogadro software and optimized using
ORCA 5.03 with the B3LYP functional and DEF2-SVP
basis set. The structures were docked with AutoDock
Vina 1.23 on the binding pocket of receptors, which were
predominantly detected in prostate cancer cells, thus rep-
resenting the most suitable receptors to achieve the main
purpose of our study. Receptor structures were obtained
from the RCSB Protein Data Bank (androgen receptor—
PDB ID: 2AM9, PSMA-PDB ID: 505T) and were ex-
tracted by removing the ligands. Best conformations
from docking simulations were used for molecular dy-
namics (MD) simulations using Amber 18. The MD sim-
ulations were performed for 100 ns at 37 °C and 1 atm.

Statistical analysis. The results of radiochemical purity
and cellular uptake were expressed as a percentage of the
mean + SD. The differences among multiple groups in
the cellular uptake study were analyzed via a one-way
analysis of variance. Differences were considered signifi-
cant when the p value was <0.05. The statistical analyses
were performed using GraphPad Prism software version
8.4.3 (686) (GraphPad Software, La Jolla, CA, USA).

Results and Discussion

In our previous study, we successfully radiolabelled
xanthine and hypoxanthine with 31 (Figure 2) under
mild reaction conditions to produce [**!I]-xanthine and
[31]-hypoxanthine with moderate radiochemical yield
and high radiochemical purity [16]. The current study
presents a preliminary evaluation of these radioiodinated
purine-based molecules for their potential application in
the therapy of prostate cancer.

The radioiodinated xanthine and hypoxanthine are
categorized as small molecules with molecular weight of
<1 kDa. Cellular uptake studies indicate that both [*31]-
xanthine and [**!I]-hypoxanthine can penetrate prostate

Makara J. Sci.

Count value of a 0.7 MBq of radiolabeled compound

cancer cells in a time-dependent manner (Figure 3).
Overall, the results showed that the accumulation of
radioiodinated xanthine and hypoxanthine in prostate
cancer cells was significantly higher than in the control
group (). [**U]-xanthine rapidly accumulated in
prostate cancer cells, with the highest percentage of
cellular uptake of 2.73% + 0.40% observed at 30 min of
incubation, which was sevenfold higher than in the
control group. However, the accumulation was slightly
decreased to 2.59% = 0.30% and 1.68% + 0.27% after 60
and 90 min of incubation, respectively.

By contrast, [*311]-hypoxanthine exhibited more efficient
internalization in prostate cancer cells, especially at 60
and 90 min of incubation, with cellular uptake values of
11.5% =+ 3.14% and 11.9% + 1.83%, respectively, or
approximately 88-fold and 170-fold higher than in the
control group, respectively. The uptake values of [*31]-
hypoxanthine at 5 min (1.10% = 0.99%), 15 min (1.09%
+ 0.78%), and 30 min (1.34% % 0.29%) of incubation
were slightly lower than those of [**]-xanthine;
however, [*3!1]-hypoxanthine exhibited fourfold and
sevenfold higher accumulation in prostate cancer cells at
30 and 90 min of incubation, respectively.

Generally, the majority of small drugs, including [*1]-
xanthine and [*3!1]-hypoxanthine, penetrate cells through
simple diffusion, which requires that they are at least
slightly soluble in the lipid bilayer component of cell
membranes [17]. By contrast, several hydrophilic small
active compounds showed insufficient bioavailability
because of poor membrane permeability [18]. Hence, in
some circumstances, the penetration of drugs into the
cells is regulated by other mechanisms, such as
transporter, channel, and receptor [19]. Xanthine and
hypoxanthine are considered hydrophilic molecules. The
introduction of halogen (e.g., iodine) to the molecules
increases hydrophobicity [20—22] and may be the reason
for the considerably high cellular uptake values in
prostate cancer cells.
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Figure 2. Plausible Structures of [‘®1]-xanthine and Figure 3. Cellular Uptake of [*31]-xanthine, [*3!1]-hypoxanthine,
[*311]-hypoxanthine [16] and lodine-131 (control) in the Human Prostate Cancer
Cell Line (LNCaP); *p < 0.05, **p < 0.01

Table 1. Docking scores of the tested compounds on androgen and prostate-specific membrane antigen (PSMA) receptors

Androgen Receptor PSMA Receptor
Binding Binding
Compound Name Affinity Interactions Affinity Interactions
(kcal/mol) (kcal/mol)

GIy708, Met745, Arg752, Gly206, Val208, Gly548 (H-bond)

Xanthine -5.8 i —6.4 Lys207, GIn254, Tyr700
Met787 (H-bond) (hydrophobic interactions)
G'ymh'\g?t(ﬁi 3:%752' Gly206, Val208, Gly548 (H-bond)
[*%1]-xanthine —6.1 -7.0 Lys207, GIn254, Phe546, Tyr552,
Leu704, Met749, Phe764 Tyr700 (hydrophobic interactions)
(hydrophobic interactions) y ydrop
. B i 3 Val208, Tyr234, Gly548 (H-bond)
Hypoxanthine 5.4 Met745 (H-bond) 6.0 Tyr552 (hydrophobic interactions)
Met745 (H-bond) Val208, Tyr234, Gly548 (H-bond)
[*341]-hypoxanthine -5.8 Met742, Met741 —6.5 Tyr552, Trp541, Phe546, Tyr700
(hydrophobic interactions) (hydrophobic interactions)

Y !

H-Bonds
H-Bonds

Donor Donor

Acceptor

Figure 4. Maps of the Donor and Acceptor of the Hydrogen Bond of the Androgen (a) and Prostate-Specific Membrane Anti-
gen (PSMA) (b) Receptor Binding Pockets and Their Interaction with [*3!1]-xanthine (The Distance Between Each
Amino Acid that is Responsible for Binding is Shown)
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To further evaluate the potential binding of [*3!1]-xanthine
and [**!1]-hypoxanthine on prostate cancer cells, we
performed molecular modeling studies (computational
analysis) using androgen and PSMA receptors as targeted
receptors. All compounds (i.e., xanthine, hypoxanthine,
iodinated xanthine, and iodinated hypoxanthine) have
been successfully docked with the androgen and PSMA
receptors. Furthermore, the interaction of the tested
compounds with several residues in androgen and PSMA
receptors is described in Table 1.

Overall, the docking results indicated a good binding
affinity of all tested compounds in both receptors.
However, the compound-PSMA receptor interaction
showed a stronger bond than the compound-androgen
receptor interaction because the binding pocket on the
PSMA receptor has a better tendency to form hydrogen
bonds (H-bonds), as shown in the H-bond donor—

Makara J. Sci.

(b)
Figure 6. RMSF of [*¥11]-xanthine in the Androgen (a) and PSMA (b) Receptors

acceptor maps in Figure 4. PSMA provided an H-bond
donor, which is denoted by the magenta areas, and an H-
bond acceptor, which is denoted by the green areas
(Figure 4b), whereas the androgen receptor provided
fewer interactions (Figure 4a). Furthermore, the binding
energy of xanthine is lower than that of hypoxanthine on
both receptors. More oxygen atoms in the xanthine
structure formed H-bonds with the methionine and
arginine residues on the androgen binding pocket and
with the glycine residue on PSMA. The docking results
also showed that iodinated compounds of xanthine and
hypoxanthine have better binding affinity than their
initial molecules. lodine exhibited a hydrophobic
interaction with leucine on the [*3!1]-xanthine—androgen
receptor, tryptophane and methionine on the [*3]-
hypoxanthine—androgen receptor, phenylalanine on the
[*%1]-xanthine—PSMA receptor, and phenylalanine and
tryptophane on the [**!1]-hypoxanthine-PSMA receptor.
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Furthermore, the MD simulation results of the tested
compounds revealed that all compounds exhibited good
stability on the androgen and PSMA receptors within the
period of simulation (100 ns), as indicated by the RMSD
data (Figure 5). Specifically, the RMSD results of all
compounds on the androgen receptor were stable at
approximately 2.2 A. The RMSD results of the PSMA
receptor with xanthine and [**]-xanthine were also
stable at approximately 2.9 A. However, hypoxanthine
and [*31]-hypoxanthine exhibited lower stability until
100 ns.

The RMSF graphic of [*3!1]-xanthine in the androgen
receptor showed no significant fluctuation/flexibility of
residues during the MD simulation as the value of RMSF
on every residue was no more than 4 A (Figure 6a). The
RMSF of [**1]-xanthine in the PSMA receptor showed
considerably high fluctuations near residues 220, 100,
and 480. All of the highly fluctuating residues were
located near the compounds (Figure 6b). Limited
fluctuation was detected in residues 693, 730, 819, and
848 because of fewer H-bond interactions formed.

Conclusion

In conclusion, the cellular uptake of two radiolabelled
purine-based molecules, i.e., [**1]-xanthine and [*31]-
hypoxanthine, was significantly higher than that of the
control group (*31). Hence, the preliminary in vitro re-
sults indicated the potential use of these compounds as
therapeutic agents for prostate cancer. The presence of
1311 will ensure the delivery of the radiation dose to de-
stroy cancerous tissues. Furthermore, 31 can be an ideal
choice because of its exceptional physical (half-life) and
therapeutic (beta energy) properties, availability, and af-
fordability. Computational simulations of xanthine, hy-
poxanthine, and their iodinated derivatives exhibited
good binding affinities ranging between 5 and 7 kcal/mol
and good stability on the androgen and PSMA receptors.
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