Bioorganic Chemistry 181 (2026) 110335

Contents lists available at ScienceDirect

BIO-ORGANIC
CHEMISTRY

Bioorganic Chemistry

ELSEVIER journal homepage: www.elsevier.com/locate/bioorg

The discovery of potent and selective N°-modified adenosine derivatives as
effective chemotherapeutic agents to overcome p53-dependent drug
resistance in cancer and HPIV-3/AdV5 respiratory tract infections

Elzbieta Speina®, Katherine Burchiellaro *”, Marta Denel-Bobrowska ¢, Marta K. Dudek ¢, .
Damian Trzybinski ¢, Krzysztof Wozniak , Agnieszka B. Olejniczak ©, Adam Mieczkowski **

2 Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Pawinskiego 5a, 02-106 Warsaw, Poland

® Faculty of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland

¢ Institute of Medical Biology, Polish Academy of Sciences, 106 Lodowa, 93-232 £6d%, Poland

4 Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, Sienkiewicza 112, 90-363 £6d2, Poland

€ Biological and Chemical Research Centre, Chemistry Department, University of Warsaw, Zwirki i Wigury 101, 02-089 Warsaw, Poland

ARTICLE INFO ABSTRACT

Keywords: A library of N®-modified adenosine derivatives (compounds 7-36) was synthesized via a one-step reaction of 6-
N° 'm"dfﬁ_ed adenosine derivatives chloro- or 2-amino-6-chloro-(p-D-ribofuranosyl)-9H-purine with primary or secondary amines. The structures of
Cytotoxicity selected compounds (14, 31, 34) were confirmed by single-crystal X-ray diffraction, revealing diverse crystal
Antiviral activity (HPIV-3, AdV5)

packing motifs and hydrogen-bonding networks. Biological evaluation demonstrated a broad range of cytotoxic

isp?)ptosis activities across a panel of cancer and non-cancer cell lines, ranging from highly potent to non-toxic derivatives.

Fludarabine Structure-activity relationship analysis revealed that the biological properties of the synthesized compounds

Cladribine were strongly influenced by the nature of the N® substituent, with distinct structural features governing anti-
cancer and antiviral activities. Several compounds (21, 22, 28, 30, and 32) markedly reduced cancer cell
viability, with compound 28 exhibiting the highest potency across multiple solid tumor models. Importantly,
compound 28 induced apoptosis, suppressed proliferation, and rapidly decreased cell viability in both HCT116
and HCT116 p53—/— colorectal carcinoma cells, indicating p53-independent activity. In contrast, cladribine
displayed pronounced p53 dependence, promoting apoptosis primarily in p53-proficient cells and inducing a
senescence-like phenotype rather than rapid cell death. Antiviral screening identified compounds 22, 25, and 35
as promising inhibitors of human parainfluenza virus type 3 (HPIV-3), whereas compound 12 exhibited the
highest activity and selectivity against human adenovirus type 5 (AdV5). Collectively, these findings identify N°-
modified adenosines as a promising class of compounds for developing anticancer agents with p53-independent
activity and reveal several derivatives as attractive scaffolds for further optimization toward antiviral agents
targeting respiratory viruses.

1. Introduction chemical and biological properties. Among them, adenosine analogues
and derivatives have demonstrated promising anticancer potential

Nucleoside analogues represent an important class of biologically through diverse mechanisms of action that target multiple cellular
active molecules with significant therapeutic potential. They are widely pathways and processes. The adenosine analogue, N®-iso-
used as antiviral [1,2] and anticancer [3-5] agents due to their unique pentenyladenosine (Riboprine) (1) (Fig. 1), inhibits cancer cell

Abbreviations: AdV5, Human adenovirus type 5; CCso, 50% cytotoxic concentration; CL, Cladribine (2-chloro-2-deoxyadenosine); CPE, Cytopathic effect; DMSO,
Dimethyl sulfoxide; FBS, Fetal bovine serum; FL, Fludarabine (2-fluoro-9-p-D-arabinofuranosyladenine); HCMV, Human cytomegalovirus; HPIV-3, Human para-
influenza virus type 3; HSV-1, Human herpes simplex virus type 1; ICso, 50% inhibitory concentration; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; NMR, Nuclear magnetic resonance; PBS, Phosphate-buffered saline; PI, Propidium iodide; SAR, Structure-activity relationship; SI, Selectivity index; TP53,
Tumor protein p53 gene; XRD, X-ray diffraction..
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proliferation by modulating the activity of farnesyl pyrophosphate
synthase (FPPS) [6]. Riboprine significantly suppresses the growth of
several human cancer cell lines, including MCF7 (breast adenocarci-
noma) [7], J82 (bladder carcinoma) [8], and A375 (melanoma) [9].
Another analogue, Tubercidin (2, 7-deazaadenosine), exhibits cytotox-
icity against the mouse lymphoma cell line P388 and the human lung
carcinoma cell line A549 [10]. Tubercidin (2) is incorporated into DNA
and inhibits DNA and RNA polymerases, thereby blocking nucleic acid
and protein synthesis.

Cladribine (2-chloro-2-deoxyadenosine, CL) (3) and Fludarabine (2-
fluoro-9-p-D-arabinofuranosyladenine, FL) (4) are clinically used anti-
cancer nucleoside analogues for the treatment of various leukemias. CL
is phosphorylated by deoxycytidine kinase (DCK) to form 2-chlorodeox-
yadenosine 5-monophosphate (2-CdAMP), which is further converted
into the triphosphate form (2-CdATP). Incorporation of 2-CdATP into
DNA leads to the accumulation of DNA damage, inhibition of DNA
synthesis, and subsequent DNA fragmentation, ultimately triggering
apoptosis [11]. A critical determinant of apoptosis and the cellular
response to DNA damage is the tumor suppressor protein p53, which
regulates cell cycle arrest, DNA repair, and programmed cell death
[12-14]. Many cancers harbor TP53 mutations, leading to impaired
apoptotic responses and resistance to chemotherapy [15-17]. Therefore,
the development of nucleoside analogues that induce apoptosis inde-
pendently of p53 status is of high therapeutic relevance. In addition to
apoptosis, cancer cells may respond to chemotherapeutic stress by
entering cellular senescence, a stable form of cell-cycle arrest charac-
terized by enlarged cell morphology, altered nuclear architecture, and
sustained metabolic activity [18-20]. Therapy-induced senescence has
been increasingly recognized as an alternative outcome of anticancer
treatment, particularly in response to DNA-damaging agents and
nucleoside analogues. While senescence can initially suppress tumor
growth, senescent cells often remain viable and metabolically active,
and their long-term persistence has been associated with pro-
tumorigenic effects, therapy resistance, and disease relapse. Impor-
tantly, the induction of senescence versus apoptosis may depend on both
the genetic background of cancer cells, including TP53 status, and the
specific molecular properties of the therapeutic agent. Consequently,
distinguishing between cytotoxic and senescence-associated responses is
critical for the development of effective anticancer nucleoside
analogues.

Besides its role in nucleic acid metabolism, adenosine also serves as
the natural ligand for G protein-coupled P1 receptors, also known as
adenosine receptors, which are differentially expressed across tissues.
Based on their pharmacological, biochemical, and molecular properties,
these receptors are classified into four subtypes: Aj, Aga, Agp, and As.
Recent studies have demonstrated that antagonizing the A; receptor can
exert antitumor effects against glioblastomas [21]. Therefore, adenosine
analogues may exhibit anticancer activity not only by interfering with
DNA synthesis but also by modulating adenosine receptor signaling.

Importantly, N-substituted adenosine derivatives constitute a well-
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established class of nucleoside analogues that have been explored pre-
viously in medicinal chemistry. Some representatives of this structural
family included in the current study have already been reported in the
literature and patents; nevertheless, the anticancer and antiviral activ-
ities of these scaffolds, particularly their ability to overcome p53-
dependent drug resistance and their activity against respiratory patho-
gens such as HPIV-3 and AdV5, remain poorly characterized. Therefore,
as part of our continuous research on bioactive nucleoside analogues,
including cyclonucleosides [22], azidonucleosides [23], bicyclic py-
rimidine nucleosides [24,25], and boron-cluster-modified nucleosides
[26-28], we designed and synthesized a library of N®-modified adeno-
sine derivatives (Scheme 1 and Fig. 2). These compounds were evalu-
ated for both anticancer and antiviral in a panel of human cancer and
non-cancer cell lines, as well as against four representative viruses,
including respiratory tract pathogens (HPIV-3, AdV5). Several de-
rivatives exhibited pronounced and selective antitumor activity, while a
limited subset displayed favorable antiviral activity and/or selectivity,
underscoring their potential as leads for further development and for
elucidating distinct cellular responses, including cytotoxic and
senescence-associated effects.

2. Materials and methods
2.1. Chemistry (synthesis, spectra)

The 'H and '3C NMR spectra were acquired on a Bruker Avance III
500 spectrometer (Bruker BioSpin, Billerica, Massachusetts, USA),
operating at the resonance frequencies of 500.13 MHz and 125.75 MHz
for 'H and !3C, respectively. The spectrometer was equipped with a 5
mm BBI probe head with an actively shielded Z-gradient coil connected
to a GAB/2 gradient unit capable of producing B, gradients with a
maximum strength of 50 G/cm. The temperature was set to 295 K for all
experiments and stabilized using a BCU 05 cooling unit controlled by a
BVT3200 variable-temperature unit. Spectra were recorded in 5 mm
NMR tubes using DMSO-dg as the solvent. Chemical shifts were refer-
enced to the residual solvent signals at 2.50 and 39.50 ppm for 'H and
13¢, respectively. All experiments were performed using the original
Bruker pulse sequences. The spectra were analyzed using the TopSpin
4.3.0 program (Bruker BioSpin).

General synthesis of compounds 7-36. One equivalent of 6-chloro-
(B-D-ribofuranosyl)-9H-purine (5) or 2-amino-6-chloro-(p-D-ribofur-
anosyl)-9H-purine (6) (typically 4 mmol, 1.15 g of 5 or 1.21 g of 6) was
dissolved in ethanol (30 mL), and 1.5 equivalents of the appropriate
primary or secondary amine were added, followed by 3 equivalents of
triethylamine. The reaction mixture was refluxed for 18 h and then
cooled to room temperature. Evaporation with silica gel, followed by
column chromatography using silica gel and 10-20% methanol in
chloroform, yielded pure compounds 7-36. All N®-modified adenosine
derivatives in this study were synthesized or resynthesized using our
general procedure, purified, and fully characterized by NMR and HRMS,
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Fig. 1. Examples of Adenosine analogues with anticancer activity: Riboprine (1), Tubercidin (2), Cladribine (3), and Fludarabine (4).



E. Speina et al. Bioorganic Chemistry 181 (2026) 110335
2 3
Cl R\N’R
N— NN RN
< | < |
N NAR1 R2 3 N N)\R1
(@] NH (@]
HO ™ Ho
W Et,N, EtOH,
reflux, 20 h Ho oA
5 R=H y
6 R=NH, U=30

Scheme 1. The general method for the synthesis of N®-modified adenosine derivatives.

confirming their identity and analytical purity. Analytical data for
compounds 7-36 and figures of NMR spectra (Figs. S10-S39) are pro-
vided in the SI_1 file.

2.2. X-ray crystallography

Good-quality single crystals of 14, 31, and 34 were selected for X-ray
diffraction experiments at T = 100 (2) K. Crystals were mounted with
paratone-N oil using the MiTeGen micromounts. Diffraction data were
collected on the Agilent Technologies SuperNova Dual Source diffrac-
tometer with CuKa radiation (A = 1.54184 A) using CrysAlis Pro soft-
ware [29]. Empirical multi-scan absorption correction using spherical
harmonics (14 and 31) and the analytical numeric absorption correction
using a multifaceted crystal model based on expressions derived by
Clark and Reid (34) [30], implemented in the SCALE3 ABSPACK scaling
algorithm, were applied [29]. The structural determination procedure
was carried out using the SHELX package. The structure was solved by
the intrinsic phasing method using SHELXT [31] and subsequent least-
squares refinement was performed using the full-matrix least-squares
method on F with SHELXL [32]. All H-atoms linked to the N and O-
atoms were located on a difference Fourier map and refined with Ujs,(H)
= XUeq(N,0), where x = 1.2 for the amine and 1.5 for the hydroxyl H-
atoms, respectively. All O-H bonds were subject to DFIX 0.82 restraints.
In the case of 31, an additional DFIX 0.87 was applied for the N-H
bonds. The remaining H-atoms were positioned geometrically, with
C—H equal to 0.95, 0.98, 0.99, and 1.00 A for the aromatic, methylene,
methine, and methyl H-atoms, respectively, and constrained to ride on
their parent atoms with Ujso(H) = xUeq(C), where x = 1.2 for the aro-
matic, methylene, and methine H-atoms, and x = 1.5 for methyl H-
atoms, respectively. The interactions in the crystals of both investigated
compounds have been identified using the PLATON program [31].
Figures were prepared using Olex2 and Mercury software [33,34].

2.3. Cytotoxic and antiviral activities

2.3.1. Cytotoxicity assay

The cytotoxic properties of the tested compounds were evaluated in
the following cell lines: Vero (Cercopithecus aethiops normal kidney
epithelial cells); LLCMK2 (Macaca mulatta normal kidney epithelial
cells), MRC-5 (human normal lung fibroblasts), HeLa (human cervix
adenocarcinoma cells), A-431 (human epidermoid carcinoma), A-549
(human lung carcinoma), NCI-H1299 (human p53-deficient lung carci-
noma), HCT116 and HCT116 p53—/— (human colorectal carcinoma),
and BJ (human epidermoid normal fibroblasts), MRC-5 (human lung
normal fibroblasts). The Vero, LLCMK2, HelLa, A-431, A-549, NCI-
H1299, HCT116, BJ, and MRC-5 cell lines were purchased from the
American Type Culture Collection (ATCC; Manassas, VA, USA). The
HCT116 p53—/— cell line was kindly provided by Professor Bert
Vogelstein (Johns Hopkins University, Baltimore, MD, USA).

Cells were cultured in either Minimum Essential Medium (MEM;
Merck, Sigma-Aldrich, Darmstadt, Germany) or Dulbecco's Modified
Eagle Medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA),
both supplemented with 10% fetal bovine serum (FBS; Merck, Sigma-
Aldrich), 2 mM 1-glutamine, and 1% penicillin/streptomycin solution
(10,000 units/mL penicillin G and 10 mg/mL streptomycin; Sigma-
Aldrich). Stock solutions of all tested compounds were prepared in
dimethyl sulfoxide (DMSO; Merck, Sigma-Aldrich) and diluted in MEM
or DMEM supplemented with 10% FBS, 2 mM 1i-glutamine, and
antibiotics.

After reaching 80-90% confluence, cells were harvested with trypsin
(Thermo Fisher Scientific) and seeded into 96-well microplates at 2-20
x 103 cells per well. Following an overnight incubation at 37 °C in a
humidified atmosphere with 5% COj, the culture medium was supple-
mented with freshly prepared solutions of the tested compounds at final
concentrations ranging from 0.1 to 1000 uM. Cytotoxicity was assessed
using the MTT assay, with all experiments performed in at least tripli-
cate. Treated and untreated control cells were incubated at 37 °C for 48
or 72 h in a humidified atmosphere containing 5% CO, [35,36]. After
incubation, cells were exposed to 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Merck, Sigma-Aldrich) for 2 h and
subsequently lysed with 100 pL of a solution containing 45% N, N-
dimethylformamide (DMF; Merck, Sigma-Aldrich) and 13% sodium
dodecyl sulfate (SDS; Merck, Sigma-Aldrich). Following overnight in-
cubation at 37 °C, absorbance was measured at 570 nm using a scanning
multi-well spectrophotometer (PARADIGM Detection Platform; Beck-
man Coulter, Brea, CA, USA) or a Varioskan Lux microplate spectro-
photometer (Thermo Fisher Scientific). The cytotoxic concentration
(CCsp), defined as the concentration that reduces cell viability by 50%
relative to untreated controls, was calculated by nonlinear regression
analysis of the dose-log(concentration)-response curves using Graph-
Pad Prism version 9 (GraphPad Software, San Diego, CA, USA).

2.3.2. Antiviral activity assay

Antiviral activity was evaluated against the following viruses: human
herpesvirus 1 (HSV-1), human parainfluenza virus type 3 (HPIV-3),
human adenovirus 5 (AdV5), and human herpesvirus 5 (HCMV) grown
in the following host cells: Vero, LLCMK2, MRC-5, and HeLa. All viruses
were purchased from ATCC. Tested compounds were dissolved in DMSO
and then diluted in MEM supplemented with 2% heat-inactivated FBS, 2
mM i-glutamine, and 1% penicillin/streptomycin solution (10,000
units/mL penicillin G with 10 mg/mL streptomycin). Host cells were
maintained in MEM supplemented with 10% heat-inactivated FBS and
antibiotics. Upon reaching 80-90% confluency, cells were harvested
with trypsin and seeded into 96-well microplates at a density of 2 x 10*
cells per well. After overnight incubation at 37 °C in a humidified at-
mosphere containing 5% CO», the culture medium was removed from
the confluent cells grown in 96-well microplates, and cells were inocu-
lated with virus solutions in MEM containing 2% FBS and antibiotics at
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Fig. 2. Structural formulas of N°-substit

the following multiplicities of infection (MOI): HSV-1, 0.005; HPIV-3,
0.01; AdV5, 0.005; and HCMV, 20 plaque-forming units per well
(PFU)/well. Following virus adsorption for 1 h (HSV-1, HPIV-3, and
AdV5) or 2 h (HCMV), residual viral particles were removed. Infected
cells were subsequently incubated in MEM supplemented with 2% FBS
and antibiotics, along with the tested compounds at concentrations

uted adenosines used in this study.

ranging from 0.1 to 1000 pM [35]. All experiments were performed in
triplicate. Cell monolayers were incubated with the tested compounds at
37 °Cin a humidified atmosphere with 5% CO, until a cytopathic effect
(CPE) was visible. Viral infection was assessed using the MTT assay (as
described above) or, in the case of HCMV, by a plaque-reduction assay.
HCMV plaques were counted under an inverted microscope (Olympus
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IX73, Olympus, Tokyo, Japan). Antiviral activity was expressed as ICsq
values, defined as the concentration of the compound required to reduce
the number of viral plaques by 50% relative to virus-infected, untreated
controls.

2.4. Cell proliferation, cell death, and apoptosis assays

Cell proliferation, cell death, and apoptosis were evaluated using the
IncuCyte S3 Live-Cell Imaging System (Sartorius; Essen BioScience, Ann
Arbor, MI, USA) in combination with SYTOX™ Green Dead Cell Stain
and Annexin V Conjugates for Apoptosis Detection (Thermo Fisher Sci-
entific, cat. no. S34860 and A13203, respectively). Image acquisition
and analysis were performed according to the manufacturer's in-
structions using IncuCyte 2019B Rev2 software (Essen BioScience, https
://www.sartorius.com/en/products/live-cell-imaging-analysis/live-c
ell-analysis-software).

HCT116 and HCT116 p53—/— cells were seeded into 96-well plates
at a density of 5 x 10% cells per well 24 h prior to treatment. Four
replicates were included for each experimental condition. Cells were
treated with compound 28 or CL at final concentrations of 5, 10, or 40
pM and monitored for 96 h, with images acquired every 6 h. For un-
treated control wells, DMSO was added at the highest concentration
used to dissolve compound 28.

To determine and compare proliferation, cell death, and apoptosis
rates, cell numbers were log-transformed and plotted as In(cell number)
versus time. The specific growth rate (4, h™) was calculated for each
replicate as the slope of the linear regression line fitted to the expo-
nential growth phase. Mean p values from four replicates were
compared between HCT116 and HCT116 p53—/— cells using a two-
tailed Student's t-test. When multiple treatment conditions were
analyzed simultaneously, one-way analysis of variance (ANOVA) fol-
lowed by Tukey's post hoc test was used. All statistical analyses were
performed using STATISTICA software (version 6). Differences were
considered statistically significant at p < 0.05.

2.5. Cell cycle analysis

HCT116 and HCT116 p53—/— cells were seeded into 10 cm dishes
one day before treatment. Cells were then exposed to compound 28 at a
final concentration of 20 pM. At the indicated time points, approxi-
mately 1 x 10° cells were harvested, washed with phosphate-buffered
saline (PBS), and fixed in cold 70% ethanol overnight at 4 °C. The
following day, the samples were centrifuged and resuspended in
phosphate-buffered saline (PBS; Merck, Sigma-Aldrich) containing 50
pg/mL propidium iodide (PI; Merck, Sigma-Aldrich) and 50 pg/mL
RNase A (Merck, Sigma-Aldrich). DNA content was analyzed using a BD
FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA),
with the FL2-A detector set to detect excited PI. Data were acquired
using BD CellQuest Pro (BD Biosciences), and results are presented as
histograms of nuclear DNA content.

3. Results and discussion
3.1. Synthesis of NS-modified adenosine derivatives

All new compounds 7-36 (Fig. 2) used in this study were synthesized
from 6-chloro-(p-D-ribofuranosyl)-9H-purine (5) or 2-amino-6-chloro-
(B-D-ribofuranosyl)-9H-purine (6) in a one-step reaction with an
appropriate primary or secondary amine. The reactions were carried out
in boiling ethanol in the presence of triethylamine as a base (Scheme 1).
The detailed procedure is described in the Experimental section, while
the physicochemical characteristics of all new derivatives are described
in the SI_1 file. The structures of the synthesized compounds were
confirmed by NMR spectroscopy and HRMS, while single-crystal X-ray
diffraction analysis was performed for selected representative de-
rivatives to provide unambiguous structural confirmation of the NO-
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substitution pattern and overall molecular architecture.
3.2. Crystal structures of selected compounds

Single-crystal X-ray diffraction analysis confirmed the proposed
constitution of three nucleosides —14, 31, and 34. These compounds
crystallize in the monoclinic P2; (14 and 34) and orthorhombic P2;2;2;
(31) space groups with one (14 and 31) or two molecules (34) in the
asymmetric unit of the crystal lattice (Fig. 3). The presence of two
crystallographically independent molecules in the structure of the
compound 34 is related to the noticeably different spatial orientation of
the substituent attached to the C4 atom relative to the purine moieties
(see Fig. S1, SI_1). The details of crystallographic data and refinement
parameters for all investigated compounds are summarized in Table S1
(SI_1). The complete list of bond lengths, valence, and torsion angles is
provided in Tables S2-S10 (SI_1).

In all analyzed nucleosides, the ribose ring is attached to the endo-
cyclic N-atom of the purine moiety via a glycosylic bond. As for the
pentose, the values of Cremer & Pople puckering [37] and Altona-
Sundaralingam pseudorotation parameters [38] (Table 1) indicate that
the nearest furanose pucker descriptor for this moiety is E(nvelope) C2'-
endo for all analyzed compounds. Simultaneously, the values of y
(rotation around glycosylic bond C1'-N1) and y (rotation around the
C4'—C5' bond) correspond to the +sc (+gauche) arrangement. As for the
overall geometry of the nucleosides in analyzed crystals, the confor-
mation with the edge of purine moiety directed toward the pentafur-
anose ring favors the performance of intramolecular O-H:--O hydrogen
bond between the hydroxyl at the C5 end of the ribose and the endo-
cyclic N4 atom of the purine six-membered ring (Fig. 1) in all investi-
gated systems (d(D---A) = 2.740 (4), 2.702 (2)/2.794 (2) (molecule A/
molecule B) and 2.752 (2) A; <(D-H---A) = 168 (4), 174 (3)/159 (3)
(molecule A/molecule B) and 165 (2)° (values for 14, 34 and 31,
respectively (Fig. 1; Tables S12, S14 and S16, SI_1). In the case of 14,
also a weak intramolecular C-H:--N hydrogen bond engaging one of the
methylene H-atoms of the substituent and the N2 atom of the five-
membered ring of the purine (d(D---A) = 3.008 (4) /0\; <(D-H:--A) =
140°; Table S12, SI_1).

Investigated compounds are substituted with different functional
groups of various sizes and constitutions, which is also reflected in the
appearance of their crystal networks. A close look at the drawing of the
packing of individual nucleosides reveals differences among them
(Fig. 4).

Thus, the 14 forms a characteristic “herring-bone” arrangement, in
which the molecules in the crystal are ordered into infinite layers
running along the (001) plane (Fig. 4A). The molecules within such
formed layers are connected through the network of the O-H:--O
hydrogen bonds (Table S12, SI.1) and weak C-H---m interactions
(Table S11, SI_1). The entire structure is additionally stabilized by the
network of weak C-H--- contacts involving some methylene H-atoms of
the substituent and aromatic purine rings of neighboring molecules in
adjacent layers (Table S11, SI_1). The layers can also be distinguished
when it comes to the crystal structure of 34. However, they have a
bilayered structure and spread along different planes (namely, (010))
(Fig. 4B). A single bilayer is composed of A and B molecules of the
compound interacting with themselves via a dense network of hydrogen
bonds of various types (O-H:--O, O-H:--N, N-H:--O, and C-H--O)
(Table S14, SI_1). Additionally, neighboring molecules creating the
bilayer are oriented to themselves in a way that results in the appearance
of the n-n contacts (Table S13, SI_1) between the six-membered rings of
their purine moieties (the distance between the geometric centers of
gravity of these rings is 3.3434 (8) A). The entire crystal network is
stabilized by weak C-H---O contacts that engage adjacent molecules
from neighboring bilayers (Table S14, SI_1). Adjacent bilayers are par-
allel to each other, but due to the existence of the two-fold screw axis,
they are rotated 180° relative to each other. The crystal structure of the
latter compound (31) looks even different (Fig. 4C). In this case,
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3 ‘4
N2 C1

Fig. 3. The asymmetric unit of the crystal lattice of 14 (a), 31 (b), and 34 (c) with crystallographic atom numbering. Displacement ellipsoids are drawn at the 50%
probability level, and H atoms are shown as small spheres of arbitrary radius. Dashed lines represent the hydrogen bonds.

Table 1

Cremer-Pople (®,q) and Altona-Sundaralingam (P, t) pseudorotation parame-
ters calculated for the pentafuranose rings within molecules of the investigated
compounds, and values of torsion angles for y (01-C1-N1-C3) and y
(C3'-C4'-C5-05).

Compound
Parameter 14 31 34 (mol. A / mol. B)
@ [°] 81.8(5) 78.6(2) 77.8(3) / 70.1(3)
q(2) [A] 0.395(4) 0.3925(18) 0.348(2) / 0.351(2)
P[] 170.6(3) 167.1(2) 165.9(2) / 157.9(2)
7[°] 40.4(2) 40.2(1) 35.7(1) / 36.4(1)
2 [°] 54.7(4) 67.1(2) 58.5(3) / 61.5(3)
r[°] 51.1(4) 45.4(2) 46.1(3) / 54.9(2)

molecules are held together by the network of O-H:--N and N-H---O
hydrogen bonds (Table S16, SI_1) in infinite chains running along the
[001] direction. Each chain is additionally stabilized by the weak
C-H---m contacts (Table S15, SI_1), engaging the aromatic H-atom of the
five-membered ring of the purine moiety and the six-membered ring of
the substituent of adjacent molecules within the chain. In the next step,
adjacent chains interact with each other via the complex network of the
O-H---0 and the C-H---O hydrogen bonds and the weak C-H---n contacts
(Tables S15 and S16, SI_1).

When it comes to the degree of filling the space in the crystal, the
compounds do not differ much from each other. Thus, their structures
occupy 67.82, 68.20, and 65.94% for 14, 31, and 34, respectively.

3.3. Cytotoxic and antiviral activity

The cytotoxic properties of the synthesized compounds were evalu-
ated in a panel of human cancer cell lines, including A-431 (epidermoid
carcinoma), A-549 (lung carcinoma), NCI-H1299 (p53-deficient lung
carcinoma), and HCT116 (colorectal carcinoma), as well as their

isogenic p53-knockout counterpart (HCT116 p53—/—). Two non-
cancerous fibroblast cell lines were used as controls: BJ (human
epidermoid fibroblasts) and MRC-5 (human lung fibroblasts). Cell
viability was assessed using the MTT assay, and results were expressed
as CCsp values (50% cytotoxic concentration). Fludarabine (FL), cla-
dribine (CL), and cisplatin were used as clinically relevant reference
anticancer agents. Although these drugs are not direct structural ana-
logues of the synthesized N®-modified adenosine derivatives, they were
selected to provide pharmacologically meaningful benchmarks for
comparison, as FL and CL are clinically established purine nucleoside
analogues, while cisplatin remains a standard chemotherapeutic agent
used in solid tumor treatment. The results are summarized in Tables 2-5,
Fig. 5, and Figs. S2-S4 (SI_1). Overall, the tested derivatives displayed a
broad range of cytotoxic activities across the cell panel, from highly
active compounds (CCsp < 1 pM) to derivatives showing no detectable
toxicity up to 500 pM. In A-431 and BJ cell lines (skin cancer vs. normal
fibroblasts), the strongest cytotoxic effects toward A-431 cells were
observed for compounds 28 and 30 (CCsp = 3.71 + 0.82 pM and 2.22 +
0.98 pM, respectively). However, due to their concomitant toxicity
against BJ fibroblasts (CCsp = 11.58 + 3.84 pM and 11.61 £ 8.46 uM,
respectively), the resulting selectivity indexes (SI) were relatively low
(SI = 3.12 and 5.23, respectively; Table 2). The highest selectivity to-
ward the A-431 cancer cell line was observed for compounds 21 and 22,
with SI values >8.71 and > 6.68, respectively, accompanied by favor-
able cytotoxic activity (CCsp = 18.36 + 1.27 uM and 23.96 + 2.69 uM,
respectively). Notably, the clinically used reference drugs FL and CL,
although primarily used in hematological malignancies, showed
remarkably high selectivity for the solid tumor-derived A-431 cell line
(SI > 37.65 and SI > 500, respectively; Table 2). In the lung cancer cell
line A-549, the most pronounced cytotoxic effects were observed for
compounds 26, 28, and 32 (CCsp = 9.5 + 5.09 pM, 9.21 + 1.85 pM, and
10.93 + 6.49 pM, respectively). A similar trend was observed in the p53-
deficient lung cancer cell line NCI-H1299, where the same derivatives
showed CCsp values of 9.86 + 1.15 pM, 10.36 + 1.24 pM, and 9.08 +
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Fig. 4. Supramolecular architecture of 14 (a), 31 (b), and 34 (c) in their crystals. Characteristic structural entities (layers in 14, bilayers in 34, and infinite chains in
31) are highlighted in blue. Hydrogen bonds are represented by dashed lines, where C-H:--n are represented by dotted lines. The H atoms not participating in the
intermolecular interactions are omitted for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

5.17 pM, respectively. However, the SIs obtained for both lung cancer
models were moderate to low, with the highest values observed for
compounds 26 (SI = 6.09 for A-549 and SI = 5.86 for NCI-H1299) and
32 (SI = 4.23 for A-549 and SI = 5.09 for NCI-H1299). Interestingly, A-
549 cells, but not the NCI-H1299 cells, were highly sensitive to cla-
dribine, an effect not observed for fludarabine or cisplatin (Table 3).
The ability to evade growth inhibition is a hallmark of cancer cells,
enabling them to sustain continuous proliferative signaling. Multiple
genes encode tumor suppressor proteins, including TP53, which restrict
cell growth through several mechanisms [39,40]. To determine whether
the observed cytotoxic effect of our newly synthesized adenosine de-
rivatives depends on the p53 protein, a key factor in tumor drug resis-
tance, we performed MTT assays for selected adenosine derivatives (25,
26, 28, 30, 32, 33, and 36) using p53-proficient HCT116 cells and in the
isogenic p53-null HCT116 p53—/— cell line. Cell viability profiles and
calculated CCsg values are presented in Fig. 5, Figs. $2-S4 (SI_1), and
Table 4. HCT116 p53—/— cells exhibited a 7.93 + 1.78-fold greater
resistance to FL compared to HCT116 cells (CCso = 41.15 £+ 12.18 pM vs.
5.12 + 0.69 pM; p = 0.0095). For CL, CCsg values were 0.56 + 0.16 pM
(HCT116 p53—/—) and < 0.32 pM (HCT116; p = 0.0072), while for
cisplatin, they were 10.5 + 2.41 pM and 3.97 + 0.92 pM, respectively (p
< 0.001). These findings are consistent with the higher sensitivity of
p53-proficient cells to FL and CL. In contrast, the cytotoxic effects of
compounds 25, 26, 28, 30, 32, 33, and 36 were independent or less
dependent on p53 status, with SI values ranging from 1.15 to 2.31 (p >

0.05).

For the evaluation of antiviral activity, four cell lines were used as
hosts for viral replication: Vero (Cercopithecus aethiops normal kidney
cells), LLCMK2 (Macaca mulatta normal kidney cells), MRC-5 (human
lung normal fibroblasts), and HeLa (human cervix adenocarcinoma
cells). The synthesized compounds were screened against four DNA
viruses—human herpesvirus 1 (HSV-1) and human herpesvirus 5
(HCMV), both members of the Herpesviridae family, and human
adenovirus 5 (AdV5, Adenoviridae family)—and one RNA virus, human
parainfluenza virus type 3 (HPIV-3, Paramyxoviridae family). Antiviral
activity was expressed as ICsp (50% inhibitory concentration) and is
summarized in Table 5. For compounds with antiviral activity, the SI
was calculated. This SI is defined as the ratio of a compound's toxic
concentration (CCs) to its effective bioactive concentration (ICs). It is
important to note that the SI assessment is relative, and no universally
accepted minimum SI threshold has been established [37]. The results
demonstrated that compounds 22, 25, and 35 were the most effective
antivirals against HPIV-3, with ICsg values of 3.12 + 0.38 pM, 1.80 +
0.35 pM, and 23.75 + 0.35 pM, respectively. Compounds 35 and 22
exhibited the highest observed SI values of >42.11 and 16.26, respec-
tively, making them promising candidates for further structure-activity
optimization. Unfortunately, the most potent antiviral effect observed
for 25 was accompanied by notable cytotoxicity toward host cells (SI =
1.93). Against AdV5, the best antiviral activity and selectivity were
observed for compound 12, bearing an N-methylpiperazine group at C6.
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Table 2
Cytotoxicity and selectivity index of selected compounds in human A-431 and BJ
cell lines.
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Table 3
Cytotoxicity and selectivity index of selected compounds in human A-549, NCI-
H1299, and MRC-5 cell lines.

CCsp (uM)* CCsp (pM)*
Compound A-431 BJ pb SI Compound A-549 NCI-H1299 MRC-5 p SI
21 18.36 + > 160 (389.23 + 0.0227  >871 25 19.72 + 15.88 + 57.78 + <0.001°  2.93°
1.27 171.24)" (19.01)* 4.08 5.22 4.34 <0.001"  3.64°
22 23.96 + > 160 (604.13 + 0.029 > 6.68 26 95+509 9.86+1.15 57.81+ 0.005" 6.09°
2.69 406.37)" (34.8)" 29.94 0.0054" 5.86
25 21.33 + 61.57 + 12.47 < 2.89 28 9.21 + 10.36 + 10.79 + 0.204° 1.17¢
4.17 0.001 1.85 1.24 1.09 0.6275"  1.04¢
26 12,67 £ 2 65.81 + 31.47 0.0042 5.19 30 17.46 + 32.72 + 29.43 + 0.0194  1.69°
28 3.71 + 11.58 + 3.84 0.0236 3.12 5.89 7.06 4.38 0.4639°  0.90°
0.82 32 10.93 + 9.08 +517 462+ 0.008" 4.23°
30 222+ 11.61 + 8.46 0.1928  5.23 6.49 13.12 0.0079"  5.09¢
0.98 33 10.42 + 15.04 + 15.84 + 0.0355"  1.52°
32 6.65 + 50.73 + 14.6 0.0089  7.63 3.86 6.35 4.63 0.7936”  1.05¢
1.03 36 29.04 + 158.97 + 44.49 + 0.1702°  1.53°
33 8.23 + 18.72 + 8.67 0.0199 227 13.62 104.1 14.41 0.1142°  0.28¢
4.81 Fludarabine  15.41 + 55.72 + 24.25 + 0.2836°  1.57°
36 8.36 + 17.35 + 5.57 0.0427  2.08 2.26 5.14 13.53 0.0132"  0.44°
1.76 Cladribine <0.32 537 £3.12  5.66 + 0.1077° >
Fludarabine  4.25 + > 160 0.0999 > 37.65 4.77 0.9232°  17.69°
0.18 1.05¢
Cladribine <0.32 > 160 0.2505 > 500 Cisplatin 4.99 + 6.3 +1.56 3.34+0.99 0.0067"  0.66°
Cisplatin 1.45 + 7.25 + 2.59 < 5.00 0.94 0.0015"  0.52¢
0.29 0.001

" Data are presented as mean + SD. CCso (50% cytotoxic concentration) is
defined as the concentration that reduces cell viability by 50% relative to un-
treated controls.

# Values were obtained from nonlinear regression analysis of dose-log(con-
centration)-response curves.

b p-values indicate comparisons of CCsq values between A-431 and BJ cell
lines. Statistical analysis was performed using a two-tailed Student's t-test (p <
0.05 was considered statistically significant; italicized values indicate statisti-
cally significant differences). The selectivity index (SI) was calculated as the
ratio of CCsq in BJ cells to that in A-431 cells.

Its relatively strong antiviral effect (ICsg = 6.00 & 1.00 pM), combined
with good selectivity (SI = 9.95), makes compound 12 a promising
scaffold for further optimization toward more potent and selective
antiviral agents. Additionally, compound 16 exhibited weak antiviral
activity against AdV5, with an ICsy of 75.00 + 2.65 pM and a SI of
13.24. For the remaining compounds, antiviral effects against both DNA
and RNA viruses were either absent or very weak (SI < 10) within the
non-toxic concentration range.

In summary, the synthesized adenosine derivatives exhibited a wide
spectrum of cytotoxic activities across multiple human cancer cell lines,
ranging from highly potent compounds to derivatives with minimal or
no detectable toxicity. Several compounds displayed pronounced anti-
proliferative effects in solid tumor-derived cell lines, with compound 28
emerging as one of the most active derivatives across epidermoid, lung,
and colorectal carcinoma models. Importantly, the cytotoxic effects of
selected derivatives, including 28, were largely independent of p53
status, in contrast to the reference drugs fludarabine and cladribine,
whose activity was significantly reduced in p53-deficient cells. Antiviral
screening revealed that, for most derivatives, the observed inhibitory
effects occurred at concentrations close to host-cell cytotoxicity, limiting
their therapeutic relevance. Only compounds 9, 12, 16, 22, 23, and 35
displayed clearly favorable selectivity indexes, indicating a meaningful
degree of antiviral selectivity (Table 5). Among these, compounds 22
and 35 showed the most pronounced activity against HPIV-3, while
compound 12 exhibited selective inhibition of AdV5 replication. Over-
all, these findings identified distinct subsets of adenosine derivatives
with either p53-independent cytotoxic activity or selective antiviral
potential, providing a foundation for further structure-activity rela-
tionship optimization toward anticancer and antiviral applications.
Based on these data, a structure-activity relationship analysis (SAR) was
performed and is discussed below.

* Data are presented as mean + SD. CCso (50% cytotoxic concentration) is
defined as the concentration that reduces cell viability by 50% relative to un-
treated controls.

@ p-values and SI-values indicate comparisons of CC50 values between A-549
and MRC-5 cell lines. Statistical analysis was performed using a two-tailed
Student's t-test (p < 0.05 was considered statistically significant; italicized
values indicate a statistically significant difference).

b p-values and Sl-values indicate comparisons of CCso values between NCI-
H1299 and MRC-5 cell lines, respectively. Statistical analysis was performed
using a two-tailed Student's t-test (p < 0.05 was considered statistically signifi-
cant; italicized values indicate a statistically significant difference).

¢ The selectivity index (SI) was calculated as the ratio of CCso in MRC-5 cells to
that in A-549 cells.

4 The selectivity index (SI) was calculated as the ratio of CCso in MRC-5 cells to
that in NCI-H1299 cells.

Table 4
Cytotoxicity and selectivity index of selected compounds in human HCT116 and
HCT116 p53—/— cell lines.

CCso (nM)*

Compound HCT116 HCT116 p53—/— p’ SI
25 15.21 + 4.97 17.43 £ 7.79 0.3975 1.15
26 13.12 + 4.73 17.31 £9.14 0.1589 1.32
28 8.8 + 4.27 10.22 + 3.79 0.444 1.16
30 13.73 £ 1.34 15.66 + 2.12 0.1845 1.14
32 12.78 + 3.65 15.38 + 4.69 0.1851 1.20
33 13.65 + 8.09 17.92 + 7.58 0.1779 1.31
36 22.77 £ 12.47 52.53 + 46.42 0.1174 2.31
Fludarabine 5.12 + 0.69 41.15 +£12.18 0.0095 8.04
Cladribine 0.03 £ 0.01 0.56 £+ 0.16 0.0072 18.67
Cisplatin 3.97 £ 0.92 10.5 + 2.41 < 0.001 2.64

* Data are presented as mean + SD. CCso (50% cytotoxic concentration) is
defined as the concentration that reduces cell viability by 50% relative to un-
treated controls.

@ p-values indicate comparisons of CCsq values between HCT116 and HCT116
p53—/— cell lines. Statistical analysis was performed using a two-tailed Stu-
dent's t-test (p < 0.05 was considered statistically significant; italics indicate a
statistically significant difference). The selectivity index (SI) was calculated as
the ratio of CCso in HCT116 cells to that in HCT116 p53—/— cells.

3.4. Structure-activity relationship analysis

Analysis of the biological data revealed several clear structur-
e-activity relationships among the synthesized N®-modified adenosine
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Table 5
Cytotoxicity in host cells, antiviral activity, and the selectivity index of the compounds studied.
CCso (UM)* ICso (RM)* S1°
Compound HeLa Vero LLCMK2 MRC-5 AdV5 HSV-1 HPIV-3 HCMV
161.67 + )
7 65.50 + 2.50 10.41 35.33 £ 5.67 75.33 £ 9.86 >65.50 >161.67 >35.33 >75.33 ND
8 64.77 + 6.43 55.00 + 2.50 47.67 + 5.51 20.00 + 6.00 >64.78 >55.00 >47.67 >20.00 ND”
326.67 + 411.667 + 8.70 (HPIV-3)
9 545.00 £ 5.00 10.41 7.64 260.00 + 10.00 455.00 £ 5.00 >326.67 47.33 + 4.62 >260.00 1.20 (AdV5)
26.83 + 170.00 +
10 254.17 £ 6.29 ‘;061?3 363.33 £ 5.77 245.00 £+ 10.00 >254.17 >426.83 1;%20 >245.00 2.14 (HPIV-3)
11 82.67 + 9.87 72.33 £ 0.58 56.50 + 5.90 62.67 £ 1.16 75.67 + 8.51 >72.33 >56.50 >62.67 1.09 (AdV5)
12 59.67 + 2.88 64.67 £ 1.16 10.00 £ 2.00 147.00 £+ 4.36 6.00 £ 1.00 >64.67 >10.00 >147.00 9.95 (AdV5)
13 0.24 £ 0.01 1.17 £ 0.29 1.15+ 0.26 58.17 £ 1.61 >0.24 >1.17 >1.15 >58.17 ND
14 56.00 + 2.00 57.67 + 6.430 8.00 £1.73 25.50 + 2.78 >56.00 >57.67 >8.00 >25.50 ND”
15 313.33 £5.77 77.00 £+ 1.00 88.67 £ 1.16 198.00 + 7.21 67.00 + 5.12 >77.00 >88.67 >198.00 4.67 (AdV5)
993.33 + 358.33 + 1.48 (HPIV-3)
16 11.56 53.33 + 3.06 12.58 935.00 + 13.23 75.00 + 2.65 >53.33 242.33 £+ 2.08 >935.00 13.24 (AdV5)
17 67.00 + 1.73 51.83 + 6.79 0.88 + 0.03 237.67 £ 8.74 51.33 £ 2.31 >51.83 > 0.88 >237.667 1.31 (AdV5)
246.67 + 184.00 +
18 312.50 £+ 6.61 73.00 £+ 1.00 2.67 £0.21 10.067 12.17 >73.00 >2.67 >246.67 1.70 (AdV5)
19 206.67 + 5.77 92.00 + 6.93 0.08 + 0.01 >1000 >206.67 >92.00 >0.09 >1000 ND”
426.67 + 390.00 + 315.00 +
20 15.28 10.00 74.00 + 5.29 >1000 17.32 >390.00 >74.00 >1000 1.35 (AdV5)
21 f26237 * 327123 + 0.51 + 0.03 753.33 £+ 30.55 123.33 £ 7.57 >277.33 >0.51 >753.33 2.16 (AdV5)
342.00 + 160.67 + 16.26 (HPIV-3)
22 272.00 £ 3.46 13.12 50.67 + 9.24 698.33 + 17.56 12.70 >342.00 3.12+£0.38 >698.33 1.69 (AdV5)
23 223023 + ;1767'667 + 533.33 £ 7.64 >1000 >833.333 >516.67 72.50 + 6.36 >1000 7.36 (HPIV-3)
991.67 + 576.67 +
24 >1000 >1000 14.43 >1000 >1000 >1000 20.82 >1000 1.72 (HPIV-3)
25 26.00 + 2.00 20.00 + 4.00 3.47 £0.15 71.67 + 0.58 >26.000 >20.00 1.80 + 0.35 >71.66 1.93 (HPIV-3)
26 28.33 +£1.53 25.00 + 1.00 6.67 £1.16 >1000 >28.333 >25.00 >6.67 >1000 ND”
27 0.03 £ 0.01 72.00 + 15.80 10.67 + 1.16 >1000 >0.027 >72.00 >10.67 >1000 ND
28 16.33 +1.53 20.17 + 2.75 1.00 + 0.20 28.67 + 3.51 >16.33 >20.17 >1.00 >28.67 ND
29 0.02 £+ 0.001 0.02 £+ 0.003 0.45 £ 0.05 83.33 £5.77 >0.02 >0.02 >0.45 >83.33 ND
30 0.68 +£ 0.14 40.00 + 3.54 0.18 £ 0.03 90.67 + 13.58 >0.68 >40.00 >0.18 >90.67 ND
31 0.02 £ 0.001 4.93 + 0.83 0.03 £+ 0.01 311.67 + 18.09 >0.02 >4.93 >0.03 >311.67 ND
32 27.33+1.16 20.67 + 4.16 6.30 £1.14 60.00 + 2.00 >27.333 >20.67 >6.30 >60.00 ND"
33 18.00 + 4.00 6.00 + 1.00 2.83 £0.76 30.00 + 1.00 >18.000 >6.00 >2.83 >30.00 ND”
943.33 + 182.50 +
34 55.08 >1000 24.75 >1000 >943.33 >1000 >182.50 >1000 ND
576.67 + 675.00 + > 42.11 (HPIV-
35 20.82 13.92 >1000 >1000 >576.67 >675.00 23.75 + 0.35 >1000 3)
. 520.67 +
Fludarabine >1000 14.58 >1000 >1000 >1000 >520.67 >1000 >1000 ND
Cladribine 665.00 38.83 +9.22 23.33 + 2.89 933.33 & 30.00 + 5.29 >38.83 >23.33 >933.33 22.17 (AdV5)
49.50 101.93
. . 398.00 +
Cisplatin 19.80 0.23 £ 0.03 0.02 £+ 0.001 185.67 + 34.00 42.50 + 10.6 >0.23 >0.02 >185.67 9.36 (AdV5)

" Data are presented as mean + SD. CCs, denotes the concentration that reduces cell viability by 50% relative to untreated controls.

# The selectivity index (SI) was calculated as the ratio of CCs to ICsp.

b ND, not determined. Bolded SI values indicate compounds displaying relatively favorable antiviral selectivity (SI > 7).

derivatives. Overall, both cytotoxic and antiviral activities were strongly
influenced by the nature of the N® substituent, particularly its size, po-
larity, and degree of conformational flexibility (Fig. 2).

3.4.1. SAR for cytotoxic activity

Compounds bearing medium-sized, hydrophobic, or moderately
polar N substituents generally exhibited the highest cytotoxic potency
across solid tumor—derived cell lines. In particular, derivatives 26, 28,
30, and 32 consistently exhibited low-micromolar CCsg values in A-431,
A-549, NCI-H1299, and HCT116 cells. Among these, compound 28
exhibited the most pronounced and reproducible cytotoxic activity,
suggesting that its N® substitution provides an optimal balance between
potency and cellular accessibility. Importantly, most active derivatives
exhibited comparable cytotoxicity in p53-proficient and p53-deficient
HCT116 cells, indicating that N® substitution can confer p53-
independent anticancer activity, a feature most pronounced for com-
pound 28. In contrast, derivatives bearing bulkier (25,33) or highly
polar (36) substituents generally showed reduced activity or lower

selectivity.

A comparison of the most active derivatives suggests that optimal
cytotoxic activity requires an N°® substituent providing a balance be-
tween steric bulk, lipophilicity, and conformational adaptability. Com-
pounds bearing medium-sized hydrophobic or moderately polar
substituents (e.g., 26, 28, 30, and 32) consistently exhibited the stron-
gest cytotoxic effects across multiple cancer cell lines, suggesting that
these structural features may favor efficient cellular uptake and/or
productive interaction with intracellular molecular targets. In contrast,
highly bulky or excessively polar substituents generally reduced cyto-
toxic potency, likely due to steric constraints or impaired membrane
permeability.

3.4.2. SAR for selectivity toward cancer versus normal cells

Selectivity for cancer versus normal cells was favored among com-
pounds with moderate cytotoxic potency and reduced toxicity toward
fibroblasts, as exemplified by compounds 21 and 22 in the A-431/BJ
model. In contrast, highly potent derivatives such as 28 and 30 exhibited
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Fig. 5. The viability of selected cancer and normal cell lines in response to compound 28 (A-C) and cladribine (D-F) assessed using the MTT assay. The cancer cell
lines included epidermoid carcinoma A-431, lung carcinomas A-549 and NCI-H1299, and colorectal carcinomas HCT116 and HCT116 p53—/—. Normal cell lines
included normal epidermoid fibroblasts BJ and normal lung fibroblasts MRC-5. Cells were treated with increasing concentrations of the indicated compounds
(0.32-160 puM) for 72 h. Cell viability inhibition was calculated relative to untreated controls. Data points represent mean + SD from at least four independent

experiments.

limited selectivity, indicating that increased cytotoxicity does not
necessarily translate into an improved therapeutic window. Interest-
ingly, the structural determinants of potency did not fully overlap with
those governing selectivity, suggesting that optimization of therapeutic
selectivity will require structural refinement beyond simply maximizing
cytotoxic activity.

3.4.3. SAR for antiviral activity

Antiviral activity followed a structure-activity relationship pattern
clearly distinct from that observed for cytotoxic effects, indicating
different pharmacophoric requirements for antiviral versus anticancer
activity. Notably, the most active antiviral compounds were not the most
cytotoxic derivatives, suggesting that antiviral efficacy was not merely a
consequence of nonspecific host-cell toxicity.

The strongest inhibition of HPIV-3 replication was observed for
compounds 22, 25, and 35; however, only compounds 22 and 35

10

displayed favorable selectivity, indicating genuine antiviral potential.
These findings suggest that antiviral activity against HPIV-3 depends on
specific structural features of the N°® substituent rather than simply
increasing overall hydrophobicity or cytotoxic potency.

In contrast, activity against AdV5 followed a different structural
trend. The most active and selective anti-AdV5 compound was 12,
bearing a polar N-methylpiperazine substituent, whereas the HPIV-3-
active compounds possessed markedly different substitution patterns.
This suggests that antiviral activity against distinct viral targets may
require different physicochemical and structural properties.

Overall, the antiviral SAR appears more target-specific and less
broadly predictable than the cytotoxic SAR, highlighting the need for
further structural optimization to identify more selective antiviral leads.
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3.5. Exposure to compound 28 inhibits proliferation and induces cell
death independently of p53 status

The sensitivity of the HCT116 and HCT116 p53—/— cell lines to
compound 28 was evaluated using the IncuCyte S3 Live-Cell Imaging
System to monitor cell proliferation and cell death, including apoptosis,
in p53-proficient and p53-deficient backgrounds. Cladribine was used as
a reference anticancer drug. Cells were treated with compound 28 or CL
at concentrations of 10 pM, 20 pM, and 40 pM, and images were ac-
quired every 6 h over a period of 96 h (Figs. 6A-8A and Figs. S5-S7, S8A
and S9, SI_1). Under untreated conditions, HCT116 and HCT116 p53—/
— cells reached average confluence levels of 84% and 82%, respectively,
by day 4 (Fig. 6B-E). Exposure to compound 28 resulted in a pro-
nounced reduction in cell proliferation in both cell lines. Growth inhi-
bition was dose-dependent and comparable between p53-proficient and
p53-deficient cells. On day 4, confluence in HCT116 cells treated with
28 reached 40%, 36%, and 5%, while HCT116 p53—/— cells reached
40%, 33%, and 6% following treatment with 10 pM, 20 pM, and 40 pM,
respectively (Fig. 6B-D). In contrast, the response to cladribine was
dependent on p53 status. From day 2 onward, TP53-deleted cells
exhibited significantly higher confluence than p53-proficient HCT 116
cells (p < 0.05), although growth inhibition by CL was not dose-
dependent. By day 4, confluence values reached 7%, 6%, and 5% in
HCT116 cells and 9%, 10%, and 9% in HCT116 p53—/— cells treated
with 10 pM, 20 pM, and 40 pM CL, respectively (Figs. 6B, C, and E).

To provide a more quantitative assessment of the antiproliferative
effects of compound 28 and cladribine, the specific growth rate (4, h™1)
was calculated for each experimental condition based on the exponential
phase of the growth curves obtained from IncuCyte live-cell imaging
(Fig. 6B and C). Under untreated conditions, HCT116 and HCT116
p53—/— cells exhibited comparable baseline growth rates, indicating
similar intrinsic proliferative capacity irrespective of p53 status. Treat-
ment with compound 28 resulted in a concentration-dependent decrease
in p values in both cell lines (p < 0.005; SI_2). Importantly, the magni-
tude of growth-rate inhibition was similar, or slightly more pronounced,
in HCT116 compared with HCT116 p53—/— cells across all tested
concentrations, indicating that the antiproliferative activity of com-
pound 28 is largely independent of p53. In contrast, cladribine treat-
ment led to a significantly greater reduction in u values in p53-proficient
HCT116 cells than in p53-deficient HCT116 cells (p < 0.05; SI_2).
Collectively, the quantitative growth-rate analysis demonstrates that
compound 28 suppresses cell proliferation with comparable efficiency
in p53-proficient and p53-deficient colorectal carcinoma cells, whereas
the antiproliferative activity of cladribine is strongly influenced by p53
status.

The effects of compound 28 and CL on cell viability were further
evaluated using the SYTOX Green Dead Cell Stain, which labels dead
cells independently of the mode of cell death (Fig. 7 and Fig. S6, SI_1).
No significant increase in cell death was observed in untreated cells or in
cells treated with compound 28 at concentrations of 10 or 20 pM in
HCT116 cells, or at 10 uM in HCT116 p53—/— cells (p > 0.05). In
contrast, exposure to 40 pM of compound 28 resulted in a significant
increase in cell death (p < 0.001), which reached a plateau after
approximately 72 h (Fig. 7B and C and SI_2). The rate of cell death be-
tween days 1 and 4 was comparable or slightly higher in HCT116 cells
than in HCT116 p53—/— cells; however, p53-deficient cells exhibited a
higher baseline number of dead cells at the beginning of the experiment
(Fig. 7D and SI_2). In the case of CL, the kinetics of cell death differed
markedly between p53-proficient and p53-deficient cells (Fig. 7B, C, and
E and SI 2). In HCT116 cells, a significant increase in SYTOX Green-
positive cells was detected as early as 36 h after treatment (Fig. 7B).
In contrast, HCT116 p53—/— cells displayed a much flatter death curve,
with a delayed increase observed only after 48 h, indicating reduced cell
death dynamics in the absence of p53 (Fig. 7C). Accordingly, the level of
cell death at 96 h was significantly lower in HCT116 p53—/— cells than
in HCT116 cells (0.34, 0.34, and 0.37 relative units vs 0.47, 0.44, and
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0.43 relative units, respectively; p < 0.01; Fig. 7B-E). Importantly, the
overall cell death curves in both cell lines followed a similar pattern
across 28 and CL concentrations.

To identify the mode of cell death induced by compound 28 and CL,
apoptosis was assessed using an Annexin V antibody conjugated to Alexa
Fluor 594, which enables rapid and reliable detection of early apoptotic
events. Our findings demonstrated that both 28 and CL induced
apoptosis in the tested cell lines (Fig. 8 and Fig. S7, SI_1 and SI_2). The
kinetics of apoptosis closely matched the death rates measured using the
SYTOX Green Dead Cell Stain. A substantial number of apoptotic cells
was detected in untreated samples, and this number increased signifi-
cantly following treatment with 40 pM compound 28 (p < 0.001, Fig. 8D
and SI_2). In p53-deficient cells, however, apoptosis was also observed
at a lower concentration of the compound (Fig. 8D). Taking into account
the higher initial number of non-viable cells, no significant differences in
overall apoptosis rates were observed between HCT116 and HCT116
p53—/— cells overall (SI_2). Nevertheless, a significantly higher pro-
portion of apoptotic cells was detected in the p53—/— line after treat-
ment with 10 pM 28 for 2-3 days and with 20 pM 28 for 1-3 days (p <
0.05; Fig. D). In contrast, the apoptotic response to CL differed between
p53-proficient and p53-deficient cell lines. In both cell types, apoptosis
was initiated later than in cells treated with compound 28, becoming
apparent only after 24 h, and no concentration-dependent differences
were observed (Fig. 8B, C, E, and SI_2). Moreover, from the second day
onward, significantly fewer p53-deficient cells underwent apoptosis
compared with p53-proficient cells (Fig. 8E and SI_2). Analysis of the
combined apoptotic and dead cell populations, identified by dual posi-
tivity for SYTOX Green and Annexin V, revealed that p53-deficient cells
displayed a similar or slightly higher proportion of double-positive cells
following treatment with compound 28, but a significantly lower pro-
portion after CL treatment (Figs. S8 and S9, SI_1 and SI_2).

In summary, compound 28 effectively inhibited cell proliferation
and induced cell death in both p53-proficient HCT116 and p53-deficient
HCT116 p53—/— colorectal carcinoma cells. Its antiproliferative activ-
ity was dose-dependent and comparable between the two cell lines, as
demonstrated by confluence measurements and quantitative growth
rate analyses, indicating that the activity of compound 28 is indepen-
dent of p53 status. At higher concentrations, 28 induced significant cell
death, predominantly through apoptosis, with similar overall kinetics in
both cell lines. In contrast, the anticancer activity of cladribine was
strongly influenced by p53 status, with reduced growth inhibition,
delayed cell death, and attenuated apoptotic responses observed in p53-
deficient cells. The results are consistent with the existing literature,
which shows that CL-induced cell death occurs through apoptosis and
depends on the presence of functional p53 [41]. The ability of p53 to
induce apoptosis in response to environmental or oncogenic stress is a
key mechanism underlying its role as a tumor suppressor [42]. Given
that the TP53 tumor suppressor gene is inactivated more frequently than
any other gene in human cancers, our findings may provide a foundation
for developing more selective and less toxic chemotherapeutic agents.

3.6. Changes in cell morphology

The effects of compound 28 and CL on cell morphology were
monitored using the IncuCyte S3 Live-Cell Imaging System. Represen-
tative images are shown in Fig. 9. A comparison between HCT116 and
HCT116 p53—/— cells revealed no apparent differences in the
morphological response to treatment, indicating that the observed ef-
fects were independent of p53 status. Notably, even at the lowest tested
concentration (10 pM), clear morphological differences were observed
between cells exposed to 28 and those treated with CL. Compound 28
markedly suppressed cell proliferation and, at higher concentration (40
pM), induced cell death. In contrast, CL not only reduced proliferation
but also caused a pronounced increase in cell size, accompanied by
nuclear enlargement and multinucleation. These features are consistent
with the development of a senescence-like phenotype [18,19]. Such
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HCT116 p53-/-

Fig. 9. Morphological changes in HCT116 and HCT116 p53—/— cells following 48 h exposure to compound 28 or cladribine (CL) at 10 pM, 20 puM, or 40 pM,
visualized using the IncuCyte live-cell imaging System. Representative images show mononuclear and multinuclear cell morphologies. Red arrows indicate giant
cells. NT, no treatment (DMSO control). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

morphological alterations, including cellular hypertrophy and multi-
nucleation, are hallmark characteristics of cellular senescence and are
typically associated with irreversible cell-cycle arrest rather than acute
cytotoxicity [43,44]. Consistently, after 48 h of incubation with com-
pound 28 at 40 pM, cells of both cell lines were completely non-viable,
whereas CL-treated cells remained largely viable (Fig. 9).

3.7. Compound 28 interferes with cell cycle progression, regardless of p53
status

To investigate whether compound 28 affects cell cycle progression,
we quantitatively analyzed the distribution of cells across the G1, S, and
G2/M phases at defined time points during treatment. Fig. 10 illustrates
the changes in the cell cycle profiles of HCT116 and HCT116 p53—/—
cells exposed to compound 28 (20 pM). In untreated samples, p53-
deficient cells showed a higher proportion in S phase and a lower pro-
portion in G1 than p53-proficient cells. Following exposure to 28, both
cell lines exhibited a time-dependent accumulation of cells in the G2/M
phase, accompanied by a decrease in the G1 fraction. This pattern per-
sisted for up to 9 h. From 12 h onward, the proportion of cells in G2/M
declined, while the G1 population increased markedly. After 24 h of
treatment, only approximately 5% of HCT116 cells and 9% of HCT116
p53—/— cells remained in S phase (undergoing DNA replication).
Importantly, the overall cell cycle progression profile was nearly iden-
tical in both cell lines treated with compound 28, indicating that
interference with cell-cycle progression occurs independently of p53
status.

15

Overall, compound 28 induced pronounced morphological alter-
ations in colorectal carcinoma cells that were distinct from those caused
by cladribine and were independent of p53 status. While CL treatment
led to an increase in cell size, nuclear enlargement, and the appearance
of multinucleated cells, features consistent with a senescence-like
phenotype, compound 28 primarily suppressed cell proliferation and,
at higher concentrations, rapidly induced loss of cell viability. These
morphological changes correlated with a complete loss of viable cells
after 48 h of treatment with 40 pM compound 28, in contrast to the
largely viable, senescent-like cells observed following CL exposure.
Consistent with these observations, 28 markedly interfered with cell-
cycle progression in both p53-proficient and p53-deficient cells. Treat-
ment resulted in a transient accumulation of cells in the G2/M phase,
followed by a pronounced depletion of S-phase cells and a subsequent
increase in the G1 population. The nearly identical cell-cycle profiles
observed in HCT116 and HCT116 p53—/— cells demonstrated that the
cell-cycle-modulating effects of compound 28 occur independently of
p53 status. Together, these findings indicate that 28 disrupts tumor cell
proliferation through p53-independent mechanisms involving both cell-
cycle arrest and induction of cell death, distinguishing its mode of action
from that of cladribine.

4. Summary and conclusions
In this study, a library of various N°-modified adenosine derivatives

(7-36) was synthesized in a single step and thoroughly characterized,
including X-ray structures for selected compounds. Importantly, the
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Fig. 10. Cell cycle analysis by flow cytometry in HCT116 cells and HCT116 p53—/— cells following exposure to compound 28. (A) Representative histograms
showing DNA content in untreated cells and cells treated with compound 28 (40 pM) for 3, 6, 12, and 24 h. P, propidium iodide; GO, subG1. (B) Quantification of cell
cycle distribution at each time point, illustrating the percentage of cells in the G1, S, and G2/M phases after treatment with compound 28 (40 pM).

library comprised both new and previously reported N®-substituted
adenosines; however, their anticancer and antiviral activities were
evaluated systematically for the first time. Despite structural differences,
the derivatives exhibited similar intramolecular hydrogen-bonding

patterns and ribose conformations. Cytotoxicity was assessed across a
broad panel of human cancer and normal cell lines, including p53-
proficient and p53-deficient colorectal carcinoma cell lines. Among
the tested compounds, 28 exhibited the highest potency, inhibiting
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proliferation and inducing apoptosis regardless of p53 status, in contrast
to cladribine, whose activity was strongly influenced by p53. Structur-
e—activity relationship analysis revealed that the biological properties of
N8-modified adenosines are strongly governed by the nature of the N°
substituent, with distinct structural requirements for cytotoxic, anti-
viral, and p53-independent activities. Live-cell imaging, together with
SYTOX Green/Annexin V assays, confirmed a dose-dependent induction
of apoptosis by compound 28, while cell cycle analysis revealed G2/M
arrest, followed by G1 accumulation. In contrast to the senescence-like
phenotype induced by cladribine, compound 28 triggered rapid cell
death. Antiviral screening identified compounds 22, 25, and 35 as
potent inhibitors of human parainfluenza virus type 3, while compound
12 showed the highest activity and selectivity against human adenovirus
type 5. However, for most derivatives, antiviral effects were observed at
concentrations near the host-cell cytotoxicity threshold, thereby
limiting their therapeutic potential. Importantly, only a limited subset of
compounds (9, 12, 16, 22, 23, and 35) exhibited favorable selectivity
indexes against HPIV-3 and/or AdV5, identifying these derivatives as
preliminary scaffolds for further antiviral optimization rather than fully
developed antiviral leads. Overall, the present study identified N°-
modified adenosines as a promising class of compounds for the further
development of anticancer agents with p53-independent activity and
highlights selected derivatives as attractive starting points for the
rational design of more selective antiviral agents targeting respiratory
pathogens. Future studies will focus on identifying the direct molecular
targets of compound 28, elucidating the molecular mechanisms under-
lying its anticancer and antiviral activities, and defining the mode of
antiviral action of the most promising antiviral derivatives.
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