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and 5-trifluoromethanesulfonyl
derivatives of 20-deoxyuridine: synthesis, radiation
and computational chemistry as well as
cytotoxicity†

Samanta Makurat,‡a Magdalena Zdrowowicz,‡a Lidia Chomicz-Mańka,‡a

Witold Kozak,‡a Illia E. Serdiuk,b Paweł Wityk,a Alicja Kawecka,a Marta Sosnowskaa

and Janusz Rak *a

5-Selenocyanato-20-deoxyuridine (SeCNdU) and 5-trifluoromethanesulfonyl-20-deoxyuridine (OTfdU)

have been synthesized and their structures have been confirmed with NMR and MS methods. Both

compounds undergo dissociative electron attachment (DEA) when irradiated with X-rays in an aqueous

solution containing a hydroxyl radical scavenger. The DEA yield of SeCNdU significantly exceeds that of

5-bromo-20-deoxyuridine (BrdU), remaining in good agreement with the computationally revealed

profile of electron-induced degradation. The radiolysis products indicate, in line with theoretical

predictions, Se–CN bond dissociation as the main reaction channel. On the other hand, the DEA yield

for OTfdU is slightly lower than the degradation yield measured for BrdU, despite the fact that the

calculated driving force for the electron-induced OTfdU dissociation substantially overpasses the

thermodynamic stimulus for BrdU degradation. Moreover, the calculated DEA profile suggests that the

electron attachment induced formation of 5-hydroxy-20-deoxyuridine (OHdU) from OTfdU, while 20-
deoxyuridine (dU) is mainly observed experimentally. We explained this discrepancy in terms of the

increased acidity of OTfdU resulting in efficient deprotonation of the N3 atom, which brings about the

domination of the OTfdU(N3–H)� anion in the equilibrium mixture. As a consequence, electron addition

chiefly leads to the radical dianion, OTfdU(N3–H)c2�, which easily protonates at the C5 site. As a result,

the C5–O rather than O–S bond undergoes dissociation, leading to dU, observed experimentally. A

negligible cytotoxicity of the studied compounds toward the MCF-7 cell line at the concentrations used

for cell labelling calls for further studies aiming at the clinical use of the proposed derivatives.
1. Introduction

Cancer is the main cause of death in highly developed coun-
tries.1 Three essential methods of defeating it are surgery,
chemotherapy and radiotherapy, with the latter being most
commonly used.2 However, heavy hypoxia occurring in solid
tumours, which accounts for 80% of the developed cases of
cancer,3 decreases the efficacy of radiotherapy.4 Hence, in order
to increase the efficiency of this modality and to minimize
dangerous side effects of irradiation, including secondary
cancer,5 radiosensitizers – molecules that are selectively
ańsk, Wita Stwosza 63, 80-308 Gdańsk,

atics, University of Gdańsk, Wita Stwosza
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8

transported to cancer cells and make them susceptible to
ionizing radiation (IR) – have to be employed in radiotherapy.6

Hall and Giaccia7,8 distinguished only two categories of
radiosensitizers that might be employed in clinical treatment.
According to their classication these two groups comprise the
substances, which increase the sensitivity of hypoxic tumour
cells toward ionizing radiation and the modied nucleosides
that are incorporated into DNA during its biosynthesis.

In hypoxic cancer cells water radiolysis leads to the same
amount of hydrated electrons and cOH radicals.9 To harness
solvated electrons, which are inactive toward native DNA,10 20-
deoxyuridine derivatives substituted with an electrophilic residue
in the C5-position might be used for DNA damage.11 Beside the
necessity of undergoing enzymatic triphosphorylation and
incorporation into DNA by enzymatic machinery of a cell, these
derivatives should possess high electron affinity and should
undergo dissociative electron attachment (DEA) that leads to
reactive radicals inside the genome. The two most comprehen-
sively studied examples of such type of 20-deoxyuridines are 5-
This journal is © The Royal Society of Chemistry 2018
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bromo-20-deoxyuridine (BrdU) and 5-iodo-20-deoxyuridine (IdU).2

In numerous works, it was demonstrated that the DEA process in
the BrdU/IdU labelled oligonucleotides leads to the highly reac-
tive uracil-5-yl radical that ultimately produces intra- and inter-
strand crosslinks,12–14 single strand breaks,15,16 alkali-labile
lesions as well as induces base releasing in DNA.17

Even though a number of reports shows that BrdU and IdU
are efficiently incorporated into the cellular DNA, they have not
found any use for clinical practice so far.18 Therefore, it seems
necessary to search for new modied nucleosides with radio-
sensitizing properties. There are two requirements that have to
be considered to design an efficient radiosensitizer being
a modication of dU: a presence of an electrophilic substituent
in the 5-position of the nucleobase ring, which increases the
electron affinity of the nucleoside, and the ability of the
considered derivative to undergo a facile electron-induced
dissociation. In our previous studies we have not only devel-
oped a method to propose a new potent radiosensitizer that
consider the mentioned above requirements but also proposed
several derivatives worth of further experimental studies.11,19

Prior to expensive and time-consuming DNA labelling20,21

and/or experiments on the labelled cells' response to IR, the
chosen nucleoside has to be synthesized and its propensity to
be damaged by ionizing radiation in an aqueous solution has to
be conrmed. We have already synthesized 5-selenocyanatour-
acil (SeCNU), that was selected using our computational
approach and proved that it undergoes efficient DEA, where
mainly the Se–CN bond is broken due to the attachment of an
electron. The calculated thermodynamic stimulus for the DEA
degradation of SeCNU is signicantly larger than that for BrU
and, in accordance with this computational characteristic, the
experimental yield of degradation turned out to be ca. 1.5 fold
larger for SeCNU than for BrU.22

Since a nucleoside rather than a nucleobase is used for DNA
labelling, we decided to verify whether the sugar moiety inu-
ences the radiosensitizing properties of SeCNU. Hence, in the
current work we synthesized 5-selenocyanato-20-deoxyuridine
(SeCNdU) and determined its susceptibility to be damaged by IR
in aqueous solution. We also carried out another radiolytic
studies for a modied 20-deoxyuridine derivative that was indi-
cated by our computational model,11,19 namely for 5-tri-
uoromethanesulfonyl-20-deoxyuridine (OTfdU). The latter
compound has been chosen since it is characterized by an
exceptionally large thermodynamic stimulus for the DEA
process, leading from the OTfdUc� radical anion to the 5-thio-
20-deoxyuridine radical. In order to conrm the accuracy of our
computational model we also did the radiolysis of 5-cyanome-
thyluracil which according to the density functional calcula-
tions does not undergo DEA in an aqueous solution.

Both SeCNdU and OTfdU are characterized by the increased
electron affinity and large thermodynamic stimuli for DEA. The
radiolytic behaviour of SeCNdU is in line with the computa-
tional prediction. However, to our surprise, the decomposition
yield of OTfdU was much lower than the one anticipated from
the DEA driving force, while the products of radiolysis indicated
the C5–O bond break rather than the dissociation of O–S bond
indicated by the computational analysis. We interpreted those
This journal is © The Royal Society of Chemistry 2018
discrepancies with the increased pKa value of OTfdU due to the
presence of the triate residue with an extremely strong and
dominant negative inductive effect23 and swi protonation of
the OTfdU(N3–H)c2� electron adduct, respectively. Finally, the
cellular MTT test, carried out on the MCF-7 breast cancer cell
line, proved no cytotoxicity of the studied derivatives at
concentrations typical for cell labelling.

2. Methods
2.1. Experimental

Synthesis of 5-selenocyanato-20-deoxyuridine. The
compound was obtained via the modied procedure described
by Agenäs.24 To the solution of potassium selenocyanate
(100 mg, 0.69 mmol) in methanol (166 mL), a solution of
bromine (142 mL, 2.76 mmol) in methanol (800 mL) was added.
Themixture was stirred for 1 h in the dry ice bath (�80 �C). Aer
this time a solution of 20-deoxyuridine (75 mg, 0.34 mmol) in
methanol (3 mL) was added and aer another hour it was
moved to an ice bath (�20 �C). Then the reaction mixture was
evaporated to dryness and crude product was puried with
semi-preparative HPLC (Shimadzu, LC 20AD) equipped with
a UV detector (SPD M20A). The analytes were separated on
a Synergy Polar-RP (Phenomenex) reverse-phase column (10 �
250 mm, 4 mm in particle size and 100 Å in pore size) at a ow
rate of 4 mL min�1. The linear gradient of 10–25% phase B in
20 min was used (mobile phase A: 0.2% formic acid and B: 80%
ACN). The detector was set at 272 nm for monitoring the
effluents. The resulting product was obtained as a white solid
(20 mg) in a 6.3% yield.

1H NMR (Bruker AVANCE III, 500 MHz, CD3OD), d: 8.72 (s,
1H), 6.25 (t, 1H), 4.40–4.46 (m, 1H), 3.99 (q, 1H), 3.87 (dd, 1H),
3.79 (dd, 1H), 2.33–2.41 (m, 1H), 2.23–2.32 (m, 1H); 13C NMR
(125 MHz, DMSO), d: 161.1, 150.4, 147.7, 104.5, 97.5, 88.2, 85.6,
70.4, 61.2, 40.8. HRMS (TripleTOF 5600+, SCIEX),m/z: [M� H]�

calcd for C7H8F3N2O5 331.9863, found 331.9293; UV spectrum
(water), lmax: 272 nm. For the synthesis scheme and NMR
spectrum see Scheme S1, Fig. S7 and S8 in ESI.†

Synthesis of 5-triuoromethanesulfonyl-20-deoxyuridine.
The compound was obtained via the modied procedure
described by Crisp and Flynn.25 To the solution of dU (100 mg,
0.44 mmol) in 0.5 mL water, bromine (200 mL, 3.88 mmol) was
added. The mixture was stirred for 1 h in �20 �C. To the cooled
solution pyridine was added (1 mL, 12.0 mmol). The reaction
was completed aer 24 h and evaporated to dryness. Crude
product was puried with semi-preparative HPLC (Shimadzu,
LC 20AD) equipped with a UV detector (SPD M20A). The ana-
lytes were separated on a Synergy Polar-RP (Phenomenex)
reverse-phase column (10 � 250 mm, 4 mm in particle size and
100 Å in pore size) at a ow rate of 4 mL min�1. The linear
gradient of 0–100% phase B in 15 min was used (mobile phase
A: 0.2% formic acid and B: 80% ACN). The detector was set at
270 nm for monitoring the effluents. N-phenyl-
bis(triuoromethanesulfonimide) (11 mg, 0.031 mmol) and
potassium carbonate (4 mg, 0.029 mmol) were added to a solu-
tion of 5-hydroxy-20-deoxyuridine (7.3 mg, 0.03 mmol) in 1,4-
dioxane : water (4 : 1). The mixture was stirred for 3 h at room
RSC Adv., 2018, 8, 21378–21388 | 21379
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View Article Online
temperature. The solvents were evaporated in vacuo. The crude
product was puried with semi-preparative HPLC using the
same conditions described above. The resulting product was
obtained as a white solid (40 mg) in a 24% yield.

1H NMR (Bruker AVANCE III, 500 MHz, CD3OD), d: 8.76 (s,
1H), 6.27 (t, 1H), 4.40–4.46 (m, 1H), 3.96–4.00 (m, 1H), 3.84 (dd,
1H), 3.77 (dd, 1H), 2.33–2.41 (m, 1H), 2.21–2.30 (m, 1H); 13C
NMR (125 MHz, DMSO), d: 158.0, 149.4, 135.2, 126.8, 118.6 (q),
88.1, 85.8, 70.0, 61.0, 40.8. HRMS (TripleTOF 5600+, SCIEX), m/
z: [M�H]� calcd for C7H8F3N2O5 375.0188, found 375.0390; UV
spectrum (water), lmax: 268 nm. For the synthesis scheme and
NMR spectra see Scheme S2, Fig. S9 and S10 in ESI.†

Synthesis of 1,3-dimethyl-5-triuoromethanesulfonyluracil.
To a solution of 5-hydroxy-1,3-dimethylpyrimidine-2,4(1H,3H)-
dione (5-hydroxy-1,3-dimethyluracil) (20 mg, 0.13 mmol) and
triethylamine (0.02 mL, 0.14 mmol) in dry dichloromethane
(0.15 mL) in nitrogen atmosphere at 0 �C a solution of tri-
uoromethanesulfonic anhydride (0.024 mL, 0.14 mmol) in dry
dichloromethane (0.1 mL) was added dropwise under stirring.
The mixture was stirred at 0–5 �C for 1 h and then another 1 h
warmed to room temperature. The reaction progress was
monitored by TLC (eluent 5% MeOH in CHCl3). Aer reaction
completion, the mixture was washed with NaHCO3 water solu-
tion, water and brine. The organic layer was dried over MgSO4,
solvent was evaporated and the residue was puried by ash
chromatography (SiO2, eluent 5% MeOH in CHCl3) to yield
target compound (26 mg, 70%) as white solid. The sample for
further investigations and analyses was puried by HPLC
(Phenomenex semipreparative column Gemini 5 mm C18 150 �
10, gradient: ACN in water 0–80%, 30 min).

1H NMR (Bruker AVANCE III, 500 MHz, CD3OD), d: 8.21 (s,
1H), 3.43 (s, 3H), 3.34 (s, 3H); 13C NMR (125 MHz, CD3OD), d:
158.2, 150.6, 138.5, 125.7, 119.9, 36.2, 27.4. HRMS (TripleTOF
5600+, SCIEX), m/z: [M + H]+ calcd for C7H8F3N2O5 289.0100,
found 289.0009; UV spectrum (40% ACN in water), lmax:
271 nm. For the synthesis scheme and NMR spectra see Scheme
S3, Fig. S11 and S12 in ESI.†

Synthesis of 5-cyanomethyluracil. 5-(Chloromethyl)pyrimi-
dine-2,4(1H,3H)-dione (30 mg, 0.187 mmol) was added to
a solution of potassium cyanide (120 mg, 1.13 mmol) in water
(0.12 mL) and the mixture was stirred at room temperature for
2 h. To control the reaction progress, aliquots from the reaction
mixture were diluted with MeOH and compared to the substrate
solution in MeOH using TLC analysis (eluent: 15% MeOH in
CHCl3). Aer reaction completion, isopropanol (10 mL) was
added; the precipitate was ltrated and washed with iso-
propanol. Solvent was evaporated and the residue was puried
by ash chromatography (SiO2, eluent 10% MeOH in CHCl3).
The pure product (16 mg) was obtained in 57% yield.

1H NMR (Bruker AVANCE III, 500 MHz, CD3OD), d: 7.52 (s,
1H), 3.47 (s, 2H); 13C NMR (125 MHz, CD3OD), d: 163.9, 151.9,
140.0, 117.0, 103.8, 14.3. HRMS (TripleTOF 5600+, SCIEX), m/z:
[M � H]� calcd for C6H4N3O2 149.9833, found 150.0309); UV
spectrum (water), lmax: 271 nm. For the synthesis scheme and
NMR spectra see Scheme S4, Fig. S13 and S14 in ESI.†

Radiolysis. Radiolysis has been carried out using a CellRad
X-ray cabinet (Faxitron X-ray Corporation) in Eppendorf probes
21380 | RSC Adv., 2018, 8, 21378–21388
lled with a solution of studied compound (10�4 M) containing
0.03 M tert-butanol as a scavenger of the cOH radicals and
phosphate buffer (10 mM, pH ¼ 7.2). The samples were deox-
ygenated by purging with argon for ca. 3min and exposed to 140
Gy (3.5 Gy min�1) of X-rays. The tested samples were analyzed in
triplicate.

HPLC analysis. The irradiated and non-irradiated samples of
studied compounds have been analyzed on a HPLC Dionex
UltiMate 3000 System with Diode Array Detector, which was set
at 260 nm for monitoring the effluents. The samples were
separated using a Wakopak Handy ODS (4.6� 150 mm, 5 mm in
particle size and 100 Å in pore size) reverse-phase column and
ow rate 1 mL min�1.

In case of SeCNdU and OTfdU the linear gradient of 0–35%
phase B in 30 min was used (mobile phase A: 0.1% formic acid
and B: 80% ACN) and for BrdU and CH2CNU, separations were
performed under isocratic conditions (mobile phase A: 0.1%
formic acid, 2% ACN in water).

LC-MS analysis. LC-MS analysis of synthesized compounds
and radiolysis products have been carried out using a Ultra
High Performance Liquid Chromatography (UHPLC) system
Nexera X2 coupled to a TripleTOF 5600+ (SCIEX) mass spec-
trometer equipped with a duo–electrospray interface, operated
in the negative ionization mode.

Chromatographic conditions were as follows: Kinetex
column (Phenomenex, 1.7 mm, C18, 100 Å, 2.1 � 150 mm); ow
rate of 0.2 mL min�1; the mobile phase A consisted of 0.1%
HCOOH and deionized water, and themobile phase B consisted
of the same concentration of HCOOH and ACN in water (80 : 20,
v/v); 10 mL injection of each sample was loaded onto the column
and separated using the following gradient conditions (time
[min], % mobile phase B): (0, 0) (2, 0) (30, 80); the column
temperature was maintained at 20 �C. The effluent was diverted
to waste for 2 min aer injection during each analysis.

MS and MS/MS operation parameters were as follows: the
spray voltage was �4.0 kV, the nebulizer gas (N2) pressure was
25 psi, the ow rate was 11 L min�1 and the source temperature
was 300 �C. Each spectrum was obtained by averaging 3 scans
and the time of each scan was 0.25 s.

Cytotoxicity assay. The cytotoxic activity of the tested
compounds was determined following incubation of model
cells (human breast cancer cell line – MCF-7) using the MTT
assay. MCF-7 human breast cancer cells were obtained from
Cell Lines Service (CLS, Eppelheim, Germany).

Briey, the MCF-7 cells were grown in RPMI medium sup-
plemented with 10% FBS (fetal bovine serum) and 100 U mL�1

of antibiotics (penicillin and streptomycin). Cells were seeded at
a density of 4 � 103 per well of 96-well plate and allowed to
attach for 24 h. Aer this time, the medium was replaced with
fresh medium and cells were treated with increasing concen-
tration of SeCNdU and OTfdU (10�9 to 2 � 10�4 M). A concen-
trated stock solutions of compounds were prepared in sterile
water. Cells were incubated with the studied analogs for
a period of 24 and 48 h. Than the MTT salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solu-
tion in concentration of 4 mg mL�1 was added to each well.
Aer 4 h of incubation, medium was gently aspirated, and 200
This journal is © The Royal Society of Chemistry 2018
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mL of DMSO was added to dissolve the formazan crystals. The
absorbance wasmeasured at 570 nm (with reference wavelength
660 nm) using EnSpire (PerkinElmer) microplate reader. The
results were analyzed with the use of GraphPad Prism soware.
The statistical evaluation of treated samples and untreated
control was calculated using one-way analysis of variance
(ANOVA) followed by Dunnett's multiple comparison test. The
data were obtained from three independent experiments and
each treatment condition assayed in triplicate. The differences
were considered signicant at P < 0.05.
2.2. Computational

The M06-2X26 functional with the 6-31++G(d,p) basis set27 have
been employed to estimate the electron dissociative attachment
proles for the systems depicted in Fig. 1. Additionally, the
B3LYP28–30 and uB97XD31 functionals as well as the second-
order Møller–Plesset method (MP2)32 were used for the esti-
mation of DEA prole in OTfdU for which the M06-2X results
did not agree with the outcome of radiolysis. Moreover, to
simulate an aqueous environment, the polarized continuum
model (PCM)33 was employed.

The lowest energy structures for the DEA prole calculations
resulted from the conformational scan on neutral geometries
shown in Fig. 1. All stationary geometries on the DEA proles
have been fully optimized without geometrical constraints, and
the analysis of harmonic frequencies proved that all of them are
either geometrically stable (all force constants positive) or rst-
order saddle points (all but one force constants positive). In
order to verify that the obtained transition state (TS) geometries
connect the correct reactants, the intrinsic reaction coordinate
(IRC)34 calculations have been performed for every saddle-point
structure.

The energies of stationary geometries are expressed in terms
of free energies. The latter were determined by correcting the
values of electronic energies for zero-point vibration terms,
thermal contributions to energy, the pV term and the entropy
term. These terms were calculated in the rigid rotor-harmonic
oscillator approximation35 for T ¼ 298 K and p ¼ 1 atm. Such
methodology was successfully applied before.19,36–38

All calculations have been performed with the Gaussian 09
package39 while GaussView 5.0 was used for visualization.40
Fig. 1 Structures used for calculations. Bonds that were tested for break
The pyrimidine ring atoms numbering is shown on the OTfdU structure

This journal is © The Royal Society of Chemistry 2018
3. Results and discussion
3.1. Theoretical DEA proles

The Gibbs free energy changes along the pathways of DEA for
the considered compounds (see Fig. 2 for the exemplar DEA for
OTfdU) were calculated as the difference between particular
stationary states (DG, shown in Fig. 3 and Table 1). Thus, the
DEA prole comprises the following stationary geometries:
neutral molecule (NEU), anion radical (AR) that forms as
a result of electron attachment, transition state (TS) for DEA
transformation and product complex (COM) with the respective
bond broken. Additionally the isolated product (ISOL) was
calculated for the fragments separated to innity. In order to
fully characterize the DEA process, also adiabatic electron
affinities (AEA) are shown in Table 1. These values were calcu-
lated as the difference between Gibbs free enthalpy of the
neutral molecules and their corresponding anion radicals in
fully optimized geometries.

The results depicted in Fig. 3 and Table 1 clearly suggest that
both OTfdU and SeCNdU are potent radiosensitizers, which
easily undergo DEA process. It should result in bond-breakage
in the substituent (–SeCN or –OTf) for the most favored path-
ways (path A for SeCNdU and OTfdU, see Table 1). DEA for
CH2CNU, on the other hand, is connected with high kinetic
barrier of 19.7 and 44.0 kcal mol�1 for path A and B, respectively
and, in both cases, with unfavorable thermodynamic stimuli of
3.2 kcal mol�1 (path A) and 43.7 kcal mol�1 (path B). The OTfdU
derivative most likely dissociates to cOdU and Tf� (DG* ¼
1.5 kcal mol�1), while dUc and OTf� products formation is
connected with a higher kinetic barrier (8.6 kcal mol�1) and is
less favored thermodynamically. Similar situation occurs for
SeCNdU, where the transition state is connected to a small
kinetic barrier for the CN� release (DG* ¼ 1.2 kcal mol�1) and
signicantly larger for SeCN� production (DG* ¼
6.4 kcal mol�1); the latter reaction channel is also unfavored
thermodynamically (DGAR/COM ¼ 5.5 kcal mol�1). The results
discussed for SeCNdU can be compared with those obtained by
Rak et al.22 for SeCNU. They studied the DEA process at the
G3B3 level and received activation barrier for the release of the
CN� and SeCN� anions equal to 1.2 kcal mol�1 and
6.2 kcal mol�1, respectively, which strongly suggests that sugar
moiety does not inuence the DEA-induced degradation of the
modied nucleosides.
age upon electron attachment are marked with the green dotted lines.
.
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Fig. 2 DEA pathway for OTfdU along with the names of particular stationary points. The neutral molecule (NEU) becomes anion radical (AR) after
electron attachment, and then, via transition state (TS) is transformed into the product complex (COM). ISOL stands for the non-interacting
fragments, separated to infinity.

Fig. 3 Gibbs free energy changes during DEA for the selected uracil
and 20-deoxyuridine derivatives calculated at the M06-2X/6-
31++G(d,p) level. DEA for BrdU, calculated at the same level of theory,
is shown for comparison.

Table 1 Thermodynamic and kinetic characteristics of DEA calculated
at the M06-2X/6-31++G(d,p) level. All values shown in kcal mol�1

unless otherwise noted

DG* DGAR/COM DGNEU/ISOL AEA [eV]

OTfdU Path A (–Tf) 1.5 �51.4 �116.1 2.7
Path B (–OTf) 8.6 �17.6 �83.8

SeCNdU Path A (–CN) 1.2 �13.2 �76.6 2.6
Path B (–SeCN) 6.4 5.5 �51.5

CH2CNU Path A (–CN) 19.7 3.2 �55.23 2.3
Path B (–CH2CN) 44.0 43.7 �4.9

BrdU –Br 5.3 �3.9 �58.9 2.4
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3.2. Radiolysis

In order to check the efficiency of electron induced degradation
of the studied analogs and to establish the end products of this
process, we carried out radiolysis of the aqueous solutions of
21382 | RSC Adv., 2018, 8, 21378–21388
SeCNdU, OTfdU and CH2CNU and compared its outcome with
the results obtained for the well-known radiosensitizer – BrdU.
The solutions exposed to X-rays containing the cOH radical
scavenger (to study only the effect of solvated electrons) were
deoxygenated by bubbling with argon (to create hypoxia and
prevent from electron scavenging by oxygen) and buffered
(phosphate buffer, pH ¼ 7.0). Aer irradiation with 140 Gy, the
studied solutions were analyzed with HPLC and mass
spectrometry.

The chromatograms presented in Fig. 4 show that only
CH2CNU is not degraded upon electron attachment. This
nding remains in full agreement with our computational
model. Indeed, only for CH2CNU the activation barriers and
driving forces are unfavorable for both possible degradation
paths (see Table 1). Such a result corroborates, thus, the accu-
racy of our quantum chemical model. The compounds pre-
dicted as DEA sensitive do undergo electron-induced
degradation, while the compound forming the stable radical
anion does not decay due to electron attachment (see Fig. 4).

The chromatogram of the irradiated solution of SeCNdU
demonstrates two main products, which elute at ca. 4 and
12 min, respectively (Fig. 4D). The data obtained from MS and
tandem MS (for the MS/MS spectra and ion identities see
Fig. S1, S2 and S3 in ESI†) allowed to determine that these
radiolysis products are dUSe–SedU dimer (m/z ¼ 613.0314) and
SeO2HdU (m/z ¼ 339.0155). The formation of such species
indicates that the main product of dissociative electron
attachment to SeCNdU is the dU–Sec radical, which is consis-
tent with the theoretically predicted most favorable DEA
pathway (see Table 1 and Fig. 3) and the previous observations
for selenocyanatouracil.22 The dU–Sec radical can collide with
the other one to give dUSe–SedU dimer or react with oxygen,
produced during radiolysis, to give SeO2HdU (the formation of
similar radiolysis product was observed during radiolysis of the
SCNdU radiosensitizer).37
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 HPLC analysis of a solution of BrdU (A), CH2CNU (B), SeCNdU (C) and OTfdU (D) before (black chromatograms) and after irradiation with
a dose of 140 Gy (red chromatograms).

Table 2 Decay of a substrate (aqueous solutions of BrdU, SeCNdU,
OTfdU, OTfDMU buffered with 10 mM phosphate buffer, pH ¼ 7.0)
induced by radiolysis (140 Gy). Experiment was performed in triplicate.
Results are shown as mean � SD

Analog Decay [%]

BrdU 17.14 � 0.27
SeCNdU 30.42 � 0.72
OTfdU 16.25 � 0.95
OTfDMU 26.60 � 0.12
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In case of the second proposed sensitizer – OTfdU – radiol-
ysis leads to the formation of two stable products dU (m/z ¼
243.0653) and OHdU (m/z ¼ 227.0705), eluting at ca. 4 and
5 min (Fig. 4C). The identities of these products were conrmed
again by mass spectrometry (for the fragmentation spectra see
Fig. S4– S6 in ESI†). These data demonstrate that the primary
product of electron attachment to OTfdU – the OTfdUc� radical
anion – dissociates in two parallel ways, which produce even-
tually different stable products. The generation of dU is more
favorable and this fact suggests that the main transient product
triggered by dissociative electron attachment is dUc. On the
other hand, the presence of OHdU among the radiolysis prod-
ucts shows also the involvement of cOdU radical in the studied
DEA process.

The steady-state radiolysis allowed to determine the extent of
damage induced by X-rays for all the studied analogs (see Table 2).
These quantities were calculated on the basis of comparison of the
HPLC peak area for the substrate (BrdU, SeCNdU, OTfdU or
OTfDMU) in the irradiated and non-irradiated solutions. The
biggest decay was observed for SeCNdU (ca. 30%). The latter gure
suggests that this derivative is more effective radiosensitizer than
BrdU (ca. 17%). On the other hand, the radiolysis yield for OTfdU
(ca. 16%) is lower than expected based on our theoretical predic-
tions (see Table 1).
This journal is © The Royal Society of Chemistry 2018
3.3. DEA driving forces and radiolysis yields

The measured yield of radiolysis do not reect in the calculated
DEA driving force for OTfdU as it is observed for SeCNdU and
BrdU. It is worth noticing that the –OTf substituent in the pyrim-
idine base is located in themeta position against the N3 atom (see
Fig. 1). At the same time, the Hammett sp and sm parameters for
the –OTf substituent are 0.53 and 0.56, respectively.23 Taking into
account the inuence of resonance and inductive effect of –OTf
moiety on the N3 atom, only the latter should be considered.
Hence, the meta substituent constant, sm, for –OTf can be
approximately equated to the inductive constant sI. From the sp

and sm values it can be further deduced that the electron with-
drawing inductive effect of this substituent highly dominates over
RSC Adv., 2018, 8, 21378–21388 | 21383
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its weak electron donating resonance properties. Eventually, it can
be expected that the pKa value for OTfdU should drop signicantly
compared to the unsubstituted dU. This conclusion correlates with
the pKa values calculated at the DFT/M06-2X/6-31++G(d,p) level
according to the model published before41 and depicted by eqn (1)
and (2) below. These calculations predicted the pKa value for
OTfdU to be 5.9 (BrdU was taken as a reference compound,
experimental pKa ¼ 8.1).42

OTfdUþ BrdU� 4
DDG

OTfdU� þ BrdU (1)

pKaðOTfdUÞ ¼ pKaðBrdUÞ þ DDG

1:36
(2)

The pKa value for OTfdU suggests, that at the experimental
conditions the N3 deprotonated structure should dominate in the
equilibrium mixture. Indeed, at pH ¼ 7.2 and for pKa ¼ 5.6, the
equilibrium concentration of the deprotonated OTfdU form is ca.
40 fold larger than that of the neutral one. The situation for BrdU is
quite different. Its pKa ¼ 8.1 leads to the ratio of the deprotonated
to neutral forms equal to 0.13. Thus, only ca 10% of BrdU appears
as the anionic N3-deprotonated structure while as much as 97.5%
of OTfdU is in the form of the N3-deprotonated anion. This situ-
ation explains why despite much larger driving force for DEA in
OTfdU, the yield of its radiolytic degradation is lower than that of
BrdU. Namely, since in the OTfdU solution the anionic form
prevails, electron attachment is hindered due to negative charge of
the N3 deprotonated form anion. To verify this hypothesis, we
synthesized and carried out radiolysis for the aqueous solution of
5-triuoromethanesulfonyl-1,3-dimethyluracil (OTfDMU). In this
compound, the N3 hydrogen is substituted with a methyl group,
which blocks the proton equilibria possible for OTfdU. Thus, at pH
¼ 7.2 OTfDMU occurs only in its neutral form, which should
facilitate electron attachment compared to OTfdU. As indicated by
data gathered in Table 1, the methylation in the N3 position in 5-
triuoromethanesulfonyluracil (OTfU) signicantly increases the
DEA yield with regard to that of OTfdU: from 16 to 26% (see Table
2), which conrms our hypothesis.
3.4. The C–O vs. O–S bond dissociation in the OTfdUc�

radical anion

The DEA mechanism resulted from our computational model
seems to be inconsistent with the radiolytic experiment for OTfdU.
While the main product of radiolysis is dU (see Fig. 4C), the
preferred computational path indicates the O–S bond break fol-
lowed by the formation of OHdU (see path A in Fig. 5). To make
sure that this discrepancy is not due to methodological aws, we
did additional calculations using several other quantum chemical
methods. Hence, we employed the hybrid B3LYP functional,28–30

uB97XD31 functional, where dispersion is taken into account, and
the conventional ab initio approach accounting for the correlation
effects, i.e. the second-order Møller–Plesset method (MP2),32 (all
the calculations were carried out with the 6-31++G(d,p) basis set
and the PCM solvation model). While the reaction proles differ
slightly (see Table 3), the qualitative conclusions remain the same.
According to all computational models employed, radiolysis of
21384 | RSC Adv., 2018, 8, 21378–21388
OTfdU shouldmainly lead to OHdU (see Table 3) rather than to dU
observed experimentally (see Fig. 4C).

The fact that different QM methodologies give the same
qualitative results suggests that the assumed mechanism of
electron induced degradation of OTfdU is too simple and
something is lacking in our computational model.

Over 30 years ago von Sonntag and coworkers demonstrated
within pulse radiolysis experiments on uracil and its deriva-
tives, that the electron adduct formed due to transfer of solvated
electron to the nucleobase undergoes a quick protonation at O2
or O4 and slower protonation at C6 leading nally to a radical
protonated at C5.43 Therefore, we assumed that the anion
radical (OTfdUc�), formed aer electron attachment to OTfdU,
could be protonated in aqueous solution (see path B in Fig. 5).
Hence, we analyzed OTfdUc� protonation reactions at the
carbonyl oxygens, O2 and O4, as well as at the C5 and C6
positions (for ring numbering see Fig. 1).

The most thermodynamically stable among the OTfdUc
neutral protonated radicals is OTfdU(C5H)c, protonated at C5.
The radicals OTfdU(C6H)c, OTfdU(O2H)c and OTfdU(O4H)c
occurred to be 4.7, 22.8 and 10.7 kcal mol�1 less stable (in the
free enthalpy scale). Taking into account the above-mentioned
thermodynamics, only OTfdU(C5H)c should be present in the
equilibriummixture of radicals. Such radical is prone to further
degradation, via breaking of the C–O bond (between the C5
atom and ester oxygen atom in the OTf substituent) or the O–S
bond (between O and S atoms in the OTf substituent). The rst
pathway, leading to dUc radical and then to dU as a nal
product (green framed in Fig. 5), is both thermodynamically
and kinetically favorable, with the thermodynamic stimulus DG
¼ �11.76 kcal mol�1 and kinetic barrier as low as DG* ¼
0.12 kcal mol�1. The alternative degradation leading to OHdU
as the nal product is hindered due to high kinetic barrier for
the O–S bond breakage (DG* ¼ 21.79 kcal mol�1) and unfa-
vorable thermodynamic stimulus (DG ¼ 18.32 kcal mol�1).
Hence, C5 protonation of the OTfdUc� anion radical could
explain why dU rather than OHdU is the major product
observed in our radiolytic experiment.

As it was mentioned above, the –OTf moiety exerts strong
inductive effect, which leads to signicant lowering of pKa value
related to the N3 deprotonation. As a result, the main OTfdU
form under the neutral pH is the OTfdU(N3–H)� anion.
Therefore, we also analyzed the possibility of protonation of the
N3-deprotonated OTfdU(N3–H)� anion (see path C in Fig. 5). It
occurred that OTfdU(N3–H)� is still able to attach an electron
(AEA equal to 37.1 kcal mol�1, free enthalpy scale), producing
the OTfdU(N3–H)c2� dianion radical. This dianion radical can
degrade directly via breaking the O–S bond (kinetic barrier
almost equal to 0, comparing to kinetic barrier for C–O break
equal to 7 kcal mol�1, free enthalpy scale), leading nally to
OHdU product (see pink framed product, path C in Fig. 5).
Moreover, such dianion radical species, due to its larger nega-
tive charge, is even more prone to protonation than OTfdUc�

(the thermodynamic stimuli for the protonation of dianion
calculated for the most favored site is larger by as much as
25 kcal mol�1 than that for the protonation of monoanion in the
free enthalpy scale). Also for OTfdU(N3–H)c2� we analyzed four
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 OTfdU electron induced degradation paths. Normal arrows lead to the main, while dotted arrows lead to the side products of each path.
Final products of each path are framed.
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possible protonation sites: C5, C6, O2, O4 and additionally –

intuitive N3 back protonation. As previously, protonation at
positions C6, O2 and O4 occurred to be much less favored than
protonation at C5 and N3. Thermodynamic stability of OTf-
dU(C6H)c�, OTfdU(O2H)c� and OTfdU(O4H)c� occurred to be
lower than back-N3-protonated OTfdUc� anion radical by 7.3,
22.6 and 14.6 kcal mol�1, in the free enthalpy scale, respectively.
Protonation at the N3 atom results in OTfdUc� that may
Table 3 Driving forces (DG) and kinetic barriers (DG*) for the two deg
product) and B (leading to the O–S bond break andOHdU product), calcu
in kcal mol�1

M06

Path A (C–O bond break) DG*
AN/COM 8.6

DGAN/COM �17
DGCOM/ISOL �4.3

Path B (O–S bond break) DG*
AN/COM 1.5

DGAN/COM �51
DGCOM/ISOL �2.7

a Due to the barier-free O–S bond break, the value calculated relative to OT
break.

This journal is © The Royal Society of Chemistry 2018
dissociate via the O–S bond breakage leading eventually to
OHdU or may be protonated in path B giving dU as the nal
stable product. On the other hand, protonation of OTfdU(N3–H)
c2� at the C5 position leads to the barrier-free C5–O bond
breakage and nally to the dU product too (see the yellow
framed nal product of path C, Fig. 5). Those two protonation
routes are almost equally probable. As it is impossible to obtain
stable OTfdU(C5H)c� (due to its rapid degradation), we
radation paths of OTfdU: A (leading to the C–O bond break and dU
lated at theM06-2X, B3LYP,uB97XD andMP2 level. All values are given

-2X B3LYP uB97XD MP2

5.2 7.0 5.8
.6 �24.1a �20.3 �22.2

�6.3 �4.3 �2.3
BFb 0.4 0.2

.4 �62.7a �55.3 �48.5
�5.3 �3.1 0.0

fdUc� anion radical with the freezed O–S bond. b Barrier-free O–S bond

RSC Adv., 2018, 8, 21378–21388 | 21385
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Fig. 6 Viability of MCF-7 cells after 24 and 48 h treatment with SeCNdU (A) and OTfdU (B) in a range of concentrations from 0 to 2 � 10�4 M.
Results are shown as mean� SD of three independent experiments performed in triplicate. *statistically significant difference is present between
treated samples compared with control (untreated sample).
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compared the stability of the OTfdU(C5H)c� anion radical with
the C5–O bond frozen (at the distance of 1.443 Å, characteristic
for the optimum geometry of OTfdU(N3–H)c2�) to the OTfdU(N3–
H)c� (“normal” OTfdUc�) stability on the electronic energy scale.
The difference in stability is as low as 1.7 kcal mol�1 (in favor of
OTfdUc�), but one should take into account that energy calcu-
lated for the OTfdU(C5H)c� with the frozen C5–O bond was
overestimated, so the actual difference is even lower. Moreover,
the product of barrier-free C–O bond break reaction in OTf-
dU(C5H)c� is by 24.1 kcal mol�1 more stable than that resulting
from the OTfdUc� dissociation (in free enthalpy scale).

Summing up, those OTfdU molecules, which are engaged in
protonation are degrading to dU product (via path B or C, see
Fig. 5), while the presence of OHdU product could be justied
by the mechanism, discussed as path A.
3.5. Cytotoxicity

At the cellular level, the proposed radiosensitizers should act like
a “Trojan Horse” – the lethal effects should be produced only as
a result of interactions between radiation and nucleoside analogs
incorporated into DNA. For this reason the studied analogs
should exhibit minimal cytotoxicity until a damaging factor, i.e.
ionizing radiation, appear and cytotoxic compounds cannot be
used as useful radiosensitizers. Therefore, cytotoxic activity of
21386 | RSC Adv., 2018, 8, 21378–21388
SeCNdU and OTfdU was evaluated against human breast cancer
cells (MCF-7 line). It was measured using the MTT test aer 24
and 48 h incubation with test compounds in the concentration
range of 10�9–2 � 10�4 M. Both SeCNdU and OTfdU showed
toxicity to tumor cells in a dose and time dependent manner but
their inuence on the cells viability was rather slight.

As shown in Fig. 6, statistically signicant decrease in viability
was observed only for concentration of tested analogs as high as 2
� 10�4 M. The treatment with SeCNdU, in the above-mentioned
dose, results in cell viability decrease to 84% and 80% (compared
to untreated culture) for 24 and 48 h incubation, respectively
(Fig. 6A). In case of OTfdU, the number of viable cells was
reduced to 86% for a contact time equal to 48 h (Fig. 6B). These
results demonstrate that both SeCNdU and OTfdU have low
cytotoxicity and can be considered as potential radiosensitizers.
4. Summary

Using a computational model based on the electron-triggered
mechanism of DNA radiosensitization we proposed two 20-
deoxyuridine derivatives that could potentially be employed in
anticancer treatment. The above-mentioned mechanism
assumes an involvement of efficient DEA induced by electron
addition to the 5-substituted-20-deoxyuridine incorporated into
DNA. In order to possess radiosensitizing properties, such
This journal is © The Royal Society of Chemistry 2018
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a derivative should be modied with an electrophilic substit-
uent (in order to increase its electron affinity) and the chemical
bond between the pyrimidine ring and the substituent should
be relatively weak. The –SeCN and –OTf residues seem to fulll
the above-mentioned requirements.

We calculated the DEA proles for SeCNdU and OTfdU at the
M06/6-31++G(d,p) level and compared them to that of BrdU –

a well-known radiosensitizer. Both new compounds possess
thermodynamic characteristics that suggest their superiority
over BrdU. In order to verify these computational results, we
synthesized SeCNdU and OTfdU and carried out steady-state
radiolytic studies on aqueous solutions containing the scruti-
nized derivatives. Additionally, to examine the accuracy of the
computational model we synthesized CH2CNU – a compound
for which the calculated DEA prole indicates no degradation
induced by electron attachment. In full accordance with high
activation barrier and unfavorable thermodynamic stimulus
(see Table 1), we did not observe even traces of degradation
triggered by the irradiation of CH2CNU solution with 140 Gy of
IR (see Fig. 4D).

On the other hand, the steady state radiolysis of SeCNdU led,
in agreement with the theoretical model, to efficient DEA with
products indicating the electron-induced dissociation of the Se–
CN bond. Its degradation yield surpassed that of BrdU, which
remains in accordance with the larger thermodynamic stimulus
of DEA calculated for the former compound. However, the
experimental characteristics measured for OTfdU do not agree
with our model. The radiolysis yield seems to be too low judging
by the thermodynamic stimulus of DEA and degradation
products show, unlike the theoretical model, that the C5–O
bond breakage is favored over that of O–S. The DEA prole
calculated with several other functionals and the MP2 method
differed marginally, which proves that the observed discrepancy
does not result from the theoretical model. Eventually, we
explained the surprisingly low yield of damage by exceptionally
high induction effect exerted by the –OTf substituent. As
a result, most of the compound occurs in the N3-deprotonated
anionic form with the reduced ability to attach an electron. This
conclusion is conrmed by the signicantly higher yield of DEA
measured for OTfDMU that occurs exclusively in the neutral
form. Moreover, the dianion formed due to solvated electron
addition to OTfdU(N3–H)�, OTfdU(N3–H)c2�, is easily proton-
ated at the C5 position leading to the barrier-free dissociation of
the C5–O bond. This explain why dU rather than OHdU is
observed as the main degradation product in the irradiated
solution of OTfdU.

Ultimately, both compounds demonstrate moderate cyto-
toxicity. Indeed, they are not harmful to the MCF-7 cells at the
concentrations employed with labelling experiments, which
suggests their suitability in further studies, aiming at clinical
use of the proposed derivatives.
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