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Fragmentation of 5-fluorouridine induced by low
energy (< 12 eV) electrons: insights into the
radiosensitization of DNA
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5-Fluorouracil is now routinely used in chemo- and radiotherapy. Incorporated within DNA, the
molecule is bound to the sugar backbone, forming the 5-fluorouridine sub-unit investigated in the
present work. For the clinical usage of the latter, no information exists on the mechanisms that control
the radiosensitizing effect at the molecular level. As low energy (< 12 eV) electrons are abundantly
produced along the radiation tracks during cancer treatment using beams of high energy particles, we
study how these ballistic secondary electrons damage the sensitizing molecule. The salient result from

Received 29th September 2023, our study shows that the N-glycosidic bonds are principally affected with a cross-section of

Accepted 12th February 2024 approximately two orders of magnitude higher than the canonical thymidine, reflecting to some degree
the surviving factor of radiation-treated carcinoma cells with and without 5-fluorouracil incorporation.

This result may help in the comprehension of the radiosensitizing effect of the fluoro-substituted
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Introduction

5-Fluorouridine (5FUrd) is a modified thymidine, in which the
methyl (CH;) group within the nucleobase sub-unit is surrogated
by a fluorine atom (Fig. 1). In the past, halogenated nucleobases
have been developed for their potential usage in cancer therapies.
Indeed, in the late 1950s, it has been observed that bacterial cells
containing DNA in which the canonical thymine was replaced by
halogenated pyrimidine became more sensitive to ionizing
radiation." Among the studied halo-substituted nucleobases, only
5-fluorouracil (5FU) is yet commercially available® and routinely
used clinically alone or in combination with other anticancer
drugs in chemotherapy.” When incorporated into DNA, 5FU is
bound to the sugar backbone to form 5FUrd," enhancing damage
in radiation therapy.’ It is also noteworthy that '*F-5-fluorouridine
is already known as a probe for measuring tissue proliferation and
characterization of tumors in the PET (positron emission tomo-
graphy) imaging technique.®

During radiation therapy, high energy particle beams pro-
duce along their tracks various secondary species (e.g., ions and
radicals); among them, a large amount of ballistic electrons are
produced.” It is known from simulations and measurements
that when considering only a single ionization event per
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primary particle, the secondary electrons vs energy has a maximum
around 9-10 eV.*? Subsequent secondary ionization processes can
further shift the energy distribution to lower energies. It is now
established that these slow particles are capable of damaging DNA
in terms of single and double bond breakages'® and more locally
they induce the rupture of the N-glycosidic bonds between the
nucleobase and the (deoxy)ribose."" Moreover, substituting the
canonical thymine by bromo-containing nucleobases within oligo-
nucleotides sensitizes the modified-DNA strands to the ballistic
electrons.” The fragmentation of halogenated nucleobases by low
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Fig. 1 Structure of 5-fluorouridine (5FUrd) (a). The molecule consists of
(b) dehydrogenated 5-fluorouracil bound to (c) dehydrogenated ribose (or
DNA sugar) via the N-glycosidic bond.
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energy electrons (LEEs) has been explored in the gas phase
experiments.”**® For 5-fluorouracil, it has been observed that
electrons induce the fragmentation of the nucleobase into two
predominant dissociation channels producing the dehydroge-
nated nucleobase anion and the OCN™ anion species, via resonant
processes. The question is whether the fragmentation process
reflects these observations when 5FU is bound to the deoxyribose
moiety. Indeed, it has been reported that the fragmentation of
thymine produces a large variety of anion fragments (ie., 9
fragment species),'® while once bound to the ribose moiety, the
fragmentation of thymidine (Thd) by electrons in the same energy
range generates only three fragments including the dehydrogena-
tion of the nucleoside and the cleavage of the N-glycosidic bond
with an excess electron residing in the thymine or sugar
counterparts.””"® Therefore, it is desirable to investigate the
collision of 5FUrd for comparison with not only 5FU**™** but also
with Thd""™ to deepen the understanding of the fragmentation
mechanism and potentially the beneficial use of this molecule for
the treatment of radiation therapy.

The present study aims to investigate the interaction of low
energy (< 12 eV) electrons with 5-fluorouridine. We show the
ability of such slow particles to fragment the molecule at
energies as low as near 0 eV. Various fragmentation channels
are observed; however, the three predominant pathways lead to
the dehydrogenation of the halogenated nucleoside, the clea-
vage of the N-glycosidic bond, and the fragmentation of the
sugar moiety. For the fragment anions generated through these
pathways, we provide the values of the branching ratios and the
cross-sections.

Experimental method

Electron collision experiments were performed using crossed
electron-molecular beam apparatus.>’ The experimental setup
consists of an electron source, an oven, and a quadrupole mass
analyzer (Balzers QMA 140) that are housed in a UHV chamber at
a base pressure of approximately 8 x 107° mbar. A quasi-
monoenergetic electron beam generated from a trochoidal elec-
tron monochromator (a resolution of ~250 meV FWHM and an
electron current of approximately 10 to 20 nA), orthogonally
intersected with an effusive molecular beam of 5-fluorouridine
(= 99% purity powder, purchased from Sigma-Aldrich). The
sample of 5-fluorouridine was used as received without further
purification. The molecular beam was generated via the sublima-
tion of the sample and heated by two in vacuo halogen bulbs. The
temperature in the chamber was measured using a PT100
resistor, and the pressure of the investigated compound in the
reaction area was around 7 x 1077 mbar. The value of the
decomposition temperature of 5-fluorouridine is 548 K.>* Since
in our experiments the sample of 5-fluorouridine was heated at
433 K, that is to a temperature much lower than the decomposi-
tion temperature, it was assumed to have intact molecules in the
gas phase for the present collision experiments.

Negative ions produced in the reaction area due to collision
of electrons with intact molecules were extracted from the
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interaction zone by a small draw-out-field (< 1V cm™") towards
the QMA and detected using a single pulse counting technique.
Prior to the measurements, the electron energy scale was
calibrated by using the SFs gas flowing through the oven,
yielding the well-known SFs~ s-wave resonance near zero eV.
However, the measurements were performed without the
presence of the calibration gas, avoiding potentially unwanted
reactions, such as dissociative electron transfer, with the inves-
tigated molecules producing an additional signal near 0 eV.*?

Results and discussion

Fig. 1 presents the structure of 5-fluorouridine studied in this
work. It is composed of dehydrogenated fluorouracil (Fig. 1b, 5FU-
H), bound to the p-ribofuranose (Fig. 1c, RNA sugar) moiety via a
N-glycosidic bond. Fig. 2-5 exhibit anion yields of the fragment
produced from electron impact as a function of the incident
electron energy (ie., yield functions). As can be seen, three
dissociation channels dominate molecular fragmentation, result-
ing in the formation of anion species at m/z 261, 129, and 45
(Fig. 2). From the stoichiometry, these anions can be assigned to
the (5FUrd-H) ™, (5FU-H)” and HCOO™ fragment anions, respec-
tively. The latter anion is likely to arise from the fragmentation of
the p-ribofuranose moiety in analogy to the previous results from
DEA to p-ribose.>* Further fragment anions are also observed (Fig.
3-5), and all are listed in Table 1, with possible identification of
their nature. It is likely that most of them are generated from the
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Fig. 2 Yield function of the (a) dehydrogenated parent anion [5FUrd-H]™,
(b) dehydrogenated 5-fluorouracil anion [SFU-H]™ produced from the N-
glycosidic bond cleavage, and (c) [HCO,]~ anion.
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Fig. 3 Yield function of anions detected at (a) m/z 169 and (b) m/z 155.
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Fig. 4 Yield function of anions detected at (a) m/z 114 and (b) m/z 71.

fragmentation of the sugar moiety. The fragmentation of 5FUrd
does not result in the formation of the same fragments as from
DEA to 5FU.”™ The observed fragmentation of 5FUrd differs
from that reported earlier for thymidine, Thd."”'® Indeed, pre-
vious works have shown that the dissociation of Thd by low-
energy electrons produces dehydrogenated thymidine and thy-
mine as well as sugar moiety anions, with the two latter species
arising from the N-glycosidic bond cleavage.'”'®** On the other
hand, the present results show the production of (5FU-H)~ and
fluorine, F~, anions (the signal of the latter is weak and not
exploitable quantitatively). The present observations follow to
some extent those from electron induced dissociation of 2’
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Fig. 5 Yield function of anions detected at (a) m/z 59 and (b) m/z 16.

deoxy-5-bromouridine for which the dehydrogenated uracil anion
((5BrU-H)") and Br~ anion have been reported as the predomi-
nant fragments® or 2'-deoxy-5-fluorocytidine®® for which the
dehydrogenated cytosine anion ((5FC-H)™) as well as CsHe¢O,
(m/z 98, generated due to the N-glycosidic bond cleavage and
abstraction of a neutral water molecule with the charge remain-
ing on the sugar unit) have been observed as the most prevalent
fragment anions. It is also noted that similar to halogen-
substituted nucleosides,***® the fragment anions are formed at
very low electron energies (< 2 €V), particularly near 0 eV. The
only exception is the formation of O~ that was generated at a
higher energy above 6 eV (see Fig. 5).

The anion yield functions shown in Fig. 2-5 exhibit struc-
tures indicating that the fragmentation of 5FUrd is controlled by
a resonant process, ie., dissociative electron attachment (DEA).>”
Briefly, the incoming electron is captured in some virtual mole-
cular orbitals (MOs) of the neutral molecule to form a transitory
negative ion (TNI). This TNI undergoes dissociation into an
anion fragment and a neutral counterpart if the dissociation
time is shorter than the electron auto-detachment time (ie.,
survival probability). The peak position observed in the anion
signal (Table 1) is obtained as a convolution of the electron
capture in the resonance state cross-section and the survival
probability.>® Four states with a dissociative character (i.e., 6* or
n* decaying into ¢*) are reported: ~0.05 eV and ~1.4 eV for all
negative fragments except for the O™ anion, which exhibit peak
positions at 7.4 eV and 9.5 eV. The very low-energy resonances,
typically below ~4.5 eV (ie., first electronically excited state),
usually arise from the shape resonance or the occupation of
virtually unoccupied MOs by the excess electron.® At higher
energies, the core-excited resonance prevails (ie., excitation of a
valence electron to a MO concomitantly to the trapping of the
excess electron by the positive core).>® The production of all
fragments is likely to arise from the shape resonance, except for
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Table1 The observed anion fragments, the tentative assessment of the species, and the peak positions, in eV. ‘= suggest that fragmentation occurs at
the ribose or at the nucleobase moiety. The values in parenthesis refer to the branching ratios at a given electron energy

m/z Anion fragment assessment Peak position
261 [5FUrd-H]~ 0.01 (14.8)
1.4 (2.3)
169 [(5FU-H)C,0]" (F-nucleobase + C,0) 0.07 (1.8)
1.5 (57.0)
155 [(5FU-H)C,H,]~ (F-nucleobase + C,H,) 0.07 (6.5)
129 [5FU-H]~ 0.06 (37.4)
1.2 (40.7)
114 [CsHeO3]™ = sugar or [C4H,04] = sugar or [FC,0,NH]|™ = nucleobase 0.05 (3.4)
101 [C4H505]” = sugar 0.05 (5.8)
71 [C3H;0,]” = sugar or [C,0,NH]™ = nucleobase 0.05 (1.7)
59 [C,H30,] = sugar 0.06 (1.6)
45 [HCO,|™ = sugar 0.07 (27.0)
16 o 7.4
9.5

the O™ anion, which is controlled by the core-excited resonance.
The resonance at 7.4 €V has been calculated not only for glucose
that partially implicates the o* character of the C-O bonding of
the molecule,?® but also for the canonical nucleobase uracil.>® The
resonances below 2 eV, calculated for many nucleobases,* * have
been suggested to arise from the excess electron captured into a
n* orbital for forming the TNI. In particular, for thymidine, the
TNI may further decay, via a fast transfer of the additional electron
to the ribose (and ultimately to the phosphate) moiety for
fragmentation, producing both the dehydrogenated nucleobase
and the dehydrogenated ribose anion.'*'*?*

The three dominant anion fragments, that is (5FUrd-H),
(5FU-H)” and HCO, , deserve particular discussion. For the
dehydrogenated 5-flourouridine anion, the loss of a hydrogen
atom may arise either from the nucleobase side through N-H or
C-H bond cleavage or from the ribose side through C-H or O-H
bond rupture. From the electron impact on thymidine,'”"®
thymine'*** and partially deuterated thymine,® it has been
concluded that at electron energies below 2 eV, hydrogen is
abstracted from the nitrogen site. Therefore, in the present
experiment, the loss of hydrogen must also arise from the
nitrogen site of the 5FUrd. The production of the (5FU-H)™ anion
arises from the rupture of the N-glycosidic bond, as has been
reported for thymidine,'”'® 2/-deoxy-5-bromouridine,” and 2'-
deoxy-5-fluorocytidine.”® For thymidine, the cleavage of the N-H
bond is energetically accessible due to the high electron affinity of
the thymine moiety (~3.6-3.8 €V>”) with respect to the typical C-
N bond dissociation energy (3.0-3.6 €V).*® The HCO,  anion can
be assessed as a carboxylate and/or hydrocarboxyl anion, ie.
HCOO™ or HOCO™, respectively. Such an anion must arise from
fragmentation of the ribose counterpart via at least a C-O and a
C-C bond rupture. The HCOO radical, for which the electron
affinity is higher, that is, 3.5 eV,*® than that of the HOCO radical
(1.51 eV (cis) and 1.37 eV (trans)),* is likely to drive the fragmenta-
tion process that must operate via complex atom rearrangements.
Further fragments are also observed and we tentatively assess the
nature of these anions (Table 1), suggesting that they arise mainly
from the fragmentation of the sugar moiety. For these fragments
listed in Table 1, we refrain from further speculation on the
potential mechanisms by which they are produced.

8764 | Phys. Chem. Chem. Phys., 2024, 26, 8761-8766

Fig. 2-5 also show that, near 0 eV, molecular fragmentation
leads to different competitive channels. By integrating the yield
of each fragment near 0 eV, it is possible to estimate the
branching ratios for each dissociative channel. The estimates
are provided in Table 1 (in parentheses). For instance, three
dominant (5FUrd-H) ", (5FU-H) ", and HCO,  anionic fragments
represent a total of 79.2% of the all fragmentation channels at
this energy (i.e., 14.8%, 37.4% and 27%, respectively). Molecular
dissociation can be quantified by the evaluation of the DEA
cross-section for each fragmentation channel. In the first
approximation, the number of measured ions by our experi-
ment, irrespective to their nature, Njons, can be estimated as:
Nions = &Ne'(Nmol/V)o-L, where ¢ is the detection efficiency
(assuming the same for all ions), N, represents the number of
electrons (or current), Ni,i/V is the density of the target mole-
cule (proportional to the injected gas pressure), o is the ion
production cross-section and L is the collision length. Thus, the
relative fragmentation cross-section can also be estimated by
comparing the integrated yield of the negative ion with that of
the calibration gas, SFs, 0ion/0sre. We have evaluated the
relative cross-sections for the production of the (5FUrd-H),
(5FU-H)", and HCO, ™~ fragment anions to be 0.0027, 0.075 and
0.055, respectively, within 30% accuracy from the reproducibil-
ity of our measurements. Knowing the cross-section for the
formation of the SF,~ anion at 420 K (c.a., ~ 9 x 10~ '* cm?),*"*?
the DEA cross-sections for the production of these anions
can be derived to be 2.4 x 107" cm? 6.8 x 10™*® em? and
5.0 x 10~"> cm?®, respectively. For comparison, the cross-section
for the N-glycosidic bond dissociation of thymidine producing the
dehydrogenated thymine anion has been estimated to be 4 X
10™" em? (430 K).'* Here, the cross-section for the (5FU-H)~
anion production estimated at 433 K (c.a., 1.1 x 10~ '*> cm® within
50% accuracy) is about 170 times higher than that for thymi-
dine. It should be noted that since the local temperature in the
vicinity of the ionizing track may locally increase dramatically
above 400 K,** the present measurements may be relevant to
the evaluation of the local damage of the nucleoside. Finally,
the fragmentation cross-section is temperature dependent
and may possibly drop by two orders of magnitude at biolo-
gically relevant temperatures.**

This journal is © the Owner Societies 2024
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Conclusions

The present results demonstrate the capacity of low energy
(< 12 eV) electrons to decompose 5-fluorouridine producing
various fragments, for which the three most dominant channels
operate through (1) the loss of a hydrogen radical, (2) the cleavage
of the N-glycosidic bond producing a highly reactive abasic sugar
radical, and (3) the fragmentation of the sugar moiety. Further-
more, the analysis of the results in Table 1 suggest that, in terms of
the number of fragments, the dissociation of 5FUrd arises to a
large extent from the ribose moiety, while the fluoro-nucleobase
appears to be less fragmented. It should also be noted that with
the exception of O™ all the generated fragment anions are formed
at very low electron energies (< 2 eV). These results differ from the
electron-5FU collision experiments for which fragmentation leads
to various species of significant intensity, e.g.,, OCN~ and CN™ at
electron energies above 2 eV,'* indicating the fragility of the fluoro-
substituted nucleobase towards LEEs.

The generated mobile hydrogen radical concomitantly to the
formation of the (5FUrd-H)™ anion may further react with the
neighboring molecules, while the damage at the sugar moiety
may result in a scission of the DNA strand.*’ It is established
that the formation of the reactive sugar radical favors the DNA
strand break.*>*’

The present work also shows that the cross-section for the
cleavage of the N-glycosidic bond in 5FUrd, induced by LEEs, is
found to be approximately two orders of magnitude higher than
that in thymidine, providing valuable information for radiosen-
sitization observation of a halogen surrogate of the canonical
thymine. Indeed, this value of ratio is high, but not surprising,
and it reflects to some degree the surviving fraction measured for
radiation treated carcinoma cells with and without 5FU
substitution,*® assuming the different experimental conditions
and the systems studied, that is, the cell vs. model subunit of
DNA. For example, it has been shown that °°Co radiation treat-
ment of HT29 carcinoma cells containing 5-fluorouracil with a
dose of above 5 Gy led to a drop in the cell survival factor by two
orders of magnitude or more.*® Finally, in a more realistic
environment, iLe., in the presence of surrounding water, it is
likely that the main dissociation channels, which include the
glycosidic bond cleavage reported from the present gas phase
experiments, also arise, as it has been reported that the quasi-free
electrons induce N-glycosidic bond dissociation of ribothymidine
in the 18-22 MeV pulse radiolysis experiment,’* and the local
temperature in the vicinity of the ionizing track may increase
above 400 K.*?
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