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ABSTRACT: Substitution of the thymidine moiety in DNA by C5-substituted
halogenated thymidine analogues causes significant augmentation of radiation
damage in living cells. However, the molecular pathway involved in such
radiosensitization process has not been clearly elucidated to date in solution at
room temperature. So far, low-energy electrons (LEEs; 0—20 eV) under vacuum
condition and solvated electrons (e,,”) in solution are shown to produce the o-
type CS-centered pyrimidine base radical through dissociative electron attachment
involving carbon—halogen bond breakage. Formation of this o-type radical and its
subsequent reactions are proposed to cause cellular radiosensitization. Here, we
report time-resolved measurements at room temperature, showing that a
radiation-produced quasi-free electron (e, ) in solution promptly breaks the
C5-halogen bond in halopyrimidines forming the o-type CS radical via an excited
transient anion radical. These results demonstrate the importance of ultrafast
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reactions of ey, which are extremely important in chemistry, physics, and biology, including tumor radiochemotherapy.

B INTRODUCTION

Minimizing the damage within the nontarget volume of the
surrounding normal tissues as well as maximizing the damage
at and within the tumor are major challenges to tumor
radiotherapy. Incorporation of halopyrimidine derivatives in
which the halogen atom is at C5 of the pyrimidine base, e.g,, 5-
bromodeoxyuridine (BrSUrd), into the DNA of proliferating
cells, leads to a significant increase in the ionizing radiation-
induced strand breaks and cell death along with chromosomal
aberration and micronuclei formation."”™ As a result, these
compounds could be used to treat rapidly growing tumors
surrounded with normal tissues with limited proliferation. For
example, radiotherapy with intravenous injection of these S-
halouridines into the poorly radioresponsive tumors, e.g,
glioblastoma multiforme, could have high therapeutic
efficacy.' ™ Because of problems of delivery and severe normal
tissue toxicity, clinical trials employing halopyrimidines were
abandoned.”” However, basic research employing halogenated
bases including halopyrimidines is still continued to find
strategies for mitigating the tissue toxicity.”” The principal
action of sensitization of halopyrimidines has been elucidated
by comparing the reaction of thymidine (mSdUrd) and
radiation-produced electrons (in the gas phase or at low
temperatures in solid state by low-energy electron (LEE) or
presolvated electron (epre_) or at room temperature by
solvated electron (e, ~) (vide infra)) with the corresponding
reactions of substituted halopyrimidine derivatives (Scheme
1).*"7 Electron spin resonance spectroscopic (ESR) studies at
low-temperature homogeneous glassy or supercooled solutions
have established that in halopyrimidine derivatives (e.g., S-
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bromo-2’-deoxyuridine, Br5dUrd), the initial step at 77 K
involves very fast e~ transfer to BrSdUrd, leading to the
formation of the transient negative anions ((BrSdUrd)®,
TNIs), which are z-anion radicals.">'”™"” The TNI of
Br5dUrd irreversibly decays to a bromide anion (Br~) along
with the highly reactive o-type uracil-S-yl radical (dUCS®)
(Scheme 1). The o-type dUCS*,*'*'® being a vinyl-type
radical, can undergo addition to C=C double bond leading to
interstrand cross-links'” as well as can lead to strand break
formation via H-atom abstraction from sugar moiety.*” ">’
Note that low-energy electron (LEE)-mediated radiosensitiza-
tion was demonstrated in BrSdUrd-incorporated single- or
double-stranded DNA oligomers of defined sequences in
various studies, and H-atom abstraction by dUCS® from the
backbone sugar moiety and/or addition to the double bonds of
the bases, leading to the formation of cross-links, have been
proposed to cause radiosensitization.”'*~"”

ESR studies of the halouracil base (BrSU) and the
nucleoside (BrSdUrd) in homogeneous frozen aqueous
solution along with density functional theory (DFT)
calculations have shown that the base radical (uracil-S-yl
radical, UCS®, formed from BrSU) or nucleoside radical
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Scheme 1. Pr(;posed Formation Mechanism of the 6-Type Uracil-5-yl Radical (UCS®) via DEA of Br5dUrd at a Low
1

Temperature

(0]
Br J\ _H _

o)
Br LN/H H
—> e —> \ L
N“ o N“To
dR

o}

L

N

Br_ .

~

o
|

N e
| + Br
e B
dR dR dR
Br5dUrd TNI (m-type) dUCS5’ (o-type)

“TNI = transient negative ion at ground state. dR = 2'-deoxyribose.

(uracil-S-yl radical, dUCS®, produced from BrSdUrd) can
undergo a hydration reaction yielding S-UHOH® (reducing)
and 6-UHOH" (oxidizing) upon warming at ca. 150 Ko
Note that these reactions have not been reported by pulse
radiolysis in aqueous solutions at ambient temperature.
However, contrary to the halouracil base and nucleoside,''*
ESR studies of BrSdUrd-incorporated, y-irradiated (irradiated
at 77 K), hydrated DNA showed almost no conversion of TNI
to dUCS®, and the TNI did not undergo any hydration
reaction upon progressive warming to ca. 150 K>

Indeed, the radiation-produced secondary electrons (SEs)
are among the most abundant reactive species (~4 X 10*
electrons per 1 MeV).”>~** Over a timescale (~107'¢ to 107!
s), SEs can evolve to several distinct states (LEEs (e, ) —
€pe = €y ) that are likely responsible for radiation damage;
ey stands for low-kinetic-energy electron, which is not
trapped by solvent, and e~ is a trapped electron without
being fully solvated.”* Through elastic scattering with the
surrounding solvent molecules, SEs result in the formation of
ballistic low-energy electrons (LEEs or quasi-free electrons
(eqr ): 0—20 eV), which rapidly thermalize (ey,”) and relax to
presolvated (epre_) and eventually to the solvated electron,
e, , in a potential-energy well 24726

So far, studies of LEE-induced fragmentation are limited to
the gas phase under vacuum conditions and to the solid state at
low temperatures.””'¥*"** Therefore, these investigations
cannot fully account for the processes in solutions at room
temperature, a better model for understanding the reactions of
radiation-produced electrons in cells. Note that a substantial
role of ey~ played in the radiation-induced decomposition of
halopyrimidine monomers (bases, nucleosides, nucleotides)
and halopyrimidine-incorporated oligomers of defined sequen-
ces have been established from steady-state “°Co y-radiolysis
experiments under *OH-scavenging conditions.”" *°

An almost negligible factor to cause damage of native
DNA,*****” e |~ was shown to increase the yields of strand
breaks, especially of single-strand breaks, once labeled with
halopyrimidines.”'**° Furthermore, measured rates of e
induced halogen anion elimination from the z-anion radical
(TNI) have been reported by various groups.””***’ Nano-
second pulse radiolysis with optical detection showed that the
lifetimes of TNIs at 330 nm formed via the reaction of ey~
with various halouracils in water follow the order SFU*~ (15
us) > SCIU®™ (4.9 us) > SBrU*™ (7.0 + 0.5 ns) > SIU*™ (1.7
+ 0.3 ns).”® On the other hand, femtosecond Ilaser
spectroscopic experiments proposed that e,,.”, the short-lived
precursors of ey, result in a faster C—X bond breakage via
dissociative electron attachment (DEA) generating dUCS® in
competition to the solvation of radiation-produced SEs, and
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thereby accounting for radiosensitization by halopyrimi-
dines.* 7729732 However, the concentration of the solute
used in femtosecond experiments was very low; hence, the
possibility of reaction of the solute with ey~ can be
questioned. In contrast, our picosecond pulse radiolysis results
clearly established that such ultrafast reduction only occurred
to a significant extent at higher nucleoside concentrations
(>50 mM).” Moreover, in a simple system such as the
inorganic solute [Ag(CN),]™ in water, it was observed that the
reaction of the electron before solvation forms an excited TNI,
which dissociates rapidly before relaxation.**

Spectroscopic findings in diethylene glycol (DEG) revealed
that e was exclusively able to cause a dissociative electron
attachment (DEA).”**> A combination of picosecond pulse
radiolysis and DFT calculations showed that the excited TNI
undergoes a concentration-independent N1—C1" glycosidic
bond scission with a time constant of ca. 350 ps.*”
Unfortunately, there is no study on ey
sensitization to date. Furthermore, it is still puzzling to
determine the relative contributions of the effects of states of
SEs (eqf_, €pre s e, ) toward halopyrimidine-mediated radio-
sensitization in irradiated biological systems owing to the
involvement of both long and short ranges of electron transfer
processes.”*® For instance, in a cell that mostly consists of
water, radiosensitization occurs essentially via ey~ through its
long-range diffusive interaction.”” Furthermore, the probability
of hitting the target molecule directly with a nonthermal SE in
diluted media is very low owing to its nanometer-scale path
length.8 However, we should recognize that the DNA in the
cell nucleus is a dense and highly packed structure, and as a
result, the collision of ey~ with dsDNA in its immediate
vicinity becomes eﬁ’ective.g‘t";3’35’38

From the viewpoint of physicochemical events in the
interaction of radiation with a molecule, the critical factors
determining a probable role in radiosensitization of halopyr-
imidines cannot omit the extent and rates of various states of
SEs (eq, €pre » and ey, ") transfer along with the release of
halide ions from the corresponding TNI (Scheme 1). To
elucidate this, comprehensive time-resolved studies on the
reactions of ey, e,., and ey with halopyrimidine
nucleosides vis-a-vis the corresponding reactions of those
states of SEs with unsubstituted DNA segments are essential as
benchmarks. These benchmark studies will lead to the
experimental characterization of respective metastable TNIs
upon the attachment of ey, e,.”, and ey~ with halopyr-
imidines. In addition, these studies should point to which of
these particular state(s) of radiation-produced SEs are decisive
for effective bond rupture in TNIs. These results will further

-mediated radio-
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indicate the role of ey in selecting a chemical agent as an
effective radiosensitizer.

As mentioned above, the objective of this work is to identify
the fundamental mechanism of the reactions of ey, e, and
e, with halopyrimidines in solution at ambient temperature
by pulse radiolysis combined with pulse—probe absorption
spectroscopy. Also, our previous works have established that
pulse radiolysis displays unique advantages over the femto-
second laser spectroscopy for such purpose, ie., electrons
generated by ~MeV electron pulse are closer to those
employed in radiobiological studies than the electrons
produced by multiphoton ionization,>*?**~3%

B EXPERIMENTAL SECTION

B COMPOUNDS USED

All of the compounds used in our experiments were obtained
from Sigma-Aldrich. These compounds were used without any
further purification.

B 7-IRRADIATION

The methodology of y-irradiation of samples is mentioned in
the Results and Discussion section (discussion of the results of
Figures 1 and S1, along with that of Table 1).
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Figure 1. Steady-state UV—vis absorption spectra of 1, 3, 30, and 100
mM of BrSUrd in diethylene glycol (DEG) solution with optical path
length less than 100 ym. Inset: The absorption maximum at 280 and
210 nm and minimum at 240 nm of Br5Urd in DEG as a function of
its concentrations. Note that the absorbance values higher than 3 are
wrong due to the incorrect response of the spectrometer. The linearity
of the absorption with concentrations of BrdU up to 100 mM shows
that BrSUrd does not aggregate in DEG. Linear fit of abs at 210 nm:
R = 0.9967, RMSE = 0.00297; Linear fit of abs at 280 nm: R* =
0.9963, RMSE = 0.00311; Linear fit of abs at 240 nm: R* = 0.9925,
RMSE = 0.00281.

Table 1. Calculated Radiolytic Yields of Br~ Formed upon ¥
Irradiation of BrSUrd Solutions in Diethylene Glycol
(DEG) and Water (see Figure S1)

concentration of S-bromouridine

(BrSUrd) under N, G value (X107 mol J7!) + 0.04

in DEG with 0.5 M 0.3 mM 0.22
t-butanol 03 M 0.36
in water with 2 M 0.3 mM 0.29
t-butanol 0.1 M 0.41
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B PULSE RADIOLYSIS

The picosecond (ps) pulse radiolysis transient absorbance
measurements were performed at the electron facility ELYSE
(Université Paris-Saclay).”****>*® The transient absorption
pulse—probe setup is based on the laser-electron intrinsic
synchronization resulting from the laser-triggered photo-
cathode of the accelerator. For the present study, a broad-
band probe detection scheme was used, the principle of which
has already been described.” A supercontinuum, generated by
focusing ~1 uJ of the laser source into a 6 mm thick CaF, disk,
was used as the optical probe covering a broad spectral range
(380—1500 nm). A reference signal is split off from the broad-
band probe before the fused silica optical flow cell. Each of the
probe and reference beams were coupled into the optical
fibers, transmitted to a spectrometer, and dispersed onto a
charge-coupled device (CCD).*> The combination of the
broad-band probe and the multichannel detector allows the
entire transient spectrum to be recorded in one shot; as a
result, the transient spectrum is independent of the shot-to-
shot fluctuations and possible long-term drifts of the electron
source. For data acquisition, we cautiously maintained the
same radiation dose (55.3 + 0.5 Gy) per electron pulse that
was deposited on the samples to minimize the absorbance
fluctuation.” All measurements were performed employing a
fused silica flow cell with a S mm optical path collinear to the
electron pulse propagation. The electron pulses were of ~4 nC,
with an electron energy of 6—8 MeV, delivered at a repetition
frequency of 10 Hz. The measurements were performed at
22.5 °C.*

Following our previous studies, the experimental data
matrices were analyzed by a multivariate curve resolution
alternating least-squares (MCR-ALS) approach.”****>** The
number of the absorbing species in a data matrix is assessed by
the singular value decomposition of the matrix, and an MCR-
ALS analysis with the corresponding number of species is
performed. Positivity constraints are imposed for both spectra
and kinetics, and the shape of the spectra can also be
imposed. 2433538

B RESULTS AND DISCUSSION

Since halouracil bases (X5U), halouracil ribonucleosides
(X5Urd), and halouracil-2’-deoxynucleosides (X5dUrd) pro-
duced the same radical site on the base, uracil-5-yl radical,
UCS® (Scheme 1),>**® we have employed X5Urd in our
studies (Scheme 2, vide infra). Also, the use of nucleosides
ensures high solubility of the compounds that is needed for our
pulse radiolysis experiments to study the reactions of e;; and

epre  With halouracil base moieties.

Scheme 2. Structure of X5Urd Derivatives That Are Used in
This Work”

HN | Br 'j\ | F ”E\ CH3
HO PN Ho. OO N”  Ho_ O°°N
o] | fe) :O: |
OH OH OH OH OH OH

“X = Br, S-bromouridine (BrSUrd); X = F, S-flurouridine (FSUrd),
and X = CH,, S-methyluridine (ribothymidine, mSUrd).
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Figure 2. Initial absorption and the decay observed in neat water (top) and in neat DEG (bottom) in the presence of 200 mM mSUrd, BrSUrd,

and FSUrd at different wavelengths.

The formation of dimer and multimers is possible at a high
concentration of BrSUrd. To ensure that there is no such
aggregation of BrSUrd in concentrated solution, we presented
first the absorption spectra of BrSUrd at a different
concentration using an optical path lower than 100 um
(Figure 1). We did not observe any change in the absorption
band. Therefore, for the present work, we have the same single
and unaggregated BrSUrd molecule at different concentrations.

We performed subsequent steady-state y irradiation studies
at two different concentrations in DEG and water solutions by
measuring the amount of formed Br™ in solutions of BrSUrd
using the potentiometric titration method previously re-
ported.*” Determination of the amount of Br™ in solutions of
Br5Urd in DEG and in water upon y irradiation leads to an
approximate first estimate of dissociative electron attachment
contribution.

Table 1 exhibits the radiolytic yields of Br™ in solutions of
BrSUrd at different concentrations in DEG and water obtained
at irradiation doses ranging from S0 to 2000 Gy (see Figure
S1). The experiments were carried out in DEG under N, in the
presence of 0.5 M tertiary-butanol (t-butanol). The experi-
ments of BrSUrd in water solutions were carried out under N,
in the presence of 2 M t-butanol or 1 mM concentrations of
Br5Urd. We found that the yield of Br™ formation is equivalent
to that of the hydrated or solvated electrons (e, ~ or e, ~) and
that is 2.7 X 1077 mol J7'.*° This result is in agreement with
high-performance liquid chromatography (HPLC) measure-
ment previously reported by Ye et al.* At a higher BrsUrd
concentration, the yield of Br~ was measured as around 4 X
1077 mol J7'; this result shows that all electrons (ey,~ or its
precursors, e, and epre_) contribute only to the formation of
Br™ in an aqueous solution.

We performed similar measurements in DEG and found
similar results. We note that the yield of the electron in this
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solvent having a lower polarity is lower than that in water.”>*!

In agreement, our results showed that in DEG, the scavenging
of the electron (solvated or not solvated) resulted in the
formation of Br~ with a slightly lower yield. From our pulse
radiolysis measurements, it is evident that at a high BrSUrd
concentration, the radiation-produced SE is scavenged prior to
its solvation (see below and Figure S2). This means that
electron scavenging only induces Br~ formation with no
efficient attack on other bonds. Mass spectrometry analysis was
performed in an earlier study on radiolysis of Br5Urd in water
solution.” The experiment did not show any unaltered base
release from the y radiolysis of BrSUrd and confirmed the
formation of Br~. After ensuring Br~ formation as a single
product via the reaction of precursors of the solvated electron
with BrSUrd in water and DEG, we have employed pulse
radiolysis to explain the mechanism of dissociative electron
detachment (Scheme 1).

To carry out pulse radiolysis of halopyrimidines, we selected
target molecules of bromo- and fluorouridine (BrSUrd and
F5Urd and the electron affinity of the base—BrU >
FU)'**** along with ribothymidine or S-methyluridine
(mSUrd) (Scheme 2) due to their high solubility (>0.3 mol
L™"). This high solubility enables us to model the cellular
milieu (where the local concentration is high) better and to
perform sets of measurements of both short- and long-range
addition of radiation-produced SE to the compounds.
Following previous studies including ours,””***® pulse
radiolysis was carried out in solutions of m5Urd, FSUrd, and
BrSUrd in water and in diethylene glycol (DEG) at different
concentrations under ambient temperature.

With our time resolution ($ ps), e, and e, reactivities in
aqueous solution are indistinguishable because the hydration
of electron is complete within 1 ps, beyond instrument
resolution,®**~272933,35 Owing to a much slower e solvation
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in DEG, the lifetime of e, absorbing around 800 nm is long
enough for spectral identifications and becomes possible to
discriminate the activity between ey and epre_.zg’35 For
example, the pulse—probe data obtained for 0.3 M DEG
solutions of m5Urd, F5Urd, and BrSUrd are reported in Figure
S3. As a result, direct characterizations of distinct states of TNI
become achievable.

The extents of precursors of ey~ (e, and e, ”) transfer to
F5Urd and Br5Urd were studied by observing the changes at
the beginning of the infrared region, ie., the 800 nm
absorption (Figure 2ae). In aqueous solution, initial
absorbance correlates directly with the radiolytic yield of
e, at the end of the pulse (S ps). As a result, the substantial
signal quenching demonstrates the proportion of total e, and
epe captured by halopyrimidines prior to their conversion to
€, - At an identical concentration (200 mM) shown in Figure
2, effective electron interaction that is completed in less than 1
ps, shows that the efficiency of electron capture by X5Urd
follows the order Br5Urd > FSUrd > mSUrd. This observation
establishes that halogen substitution at CS of the pyrimidine
base greatly enhances the ultrafast electron scavenging.
Moreover, our results establish that BrSUrd is a better e
and e, acceptor than FSUrd, thereby supporting the DFT-
calculated electron affinity and experiments involving
LEE.333537:384243 O the other hand, rates of the diffusion-
controlled reactions between e,;~ and X5Urd could be directly
acquired from the decay profile in hundreds of picoseconds as
shown in Figure 2f. These results establish that e, reactivity
to halopyrimidines followed the order FSUrd > BrSUrd >
mSUrd, which is different from those with e,.” and ej"
(BrsUrd > FSUrd > mSUrd).

The solvation dynamics of the radiation-produced electron
is observed to be slower in DEG (~150 ps) than that in water
(~1 ps). 5% Therefore, the instrument resolution of
electron pulse (S ps) enables us to resolve the transitions from
epe to ey . The electron solvation process is manifested by
the decay at 800 nm, where only e,,.” absorbs (Figure 2a) and
by the simultaneous build-up kinetics of ey~ at 600 nm
(Figure 2b,c). These kinetics are the outcome of a time-
dependent blue spectral shift (Figure S3), a characteristic
feature of electron solvation that has been generally observed
in polar solvents such as water and alcohols.”"?>*"**
Furthermore, normalized kinetics above the wavelength of
700 nm, regardless of concentration (lower than 0.3 M) and
nature of the compound (mSUrd, FS5Urd, and Br5Urd)
dissolved in DEG, are observed to be very similar to those
in neat DEG. Therefore, this observation shows that even at
concentrations up to 0.3 mol L™/, the halogen substitution in
X5Urd (XSUrd, X = Br, F) strikingly causes a little effect on
the relaxation of e~ to ey, thereby confirming our previous
work 24333538

The previously reported laser flash photolysis results*’~>
the reaction of e~ with X5Urd suggested a fraction of e~
could induce carbon—halogen bond scission via DEA, forming
the o-type uracil-S-yl radical (UCS®), the radical species
responsible to initiate the radiation sensitization process. In
contrast, our time-resolved radiolysis results, in addition to our
previous results established that e~ is more likely to undergo
the solvation and does not cause the C5—X bond scission in
XSUrd. However, these authors reported neither the
absorption spectra in the visible and near-infrared regions
nor the kinetics of e~ and e,.. We believe that these
parameters are crucial to verify the presence of e, and e~

P’

2
on
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in the UV region. In addition, the pump and probe
wavelengths employed in these experiments are very close in
the UV region; consequently, this inconsistency is possibly
attributed to the optical fluctuations caused by the intense
femtosecond laser. Hence, our results reported in this work
along with our previous results’****>*® establish that the
earlier reported results on the reaction of e,  with
X5Urd** ™ are incorrect.

The reactions of ey (the precursor of epre_) with various
uridine analogues studied in this work (XSUrd, X = CH,
(mSUrd), Br (BrSUrd), F (FSUrd)) can be inferred from the
quenching of initial infrared absorbance (i.e., at 800 nm). From
the decrease of the initial intensity of the absorbance at 800
nm, the order of ey activity in DEG was observed to be
consistent with those of e;s” in water. Furthermore, due to the
higher viscosity of DEG than that of water,””*> the decay of
e, in DEG is not noticeable in the presence of solutes
(X5Urd, X = CH; (mSUrd), Br (BrSUrd), F (FSUrd)) during
the first S00 ps (Figure 2b,f).

Upon extending the timescale to microsecond range,
additional experiments were performed to shed light on the
reactions of e~ in DEG and water at lower concentrations of
solutes (X5Urd) (1—5 X 1072 mol L™"). This is illustrated by
taking BrSUrd as an example. The absorption spectra and
kinetics of the e~ and of the anion radical (BrSUrd®~, TNI)
are reported in Figure S4. The diftusive ey, -mediated transfer
to each compound in DEG was observed to follow a
decreasing order of efficiency mSUrd > FSUrd > Br5Urd,
which is also observed to be the same for the corresponding
diffusive ey, -mediated transfer to each compound in water.
These results, therefore, clearly establish that contrary to the
previously published results,””*" no reaction of either ey Or
epre  With XSUrd cannot be detected at low concentrations of
X5Urd. Consequently, our spectroscopic observations in two
different solvents (H,O and DEG) establish that e~
scavenging occurs on a femtosecond timescale and only at
high concentration, nearly with an estimated time reaction
(~107" s) that is around several orders of magnitude shorter
than those involving e~

Our results for halopyrimidines in Figure 2 clearly show that
a larger extent of e, attachment for BrSUrd than that FSUrd
(see also Figure SS). In contrast, the rate constant of the ey~
reaction with FSUrd was found to be slightly larger than that
with BrSUrd. We emphasize that such a difference in rate is
associated with various variables, including the energy of the
delocalized electron and its state of solvation, electron
mobility, the nature of the acceptor molecule, the degree of
solvation, etc. The energy level of e, above the conduction
band is a few electron volts higher than the ground states of the
electron, e ~.%*>**7*%*! Delocalized radius and mobility of
electron are significantly reduced during electron solvation.'”*!
Furthermore, it was also reported that the electron affinity of
the pyrimidine ring increased due to halogen replacement of
the methyl group.””*"*%**** Consequently, the direct
observation of electron attachment enables us to conclude
that the radiation-produced ey transfer process is an
important part of the mechanism of radiosensitization by
halopyrimidines.

The unusual kinetic phenomena in the reactions of electrons
in liquids with varying dielectric constant could have important
implications for anticancer treatment. For radiosensitization to
occur, electron transfer principally acts as the initial event
leading to the release of halide ions and subsequent molecular
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Figure 3. Left: Transient absorption spectra and bond-breaking rate of FSUrd*™** and BrSUrd*™** in comparison with mSUrd®™*. The decreasing
order is as follows: BrSUrd*™* > FSUrd*™* > mSUrd®™*. Right: Transient absorption spectra and the formation rate of FSUrd®*™ and Br5Urd®” in

comparison with m5Urd*".

damages induced by 6-UCS® (Scheme 1).'92%2! Our findings
suggest that the attachment of ey~ with halopyrimidines takes
place at a much slower rate in solution; consequently, the
advantage of using a halogen-incorporated nucleoside as the
€, acceptor is not obvious.”"*

0,+e¢ =0, (k=19x10°"M"'s") (1)
Br5dUrd + e~ — dUCS® + Br (k
=26x10°M"'s7") 2)

Prior to its diffusion of ey~ to the sites for an effective
sensitization to occur, it is very likely that e~ is quenched at
diffusion-controlled rates (reactions 1 and 2) by certain rich
electron-affinic sites such as oxygen and proteins that are
abundant in living cells.”® Therefore, due to these competitive
reactions, the extent of e, "-mediated production of uracil-S-yl
radical would be less and consequently, the augmentation of
DNA radiation damage, according to our results, can be
limited.

Our results shown in Figure 2 establish that in contrast to
eql , ultrafast e, attachment in the liquid phase at room
temperature that are consistent with LEEs under vacuum
occurs effectively when immediately formed. Thus, e, can
play a significant role in damaging the target molecules in the
vicinity. In addition, the reported larger value in electron
affinity of the Br atom than that of the F atom was confirmed
in ey sensitization and agreed with the other experiments and
theory.”™'#?%?1%>% Our results point out that such efficient
radiation-produced electron-mediated sensitization should
become more plausible in highly concentrated solutions and
predicts that a considerable degree of halopyrimidine
incorporation in DNA of hypoxic tumor cells would be for
most effective radiosensitization.' ' >*%*’

For clarity, let us note three different reduced species (i.e.,
three different TNI): X5Urd®~, X5Urd®*™*, and XS5Urd®* **,
The first one (XSUrd*") is formed by e, the second one
(X5Urd*~*) is by epe and ey with low kinetic energy, and
the last one (X5Urd®* **) is formed only by e, with enough
kinetic energy to overcome the C5—X bond dissociation
barrier. Now, the key issue here is to characterize the nature of
the product of the reaction between ey and X5Urd. Spectral
characters of XSUrd®* ** and XS5Urd*~ were sorted using
global analysis™*****%*% of spectro-kinetic data matrix
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obtained during pulse—probe measurements (Figures S3 and
3).

The transient absorption spectra of excited anion radicals
(XSUrd*~**) are close to each other with an additional band
at around 550 nm to that of mSUrd* **. Clearly, all of the
anion radicals rapidly undergo a single exponential decay with
a lifetime of around 100 ps, and in comparison, the decay rates
are observed to be in decreasing order of BrSUrd®*™** >
F5Urd*™** > mSUrd®* **. The excited states can alternatively
release the energy to the surrounding solvent environment,
yielding the ground states (XSUrd®”) with an energy lower
than the bottom of the conduction band (epre_ + X5Urd —
XSUrd*™* — XSUrd*"). The latter resulting radical is of the
same nature as the one formed by e~ (e~ + XSUrd —
X5Urd*”). However, we did not observe this relaxation
channel in our experiment contrary to that reported previously
by Zimbrick et al,*® which has been well accepted in the
literature.'~*” The decomposition of halopyrimidine-labeled
DNA not only depends on the extent of electron transfer but
also strongly on the stability of XSUrd®*™** or X5Urd*". Our
recent investigations have established that the reaction of e
with rT forms the excited ribothymidine anion radical, rT*™**
(i.e., XSUrd*™**, X = Me), and rT*~** decays rapidly via C—
N bond breakage with a time constant of about 350 ps.”> In
contrast, the ground state of rT*” is found to be stable up to
tens of microseconds.”” Numerous theoretical and exper-
imental studies have established that the C—X bond is more
vulnerable to electron attack than to the C—C and C—-N
bonds®*"****7% and in agreement with y-radiolysis measure-
ments showing that the yield of Br~ is equal to that of
electron.”®*® It is, therefore, rationalized that two main
fragmentation channels can occur for XSUrd* **, but the
debromination to form the o-type allylic dUCS® radical is the
predominant pathway (Scheme 1).

Thus, our results show that e, is able to induce the
elimination of halogen rather than causing N1-C1’ glycosidic
bond cleavage in halopyrimidines, and the DEA process favors
the C—Br bond breakage more than the C—F bond scission.

On the other hand, the halogen-substituted nucleoside 7-
anion radicals upon e, and e, attachment obtained from
water and DEG are found to be relatively stable. As shown in
Figure 3 (right), the initial fast rise in absorbance corresponds
to the formation of anion radicals in their ground states,
X5Urd*". The decay kinetics of X5Urd®™ at a longer timescale
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suggests that XSUrd®™ does not undergo bond cleavage up to
microseconds (Figure S4). One may argue that these results
can be attributed to the formation of dUCS® while the decay of
the X5Urd*™ can proceed with similar absorption, i.e., with a
similar molar extinction coefficient. This pathway can be easily
ruled out because dUCS® only absorbs below 275 nm.” In
addition, the spectra of XSUrd®™ that are different from those
of X5Urd*™** remain unchanged as a function of time. To
check the lifetime of XSUrd®”, complementary experiments
were carried out in very dilute solutions (~107> M), and
results show that it takes a few microseconds with nearly
several orders of magnitude higher for XSUrd®™ to dissociate
than for the same dissociation happened in the case of
X5Urd* **, In both water and DEG, no evidence has been
found for e, -mediated C5—X bond scission in XSUrd*™*;
X5Urd*™* most probably relaxes to the ground state, ie., to
X5Urd®*”. Therefore, our observations establish that
X5Urd* ** formed by the reaction of radiation-produced
ey with X5Urd promptly undergoes C—X bond breakage. On
the other hand, e,.” and e, are not able to overcome the
energy barrier to facilitate the bond breakage in X5Urd®*™* and
in X5Urd®". The findings also clarify for the first time that the
degree of solvation is the key issue to determine the energy
states of TNIs of halopyrimidines and, therefore, to the
occurrence of bond cleavage. Our results are in good
agreement with studies of slow electrons (near 0 eV)-mediated
sensitization achieved under vacuum conditions as well as
recent micro-hydration investigation of electron-induced DNA
damage.””° In addition, our observation clearly points out
that e, only plays a minor role in radiation sensitization by
electron-affinic compounds like halopyrimidines. Thus, our
results establish that the hypothesis from the femtosecond laser
photolysis studies proposing that e,,.” could play a major role
in radiation sensitization’*~>* is incorrect. Most importantly,
the present experiments were performed in bulk solutions that
might better represent the situations in cells and can be used as
benchmarks for evaluation of any potential radiosensitizers.

Moreover, the exponentially growing V79-171 cells whose
DNA is substituted by Br5dUrd and I5dUrd in place of
thymidine (Thd), when irradiated in the presence and absence
of 1 M acetone, showed that acetone removed the majority of
the double-strand breaks and approximately half of the increase
in cell killing.””" Therefore, employing our results, we interpret
that these reductions in radiosensitizations are due to the
efficient scavenging of e by 1 M acetone present in these
cells.

It is important to note that during incorporation of
halopyridines in the cellular DNA, thymidylate synthetase
causes efficient hepatic dehalogenation. This process hinders
the accumulation of therapeutically sufficient amount of
halopyrimidines and consequently limits the use of halopyr-
imidines as effective radiosensitizers for tumor radiotherapy.
Thus, some groups are synthesizing halopyridine-like mole-
cules with similar or even better DEA efliciency, but without
the drawbacks of dehalogenation by thymidylate synthetase. In
other words, new base and nucleoside derivatives are
synthesized that have similar or better DEA yields in the 0—
3 eV region than the haloprimidines; in addition, these
derivatives would not lose the C5-modification of the thymine
base by thymidylate synthetase.”” " Based on our previous
works and on the current work, our work predicts that the
DEA process of these halopyridine-like molecules in solution
should predominantly be governed by e .

Bl CONCLUSIONS

In conclusion, our results show that the mechanism of
radiosensitization by halopyrimidines in the liquid phase
could involve an ultrafast quasi-free electron (e, ) transfer
pathway. This ultrafast pathway, first, leads to the formation of
a metastable TNI (XSUrd*"**); subsequently, XSUrd® **
undergoes CS—X (X = Br) bond breakage with a time constant
of about 100 ps in DEG. It is important to note that in aqueous
solution, we were not able to observe the formation of
X5Urd®*™** and its fast dissociation. A faster thermal relaxation
of X5Urd*™** or dissociation can explain this fact. Moreover,
eyf -induced C5—Br bond cleavage in Br5Urd is favored over
N1-Cl1’ glycosidic bond scission in rT due to higher electron
affinity of BrSUrd than rT and substitution of the electron-
donating CH; group by electronegative Br atom makes the C—
Br bond scission in BrSUrd*™** very efficient. In contrast,
both e,,.” and e~ transfer to XSUrd (X = Br, F, —CH;) take
place at 1—3 orders of magnitude slower rates than that to
BrSUrd, leading to the formation of ground states of TNI
(X5Urd*") with a lifetime of tens of microseconds. Thus, our
findings from pulse radiolysis comprehensively elucidate the
molecular basis for the assessment of any sensitization effect
operating via radiation-induced quasi-free electron transfer.
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