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Abstract: 2-Fluoroadenine (2FA) is a therapeutic agent, which
is suggested for application in cancer radiotherapy. The
molecular mechanism of DNA radiation damage can be
ascribed to a significant extent to the action of low-energy
(< 20 eV) electrons (LEEs), which damage DNA by dissocia-
tive electron attachment. LEE induced reactions in 2FA are
characterized both isolated in the gas phase and in the
condensed phase when it is incorporated into DNA. Informa-
tion about negative ion resonances and anion-mediated
fragmentation reactions is combined with an absolute quan-
tification of DNA strand breaks in 2FA-containing oligonucle-
otides upon irradiation with LEEs. The incorporation of 2FA
into DNA results in an enhanced strand breakage. The strand-
break cross sections are clearly energy dependent, whereas the
strand-break enhancements by 2FA at 5.5, 10, and 15 eV are
very similar. Thus, 2FA can be considered an effective radio-
sensitizer operative at a wide range of electron energies.

Radiation therapy using high-energy photons, electrons, or
ions belongs to the most important methods used to treat
cancer. As was shown in recent years, the radiation damage
induced by the high-energy primary radiation is mostly due to
the effect of low-energy secondary particles generated along
the ionization track.[1,2] Low-energy electrons (LEEs) belong
to the most important intermediates, since they are produced
in significant quantities[2, 3] and can directly attach to DNA
and other biomolecules to form transient negative ions, which
are unstable towards dissociation.[4] In DNA, dissociative

electron attachment (DEA) can result in effective single and
double strand breaks.[5, 6]

In radiation therapy, radiosensitizers are used as thera-
peutics to enhance the radiation damage to the tumor tissue.[7]

On a physicochemical level the radiosensitization can be
ascribed to an enhanced reactivity towards LEEs.[8] The most
important administered drugs in chemoradiotherapy are
cisplatin and its derivatives,[9] 5-fluorouracil[10] , and gemcita-
bine,[11] whose reactivities towards LEEs have been clearly
shown.

Fludarabine, a nucleoside containing 2-fluoroadenine
(2FA), is an established chemotherapeutic,[12] but is also
considered as a potential radiosensitizer.[13] Herein, we
analyze the reactivity of 2FA towards low-energy electrons.
We investigate the change of the absolute strand-break cross
section when 2FA is incorporated into an oligonucleotide to
replace adenine (A) and analyze the observations in terms of
negative ion resonances revealed by DEA spectroscopy in the
gas phase.

The response of single model compounds of DNA to
LEEs has been studied in great detail,[1, 14] but thus far it was
unclear whether such gas-phase results can be transferred to
the condensed phase and the situation in an oligonucleotide;
that is, how the anion resonances observed in gas-phase
experiments can be connected to an actual DNA strand-break
process. In the present study we compare the gas phase results
to absolute strand-break cross sections obtained at three
different electron energies using our recently established
DNA origami-based technique.[15, 16] In this way we accurately
quantify the effect of the incorporation of radiosensitizers
into oligonucleotides and, hence, can assess the quality of
potential radiosensitizers.

Figure 1a shows the general approach for the determi-
nation of the absolute cross sections for DNA strand breakage
induced by LEEs (detailed experimental procedures can be
found in Ref. [15–17] and in the Supporting Information).
Two different biotinylated target sequences are attached to
the DNA origami platforms, which are immobilized on Si/
SiO2 substrates. After electron irradiation, the remaining
intact oligonucleotides are visualized by atomic force micros-
copy (AFM) with streptavidin (SAv). In Figure 1 b, a non-
irradiated control sample is shown, and in the expanded area,
the two different positions of two target sequences (central
and side positions, respectively) can be clearly distinguished.
As the target sequence we chose 5’-d(TT(ATA)3TT) (side
position) and 5’-d(TT(2FAT2FA)TT) (central position) to
directly compare the strand-break yields of a non-modified
DNA sequence and a DNA sequence modified with 2FA. It
was demonstrated previously that 5’-d(TT(ATA)3TT) is
particularly sensitive to damage by LEEs.[15] For comparison
we have also determined strand-break cross sections upon
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80-952 Gdańsk (Poland)
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10 eV electron irradiation for the sequences 5’-d(TT-
(GTG)3TT) and T12 (Figure 2 Right and Figure S1 in the
Supporting Information). Figure 1c shows a typical AFM
image after LEE irradiation. From the AFM images the
relative number of strand breaks (NSB) is determined for
various electron fluences (see the Supporting Information).
The fluence is chosen to be small enough that no saturation of
NSB is reached as it was observed in earlier experiments.[15]

From the slope of the linear fit of the exposure response curve
the absolute cross sections for strand breakage for the two
target sequences are obtained as shown in Figure 2 for 10 eV
electrons. 10 eV was chosen because in previous experiments
using plasmid DNA the highest strand break yield was found
at this energy.[5, 18] For the non-modified DNA sequence 5’-
d(TT(ATA)3TT) we find a strand-break cross section of s =

(0.80� 0.12) × 10¢14 cm2, whereas for the modified sequence
5’-d(TT(2FAT2FA)TT) we obtain a value of s = (1.34� 0.22) ×
10¢14 cm2. This results in a strand-break enhancement factor
(EF) of 1.7� 0.5. This value corresponds to the highest EF
found in previous studies of BrU-modified oligonucleo-
tides.[16] Very recently, an EF of approximately 1.5 was
reported for SSBs in plasmid DNA mixed with cisplatin and

derivatives irradiated with 10 eV electrons.[19] This
indicates that 2FA is an effective radiosensitizer in
terms of enhancement of strand breakage. The
modified sequence 5’-d(TT(2FAT2FA)TT) also
shows a higher sensitivity towards 10 eV electrons
compared to the sequences 5’-d(TT(GTG)3TT) and
5’-dT12, which have strand break cross sections
of (0.57� 0.12) × 10¢14 cm2 and (0.79� 0.07) ×
10¢14 cm2, respectively (Figure 2).

The absolute cross sections for strand breakage
are in the same order of magnitude as the effective
and absolute cross sections found in earlier studies
for strand breakage in plasmid DNA ((2.7� 1.8) ×
10¢14 cm2 and (3.8� 1.2) × 10¢14 cm2, respec-
tively).[20]

To obtain more information on the involved
negative ion resonances and specific DEA reac-

tions, we have studied DEA to 2FA in the gas phase using
a crossed electron-molecular beam experimental setup to
record fragment anion yields as a function of electron energy
(see the Supporting Information for more detailed informa-
tion on the experimental procedure). The anion yield curves
of selected fragmentation products are shown in Figure 3.

In total, fragment ions have been observed within
resonant features located at 0.3–3 eV, 4–7 eV, and weakly
around 10 eV (see below). Two fragment anions at m/z 133
((2FA¢H¢F)¢) and m/z 132 ((2FA¢2H¢F)¢) have been
observed, both within a broad resonance centered at 5.5 eV
(Figure 3a,b). The fragment anion at m/z 132 appears addi-
tionally around 10 eV with a lower intensity. The fragment
anions are formed by the loss of F and one or two H atoms,
respectively, from the transient negative ion 2FA#¢. The same
m/z ratios have previously been observed in A, at 7.0 and
10.5 eV for the loss of two H atoms and at 6.5 and 10.9 eV for
the loss of three H atoms.[21] Due to the presence of F in 2FA,
the negative-ion states of 2FA are shifted to lower energies
compared to A resulting in lower vertical attachment
energies. The ion yield curves in Figure 3 clearly show the
pronounced resonance around 5.5 eV and only a weak signal
around 10 eV. This situation is in contrast to the ion yield

Figure 1. a) Experimental procedure to determine the absolute cross sections of
DNA strand breakage. b), c) Examples of AFM images of b) a non-irradiated control
sample and c) a sample irradiated with 10 eV electrons for 60 s at 5.5 nA.

Figure 3. Ion count rate C for fragment anions detected at m/z 133
and 132 resulting from electron attachment to 2FA. These fragmenta-
tion products are mainly observed within broad resonances at 4.5–
7.0 eV. E = electron energy.

Figure 2. Left: Fluence dependence of strand breakage of the two
oligonucleotide sequences 5’-d(TT(2FAT2FA)3TT) (sequence a)and 5’-d-
(TT(ATA)3TT) (sequence b). Irradiation was performed at 10 eV elec-
tron energy. Right: Absolute strand-break cross sections s obtained
from the linear fit of the fluence dependence of strand breakage in
different sequences. For clarity only the central sequence is shown.
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curves obtained for the same m/z ratios from A.[21] There,
a clear signal at 10.5 eV was observed at m/z 133, which is
even more dominant at m/z 132. Both resonances are
assigned to a core-excited resonance. The formation of the
m/z 133 and m/z 132 ions can also be accompanied by the
formation of neutral HF, which has a high binding energy and
can then thermodynamically drive the reaction. Indeed, it is
frequently observed that the formation of fragment anions in
the case of halo-nucleobases is driven by the formation of
a neutral stable molecule of a halogen acid. This has been
recently reported for 5-chlorouracil, 6-chlorouracil[22] , and
2ClA.[23] In contrast, for 5-bromouracil (5BrU) only the loss of
the Br atom resulting in (5BrU¢Br)¢ was observed.[24] This can
be easily attributed to the difference of the binding energy of
H¢X (X = F, Cl or Br), which decreases substantially from HF
(5.9 eV) to HCl (4.5 eV) and HBr (3.8 eV).[25]

To test whether the anion resonance observed in the gas
phase at 5.5 eV also leads to higher strand-break cross
sections, a further condensed-phase experiment has been
performed at 5.5 eV, which corresponds to the maximum of
the resonance shown in Figure 3.

As shown in Figure 4, both sequences 5’-d(TT(ATA)3TT)
and 5’-d(TT(2FAT2FA)3TT) indeed have a higher strand-break
cross section at 5.5 eV than at 10 eV indicating a higher
sensitivity of both sequences towards 5.5 eV electrons. How-
ever, the EF is again 1.6� 0.1 at 5.5 eV, which is the same
(within the error bars) as that determined for 10 eV. In DEA
to gas-phase 2FA, the anion fragment (2FA¢2H¢F)¢ appears
at 5.5 eV and with lower intensity at 10 eV. This correlates
well with the observed strand break cross sections. In DEA to
A, the anion fragment (A¢2H)¢ and a number of smaller
fragment anions are formed at 5.0–6.0 eV and around 10 eV.
The present results indicate that the LEE-induced strand
breakage is particularly effective using the resonances at
around 5.5 eV. This is also in accordance with recent experi-
ments using plasmid DNA, in which the maximum strand
breakage was found at 5.5 eV.[26] Additionally, we have
determined strand-break cross sections at 15 eV for the
same sequences (Figure 4 and Figure S2 in the Supporting
Information), which are clearly lower than those at 10 eV.
Nevertheless, the enhancement is the same within the error of

the experiment (EF = 1.7� 0.9). The EF accounts for the
more efficient decomposition of 2FA compared to A within the
oligonucleotide, which is true for each electron energy
considered herein.

The discussion above is focused on the electron-energy
regime > 5 eV. However, it should be noted that the most
intense ion observed in DEA to 2FA is the dehydrogenated
molecular anion [Eq. (1)]:

2FAþ e¢ ! 2FA#¢ ! ð2FA¢HÞ¢ðm=z 152Þ þH ð1Þ

The corresponding ion yield curve is shown in Figure 5a
revealing a broad signal at 0.3–3.5 eV, which is composed of at
least three resonances located at 0.8, 1.29, and 2.0 eV. At
these low electron energies, the extra electron occupies
a formerly empty molecular orbital without changing the
initial electron configuration. Since the potential energy curve
of such MOs is typically repulsive, the electron must be
captured in a metastable state through a centrifugal energy

barrier (denoted here as 2FA#¢).[27] A dehydrogenated
parent ion was previously also observed in DEA to
adenine (A) and 2-chloroadenine (2ClA) within sev-
eral overlapping resonances between approximately
0.7 and 2.2 eV.[21,23, 28, 29] By using different methylated
A derivatives, the resonances below 1.5 eV were
assigned to an H loss from N9 (see Figure 5b a for the
typical atom labelling in purine bases).[28] In both A
and 2ClA the lowest energy resonances were assigned
to vibrational Feshbach resonances (VFRs), whereas
the signals between 1.1 and 2.2 eV were assigned to p*
resonances.[23, 28]

Taking the previous measurements on A and 2ClA
into account, the 0.8 eV signal in the ion yield curve of
(2FA¢H)¢ is assigned to a VFR, and the signals at
1.29 eV and 2.0 eV are assigned to p* resonances.

Figure 4. Left: Fluence dependence of the strand breakage of the two oligonu-
cleotide sequences 5’-d(TT(2FAT2FA)3TT) (sequence a) and 5’-d(TT-
(ATA)3TT) (sequence b). Irradiation was performed at 5.5 eV electron energy.
Right: Comparison of the absolute strand-break cross sections s obtained from
the linear fit of the fluence dependence of strand breakage from 10 and 5.5 eV.

Figure 5. a) Ion count rate C for the fragment anion detected at m/
z 152 within the energy regime of 0.3–3.5 eV resulting from electron
attachment to 2FA. b), c) Results of ab initio calculations of the anion
of 2FA. b) Dipole-bound anion state of 2FA (MP2/CCSD(T)) showing
also the molecular structure and the atom labeling of 2FA, and c) the
valence-bound anion of 2FA (MP2).
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Compared to A, the resonance positions are slightly shifted to
lower energies in 2FA owing to the presence of the F atom. In
2FA, the H abstraction can take place from N9, from the NH2

group, or from C8. Based on the previous findings on A[28] and
2ClA,[23] the H loss below 2.0 eV is ascribed to a cleavage of the
N9¢H bond.

This is supported by ab initio calculations that we have
performed at the DFT/B3LYP, MP2 and MP2/CCSD(T)
levels of theory. The calculations predict metastable molec-
ular valence-bound anions of 2FA, which are adiabatically
unbound with an electron affinity of ¢0.71 eV (MP2) and
¢0.67 eV (CCSD(T)), respectively. The MO representation
of the valence bound anion (MP2) is shown in Figure 5c.
However, the calculations indicate that 2FA possesses a very
high dipole moment (4.6 Debye), suggesting that an excess
electron may be bound by the dipole force.[30] Indeed, adding
extra diffuse functions to the aug-cc-pVDZ basis set allows us
to render the dipole-bound anion state (DBS) stable (at
KoopmanÏs theory level). However, only CCSD(T) correc-
tion to the electron energy leads to positive values of the
adiabatic electron affinity (0.02 eV). The DFT calculations
predict only a geometrically stable DBS with an electron
affinity of ¢0.24 eV. In both DBS anionic states (MP2/
CCSD(T) and DFT), an extra electron localizes close to the
N9¢H bond in 2FA, (see Figure 5b). This is most likely the
precursor state for the H loss from 2FA¢ , in agreement with
previous findings on A and 2ClA.[23, 28] In the present case, the
energy thresholds for hydrogen loss from 2FA¢ from N9, C8,
and N6 are 0.83, 1.90, and 3.08 eV, respectively (determined at
DFT level), corresponding well to the broad feature on the
DEA spectrum in Figure 5a. In conclusion, the lowest energy
signals (peaking at 0.8 eV) are tentatively assigned to H loss
from N9 most likely through a DBS, whereas the signals
peaking at 1.29 and 2.0 eV are most likely due to p* valence
states.

In addition to the fragment anions shown in Figures 3 and
5, we have also observed the smaller fragments FCN2

¢ (at
0.55 eV), FCN¢ (at 0.07 eV), and CN¢ (at 1.61 eV and weakly
around 6.3 eV), which are shown in Figure S1 in the
Supporting Information. FCN¢ is formed with considerable
intensity and could therefore represent an important pre-
cursor for strand breakage induced by very low-energy
electrons close to zero eV.

In conclusion, the present gas- and condensed-phase
experiments indicate that 2FA is an efficient radiosensitizer as
a result of its increased reactivity towards LEEs. The
condensed-phase experiments have shown a pronounced
energy dependence of strand-break cross sections. The
anion resonances observed at 5.5 eV in the gas phase are
very likely the precursors of the strand break process
observed in oligonucleotides in the condensed phase.
Remarkably, the strand-break enhancement factor is 1.6–1.7
at all investigated energies, that is, 5.5, 10, and 15 eV. It needs
to be explored in further experiments whether the strand-
break cross sections follow a similar resonant profile as
suggested by the gas-phase DEA data by recording a detailed
energy dependence of the strand break cross section. In the
future, we will extend our study to double-stranded DNA to
explore the effect of 2FA on double-strand breaks. This

physicochemical insight into the mechanism of radiosensiti-
zation supports the use of 2FA as a radiosensitizer in tumor
radiation therapy.
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