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Introduction

Solid tumor cells suffer from the lack of oxygen (hypoxia)
which makes them significantly more radio-resistant, i.e. they
are 2.5-3.0 fold less sensitive to ionizing radiation (IR) than
those present in the neighboring oxic tissues.' Indeed, recently
Stewart et al.®> developed a Monte Carlo Damage Simulation
(MCDS) model which predicts the decrease of the absolute
yield of cluster damage (double strand breaks, Fpg (oxidized
purine) and Endo III (oxidized pyrimidine) clusters) with the
decrease of oxygen concentration in the cell that agrees pretty
well with the experimental findings. Thus, hypoxia protects
cellular DNA from damage by IR which leads to an increase of
the necessary radiation dose. As a result, radiotherapy is
accompanied by a number of side effects among which sec-
ondary tumors are the most deleterious. Such a situation calls
for the employment of substances sensitizing tumors to ioniz-
ing radiation which on the one hand enables the tumor
hypoxia to be overcome and on the other hand leads to a
decrease in the effective IR dose.”

The halogenated nucleobases (Hal-NBs) belong to the class
of radiosensitizers which owe their reactivity to the substi-
tution for native nucleosides in the genomic DNA.” Indeed,
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halogenated bases that mainly results in single strand breaks. The iodinated trimers are 2-fold more sensi-
tive to solvated electrons than the brominated oligonucleotides, which is explained by the barrier-free
dissociation of the iodinated base anions. The present study fills the literature gap concerning the chem-
istry triggered by ionizing radiation in the iodinated pyrimidines incorporated into DNA.

the radiosensitizing effect is strongly correlated to the recog-
nition of Hal-NBs by cellular kinases and polymerases.®”

IR interacts with cellular DNA via the radical products of
water radiolysis, mainly via hydroxyl radicals ("OH) and sol-
vated electrons (e,q~).* In oxic cells, e,q~ swiftly react with dis-
solved oxygen producing relatively inactive O, radicals.®
However, under hypoxic conditions, the amounts of ‘OH and
eaq  generated by IR are comparable.® Unfortunately, the sol-
vated electrons are unable to seriously damage native DNA”"°
and the efficacy of hydroxyl radicals is significantly impaired
in the hypoxic environment." In a normoxic environment, the
initial DNA radicals interact with oxygen or endogenous reduc-
tants (e.g. glutathione). The latter process is dubbed chemical
repair while interactions between DNA radicals and oxygen,
leading to peroxy radicals, are called oxygen fixation and
compete with chemical repair. Thus, hypoxia enhances oppor-
tunities for chemical repair and as a consequence decreases
the extent of DNA damage. This situation changes dramatically
for the Hal-NB labelled biopolymers. Indeed, transfer of the
solvated electron to a brominated nucleobase results in the
formation of a labile radical anion which efficiently dissociates
releasing the bromide anion to the environment and leaving a
reactive nucleobase radical in DNA.'* The latter species is able
to abstract a hydrogen atom from the neighboring 2'-deoxy-
ribose which ultimately results in cytotoxic single strand break
formation.'” Hence, the process of the formation of a highly
reactive nucleobase radical as a result of dissociative electron
attachment (DEA) is a key factor responsible for the radiosensi-
tizing properties of halogenated nucleosides.'® It is also worth
noticing that DEA is strongly enhanced to Hal-NBs in the pres-
ence of water,"® which emphasizes the importance of cellular
milieu for the radiosensitizing effects.

5-Bromo-2’-deoxyuridine (5-BrdU) and 5-iodo-2'-deoxy-
uridine (5-IdU) are the most widely studied radiosensitizers of

Org. Biomol. Chem., 2016, 14, 9331-9337 | 9331


www.rsc.org/obc
http://crossmark.crossref.org/dialog/?doi=10.1039/c6ob01713d&domain=pdf&date_stamp=2016-09-30
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ob01713d
https://pubs.rsc.org/en/journals/journal/OB
https://pubs.rsc.org/en/journals/journal/OB?issueid=OB014039

Open Access Article. Published on 08 September 2016. Downloaded on 6/20/2026 9:03:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the Hal-NB type. Their radiosensitizing action in vitro (at the
cellular level) was discovered as early as in 1960 by Djordjevic
and Szybalski.'* Investigators demonstrated that the mecha-
nisms of radiosensitization by 5-bromo and 5-iodopyrimidines
are similar and mainly result in radiation-induced irreparable
double strand breaks in DNA.">'® In vitro results concerning
halogenated pyrimidines were so promising that several in vivo
studies followed the cellular experiments. For instance, it was
demonstrated that both 5-BrdU and 5-1dU are efficiently incor-
porated into cellular DNA in animal models."”*® Finally, the
compounds were tested in patients, e.g. for the radiotherapy of
head-and-neck cancer'® and soft tissue sarcomas.>**!

In the following, we will demonstrate, using the HPLC and
LC-MS techniques, that the main reaction channel opened by
the attachment of electrons to the iodinated pyrimidines incor-
porated into single stranded DNA is associated with the for-
mation of single strand breaks (SSBs). Moreover, the iodinated
trimers are overall 2-fold more sensitive to the solvated elec-
trons than the brominated ones. Our present studies fill the
literature gap. Indeed, since the Djordjevic and Szybalski
work,"* many other in vitro studies®® on animal models”*®
and even clinical studies'®**** have demonstrated the radio-
sensitizing properties of bromo- and iodopyrimidines.
Similarly, data devoted to the radiation chemistry of both
bromo- and iodouridine are also accessible.>* However, radi-
ation chemistry investigations on the aqueous solutions of
model oligonucleotides comprising modified pyrimidines are
limited to DNA labeled with bromonucleobases.'®?*¢ Thus,
our work represents the very first report concerning the radi-
ation chemistry of model oligonucleotides labeled with iodo-
pyrimidines. One should emphasize that it is difficult to
overestimate the role of such studies in comprehending the
chemistry triggered by radiolysis.

Materials and methods
General

All the trinucleotides of HPLC purity were synthesized using
the phosphoramidite method and were purchased from Future
Synthesis, Poland. The irradiated aqueous solutions (ultrapure
water obtained using a Milli-Q system from Merck, Poland
HLP) containing ca. 3 x 107> M of a trinucleotide were freshly
prepared before radiolysis. HPLC reagents (triethylammonium
acetate (TEAA) and HPLC grade acetonitrile (ACN)) were pur-
chased from Sigma-Aldrich (Poland) and POCh (Gliwice,
Poland), respectively.

y-Irradiation

y-Irradiation was carried out in a solution that contained
30 mM Tris(hydroxymethyl)aminomethane hydrochloride
(Tris-HCI) as a scavenger of the OH radicals. Each sample was
deoxygenated by purging with argon for ca. 3 min and ir-
radiated for one hour. In analogy to our recent project,'® the
irradiation was carried out with the use of the cobalt source
(Issliedowatiel) ®°Co (1.17 and 1.33 MeV) with a dose of 140
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Gy. In our previous radiation chemical studies on brominated
TZT trimers,'® we demonstrated that a Tris-HCL concentration
of 30 mM is sufficient to scavenge the hydroxyl radicals
quantitatively.

Chromatography

The Dionex UltiMate 3000 System with a diode array detector,
which was set at 260 nm for monitoring the effluents was used
for all the HPLC separations. The analytes were separated at a
flow rate of 0.5 ml min™' on a Waters® XBridge™ OST C18
column (4.6 mm x 50 mm; 2.5 pm in particle size). The linear
gradient (the flow rate was set at 0.5 ml min~") of 0-20% B
over 20 min was used (phase A: 50 mM TEAA + 1% ACN, phase
B: 80% ACN).

Preparation of chromatographic standards

Formation of strand breaks due to the exposure of the labeled
oligonucleotides to ionizing radiation results in the formation
of the respective monomeric (pT, Tp) and dimeric (pXT, TXp)
fragments originating from the irradiated TYT trimers (X, Y
and p stand for native, and iodinated nucleobase, and the
phosphate group, respectively). Dimeric and monomeric stan-
dards were obtained by the enzymatic digestion of 2 pg of a
TXT trimer. The fragments with the 3’ terminal phosphate
group were obtained by the digestion of the native
trimers with micrococcal nuclease (Sigma-Aldrich, Poland)
(0.02 U pl™") while the fragments containing the 5' terminal
phosphate were obtained by the digestion with P1 nuclease
(Sigma-Aldrich, Poland) (0.2 U pl™") - see Scheme S1 (ESIT).
The retention times for the particular fragments are given in
Table S1 (ESIT).

Mass spectrometry

All analyses were conducted on an Agilent 1200 Technologies
HPLC System coupled directly to an HCTultra ion-trap mass
spectrometer (Bruker Daltonics). The same column and separ-
ation conditions were used as those described in the
Chromatography section. MS operation parameters were as
follows: the spray voltage was 4.0 kV, the drying gas (N,)
pressure: 50 psi, the flow rate: 11 1 min™" and the temperature
was 365 °C. The spectra were registered in negative-ion mode.
Each spectrum was obtained by averaging 3 scans, the time of
each scan being 0.1 s.

Quantum-chemical calculations

All quantum-chemical calculations were performed with the
use of Gaussian 09 code. For all systems studied, (1) hydrogen
of a nucleobase (C/U) from the C5 position was substituted
with a Br or I atom and (2) the N1 position of each compound
was substituted with the methyl group to mimic the
N-glyosidic bond between the nucleobase and deoxyribose
ring. The process of halogen anion release from its nucleobase
anion radical was studied at the DFT/B3LYP level?” > with the
DGDZVP basis set’>*! augmented with one extra set of sp sym-
metry functions (DGDZVP++). The exponent of the diffuse set
basis function was equal to 1/3 of the smallest exponent in the
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original basis for every symmetry. To mimic aqueous solution
effects, we applied the polarizable continuum model (PCM,*
water). No geometrical constraints were used for geometry
optimization and the stationary points’ characters (minima
and first-order saddle point) were evaluated with harmonic fre-
quency analysis. The differences between the electronic ener-
gies of the transition state and the stable radical anion,
including zero-point vibration terms, thermal corrections to
energy, pV and entropy terms were calculated as changes in
the Gibbs free energy (AG*) for particular reactions.

Results and discussion

Very recently we demonstrated, using the LC-MS technique,
the radiosensitivity of four oligonucleotide TZT trimers
labelled with bromonucleosides (Z stands for the brominated
nucleoside).’® In order to compare those results with these
concerning radiation-induced damage to oligonucleotides
labelled with iodonucleosides, in the current work the deoxy-
genated aqueous solutions of trinucleotides labelled with
5-iodocytidine (5-IdC) or 5-iodouridine (5IdU) (TIUT or TICT,
respectively; for structures see Fig. 1) were irradiated with IR.
The present study is limited to 5-IdU and 5-IdC since oligo-
nucleotides labelled with the remaining iodinated nucleosides,
8-iodo-2"-deoxyadenine (8-IdA) and 8-iodo-2’-deoxyguanine
(8-IdG), are unstable and not offered by commercial oligo-
nucleotide providers. The obtained radiolytes were analysed by
the HPLC and LC-MS (LC/MS/MS) methods. Our results
demonstrate unequivocally that iodopyrimidines are better
sensitizers than bromopyrimidines. Although similar products
are formed in the irradiated solutions containing the bromi-
nated trimers,"° the extent of damage is significantly larger in
the iodinated systems. There are also several qualitative differ-
ences concerning the identity of products formed in the bro-
minated and iodinated oligonucleotides.

HsC NH2
Ti“ 'z*\

HO / N
Lo ) e o-p__ A

Fig. 1 Chemical structures of the studied oligonucleotides.
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In Fig. 2 (upper panel) the exemplar chromatograms of
radiolytes are shown. As indicated by the chromatograms, the
applied dose of y-radiation leads to the substantial and rather
complex degradation of the studied trimers (¢f Fig. 2 with
Fig. S1 and S27). Since hydroxyl radicals were efficiently sca-
venged by Tris-HCI under our experimental conditions, the
observed damage was exclusively induced by solvated elec-
trons. In the lower panel of Fig. 2, the chemical structures
corresponding to the particular chromatographic signals are
displayed. The structures were deciphered using the chromato-
graphic standards and/or LC-MS/MS analysis.

The identity of HPLC signals denoted with numbers 3-5
and 7-11 (see Fig. 2 and Table 1) was determined by using
chromatographic standards. Standards 3, 4, 5 and 7 were
obtained via the enzymatic digestion of the TUT and TCT
oligonucleotides, while the compounds 8 to 11 were purchased
from Future Synthesis, Poland. Our assignments were
additionally confirmed by the MS/MS analysis of the particular
3-5 and 7-11 HPLC signals (see Fig. S3 and S4 in the ESI{). On
the other hand, the compounds corresponding to the remain-
ing HPLC peaks, i.e. 1, 2 and 6 (see Fig. 2), were assigned to
the use of LC-MS and MS/MS analysis alone (see Fig. S3 and
S4 in the ESI}). In the later approach, we employed the frag-
mentation pattern of oligonucleotides described in the litera-
ture.”® Namely, the major fragmentation of electrospray-
generated oligodeoxynucleotide anions involves the release of
a base coupled to the cleavage of the 3' C-O bond in the sugar
moiety to which this base belongs. Then, a subsequent base is
detached along with the phosphate group followed again by
the release of the sugar moiety.>” Such a mechanism explains
well the MS/MS spectra shown in Fig. S3 and S4.1 For instance,
in the course of fragmentation of pXToy oligonucleotide, (m/z
equal to 611 or 610 for pUToy or pCToy, respectively) (see
Scheme 1 and Fig. S3 and S4t) 5-base is released which leads
to m/z = 499 for both oligonucleotides. Next, the phosphate
group and sugar moiety are detached giving rise to m/z = 401
and 321 signals, respectively (see Fig. S3 and S47). This
mechanism is slightly modified for the iodinated trimers. Due
to low energy of the C-I bond, the fragmentation process
begins with the release of the iodine atom (see TIUT and TICT
MS/MS spectra in Fig. S3 and S4,F respectively). Then thymine
along with uracil for TIUT or along with cytosine for TICT is
detached. Finally, the fragmentation pathway comprises the
loss of the phosphate group followed by the release of the
sugar residue which gives rise to the MS/MS signals corres-
ponding to m/z = 401 and 321 (see Fig. S3 and S47).

The y-irradiation of deoxygenated aqueous solutions con-
taining the iodinated trimer and a hydroxyl radical scavenger
results in a complex mixture of degradation products (see the
HPLC chromatograms shown in Fig. 2). The relative molar con-
tributions of individual products gathered in Table 1 were
calculated using the absorption coefficient presented in
Table S1f and ref. 10. Adding up these contributions one
obtains 58 and 55% of degradation for TIUT and TICT, respec-
tively, which demonstrates that the iodinated pyrimidines are
about twice as much better hypoxic radiosensitizers than the
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Fig. 2 HPLC analysis of y-irradiated aqueous solution containing TIUT and TICT.

Table 1 Molar contribution (in %) of individual products generated by
irradiation of 3 x 10™> M TYT solution also containing 30 mM Tris-HCl
with 140 Gy

No. Fragment TIUT TICT

1 dTI 7.4 6.5

2 dT=0 16.9 16.7

3 pTou 1.5 3.0

4 uolp 2.2 1.8

5 pXTon 17.1 17.4

6 O=XTou 3.0 2.8

7 noXTou 6.9 4.5

8/9 THOXT 2.8 2.3

10/11 TXT 11.5 8.1 Scheme 1 Fragmentation pattern of pXTop.
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brominated ones. Indeed, the radiolysis of an aqueous solu-
tion of TBrUT and TBrCT under similar experimental con-
ditions and with the same dose of IR leads to only 29 and 27
percent of degradation, respectively.'® It is worthy of note that
such distinctive sensitizing effects are observed only in the
single stranded form of DNA. Indeed, as was demonstrated by
Cecchini et al.>® for BrdU labelled oligonucleotides, the double
stranded form of the biopolymer strongly inhibits formation
of single strand breaks induced by solvated electrons.
Therefore, one can expect a similar effect for oligonucleotides
labeled with 5-iodouridine or 5-iodocytosine. It should be
emphasized that although double stranded DNA is a dominant
form of the biopolymer in the cell, its single-stranded regions,
such as those occurring in transcription bubbles, replication
forks, DNA bulges, and the loop region of telomeres do exist
under physiological conditions."

Data gathered in Table 1 show that deiodination, leading to
the TXT trimers, is only the third most abundant process
induced by electron attachment while in the irradiated solu-
tions of brominated trimers debromination is by far the most
significant degradation channel.'® Thus, electron attachment
to the iodinated trimers mainly triggers single strand breaks
(SSBs). Indeed, the pXToy; dimer, the most copious product, as
well as O=XToy and yoXToy dimers, all occur due to the dis-
sociation of the diphosphate bond at the 5’ side of the middle
nucleoside. Their monomeric counterparts constitute frag-
ments 1, 2 and 4 (see Fig. 2 and Table 1). The results gathered
in Table 1 indicate a strong preference (similarly to the bromi-
nated TYT trimers'®) toward cleavage of the 5' side diphos-
phate bond (only a small amount of monomer 3 reveals the
breakage of the phosphate bond at the 3’ side of the iodinated
nucleoside (see Table 1)).

The analogue of dTI (see Fig. 2 and Table 1), dTBr, was not
observed in the studies on the brominated trimers."® Its for-
mation observed in the current study may be explained by the
attack of the iodide anion on the C3' of the cation radical
which is formed due to the beta elimination of the phosphate
anion from the 2’ sugar radical in the trioligonucleotide.?***
The latter radical is formed via hydrogen atom transfer from
the 2’ site of 5-neighbouring sugar to the uracil/cytosine
radical (this uracil/cytosine radical is a product of the primary
dissociative electron attachment (DEA) process).”® The for-
mation of dTI in the current studies and no evidence for dTBr
formation in the previous one'® may be explained by the differ-
ence in masses between the iodide and bromide anions.
Probably, the dT radical cation forms before the heavier iodide
leaves the reaction centre while the lighter bromide anion
moves too far, in the time needed for the formation of the dT
cation radical, to interact with it effectively (forming dTBr).

It is worth emphasizing that under identical experimental
conditions (the same oligonucleotide concentration, OH" sca-
venger, IR dose etc.) the native trimers, TUT and TCT, do not
undergo fragmentation.'® The only product observed in almost
negligible amounts (1-3% at 140 Gy)'° is attributed to the
hydrogenation of thymine that results in trimers containing
5,6-dihydrothymine.’” This fact demonstrates that some type

This journal is © The Royal Society of Chemistry 2016
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of DNA radiosensitization is necessary, especially under
hypoxia characteristics for solid tumor cells, in order to make
radiotherapy work. Actually, the genotoxic properties of
hydroxyl radicals are significantly impaired in hypoxic cells,"
while solvated electrons are not able to induce strand breaks
(SBs) in native DNA (see the above discussion and ref. 10).
Although the formation of SBs in DNA due to electron attach-
ment under ultra-high vacuum was demonstrated many times
in the past,**° the situation is very different in an aqueous
solution, i.e. under physiological conditions, where the polar
solvent forms activation barriers to SB formation and enables
the nucleobase anion formed due to electron attachment to be
protonated.*"** Despite the fact that solvated electrons are
easily transferred to nucleobases,*® a swift protonation of the
anions leads to a significant increase of the activation barriers
as well as the driving forces for strand breaks.*’ Only modifi-
cation of natural bases in a way which makes the respective
anions unstable (note that the radical anions of brominated
and iodinated uracil are, as opposed to the uracil radical anion
itself, very unstable and dissociate forming a reactive uracil-5-
yl radical and the halide anion with half-times of 7.0 and 1.7
ns, respectively)®® so that the protonation is kinetically hin-
dered and electron attachment to a modified nucleobase
becomes an irreversible process, which enables the solvated
electrons to damage labelled DNA.

As was mentioned above the life-time of the BrU radical
anion is ca. 4-fold longer than that of the IU anion.>* This
experimental picture is corroborated by our quantum-chemical
calculations. Namely, the activation energy for the release of
the bromide anion from the 5-bromouracil (BrU) and 5-bromo-
cytosine (BrC) anions in the free energy scale amounts to 0.6
and 0.4 kcal mol™*, respectively. The presence of a small
kinetic barrier was confirmed at slightly different levels of
theory both in the gas phase®*** and aqueous solution®**° as
well as by our ab initio molecular dynamics calculations using
a cubic box comprising the brominated bases and 67 explicit
water molecules.”” On the other hand, the B3LYP/DGDZVP++
calculations for the IU/IC anions revealed that the iodide
anion release occurs in a barrier-free fashion. These findings
(a barrier for the brominated bases and the lack of barrier for
the iodinated ones) correlate qualitatively with the difference
of life-times of the BrU and IU anions in water as well as with
the larger reactivity of the iodinated trimers toward solvated
electrons demonstrated in the current work.

Conclusions

The propensity of iodopyrimidines incorporated into DNA in
relation to damage induced by hydrated electrons has been
studied for the first time. Using the LC-MS approach we ana-
lyzed the product mixture formed within the radiolysis of the
aqueous solutions of iodinated trimers under hypoxic con-
ditions and in the presence of a hydroxyl radical scavenger.
Our results indicate unequivocally that substitution of the
native pyrimidine nucleobase with the iodinated one makes
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the substituted oligonucleotide sensitive to solvated electrons.
Attachment of an electron to the iodinated pyrimidine base
triggers a barrier-free dissociation of the C5-1 bond that ulti-
mately leads mainly to strand breaks, i.e. to the dissociation of
the diphosphate bond preferentially at the 5’ side of the iodi-
nated base. The comparison between the yield of damage for
the previously studied brominated trimers and the iodinated
oligonucleotides investigated in the present work demon-
strates that iodination leads to almost 2-fold higher radiosensi-
tization as compared to bromination. The results of the
present studies together with the previous radiation chemistry
investigations on the brominated oligonucleotides as well as
numerous clinical studies carried out so far with bromo- and
iodouridine suggest that an appropriately modified
nucleoside(s) may play a role of universal radiosensitizer(s).
We, therefore, believe that our efforts in searching for a radio-
sensitizing nucleoside will eventually result in a molecular
system that will be commonly used in future radiotherapy.
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