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ABSTRACT

In aqueous biological environment DNA is typically deprotonated. The metastable deprotonated DNA
nucleobases are important reaction intermediates in low-energy electron induced damage to DNA. By
comparing the metastable decay of small deprotonated DNA building blocks (thymine, thymidine, p-
ribose, D-ribose 5-monophosphate) with the metastable decay of thymidine 5'-monophosphate and the
hexameric oligonucleotide dTs we show that the most intense fragmentation pathways of the individ-
ual components are inherited to their next larger compositions of one step further in complexity, i.e.,
from thymine and ribose to thymidine, from thymidine and 2-deoxyribose 5-monophosphate to thymi-
dine 5'-monophosphate, and from thymidine 5'-monophosphate to thymine oligonucleotides. However,
fragmentation channels that are dominant in the smaller, principle building blocks such as p-ribose and
thymidine do not necessarily prevail beyond their composition, i.e., in thymidine 5'-monophosphate and
thymine oligonucleotides. The comparison of the metastable decay mass spectra of molecules of increas-
ing complexity reveals detailed fragmentation mechanisms and shows that the individual fragmentation
pathways are determined by the initial deprotonation sites.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The damage of DNA and its components by ionizing radiation
is to a large extent ascribed to fragmentation induced by sec-
ondary low-energy electrons (<10 eV)[1,2]. Numerous studies were
devoted to the question of how low-energy electrons induce the
most severe types of DNA damage, namely DNA strand breaks,
nucleobase loss and nucleobase lesions [3]. The pivotal reaction
mechanism is dissociative electron attachment (DEA) [4] and con-
sequently a number of detailed DEA studies with the single DNA
building blocks in the gas phase have been conducted [3]. These
include studies on the individual nucleobases [5], the sugar moiety
[6,7] and the phosphate group [8,9]. The investigation of the indi-
vidual building blocks reveals detailed fragmentation mechanisms,
but a complete picture of the relevant fragmentation processes can
only be gained when increasingly complex systems are investi-
gated. Gas phase DEA studies are hampered by the challenge to
transport the fragile neutral biomolecules intact into the gas phase
[8]. Therefore, the largest compounds investigated so far in the gas
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phase with respect to DEA are the nucleoside thymidine [10] and
the RNA backbone model compound ribose 5-monophosphate [8].

The initial step in the DEA process is the formation of a tran-
sient negative ion with the extra electron occupying a formerly
empty molecular orbital. The negative ion state might be repul-
sive and can dissociate within a very short time scale (tens of
fs) [4]. The main fragmentation pathway of transient DNA nucle-
obase anions (and in general most organic TNIs) proceeds through
the abstraction of a hydrogen atom [3,5,11]. The dehydrogenated
anion was shown to be an important metastable precursor for most
other fragmentation products observed in DEA to the nucleobase
thymine [12]. The dehydrogenated anion is equivalent to the depro-
tonated molecule that can be easily generated by matrix-assisted
laser desorption and ionization (MALDI) [13]. In the present study
we compare the metastable decay of deprotonated DNA building
blocks at different levels of complexity. We start by considering
the isolated nucleobase thymine and the sugar p-ribose, and then
proceed over the nucleoside thymidine and the sugar phosphates
to the nucleotide thymidine 5'-phosphate and the deprotonated
hexameric oligonucleotide dTg. In this study, the deprotonated
DNA building blocks are generated by MALDI and analyzed by
time-of-flight mass spectrometry. Deprotonation occurs through
proton exchange between the sample molecule and the matrix.
For molecules which have more than one available site for depro-
tonation, several different ions are formed, according to the gas
phase acidity (GPA) of the removed protons. The time frame of
the metastable decay in these experiments is 5-20 ps. The mass
spectra obtained from small molecules yield detailed information
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Table 1

Summary of fragment anions observed after metastable decay of deprotonated thymine, ribose, thymidine, 2-deoxyribose 5-monophosphate, ribose 5-monophosphate,
and thymidine 5'-monophosphate. The fragmentation types are indicated in the first column and can be classified as nucleobase ring cleavage, sugar cross-ring cleavage,

glycosidic bond cleavage and phosphate ester cleavage.

Deprotonated precursor mfz Negative ion fragment Neutral fragments
Bond rupture

Thymine 125 CsH5N,0,~

Nucleobase ring cleavage 42 NCO~ C4HsNO
D-ribose 149 CsHgO5~

Water loss 131 CsH704~ H,0

Sugar cross-ring cleavage 119 C4H;04~ CH,0

Sugar cross-ring cleavage 100 C4H403~ CH,0+H;0+H
Sugar cross-ring cleavage 89 C3Hs03~ C,H40,

Sugar cross-ring cleavage 71 C3H30,~ C,H40, +H,0
Thymidine 241 [dT — H]~

Sugar cross-ring cleavage 151 [(T - H)+CHa ]~ C3HgO3
Glycosidic cleavage 125 [T -H]~ CsHgO3
Nucleobase ring cleavage 42 NCO- CsHgO3C4HsNO
2-Deoxyribose 5-monophosphate 213 HPO4CsHgO3~

Sugar cross-ring cleavage 169 HPO4C3H50,~ C,H40

Sugar cross-ring cleavage 152 HPO4C53H40~ C,Hs0,

Sugar cross-ring cleavage 139 HPO4C,H30~ C3HgO,

PO—C 97 Hz PO47 C5H303

P—0C 79 P037 C5H1004
Ribose 5-monophosphate 229 HPO4CsHgO4~

Sugar cross-ring cleavage 169 HPO4C3H50,~ CH40,

Sugar cross-ring cleavage 139 HPO4C;H30~ C3HgO3

PO—C 97 H2P04’ C5 Hg 04

P—0C 79 P037 C5H1005
Thymidine 5'-monophosphate 321 HPO4CsHg0,CsH5N, 05~

Nucleobase ring cleavage 278 [dT5P — HNCO]~ HNCO
Glycosidic cleavage 195 [dT5P — T]~ T

Glycosidic cleavage 177 [dT5P — T — H,0]~ T+H,0
Glycosidic cleavage 125 [T -H]- HPO4C5Hg O,
PO—C 97 H,PO4~ CsH70,CsHsN, 0,
P—0C 79 PO3~ CsHg03CsHs5N2 02

about fragmentation mechanisms and the study of larger molecules
shows the relevance of individual reaction pathways in more com-
plex systems. The anionic fragmentation products observed from
all investigated molecules are summarized in Table 1.

2. Experimental methods

Metastable decay of the deprotonated molecules was mea-
sured in negative ion, post source decay (PSD) mode with a UV
MALDI mass spectrometer (MALDI-MS) (Reflex IV, Bruker Dalton-
ics, Bremen, Germany). The instrument and its operation has been
described in detail elsewhere [14]. In brief, ions were generated
during the MALDI process with an Ny-laser at 337 nm with a rep-
etition rate of 7-10 Hz. The laser power was kept about 20% above
the detection threshold for the corresponding ions. To average out
sample inhomogeneity the laser spot was moved manually over the
sample during acquisition. Negative ions were extracted in pulsed
delayed extraction mode with a delay time of 200 ns and acceler-
ated into a reflectron time-of-flight (ToF) mass spectrometer. The
PSD spectra were recorded by gating selected parent ions into the
field free linear region of the mass spectrometer. The mass gate was
set at +5Da in all experiments. The total acceleration voltage into
the field free linear region was 25KkV resulting in about 5-12 s
flight time depending on the ion mass. This was the time window
within which we observed metastable decay. After the linear flight
the ions were decelerated and reaccelerated with a grid-less reflec-
tron and detected with a double micro-channel plate detector. The
reflectron voltage was stepped down in 7-9 segments, depending
on the sample, to assure for collection of all fragments. Individual
segments are the sum of 500 shots, which were recorded by using

the fragmentation analyses and structural ToF method FAST, within
the instrumental control software FlexControl®. The alignment of
individual segments and the mass calibration of the spectra was
carried out with the FlexAnalysis® software also provided by the
instrument manufacturer.

The sample molecules thymine, 1N-methylthymine, p-ribose,
thymidine, ribose 5-monophosphate sodium salt, 2-deoxyribose 5-
monophosphate and thymidine 5’-monophosphate were acquired
from Sigma-Aldrich, Germany as high purity samples (>98%)
and used without further purification. The thymine derivative
3N-methylthymine was prepared in-house from the respective
nucleosides and bases. The preparation and purification protocol
for 3N-methylthymine was performed as described by Breeger et al.
[15], and the molecular structure was verified by H NMR. The hex-
americ oligonucleotide dTg was synthesized and purified in-house
as described by Stano et al. [14]. After purification the sample was
dried on a Thermosavant ISSI110 speedvac system and redissolved
in 100 p.L sterile purified water. The concentration was determined
on a 500 times diluted sample by UV absorption at 260 nm. The
sample was then separated into 10 pL portions and stored at —20°C
until use.

The MALDI-PSD samples were prepared by co-spotting 0.5 p.L of
a 1 mg/mL aqueous solution of the matrix bisbenzimide H33258;
Cy5H24NgO-3HCI (>98%, Sigma-Aldrich, Germany) and 0.5 pL of a
10 mg/mL solution of the analyte (thymidine 5'-monophosphate
and its components) in methanol on a stainless steel sample carrier.
dTg (2 pL, 0.1 mmol/mL) was mixed with the matrix DHB (2 L,
10mg/mL) and acetonitrile (2 wL) and spotted in droplet size of
0.5 uL on a 400 pm AnchorChip® sample plate and let dry under
atmospheric pressure and RT.
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Fig. 1. Metastable decay mass spectrum of deprotonated T and the methylated
derivatives INmeT and 3NmeT. The main observed product ion is NCO~, which is
not observed from 3NmeT indicating that deprotonation of T occurs from 3N.

3. Results and discussion

The metastable decay mass spectrum of deprotonated thymine
(T) obtained by MALDI is displayed in Fig. 1a showing the dominant
fragment ion NCO~—.

The pyrimidine ring contains two nitrogen atoms (1N and
3N) that provide two possible origins of the NCO~ fragment. To
reveal the site of NCO~ elimination we performed PSD measure-
ments with the methylated thymine derivates 1N-methylthymine
(1INmeT) and 3N-methylthymine (3NmeT), which are shown in
Fig. 1b and c, respectively. Formation of the NCO~ fragment ion
is observed in PSD of deprotonated 1NmeT, but not in 3NmeT. The
methyl group in 3NmeT prevents deprotonation at 3N and thus fur-
ther fragmentation. This indicates that the deprotonated precursor
ion carries the negative charge at 3N, and hence it is likely that
NCO~ exclusively contains 3N. Lamshabi et al. demonstrated with
isotope labelled uracil that the formation of the NCO fragment from
deprotonated uracil complexed with Cu?* jons includes exclusively
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Fig. 2. Metastable decay mass spectra of deprotonated D-ribose and thymidine.
Deprotonated D-ribose is subject to cross-ring cleavage, whereas deprotonated
thymidine fragments by N-glycosidic bond cleavage and nucleobase ring cleavage
(NCO~ formation). Spectra are adapted from [19,20].

Fig. 3. Fragment mass spectra of sugarphosphates. Water loss, sugar cross ring
cleavage and phosphate bond rupture are the main fragmentation pathways
observed.

3N and 2C [16]. DFT calculations suggested that the metal cation is
located above the uracil plane forming a m-type complex that acti-
vates the 2C—1N bond, which results in selective NCO loss [16]. The
present experiments indicate that activation by cation complex-
ation is not required to induce a selective NCO~ formation from
deprotonated thymine. From thymine deprotonated at 3N, NCO~
can be formed from 3N and 2C by reverse pericyclic cycloaddition
as depicted in Fig. 5a. This process is thermodynamically driven
by the high electron affinity of the NCO radical (3.609 eV)[17]. Due
to the higher GPA of 1N—H compared to 3N—H (333 kcal/mol for
1N—H, 347 kcal/mol for 3N—H) [18] the corresponding anion with
the charge located on N1 is more stable and ring cleavage does not
proceed through deprotonation at 1N. This leads to a larger amount
of anions deprotonated at 1N, but dissociation occurs only from 3N.
In DNA the 1N proton of thymine is replaced by the N-glycosidic
bond, but the 3N proton is still available. Consequently, deterio-
ration of the thymine ring through deprotonation may also be an
important reaction in larger systems.

Thymidine 5'-monophosphate (dT5P) dT5P

[dT5P-TT

[dT5P-HNCOT

T T T & L% ¢ 7 v 7T

————T T
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Fig. 4. Metastable decay mass spectrum of dT5P. Glycosidic bond cleavage and
phosphate ion formation dominates and thymine ring rupture is observed.
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Fig. 5. Reaction scheme showing the most important fragmentation reactions of deprotonated DNA building blocks. (a) Cross-ring cleavage of deprotonated T resulting in
NCO- formation. This reaction is also observed in the larger molecules dT and dT5P. (b) Phosphate ion formation in dR5P, which is similarly observed in R5P and dT5P. (c)
Sugar cross ring cleavage as observed in dR5P. d) Glycosidic bond cleavage in dT5P induced by nucleophilic attack of the phosphate group at 4'C.

Similar to the nucleobase thymine the sugar p-ribose is also
subject to fragmentation upon deprotonation (Fig. 2a). As shown
in previous studies fragmentation of deprotonated monosaccha-
rides is characterized by elimination of different numbers of water

molecules and cross-ring cleavage resulting in typical neutral frag-
ments C,H,,0, [19]. By using different isotope labelled sugars
it was shown that the cross ring cleavage proceeds site selec-
tively where fragments are either formed exclusively through
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fragmentation from the 5C end or exclusively from the 1C end. The
most pronounced fragment from the deprotonated p-ribose, how-
ever, appears at m/z 89 and is formed through 4C and 5C loss as well
as 1C and 2C loss from the sugar. With classical dynamics simula-
tions it was demonstrated that the specific fragmentation pathways
are determined by the position of deprotonation [21]. Deprotona-
tion occurs most likely at the anomeric hydroxyl group (at 1C) or the
hydroxyl group at 4C, which are the most acidic hydroxyl groups
in pD-ribose. The protons at other hydroxyl groups (at 2C and 3C)
can however also be removed, but to a lesser extent. Isolated D-
ribose adopts the pyranose form in the gas phase (six-membered
ring). When it is bound via an N-glycosidic bond to a nucleobase
(forinstance in thymidine, see next paragraph) the furanose form is
adopted, and neither the anomeric hydroxyl group nor the hydroxyl
group at 4C is then available for deprotonation.

In the nucleoside thymidine (dT) deprotonation occurs most
likely at the nucleobase, i.e., 3N. Consequently, in the PSD spec-
trum of deprotonated thymidine [20] (Fig. 2b) the most pronounced
fragmentation pathway is a ring cleavage of the thymine subunit
resulting in NCO~ formation in accordance to the results for bare
thymine (Fig. 1). Furthermore, a cleavage of the glycosidic bond is
observed resulting in the fragment anion [T — H]~. In addition to
the glycosidic bond cleavage and the thymine fragmentation also
cross-ring cleavage of the sugar ring is observed, i.e., the elimi-
nation of neutral C3HgOs. A detailed study on uridine derivatives
protected at selected positions in conjunction with computational
results indicates that glycosidic bond cleavage and sugar cross-ring
cleavage of deprotonated thymidine is due to initial deprotonation
of the 3’0OH group of the sugar ring [20]. A deprotonation of 4'0OH
(as observed from D-ribose) is not possible in thymidine, since 4OH
is involved in the furanose ring formation. The comparatively high
intensity of the NCO~signal is ascribed to the high GPA of 3N—H
compared to 3'OH.

Fig. 3 shows the metastable decay spectra of 2-deoxyribose 5-
phosphate (dR5P, HPO4C5Hg03, m/z 213) and ribose-5-phosphate
(R5P, HPO4C5HgO4, m/z 229). These components are principle
building blocks of the DNA or RNA backbone, respectively. The
dominating fragmentation channels are formation of the H,PO4~
ion and, with lower intensity, formation of the PO3~ ion. The
GPA of H3POy4 is 319 kcal/mol [22] compared to 334 kcal/mol for
a-D-glucose [23], which can be taken as a representative value
for monosaccharides. Deprotonation of R5P and dR5P proceeds
most likely from the phosphate group resulting in the formation
of the phosphate ions H,PO4~ and PO3~ as shown in Fig. 5b. The
negatively charged phosphate oxygen can form a hydrogen bond
with 4C—H resulting in a six-membered transition state followed
by elimination of H,PO4~ (phosphate ester pyrolysis). Alterna-
tively the PO3~ ion can directly be abstracted by cleavage of the
P—OC bond. More surprising is the observation of sugar cross-
ring cleavage, i.e., the formation of HPO4C3H50,~ (m/z 169) and
HPO4C,H30~ (m/z 139). Since both these ions occur at the same
m/z from dR5P and R5P the eliminated neutral counterparts must
contain the anomeric centre (1C, see Fig. 5c¢) and its adjacent carbon
atom. The same sugar cross-ring cleavage that results in m/z 139
in R5P was observed with high intensity in p-ribose at m/z 89[19],
but with charge retention on the complementary fragment. The
GPA of the involved fragments is not known, but it is likely that
the phosphate containing fragment is more acidic than the frag-
ments arising from the 1C site of the sugar (C;H40 and C3HgO,
from dR5P). Consequently the charge remains on the phosphate
containing fragment, leading to the observed fragment ion distri-
bution. In addition to the phosphoester and cross-ring cleavage also
water elimination is observed that might proceed by nucleophilic
attack of the phosphate at 3C and formation of a six-membered
cyclic phosphate involving 3C and 5C followed by elimination of
water from 30H.
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~-P-3'0cl.
- 5'C-Ocl
- P-3'0cl.
---5'C-Ocl.
--P-3'0 cl.

---3'C-0 + glycos. cl.
- 5'C-0 cl.

800 1000 1200 1400 1600 1800
m/z

Fig. 6. Metastable decay spectrum of a deprotonated thymidine hexamer. The main
fragmentation pathways are backbone breakage by dissociation of the 5°C—0,3'C—0
and P—3'0 bonds. The double peaks are separated by 18 mass units indicating that
additional water loss is operative. Apart from the phosphodiester bond cleavage also
loss of the neutral nucleobases, i.e., glycosidic bond cleavage, is observed.

Fig. 4 shows the metastable decay spectrum of thymidine
5’-monophosphate (dT5P). Similar to the sugarphosphates the frag-
mentation of dT5P is governed by the phosphate group, but the
presence of the nucleobase in dT5P leads to distinct differences.
Glycosidic bond cleavage is the most dominant fragmentation of
dT5P resulting in the complementary anions [dT5P - T]~ and [T
— HJ~. In deprotonated thymidine the glycosidic bond cleavage
was ascribed to initial deprotonation at the sugar. However, due
to the presence of the phosphate group in dT5P the fragmentation
pathway is fundamentally different. Due to the differences in acid-
ity between the sugar hydroxyl groups and the phosphoric acid a
proton transfer from the sugar to the phosphate is unlikely. A nucle-
ophilic attack from the phosphate to the 4'C of the sugar ring then
leads to the formation of a cyclic phosphate and a sugar cross-ring
cleavage that is followed by the elimination of the deprotonated
nucleobase [T — H]~ (Fig. 5d). A subsequent proton transfer from
the phosphate group results in the fragmentanion [dT5 — T]~. Addi-
tional water elimination leads to [dT5P — T — H,0]~. Also from
dT5P the phosphate ions H,PO4~ and PO3~ are observed, but with
reversed intensity ratio compared to the sugarphosphates. The low
intensity of the H,PO,4~ ion can be explained by the establishment
of an intramolecular hydrogen bond between 3NH of the thymine
unit and the phosphate oxygen. This reduces the probability that a
suitable conformation necessary for phosphate ester pyrolysis (and
H,PO,4~ formation) is adopted, and facilitates an elimination of the
PO3;~ ion. On the other hand a proton transfer from 3NH to the
phosphate can take place that initiates the elimination of HNCO
from the thymine ring. Due to the comparably high acidity of phos-
phoric acid this reaction leads to formation of [dT5P — HNCO]~ with
the negative charge located on the phosphate group. In dT5P a sugar
cross-ring cleavage is completely blocked indicating that the sus-
ceptibility of the sugar unit reported previously is not preserved in
nucleotides.

We complete our comparative study with the hexameric thymi-
dine oligomer. The metastable fragmentation mass spectrum of
the deprotonated dTg oligomer is shown in Fig. 6. The dominant
fragmentation pathway is a cleavage of the backbone at different
positions of the hexamer. The most prominent cleavage occurs at
the 5'C—0 bonds that can also result in additional water loss. Fur-
thermore, P—3'0 and 3’C—0 bond cleavages are observed. 3'C—0
cleavage is always accompanied by a loss of the thymine nucle-
obase, i.e., glycosidic bond cleavage. The prevailing fragmentation
pathway in the thymidine oligomer is the phosphodiester bond
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cleavage and the glycosidic bond cleavage. Neither sugar cross-ring
cleavage nor nucleobase ring cleavage is observed from deproto-
nated dTg.

4. Conclusions

The metastable decay of the deprotonated hexameric oligonu-
cleotide dTg is characterized by phosphoester and N-glycosidic
bond cleavage. These fragmentation reactions correspond to the
main DNA damage pathways induced by ionizing radiation,
namely nucleobase loss and DNA strand breaks. In thymidine 5'-
monophosphate these channels also dominate but also nucleobase
ring cleavage is observed, corresponding to nucleobase lesions
in DNA. In thymidine, the nucleobase cleavage dominates over
the glycosidic bond rupture but also sugar cross-ring cleavage is
observed, though to a lesser extent. Similarly the phosphate ester
bond rupture dominates in ribose 5-monophosphate, as is the case
for thymidine 5’-monophosphate and dTg.

In isolated Dp-ribose deprotonation predominantly proceeds
from the anomeric hydroxyl group and leads to sugar cross-ring
cleavage. The most pronounced cross-ring cleavage observed from
the isolated sugar is also observed in the sugar 5-monophosphates
and in thymidine, although the anomeric hydroxyl group is
replaced by the N-glycosidic bond in the latter. However, sugar
cross-ring cleavage is already weak in ribose 5-monophosphate and
thymidine.

The initial deprotonation site in all investigated molecules
determines the specific reaction pathway. Deprotonation of
thymine at the 1N site does not lead to further fragmentation,
but deprotonation at the 3N site results in NCO~ formation. This
fragmentation channel is preserved in thymidine and in thymi-
dine 5’-phosphate (resulting in neutral HNCO loss). In thymidine
5’-monophosphate this fragmentation is most likely initiated by
proton transfer to the phosphate.
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