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A variety of influences can cause DNA damage to the genome. The hydroxyl radical attacks the C-8 atom of guanine, forming 8-
hydroxyguanine (8-OHGua) or 8-hydroxy-2'-deoxyguanosine (8-OH-2'dG) which are important indicators of oxidative damage on DNA.
Determining these damaged base products can be accomplished through measurement by LC-MS/MS after enzymatic hydrolysis or
measurement by GC-MS/MS after chemical hydrolysis. In this study, it was aimed to hydrolyze DNA using various strong acids and to
measure 8-hydroxyguanine by LC-MS/MS. In the first stage of the study, the nucleoside 8-hydroxy-2'-deoxyguanosine was treated with HC1
(2 M and 6 M), TCA (10%), TFA (10%), o-phosphoric acid (2 M), methanesulfonic acid (2 M), and formic acid (80%). The amounts of
8-hydroxyguanine were determined by LC-MS/MS. It has been identified that formic acid with the highest yield (70%) hydrolyzes the
B-glycosidic linkage between the base and the sugar. Subsequently, oxidative damage was induced on calf thymus DNA by producing
hydroxyl radicals via the Fenton reaction. The resulting oxidative damaged DNA was hydrolyzed using formic acid. The amount of 8-

hydroxyguanine was then determined using LC-MS/MS. Based on the results obtained, it was observed that the acidic hydrolysis applied

was effective in breaking the N-glycosidic bond, but not effective in breaking the phosphodiester bond of oxidatively damaged DNA.
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INTRODUCTION

Oxidative stress is a pathological event that occurs due to
free radicals occurring in the body through natural metabolic
pathways. It is associated with cancer, lung diseases, liver
diseases, eye diseases, inflammation, neurodegenerative
diseases, diabetes, and skin diseases. Hydroxyl radical (OH")
is the most damaging radical species to biological systems.
The hydroxyl radical reacts with components of the DNA
macromolecule and, it hydroxylates purine and pyrimidine
bases, or damages the phosphodiester backbone between
deoxyribose phosphates. The OH" radical formed by the
Fenton reaction causes oxidative DNA damage by forming
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8-OH-2'dG [1].

H,0, + Fe** — HO" + HO + Fe*

8-Hydroxyguanine  (8-OH-Gua) or

deoxyguanosine (8-OH-2'dG), the most general biomarkers

8-hydroxy-2'

of oxidative damaged DNA, are measured by analytical
methods such as immunological detection, 3>P-postlabelling,
HPLC, GC-MS/MS, and LC-MS/MS methods. However,
these biomarkers may not be measured by some analytical
measurement methods due to reaction conditions [2]. To
measure 8-OHGua or 8-OH-2'dG, firstly oxidatively
damaged DNA has to be hydrolyzed. Both 60% and 88%
formic acid have been used for DNA hydrolysis in other
studies [3-5], but the DNA hydrolysis methods in these
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researches vary according to the measuring device used.
Collins hydrolyzed DNA bases using formic acid (60-88%,
130-150 °C) and were measured 8-oxo-dG by derivatizing
with bis(trimethylsilyl) trifluoroacetamide [3], while Douki
et al. detected FapyGua by GC-MS after acidic hydrolysis
with formic acid (88%, 140 °C) [4]. In another study by
Aybastier, DNA base damage products were measured by
GC-MS/MS after acidic hydrolysis with formic acid (60%,
130 °C) [5].

Researchers have generally reported the use of formic
acid hydrolysis in measurements with GC-MS/MS and
DNase 1,
phosphodiesterase I, and phosphodiesterase 1II) in
measurements using LC-MS/MS [6-9]. To determine the 8-
OH-2'dG as an oxidative damage marker, measurement with

enzymatic hydrolysis (alkaline phosphatase,

HPLC-ECD was performed after enzymatic hydrolysis
(nuclease P1, alkaline phosphatase) [10], while measurement
by LC-MS was carried out after acidic hydrolysis (formic
acid, trimethylsilylated) [11]. Some researchers have
determined 8-OH-2'dG by HPLC after enzymatic hydrolysis
[12-14]. Tt has also been reported that the products of
oxidative DNA damage were determined by GC-MS/MS
method under acidic hydrolysis conditions using formic acid
[5,8].

Enzymatic hydrolysis is generally used to measure DNA
damage products 8-OH-Gua and 8-OH-2'dG by LC-MS/MS
[6,15-18]. Because enzymes are expensive, require longer
reaction times, and have low analyte recoveries compared to
acid hydrolysis [19], this study aimed to determine the level
of 8-OH-2'dG formed on thymus DNA after formic acid
hydrolysis by LC-MS/MS. Additionally, the study aimed to
investigate the levels of 8-OH-Gua by LC-MS/MS, after
chemical hydrolysis with formic acid, HCI, TCA, TFA,

0-PA, and MSA on 8-hydroxy-2'-deoxyguanosine
nucleoside.
EXPERIMENTAL

All chemicals in this study are of analytical purity.
Lyophilized Type XV deoxyribonucleic acid (DNA) and 8-
hydroxy-2'-deoxy guanosine (8-OH-2'dG) from calf thymus
were purchased from Sigma. 8-Hydroxyguanine (8-OH-Gua)
hydrochloride was obtained from BIOSYNTH Carbosynth.
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Acidic Hydrolysis of 8-OH-2'dG

In the first part of the study, hydrolysis of 8-OH-2'dG
nucleoside with formic acid (80%), HCl (2 M and 6 M),
ortho-phosphoric acid (2 M), methanesulfonic acid (2 M),
TCA (10%) and TFA (10%) acids were performed. In the
second part, oxidative damage was induced on calf thymus
DNA by the Fenton reaction (H,O, and Fe?*) [8], and then
formic acid (80%) was used to hydrolyze oxidatively
damaged DNA, as it gave the best results in the initial study.
The biomarkers of oxidative damage resulting 8-OH-Gua and
8-OH-2'dG were measured using the Agilent Technologies
6460 Triple Quadrupole LC-MS/MS. The device was
calibrated with 8-OH-Gua and 8-OH-2'dG
compounds (Fig. 2 and Fig. 3).

standard

Measurement of 8-OH-Gua and 8-OH-2'dG by LC-
MS/MS

The DNA damage markers 8-OH-Gua and 8-OH-2'dG
were measured by LC-MS/MS. Chromatographic separation
was performed on a Poroshell EC-C18 (3.0 x 150 mm,
3.5 microns) column. While mobile phase A used ultra-pure
water + 0.1% acetic acid, mobile phase B used methanol +
0.1% acetic acid. The injection volume of the sample was set
to 10 ul, and the flow rate was set to 0.6 ml min-'. Ionizations
were detected by ESI. Other parameters are shown in
Table 1.

According to the results obtained from the acidic
hydrolysis process applied on 8-hydroxy guanosine; of the
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C' 8-hydroxyguanine

H:H
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K
]

8-hydroxy-2'-deoxyguanosine

Fig. 1. Conversion of 8-OH-2'dG to 8-OH-Gua by acidic
hydrolysis.
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Table 1. LC-MS/MS Parameters Used in the Measurements

Analysis Parameters

Conditions

Mobile phase A
Mobile phase B
Column temperature

Sampler temperature
Column

Ultra-pure water + 0.1%
Acetic acid

Methanol + 0.1% Acetic
acid

35°C

4°C

Poroshell EC-C18 (3.0 x
150 mm) 3,5 micron

Injection volume 5ul
Analysis time 11.00 min
Flow rate 0.600 ml min!
Ion source Electrospray ionization
(ESI)
Tonization type Pozitif
Capillary voltage 3000 V
Source temperature 275 °C
Nitrogen gas temperature 275 °C
Nitrogen gas flow 10 1 min™!
Delta EMV (+) ov

six types of acids used (6 M HCI, 2 M HCI, 80% FA, 2 M
0-PA, 2 M MSA, 10% TFA, 10% TCA), only formic acid
was found to be effective in breaking the N-glycosidic bond
with 70% efficiency. Acid-catalyzed hydrolysis of the N-
glycosidic linkage has been reported to be slower for 8-oxo-
2'-deoxyguanosine than for 2'-deoxyguanosine [20]. The N-
glycosidic linkage of 7,8-dihydro-8-oxo0-2'-deoxyguanosine
is extremely stable in acid [21]. However, after acidic
hydrolysis of DNA with sulfuric acid (0.1 M, 100 °C,
35 min), formic acid (67%), and diphenylamine (2%, 30 °C,
18 h), the purine glucosidic bonds were completely
hydrolyzed [22]. Zoltewicz et al. [23] reported the C-O
cleavage in acid-catalyzed hydrolysis of some purine
nucleosides and reported that the mechanism proceeds by
protonation of the nucleobase followed by cleavage of the
N-glycosidic bond (Fig. 1). Hydrolysis of the N-glycosidic
bond is strongly catalyzed by guanine protonation by a
grouping of nucleobases [24]. In this study, the N-glycosidic
linkage in 8-OH-2'dG was broken by formic acid with 70%
efficiency.
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In the continuation of the study, the hydrolysis power of
formic acid on DNA was investigated. Although the mass
the in LC-MS/MS
measurement, it was determined that formic acid was not

changes as structure  destroys
very effective on oxidatively damaged DNA. Due to the high
stability of the phosphodiester bonds in the DNA backbone,
studies of DNA cleavage are rare [25]. The energy AG®
-5.3 kcal mol™! is required for the hydrolysis of the DNA
phosphodiester bond [26]. It is thought that formic acid is not
effective in breaking the phosphodiester bond, since proper
energy cannot be provided by acidic hydrolysis.

Mass spectrometry (MS), unlike other techniques,
provides structural evidence for an analyte and the correct
quantification of stable isotope-labeled analyte analogues (by
internal standards). The use of MS based on liquid
chromatography (LC-MS) or gas chromatography (GC-MS)
is a convenient and fast method that enables measurements in
complex mixtures [7]. There is the availability of Fpg enzyme
from Escherichia coli and several glycosidases in enzymatic
hydrolysis to measure the DNA damage products [27].
Aybastier et al., performed the quantification of bases by GC-
MS/MS, preferring acidic hydrolysis to liberate all oxidative
damaged DNA bases, since there is no excision enzyme in
some of the damage products in their study [28]. The
cleavage of the phosphomono(di)ester linkage(s) by acidic
hydrolysis with hydrogen fluoride, occurs simultaneously
with the hydrolysis of the N-glycosidic linkage. It was stated
that deamination that occurred under acidic hydrolysis
conditions with formic acid was not detected under acidic
hydrolysis conditions with hydrogen fluoride. Quantification
of the levels of modified nucleobases in DNA and
nucleosides was attempted by testing the acidic hydrolysis of
modified DNAs and nucleosides induced by radiation and
light. In the experiment including 2'-deoxyguanosine, it was
found that cleavage of the corresponding free base portion of
the nucleosides occurs quantitatively in a minute. In addition,
detectable degradation of the 8-hydroxylated derivative of
guanine has been reported under longer exposure to HF (up
to 30 min) [29]. Time-dependent analyses of the standards
used in the calibration are used to test nucleobase stability
under hydrolysis conditions. Lowenthal et al., in their study,
achieved better results with acidic hydrolysis using formic
acid among the three types of acids they tried. They reported
that nucleobases have been degraded by trifluoroacetic acid
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Table 2. Measurement of 8-OH-Gua and 8-OH-2'dG by LC-MS/MS after Acidic Hydrolysis

Acid Biomarker Retention time [M-H-]/Fragment ppb
(100 ppb) (min) (m/z) (ng ml")
6 M HCI 8-OH-Gua 4.704 168.0/139.8 1.0142
8-OH-2'dG 5.250 284.0/168.0 0.4356
2 M HCI1 8-OH-Gua 4.736 168.0/139.8 23.1778
8-OH-2'dG 5.250 284.0/168.0 19.483
80% FA 8-OH-Gua 4.720 168.0/139.8 70.4204
8-OH-2'dG 5.242 284.0/168.0 7.8919
2 M o-PA 8-OH-Gua 4.720 168.0/139.8 14.6793
8-OH-2'dG 5.242 284.0/168.0 10.5889
2 M MSA 8-OH-Gua 4.720 168.0/139.8 16.9088
8-OH-2'dG 5.242 284.0/168.0 8.961
10% TFA 8-OH-Gua 4.704 168.0/139.8 2.9330
8-OH-2'dG 5.250 284.0/168.0 7.629
10% TCA 8-OH-Gua 4.664 168.0/139.8 2.3423
8-OH-2'dG 5.250 284.0/168.0 0.0910

(TFA) within <1 h at all temperatures used (at 60°, 120°, and
140 °C). By testing hydrolysis with hydrochloric acid (HCI)
at 120° and 140 °C (8 and ~2 M), they reported that compare
to purines, the nucleobase pyrimidines degraded rapidly
(<1 h). It has also been reported that hydrolysis of ~0.2 M
HCI1 within 2-4 h results in significant deamination of
cytosine to uracil and incomplete pyrimidine release.
Hydrolysis using formic acid (HCOOH), the third acid tested,
has been reported to preserve purines at 140 °C [30].
Similarly, in our study, it was seen that formic acid
provided the highest yield for the stability of the purine
(guanine) base and 8-OH-Gua biomarker of guanine,
compared to the other acids used. After hydrolysis with 80%
formic acid, the amount of 8-OH-Gua was found to be
70.4204 ng ml', and the amount of 8-OH-2'dG was
7.8919 ng ml"!' (Table 2). In a study, it was reported that
ADNA could be measured by LC-IDMS method using formic
acid hydrolysis [31]. Using the MALDI MS method to
investigate the acid hydrolysis process of DNA, Liu et al.,
reported that the cleavage of terminal nucleotides by acid
hydrolysis differed from the cleavage of purines (at both
terminals) in the MALDI MS spectrum from those in the
middle. After acid hydrolysis, the dissociation of damaged
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nucleotides was found to be different at the S5-terminal
compared to that at the 3-terminal in the MALDI MS
spectrum [32]. With their newly developed DI-MS platform,
global DNA methylation (mC) and hydroxymethylation
(hmC) levels were fast, unbiased, and sensitive. It has been
reported that it can measure in some way and provide data
comparable to LC-MS [33].

There are differences between acidic hydrolysis and
enzymatic hydrolysis, and between measurements,
depending on the method applied and the laboratory studied
[34]. The SIM mode of LC-MS may not provide the
sensitivity that is required to measure the 8-OH-Gua in vitro
and in vivo [35-36]. On the contrary, in the studies of
Dizdaroglu et al., it was observed that LC-MS was used to
measure the 8-OH-Gua and 8-OH-dA in DNA [6,37].
According to our study results, it was observed that the
required sensitivity for in vitro 8-OH-Gua measurement
could not be achieved with LC-MS/MS.

According to the literature survey, there are various
studies in which DNA hydrolysis is carried out by enzymatic
hydrolysis; some for measurement by HPLC-EC by using
nuclease P1 and alkaline phosphatase [38], by HPLC
measurement after nuclease P1 and alkaline phosphatase; or
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with  alkaline  phosphatase,  phosphodiesterase I,

phosphodiesterase II and deoxyribonuclease I hydrolysis [3],
for LC-MS/MS measurement after nuclease P1 and alkaline
phosphatase [18], for LC-MS measurement after nuclease P1,
and alkaline

venom phosphodiesterase phosphatase

hydrolysis [39], for LC-MS measurement by using DNase I,

alkaline  phosphatase, = phosphodiesterase @I  and
phosphodiesterase 11 [6], for measurement by LC-MS/MS
using  various nuclease enzymes (nuclease Pl,

phosphodiesterase 1 and alkaline phosphatase) [16].
However, it has been stated that the amount of enzyme and
the incubation time in the enzymatic hydrolysis of DNA

may cause different results by changing the hydrolysis of

407

deoxynucleoside [40]. On the other hand, it has been reported
that the GC/MS method overestimates the level of §-oxodG
due to the severe acidic conditions and long derivatization
step required for DNA hydrolysis [41]. In another study,
acidic hydrolysis and enzymatic hydrolysis methods were
compared, the 8-OH-dGua level was measured by using
enzymatic hydrolysis by LC/IDMS-SIM, and the 8-OH-Gua
level was evaluated by using acidic hydrolysis with formic
acid or hydrolysis with Fpg protein by GC/IDMS-SIM. It has
been reported that there is no statistical difference between
GC/IDMS-SIM and the levels are similar [6]. According to
the result obtained by using formic acid, the enzyme does not
cut intact bases. For this reason, it is thought that there is no
possibility of 8-OH-Gua artifacts in the hydrolysis of DNA
with Fpg protein [6].

In this study, which measured 8-OHGua and §-OH-2'dG
using the LC-MS/MS method, it is thought that formic acid
is effective in breaking the N-glycosidic bond but not the
phosphodiester bond. A disadvantage of both LC-MS/MS
and GC-MS methods is the possibility of oxidation of solid
bases during DNA isolation [42]. Therefore, instead of acidic
hydrolysis, specific enzymatic hydrolysis may be more
beneficial in breaking the strong phosphodiester bond. It has
been observed that acidic hydrolysis with formic acid is not
suitable for measuring the amounts of 8-OHGua and 8-OH-
2'dG in oxidatively-damaged DNA by LC-MS/MS.

CONCLUSIONS

According to the results obtained, although there are
measurement methods after acidic hydrolysis in the literature
for the measurement of in vitro oxidative damage with
Fenton reaction on thymus calf DNA with LC-MS/MS
device, enzymatic hydrolysis seems to be more ideal.
further the
experimental conditions for determining the damaged

Therefore, studies on optimization of
products of DNA after acidic hydrolysis is recommended.
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