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bstract

Oxidation of the guanosine moiety in DNA has become a hallmark biomarker in assessing oxidative stress. The oxidation of guanosine in
he nucleotide triphosphate pool has been overlooked due to the lack of a reliable methodology. This method describes a sample processing and

igh performance liquid chromatography with electrochemical detection protocol for the analysis of the cellular pool of guanosine triphosphates
nd oxidized guanosine triphosphates. Validation of this method is demonstrated along with evaluation of these analytes in control and oxidizing
onditions in vitro and in HEK 293T cells. Oxidation of this triphosphate pool occurred independently of oxidation to DNA.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Oxidative stress is defined as the deleterious impact in cell
unction as a consequence of the loss in homeostatic balance
etween reactive oxygen species (ROS) and antioxidants in the
ellular milieu [1]. ROS are formed continuously as a result of
ormal cellular respiration, enzymatic metabolism, and exoge-
ous insults [2]. Oxidative stress has been implicated in the
nset and development of several pathological processes includ-
ng cancer and age-related neurodegenerative diseases such as
arkinson’s Disease (PD) [3–6]. The interaction of ROS with
NA has the potential to generate a number of possible DNA

esions. Among the four DNA bases, guanine has the lowest
xidation potential and it is the most readily oxidized [7–9].
wo-electron oxidation of guanine results in the formation of
-hydroxy-2′-deoxyguanosine (oxo8dG), which is the major
xidation product of guanine. This species is one of the most fre-

uently studied oxidized DNA base products, and it has attracted
onsiderable interest as a biomarker of oxidative stress associ-
ted with diseases ranging from cancer to neurological deficits
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10–13]. It has been shown that oxo8dG is produced by hydroxyl
adical (OH•) attack, the most oxidizing ROS to arise in biolog-
cal systems, on the C8 position of 2′-deoxyguanosine (2-dG)
n DNA [14,15]. oxo8dG is promutagenic due to its tendency
o preferentially pair with adenosine over cytosine during DNA
eplication, leading to G:C → T:A transversions [16]. Increases
n oxo8dG levels in DNA can also occur after OH• radical
ttack to the cellular 2′-deoxyguanosine 5′-triphosphate (dGTP)
ool producing oxidized 2-dG 5′-triphosphate (oxo8dGTP) [17].
xo8dGTP can then be incorporated into DNA during cellular
eplication or during DNA repair. The dGTP nucleotide pool is
ainly located in the cytoplasm; therefore, it is more available

or attack by ROS as compared to DNA, which is protected by
istones and tightly packaged in the nucleus.

Guanosine 5′-triphosphate (GTP), required for RNA synthe-
is and several normal cellular functions, can also be modified
y ROS. GTP concentrations in the cytoplasm are hundreds of
imes larger than dGTP [18]. This suggests that under conditions
f high ROS levels, significantly more oxidized GTP (oxo8GTP)
han oxo8dGTP could be produced in the cell. However, due to

he lack of a reliable way to quantify these oxidation products,
ittle is know of the degree of oxidation to dGTP or GTP pools
fter ROS attack and the possible impact of these oxidation prod-
cts to cellular physiology. Recently it has been shown that the

mailto:fernando.cardozo@umontana.edu
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GTP pool endures greater levels of oxidation after irradiation
s compared to DNA [19]. Levels of oxo8dG in cells, tissue,
nd whole animal have been reported as an important biomarker
or oxidative stress when evaluating disease pathologies ranging
rom cancer to diabetes [5,20]. However, most of this evidence
as been accrued by assessment of oxo8dG via antibody tech-
ology. It is necessary to investigate the relative contributions of
xidized dGTP and GTP to this biomarker assessment as well as
he particular susceptibility of these cellular pools to oxidative
tress as compared to DNA.

The following study describes a sample processing and
PLC-EC methodology for the simultaneous determination
f dGTP, GTP oxo8dGTP, and oxo8GTP in cells. Optimiza-
ion of retention times was achieved by dephosphorylating
he compounds to their respective guanosine nucleoside forms
-deoxyguanosine (2dG), guanosine (G), and their oxidized cor-
esponding forms oxo8dG and oxo8G, and detection selectivity
as gained by detection at specific voltages by the CoulArray
etector. Although hydrolysis of guanosine nucleotide triphos-
hates to their respective guanosine nucleosides by alkaline
hosphatase (EC 3.1.3.1) has been reported as a preparative step
or HPLC with UV detection, validation of this technique as
reliable assessment of dGTP and GTP concentrations in the

ells concomitantly with assessment of their oxidized forms,
xo8dGTP and oxo8GTP, has not been established until now
21]. The method described here was used to quantify the basal
evels of dGTP and GTP in human embryonic kidney (HEK
93T) and to assess the susceptibility of theses pools to ROS
ttack. oxo8dG was quantified in nuclear DNA extracts of the
EK 393T cells under oxidizing conditions that impacted the
TP pool, and shown to be equal to that of controls. Thus, these

esults suggest a novel way of assessing the oxidation of cellu-
ar guanosine triphosphates as a biomarker of oxidative stress
hat occurs independently from oxidation to DNA. The sample
rocessing and chromatographic analysis presented permit us to
emonstrate that under conditions in which ROS are produced,
he GTP pool can be impacted without noticeable changes to the
GTP pool or the guanine base in DNA.

. Experimental

.1. Chemicals and reagents

All reagents were purchased from Sigma–Aldrich (St.
ouis, MO), unless otherwise indicated. 8-Oxoguanosine-
′-triphosphate (oxo8GTP) and 8-oxo-2′-deoxyguanosine-5′-
riphosphate (oxo8dGTP) were purchased from TriLink
iotechnologies (San Diego, CA). 8-Hydroxy guanosine

oxo8G) was obtained from Cayman Chemical (Ann Arbor, MI).
ltrapure water was obtained from a Milli-Q UF-Plus apparatus

Millipore).

.2. Cell culture
HEK 293T cells purchased from American Type Culture Col-
ection (Menasses, VA) were grown in T75 cell culture flasks
Costar, Corning Inc., Corning, NY) at 37 ◦C, 5% CO2. Cells

a
r
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ere maintained in 1× Dulbecco’s Modification of Eagle’s
edium with 4.5 g/L glucose and l-glutamine, 10% fetal

ovine serum, 1 mM sodium pyruvate, 1× non-essential amino
cids, 1000 international units (IU) penicillin—1 mg/mL strep-
omycin, and 50 �g/mL gentamicin sulfate. All media reagents
ere purchased from CellGro® technologies (Mediatec Inc.,
erndon, VA, USA). All in vitro experiments were conducted
ith harvested cells that had reached confluency, approximately
× 107 cells per flask. Mycophenolic acid (MPA) was solu-
ilized in ethanol and diluted in cell culture media for MPA
xperiments. A final concentration of 2 �M MPA was added
n a subset of cell colonies and incubated for 1 h at 37 ◦C, a
ose previously shown not to affect cell viability [22]. For oxi-
ation experiments, control cell populations were incubated in
mM l-ascorbic acid and oxidation colonies contained 1 mM
-ascorbic acid and 10 �M cupric sulfate. All reagents were pre-
ared in media before addition to flasks and incubation at 37 ◦C
or 4 h.

.3. dGTP, GTP, oxo8dGTP, and oxo8GTP extraction

All the extraction steps were performed on ice. Immediately
rior to processing, confluent flasks of HEK 293T cells were
ssessed for viability using the tryphan blue exclusion method
nd counted. After washing three times with ice-cold phosphate-
uffered saline (PBS), cells were harvested with the addition
f 3 mL of 1× trypsin-EDTA and pelleted by centrifugation at
000 × g, 4 ◦C. Cell pellets were pooled from two flasks per
ample in 6 mL of PBS. Following centrifugation, protein was
recipitated using 1.5 mL of 6% trichloroacetic acid (TCA),
ortex-mixed for 20 s, ice-bathed for 10 min, and vortex-mixed
gain for 20 s. Cell extracts were then centrifuged at 13,000 rpm
or 10 min at 4 ◦C. The resulting supernatant was neutralized to
H 6 with a solution containing 3 M KOH and 3 M KHCO3.
amples were stored at −80 ◦C until undergoing the dephos-
horylation process.

.4. dGTP, GTP, oxo8dGTP, and oxo8GTP
ephosphorylation

Neutralized cell extracts, standards, and in vitro reactions
ere treated similarly for dephosphorylation. On ice, 25 IUs of

lkaline phosphatase (dissolved in Tris–HCl pH 8.0), 1.8 mM
odium acetate, and 100 mM Tris–HCl, were added to 10 �L of
ample in total volume of 20 �L. After incubation at 37 ◦C for
h, the dephosphorylation reaction was stopped by placing on

ce. This was followed by filtering through Ultrafree-MC (30-
Da) tubes (Millipore Corp., Bedford, MA). Quantification of
he generated nucleosides (2-dG, G, oxo8dG, and oxo8G) was
arried out by injecting 10 �L of the filtrate into the HPLC-EC
or in vitro reactions and 20 �L of filtrate for cell extracts.

.5. Instrument and chromatographic conditions
Guanosine nucleotide triphosphates, guanosine nucleosides,
nd oxidized derivatives were resolved by HPLC with a
everse phase YMCbasic column (4.6 mm × 150 mm; particle
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ize 3-�m) (YMC Inc., Wilmington, NC) and quantified using
CoulArray electrochemical detection system (ESA, Inc.,

helmsford, MA). An isocratic mobile phase consisting of
00 mM sodium acetate, pH 5.2, 4% methanol (HPLC Grade)
iluted in water polished with C18 Sep-Pak cartridges (Waters
orp., Milford, MA) was utilized to elute the guanosine
ucleotide triphosphates and guanosine nucleosides from the
olumn. The mobile phase was filtered using 0.2 �m nylon filters
nd degassed by sonication before use with the HPLC. Potentials
f the 12 coulometric analytical cells of the CoulArray system,
laced in series, were as follows: 50, 125, 175, 200, 250, 380,
00, 700, 785, 850, 890, 900 mV. Data were recorded, analyzed,
nd stored using CoulArray for Windows data analysis software
ESA Inc., Chelmsford, MA).

.6. Calibration standards

Stock solutions of each analyte were prepared by individually
issolving commercially available, pure guanosine and oxidized
uanosine nucleosides as well as guanosine nucleotide triphos-
hates in mobile phase. For the nucleosides 2-dG and G, it was
equired the addition of 5 �L of 10 M NaOH to 1 mL of stock
olution to achieve adequate solubility. Calibration curves were
enerated from standards of dGTP, GTP, 2-dG, and G rang-
ng from 5 pmol to 4 nmol. Elution of the guanosine-containing
nalytes was monitored in the 700, 785, and 850 mV channels
nd their injected amounts were graphed relative to the sum
f peak areas. oxo8dGTP, oxo8GTP, oxo8dG, and oxo8G cali-
ration curves were created from concentrations ranging from
to 50 pmoles. These oxidized guanosine analytes were mon-

tored in the 250 mV channel and their injected amounts were
raphed relative to peak area of the corresponding peak. Dephos-
horylated calibration standards were treated similarly with the
ddition of the dephosphorylation steps outlined in Section 2.4.

.7. Oxidation of GTP in vitro

All reagents for in vitro oxidations were reconstituted in PBS,
H 7.4, and kept on ice. Control reactions included 1 mM GTP
nd 1 mM l-ascorbic acid and oxidation reactions contained
mM GTP, 1 mM l-ascorbic acid, and 10 �M cupric sulfate

n a final volume of 100 �L. All samples were incubated for 4 h
t 37 ◦C.

.8. DNA isolation

DNA was extracted from confluent flasks of HEK 293T cells,
ith minor modifications, according to a method previously
escribed [23]. Briefly, confluent flasks of control populations
ere treated with unmodified cell culture media described above

see Section 2.5). Oxidized populations were exposed to a final
oncentration of 10 �M cupric sulfate and 1 mM l-ascorbic acid
repared in cell culture media and incubated for 4 h at 37 ◦C.

fter washing three times with ice-cold phosphate-buffered

aline (PBS), cells were harvested with the addition of 3 mL
f 1× trypsin-EDTA and pelleted by centrifugation at 2000 × g,
◦C. Pellets were resuspended in 1 mL of DNA extraction buffer

s
d
i
a
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ontaining 0.1 M Trizma-base, 0.1 M NaCl, and 20 mM EDTA,
nd lysed by sonication using a Vir Sonic Ultrasonic Cell Disrup-
or 100 (Virtis Company, Gardiner, NY). Following sonication,
00 �L of DNA extraction buffer containing 33 U of DNase free
Nase T1 (EC 3.1.27.3) and 200 �g of RNase A (EC 3.1.27.5)
nd incubated at 37 ◦C for 1 h. After mixing and brief centrifu-
ation at 1500 × g for 5 min, 300 �L of DNA extraction buffer
ontaining 300 �g of Proteinase K (EC 3.4.21.64) and 1% SDS
as added to each sample. Following incubation at 37 ◦C for 1 h,

he protein fraction was separated from the DNA by three con-
ecutive organic extractions as follows: 700 �L of phenol (stored
t −20 ◦C saturated in buffer) was added to the mixture and after
omogenization and centrifugation the aqueous phase was trans-
erred to 1.5 ml microcentrifuge tubes containing Light Phase
ock Gel (Brinkmann Instruments, Inc., Westbury, NY). The
amples were then extracted with phenol:chloroform:isoamyl
lcohol (25:24:1), and chloroform:isoamyl alcohol (24:1). The
NA was precipitated from the aqueous phase with two volumes
f ice-cold ethanol (with respect to aqueous volume) and stored
vernight at −20 ◦C.

Extracted DNA was prepared for the HPLC analysis by
esolving it into deoxynucleoside components. The DNA was
enatured by digestion at 90 ◦C for 2 min in 100 �L of 20 mM
odium acetate (pH 5.0) then incubating at 37 ◦C for 1 h with
0 U of nuclease P1 (EC 3.1.30.1) (dissolved in 20 mM sodium
cetate). Each sample was then treated with 10 U of alkaline
hosphatase (dissolved in Tris–HCl pH 8.0) and incubated at
7 ◦C for 1 h. The reaction was stopped by addition of 20 �L of
M sodium acetate (pH 5.0), then filtered using Ultrafree-MC

30-kDa) tubes and lyophilized. Samples were stored at −80 ◦C
nd reconstituted in 50 �L of mobile phase before HPLC-EC
nalysis. Injection volumes for HPLC-EC analysis contained
0 �L of sample.

.9. Statistical analysis

All data were analyzed using Prism GraphPad 4.0 software
GraphPad Software Inc., San Diego, CA). Calibration curve
arameters for each of the analytes were obtained by linear
egression analysis. An unpaired t-test was performed on data
rom MPA and oxidation experiments; values denoted with an
sterisk are significantly different from their corresponding con-
rols (P < 0.05).

. Results

.1. Detection of guanosine and oxidized guanosine
oieties

Our chromatographic conditions allowed for the separation
f guanosine (dGTP, GTP, 2-dG, and G) and oxidized guano-
ine moieties (oxo8dGTP, oxo8dG, oxo8GTP, and oxo8G) of
nterest. Fig. 1A and B was obtained by injection of a single

tandard containing the six guanosine compounds shown (GTP,
GTP, G, 2-dG, oxo8G, and oxo8dG). Fig. 1C was obtained by
njection of standards containing known quantities of oxo8dGTP
nd oxo8GTP. Although the retention times for oxo8dGTP and
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ig. 1. Chromatographic profiles for a standard containing GTP, dGTP, G, and
xo8G and oxo8dG detected with a channel set at 250 mV (B), and standards of

xo8GTP overlap with those of dGTP and GTP, selectivity for
heir analysis is gained by detection at different oxidation poten-
ials. Both compounds, especially oxo8dGTP, do not seem to
oelute with any other. Elution of the guanosine triphosphates
s monitored in the 700, 785, and 850 mV channels (Fig. 1A),
hile elution of the oxidized forms is monitored and maximum

n the 250 mV channel (Fig. 1C). However, when using extracts
rom biological samples for HPLC-EC analysis, the difference
n chemical composition between the mobile phase and biologi-
al milieu generates a broad solvent front in the first 4 min of the
nalysis. This solvent front peak overlaps the elution of peaks
enerated from the guanosine triphosphates and impossibilities

heir analysis. Given the good resolution for the analysis of 2-dG
nd G (Fig. 1A) and for oxo8dG and oxo8G (Fig. 1B) combined
ith their low levels in biological systems, we opted to analyze

he triphosphates after an additional sample preparation step to

a
l
o
l

(A) detected in channels set at 700, 785, and 850 mV, a standard containing
GTP and oxo8dGTP detected at 250 mV (C).

ephosphorylate these analytes before injecting them into the
PLC-EC.

.2. Validation of preparative sample dephosphorylation

To test whether the dephosphorylation step would interfere
ith the electrochemical analysis of the analytes, we built cal-

bration curves for each of the triphosphates moieties after
ephosphorylation and compared their response to injections
f equivalent amounts of standards of their respective guano-
ine nucleoside (Fig. 2). Fig. 2A compares the response to 2-dG
enerated from dephosphorylation of dGTP to the response of

prepared 2-dG standard. Fig. 2B–D was constructed simi-

arly to allow for the same comparison for G, oxo8dG, and
xo8G, respectively. The calibration curves for the dephosphory-
ated oxidized guanosine triphosphates and oxidized guanosine
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ig. 2. Solid lines are calibration curves built with known amounts of 2-dG(A)
quivalent amounts of standards containing dGTP (A), GTP (B), oxo8dGTP (C

ucleosides were built based on a picomolar scale and those
or the unmodified guanosine compounds were built based on

nanomolar scale. This is due to the observation that the
oncentration of oxidized guanosine nucleotide triphosphates
oxo8GTP and oxo8dGTP) and oxidized guanosine nucleosides
oxo8G and oxo8dG) might be several orders of magnitude
maller than their corresponding unmodified guanosine com-
ounds (dGTP, GTP, G, 2-dG) in biologically relevant systems.

Table 1 outlines the specific calibration components of each
f the dephosphorylated guanosine triphosphates as well as
he guanosine nucleoside standards. Each of the calibration
urves yielded a coefficient of determination (r2) greater than
.9 and an average percent recovery of 95% or greater. The
alues for the slope and intercept for the dephosphorylated
uanosine nucleotide triphosphates as compared their corre-
ponding standard guanosine nucleoside were not significantly

ifferent.

It can be therefore concluded that the dephosphorylation of
he guanosine and oxidized guanosine triphosphates is com-
lete under these reaction conditions, and that the levels of the

a
s

able 1
omparison of calibration curve components of guanosine nucleosides and dephosph

omponent G Oxo8G 2-dG Oxo

lope 0.3281 0.08951 0.2224 0.0
-intercept 0.02874 −0.01398 −0.06004 0.2
2 0.9998 0.9997 0.9912 0.9
verage % recovery 99.49 100.05 103.68 97.1
), oxo8dG (C), and oxo8G (D). Dashed lines are calibration curves built with
oxo8GTP (D) after alkaline phosphatase treatment (n = 2).

esulting nucleoside are equivalent to the levels of the parent
ucleotide triphosphate. The limit of detection (LOD) for each
ucleoside was determined as the amount giving a signal-to-
oise (S/N) ratio of 3:1. The LOD for each compound were
26.83 fmol (G), 167.91 fmol (dG), 40.24 fmol (oxo8G), and
7.11 fmol (oxo8dG), respectively. The limit of quantification
LOQ) for each nucleoside was determined as the amount giv-
ng a S/N ratio of 10:1. The LOQ for each compound were
22.80 fmol (G), 559.70 fmol (dG), 134.10 fmol (oxo8G), and
57.0 fmol (oxo8dG), respectively. These detection limits are
ne to two orders of magnitude lower than the levels of G, dG,
xo8G, and oxo8dG measured in biological samples using this
ethodology (see Sections 3.3 and 3.4).

.3. Detection of guanosine and oxidized guanosine
oieties in HEK 293T cells
To test whether the same dephosphorylation process could be
pplied to the analysis of nucleotide triphosphates in biological
amples, we used HEK 293T cells with and without the addi-

orylated guanosine nucleotides

8dG Dephosphorylated

GTP Oxo8GTP dGTP Oxo8dGTP

7660 0.2987 0.08418 0.1185 0.07047
302 0.03513 0.2534 −0.04541 0.1106
978 1.000 0.9729 0.9922 0.9996
7 100.04 89.63 103.72 99.57
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Fig. 3. Typical chromatograhic profiles of cytosolic cellular extracts, after treatment with alkaline phosphatase, obtained from HEK 293T cells in control or MPA-
exposed populations (2 �M, 1 h). Typical retention times for G and 2-dG generated are presented in 3A, and that for oxo8G in 3Bm (chromatograms reflect a 3D
s for qu
s bar)
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ion of mycophenolic acid (MPA). MPA is a non-nucleoside,
on-competitive, reversible inhibitor of inosine monophos-
hate dehydrogenase (IMPDH) (EC 1.1.1.205) [24]. IMPDH
s responsible for catalyzing the rate-limiting step in the de
ovo biosynthesis of guanosine monophosphate (GMP) which
s further converted into guanosine diphosphate (GDP) and GTP.
revious studies have shown that concentrations of MPA rang-

ng from 0.2 to 2 �M reduce the levels of GTP in vitro as
uch as eighty percent without affecting cell viability [22,25].
ig. 3A and B is representative chromatograms of dephospho-
ylated cytosolic extracts from control and MPA-treated HEK
93T cells. Addition of 2 �M MPA for 1 h significantly reduced
TP levels by 70% (Fig. 3A and C) without affecting the con-

entration of dGTP (Fig. 3D) or cell viability. oxo8GTP was
lso significantly reduced by 70% in these same MPA-exposed
olonies (Fig. 3E). oxo8dGTP was undetectable in control and
PA-exposed samples.
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he cellular pool do not confound direct detection and analysis
f the dephosphorylated guanosine triphosphate. Thus, we con-

w
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antitation of GTP and dGTP, only channel 785 mV shown in figure. Bar graphs
and MPA treated (white bar) cells. Values expressed as nanomoles (dGTP and
= 3–4, * P < 0.05).

lude that determination of these nucleosides is a valid approach
o determine levels of the original nucleotide triphosphate.

.4. Oxidation of guanosine triphosphates in vitro and in
EK 293T cells

To assess the impact of oxidative damage in the guano-
ine triphosphates cellular pools, initially we exposed GTP to
known ROS producing system (1 mM l-ascorbic acid and

0 �M cupric sulfate). Fig. 4A and B are representative chro-
atograms of the analysis of GTP, after alkaline phosphatase

reatment, under control and oxidizing conditions. Production
f OH• in mixtures of Cu2+ and ascorbate has been previously
emonstrated, and therefore OH• is likely the ROS responsi-
le for producing oxo8GTP via the same attack mechanism that
roduces oxo8dG in DNA [26]. The average percent recovery of
TP incubated in PBS for 4 h was 101% using this sample pro-

essing and HPLC-EC method which shows that no GTP is lost
ue to decomposition or due to the reaction conditions. Under
xidizing conditions, approximately four times more oxo8GTP

as formed as compared to control reactions that were incubated
ith l-ascorbic acid alone (Fig. 4D). Pre-treatment of reagents
ith the Chelex 100 resin (sodium form) to remove any trace
etals did not affect oxo8GTP levels under control conditions.
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Fig. 4. Chromatograhic profiles of dephosphorylated GTP (A) and oxo8GTP (B) after GTP exposure to control (1 mM l-ascorbic acid) or oxidizing conditions
(1 mM l-ascorbic acid and 10 �M cupric sulfate). Bar graph shows nanomoles of GTP (C) and picomoles oxo8GTP (D) in GTP samples exposed to control (black
bar) or oxidizing conditions (white bar). Data expressed as the mean ± S.E.M. (n = 6–9, * P < 0.05).

Fig. 5. Chromatograhic profiles of alkaline phosphatase treated cytosolic cellular extracts obtained from HEK 293T cells in control (1 mM l-ascorbic acid) or
oxidizing (1 mM l-ascorbic acid, 10 �M cupric sulfate) conditions. Typical elution profiles for the generated G and 2-dG (A) and typical elution profile for the oxo8G
generated (B). Bar graphs represent cellular levels of GTP (C), dGTP (D), and oxo8GTP (E) in control (black bar) and treated cell populations (white bar). Data
expressed as levels per 106 cells. Data expressed as the mean ± S.E.M. (n = 3, * P < 0.05).
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Fig. 6. Levels of oxo8dG, as compared to the levels of 2-dG, in DNA isolated
from HEK 293T cells exposed to 1 mM l-ascorbic acid (control, black bar) or
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mM l-ascorbic acid, 10 �M cupric sulfate (oxidizing conditions, white bar).
ata expressed femtomoles of oxo8dG per nanomoles of 2-dG in DNA. Bars

epresent mean ± S.E.M. (n = 4).

xo8GTP was undetectable in untreated GTP reactions (data not
hown). GTP also showed a small, although significant decrease
n concentration after incubation under oxidizing conditions due
o its direct oxidation (Fig. 4C).

To determine if the same oxidation conditions can induce
xo8GTP in a cell culture system, we exposed HEK 293T
ells to similar conditions as the ones described above (1 mM
-ascorbic acid, 10 �M cupric sulfate). Fig. 5A and B are rep-
esentative chromatograms of alkaline treated cytosolic extracts
rom HEK 293T cells under control and oxidizing conditions.
xo8GTP extracted from HEK 293T cells exposed to l-ascorbic
cid and cupric sulfate were six times higher than control pop-
lations exposed to l-ascorbic acid alone (Fig. 5E). Exposure
o l-ascorbic acid alone (control) decreased oxo8GTP levels as
ompared to untreated cells (data not shown). GTP concentra-
ions in oxidized populations were apparently decreased from
ontrols although the difference was not significant (Fig. 5C).
his is likely due to the normal increase in the variability
f data obtained from cell cultures as compared to purified
eagents. dGTP levels were unaffected in all groups (Fig. 5D)
nd oxo8dGTP was undetectable in all groups.

.5. Oxidation to guanosine moiety in nuclear DNA of HEK
93T cells

To test whether similar free radical conditions had an effect in
he levels of oxidized guanosine in DNA, we measured oxo8dG
evel in DNA from HEK 293T cells that were exposed to l-
scorbic acid and cupric sulfate. Fig. 6 demonstrates that nuclear
NA extracted from HEK 293T cells treated under the same
xidation conditions did not show an increase in oxidation to the
uanosine moiety. This suggests the nucleotide pool, specifically
TP, is the primary target for oxidation after exposure to mild
xidizing conditions.
. Discussion

The GTP pool has not been adequately investigated as a tar-
et and therefore as a biomarker of oxidative stress. Until now,

a
T
t
t

matogr. B 856 (2007) 121–130

his paucity of information is in part due to the lack of a reli-
ble methodology to assess oxidized guanosine moieties in the
ucleotide pool. The present method for simultaneous detec-
ion of dGTP, GTP, oxo8dGTP, and oxo8GTP is the first report
f a sensitive, reliable methodology for the direct determina-
ion of these guanosine triphosphates in cells. In addition, this

ethod allows for the detection of the impact of ROS to cellu-
ar guanosine under conditions that do not evidence oxidation
o DNA. Reports of oxidative damage to DNA in disease and
fter toxicological challenge have relied on assessments using
ntibodies against oxo8dG [27–30]. However, these antibodies
re notorious for showing cross-reactivity with oxo8G, G, and 2-
G [27,30]. Immunohistochemical studies using antibodies for
xo8dG have also displayed high background reactivity in both
he nucleus and cytosol in various cell types. This demonstrates
nreliable discrimination between oxidized moieties in DNA
nd in the free guanosine nucleoside or guanosine nucleotide
riphosphate forms [29,31].

Determination of nucleotide concentrations has been inves-
igated by several methodologies including gas chromato-
raphy (GC), bioluminescence, nuclear magnetic resonance
pectroscopy (NMR), and high-performance liquid chromatog-
aphy (HPLC) [32]. It has been generally established that the
uantification of nucleoside and deoxynucleoside triphosphates
s most reliably assessed via ion-pair HPLC with UV detec-
ion [33]. However, HPLC with electrochemical detection (EC)
s the most sensitive and reliable way of quantifying oxo8dG
23]. The chemical properties of guanosine and oxidized guano-
ine in their triphosphate forms make reverse-phase HPLC-EC
ncapable of accurately detecting these analytes from biological
amples. Incorporation of a preparative dephosphorylation step
o overcome difficulties in detecting analytes eluting in solvent
ront phase of the chromatogram ensured the ability to mea-
ure dGTP, GTP, oxo8dGTP, and oxo8GTP in cell extracts in
single run. Although basal oxo8dGTP concentrations in bio-

ogical samples were below the detection limit, sensitivity to
his analyte was shown in Fig. 1C. Free 2-dG, G, oxo8dG, or
xo8G were undetected in cell extracts that did not undergo
he preparative dephosphorylation step, thus they do not inter-
ere with measurements of their triphosphate forms via alkaline
hosphatase dephosphorylation. Alkaline phosphatase cleaves
he 5′ phosphates in ribo and deoxyribonucleotide triphosphates
ith no activity on nucleotide diphosphates and little activity
n nucleotide monophosphates [34]. Given the substrate speci-
city of alkaline phosphatase for nucleotide triphophates and

he inability of HPLC methods with similar extraction tech-
iques to detect GDP or GMP, inflation of G levels using the
resented method by interference of GDP or GMP is unlikely
35]. The reduction of GTP and oxo8GTP by MPA, a specific
nhibitor of de novo GTP synthesis in vivo, provided further
alidation of the sample preparation and HPLC-EC conditions
resented.

The concentration of GTP in HEK 293T cells was found to be

pproximately 10-fold higher than the concentration of dGTP.
hese results corroborate earlier studies in various normal and

umor cell lines (see Fig. 3) [33]. The GTP pool also proved
o exhibit higher basal levels of oxidation as compared to the
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GTP pool which was undetectable under normal growth media
onditions (see Fig. 3). The higher basal levels of oxo8GTP, as
ompared to oxo8dGTP, can be explained by the presence of a
pecific cellular repair mechanism for the removal of oxo8dGTP
rom the deoxynucleotide pool. The MTH1 (EC 3.1.6.-) pro-
ein is responsible for hydrolyzing oxo8dGTP to oxo8dGMP
nd thus preventing its incorporation into DNA [36]. Although
TH1 also acts on oxo8GTP, it has been shown that the rate

f cleavage of oxo8GTP by MTH1 is 50 times lower than that
f oxo8dGTP [37]. No specific repair or removal mechanism
or oxo8GTP has been identified to compensate for this inef-
ciency of MTH1. This fact also can help explain why the

evels of oxo8GTP in HEK 293T cells exposed to oxidizing
onditions represented an approximately six-fold increase from
ontrol with no observable increase in oxo8dGTP (see Fig. 5).
nterestingly, this increase in oxo8GTP levels is approximately
wice the magnitude of increase seen in oxo8GTP from direct
xidation of GTP (see Fig. 4). Previous studies investigating
mM ascorbate as a free radical scavenger in solutions of puri-
ed 2-dG and calf thymus DNA exposed to radiation have also
emonstrated discrepancies in the degree of oxidation to the
uanosine moiety [38]. Although these particular experiments
uggested free 2-dG was more susceptible to oxidation as com-
ared to 2-dG incorporated into DNA, they support the fact that
xidation of the guanine base is highly dependent on the moiety
t is contained within the cell (free nucleoside, DNA, nucleotide
riphosphate, etc.).

Oxidation of the guanosine moiety in DNA is one of the
ost widely reported biomarkers of oxidative stress due to its

mplications in mutagenesis as well as ease and reliability of
ssessment methods. However, the percent of oxidized guano-
ine relative to unmodified guanosine in DNA in tissues from
athologies such as Alzheimer’s Disease and Parkinson’s Dis-
ase ranges between 0.002 and 1%. The percent of oxo8GTP
elative to GTP in HEK 293T cells exposed to mild oxidizing
onditions used in this study was 0.15%. This is at the upper
nd of this range for oxo8dG/2-dG seen in neurodegenerative
iseases and an order of magnitude higher than the average
ercent of oxo8dG relative to 2-dG found in the DNA isolated
rom the blood of patients with diabetes mellitus [20]. oxo8dG
easured in naked DNA under similar copper and ascorbate

xidation conditions, 500 �M and 50 �M, respectively, reflects
nly a 0.1% oxidation of the total 2-dG [39]. Our in vitro oxida-
ions of GTP demonstrated that 6.6% of the guanosine moiety in
ts nucleotide triphosphate form was oxidized to oxo8GTP. This
s over 60 times more oxidation to the GTP pool as compared
o DNA treated under more severe oxidative conditions [39].
he magnitude of oxidation we observe both in vitro and in cell
ulture in the GTP pool under mild oxidative conditions that do
ot produce any measurable increase in oxidation to guanosine
n DNA evidences the importance of evaluating this guanosine
ool as an previously overlooked, important marker of oxidative
tress.
In conclusion, dephosphorylation of dGTP and GTP and
heir oxidized counterparts via alkaline phosphatase coupled to
PLC-EC analysis has proven to be a valid method for the detec-

ion and analysis of oxidative modification to the guanosine

[

[
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riphosphate pool. This methodology can extended to studies
valuating biomarkers of oxidative stress and their pathophysi-
logical role in cancer, neurological disease, and toxicological
nsult.
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