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Abstract
Nitric oxide (NO) is a physiologically important molecule that has been implicated in the
pathophysiology of diseases associated with chronic inflammation, such as cancer. While the
complicated chemistry of NO-mediated genotoxicity has been extensively study in vitro, neither the
spectrum of DNA lesions nor their consequences in vivo have been rigorously defined. We have
approached this problem by exposing human TK6 lymphoblastoid cells to controlled steady-state
concentrations of 1.75 or 0.65 μM NO along with 186 μM O2 in a recently developed reactor that
avoids the anomalous gas-phase chemistry of NO and approximates the conditions at sites of
inflammation in tissues. The resulting spectrum of nucleobase deamination products was defined
using a recently developed liquid chromatography/mass spectrometry (LC/MS) method and the
results were correlated with cytotoxicity and apoptosis. A series of control experiments revealed the
necessity of using dC and dA deaminase inhibitors to avoid adventitious formation of 2′-deoxyuridine
(dU) and 2′-deoxyinosine (dI), respectively, during DNA isolation and processing. Exposure of TK6
cells to 1.75 μM NO and 186 μM O2 for 12 hr (1260 μM•min dose) resulted in 32% loss of cell
viability measured immediately after exposure and 87% cytotoxicity after a 24 hr recovery period.
The same exposure resulted in 3.5-, 3.8-, and 4.1-fold increases in dX, dI and dU, respectively, to
reach the following levels: dX, 7 (±1) per 106 nt; dI, 25 (±2.1) per 106 nt; and dU, 40 (±3.8) per
106 per nt. dO was not detected above the limit of detection of 6 lesions per 107 nt in 50 μg of DNA.
A 12 hr exposure to 0.65 μM NO and 190 μM O2 (468 μM•min dose) caused 1.7-, 1.8-, and 2.0-fold
increases in dX, dI, and dU, respectively, accompanied by a ∼15 (±3.6) % reduction in cell viability
immediately after exposure. Again, dO was not detected. These results reveal modest increases in
the steady-state levels of DNA deamination products in cells exposed to relatively cytotoxic levels
of NO. This could result from limited nitrosative chemistry in nuclear DNA in cells exposed to NO
or high levels of formation balanced by rapid repair of nucleobase deamination lesions in DNA.

INTRODUCTION
While nitric oxide (NO1) is essential as an endogenous regulator of the cardiovascular, nervous
and immune systems (1-3), high levels of NO and its derivatives, such as those produced during
chronic inflammation, display cytotoxic and mutagenic properties that suggest a causative role
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for NO in the pathophysiology of diseases such as cancer (4,5). The genotoxicity of NO likely
arises from derivatives such as nitrous anhydride (N2O3) and peroxynitrite (ONOO−), which
are formed in reactions with molecular oxygen and superoxide, respectively (reviewed in ref.
5). N2O3 is a powerful nitrosating agent that, in addition to reactions with sulfhydryl groups
of proteins and with secondary amines to form N-nitrosamines, will react with the primary and
heterocyclic amines in DNA bases to create mutagenic deamination products, abasic sites and
DNA cross-links (reviewed in ref. 5), as shown in Scheme 1.

Among the products arising from nitrosative DNA damage are nucleobase deamination lesions
that include xanthine (dX as a 2′-deoxynucleoside), which is derived from guanine,
hypoxanthine (2′-deoxyinosine, dI) from adenine, uracil (2′-deoxyuridine, dU) from cytosine,
and thymine (2′-deoxythymidine) from 5-methylcytosine, as shown in Scheme 1. Of particular
interest is the observation of Suzuki et al. that deamination of guanine by nitrous acid in
vitro partitions to form both xanthine and oxanine (2′-deoxyoxanosine; dO; ref. 6), which
complicates the decades-old assumption of a simple guaninediazonium ion intermediate
common to xanthine and dG-dG cross-links. Suzuki et al. originally described the formation
of dO in reactions of nucleosides and DNA with nitrite under acidic (pH < 4) conditions (6,
7) and subsequently described the physicochemical and biological properties of dO (e.g., refs.
8-11). While Shuker and coworkers also observed the formation of oxanine base in reactions
of 2′-deoxyribonucleotides and calf thymus DNA with millimolar concentrations of the
mutagenic nitrosating agent, 1-nitrosoindole-3-acetonitrile, it is possible that the weak
buffering used in those studies (0.5 mM Tris) allowed an acidic pH to develop over the hours-
long course of the reaction (12,13).

These observations stand in contrast to our inability to detect dO in DNA exposed to NO and
O2 under conditions approaching those thought to exist at sites of chronic inflammation (14),
as discussed shortly. Using a sensitive LC/MS method and the addition of deaminase inhibitors
(14), we quantified dX, dI, dO and dU in DNA that was exposed to steady-state concentrations
of 1.3 μM NO and 190 μM O2(calculated steady-state concentrations of 40 fM N2O3 and 3 pM
NO2

•) in a recently developed reactor (15) that avoids the anomalous gas-phase chemistry of
NO; the presence of a headspace containing air in earlier delivery systems alters the chemistry
of NO by biasing the formation of N2O3 and allowing formation of N2O4 (16,17). Under these
conditions, dX, dI and dU were formed at nearly identical rates (k = 1.2 × 105 M−1s−1) to the
extent of ∼ 80 lesions per 106 nt after 12 h exposure to NO in the reactor (14). However, dO
was not detected in NO-exposed DNA at a level of > 6 lesions per 108 nt (in 500 μg of DNA),
except when the DNA was exposed to nitrite at pH 3.8 (14). In addition to deamination of the
exocyclic amines, nitrosation of the heterocyclic amines of dA and dG leads to depurination,
as shown in Scheme 1 (e.g., refs. 12,13). The mechanistic basis for depurination apparently
involves nitrosation of the N7 of dG and N7 or N3 of dA, with the resulting destabilization of
the glycosidic bond in the cationic bases (12,13).

To explain these different observations with dO formation, Glaser and coworkers recently
proposed a model (18) based on their extensive computational data and the experimental results
discussed above. The model begins with the formation of a diazonium ion at the N2 position
of dG. In solvent-exposed environments, such as free nucleosides, nucleotides, and single-
stranded DNA, the diazonium ion undergoes nucleophilic displacement by water to form dX
or it can lose N2 and undergo pyrimidine ring opening to form a cation that, via bond rotation,
leads to dO. In double-stranded DNA, however, base pairing with cytosine is proposed to

1Abbreviations
Bp, base pair; dA, 2′-deoxyadenosine; dC, 2′-deoxycytidine; dG, 2′-deoxyguanosine; dI, 2′-deoxyinosine; dO, 2′-deoxyoxanosine; dU,
2′-deoxyuridine; dX, 2′-deoxyxanthosine; I, hypoxanthine; nt, 2′-deoxynucleotides; LC/MS, liquid chromatography/mass spectrometry;
O, oxanine; U, uracil; THU, tetrahydrouridine; X, xanthine.
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provide base catalysis for a rapid deprotonation of the dG diazonium ion, with subsequent rapid
ring opening to form a cyanoimine that is constrained by the local structure such that addition
of water leads to the formation of dX rather than dO. Consistent with this model, we now report
that formation of dO is also undetectable in DNA from cells exposed to NO and O2.

While there have been several studies of nucleobase deamination caused by NO-derived
species in isolated DNA (16,17,19,20), there have been few quantitative and chemically
rigorous studies of nucleobase deamination in intact cells. Studies in macrophages, which
generate NO at a rate of ∼6 pmol•s−1 per 106 cells when exposed to lipopolysaccharide or INF-
γ in vitro (21), revealed formation of xanthine at levels five-fold higher than controls (22).
Other cellular studies have employed artificial delivery of NO. Nguyen et al. delivered what
they calculated to be a ∼20 mM total NO to isolated DNA and TK6 cells using a syringe bolus
approach and measured dX and dI at very high levels of 3-10 lesions per 103 nt for isolated
DNA and 1-3 lesions per 103 nt in cells (20). Finally, several other studies specifically
addressing NO-induced DNA damage have employed approaches that did not provide direct
identification of the nucleobase deamination products, such as DNA strand breaks in NO-
exposed cells (23-25) or in DNA from NO-exposed cells following treatment with DNA
glycosylases or alkali (26).

In addition to the assessment of a limited number of deamination products, the major problems
with all of these studies is that they employed NO concentrations greatly exceeding conditions
that occur at sites of inflammation in vivo, which are thought not to exceed steady-state
concentrations of ∼1 μM (21,27,28), and did not employ measures to avoid adventitious
nucleobase deamination. NO can be delivered to cells in any of three forms: NO donor
compounds, NO gas, or NO produced by either macrophages or endothelial cells after
activation. Donor compounds (29), though easy to use, generally do not provide a steady rate
of NO release, and their parent compounds and/or their decomposition products may contribute
to the observed cellular response. Similar drawbacks exist when using a co-culture system.
The observed cellular effects in the target cells are not purely caused by NO, but by a
combination of reactive nitrogen and oxygen species formed in the generator cells (22,30). The
direct use of NO gas for cell exposure has been made possible by supplying NO continuously
through gas permeable polydemethylsiloxane (Silastic) tubing (31,32). The major drawback
to this approach is that the oxygen concentration, a critical determinant of NO chemistry, is
reduced both by reaction with NO and by cellular respiration. To overcome this problem, Deen
and coworkers developed a Silastic membrane-based NO delivery system that provides
constant and controllable steady-state concentrations of both NO and O2 (14,15).

To address these problems, we undertook a quantitative study of nucleobase deamination in
DNA from cells exposed to physiologically relevant doses of NO and correlated the levels of
DNA damage with several indices of cellular toxicity. Of critical importance here was the
recognition of significant sources of adventitious nucleobase deamination in cellular DNA and
the effective application of means to prevent it.

EXPERIMENTAL PROCEDURES
Materials

All chemicals and reagents were of highest purity available and were used without further
purification unless noted otherwise. Pure Ar gas, mixtures of 1% and 10% NO in Ar gas, and
a mixture of 50% O2 and 5% CO2 in N2 gas were purchased from BOC Gases (Edison, NJ).
The TK6 cell line was provided by Dr. W.G. Thilly (Massachusetts Institute of Technology).
RPMI-1640 medium, donor calf serum, glutamine, and penicillin/streptomycin were purchased
from BioWhittaker (Walkersville, MD). An ApoAlert annexin V-FITC kit was obtained from
Clontech (Palo Alto, CA). Trypan blue (4% in saline), spermidine, spermine, Nonidet P40, 8-
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hydroxyquinoline, 2'-deoxycytidine, hypoxanthine, aminopterin, thymidine and alkaline
phosphatases were obtained from Sigma Aldrich (St. Louis, MO). Coformycin and
tetrahydrouridine were purchased from Calibochem (San Diego, CA). Acid phosphatase,
nuclease P1, proteinase K, and DNase-free RNase A were purchased from Roche Diagnostic
Corporation (Indianapolis, IN). Phosphodiesterase I was obtained from USB (Cleveland, OH).
Uniformly 15N,13C-labeled 5'-triphosphate-2'-deoxyguanosine, 5'-triphosphate-2'-
deoxyadenosine, and 5'-triphosphate-2'-deoxycytidine were purchased from Silantes (Munich,
Germany). Acetonitrile and HPLC-grade water were purchased from Mallinckrodt Baker
(Phillipsburg, NJ). Water purified with a Milli-Q system (Millipore Corporation, Bedford, MA)
was used for all other applications. Silastic tubing (1.47 mm i.d., 1.96 mm o.d.) was purchased
from Dow Corning (Midland, MI).

Instrumental analyses
All HPLC analyses were performed on an Agilent Model 1100 HPLC equipped with a 1040A
diode array detector. Mass spectra were recorded with an Agilent Model 1100 electrospray
ionization mass spectrometer coupled to an Agilent Model 1100 HPLC with diode array
detector. UV spectra were obtained using a Beckman DU640 UV-visible spectrophotometer.

Preparation of uniformly 13C, 15N-labeled dA, dG, and dC
The commercially available U-13C,15N-5'-triphosphate-2'-deoxyuncleotides, including dA,
dG and dC, was first dephosphorylated by incubation with alkaline phosphatase (0.5 units/μg
nt) at 37 °C for 1 hr in the presence of coformycin (50 μg/mL). The resulting reaction mixture
was passed through a Microcon YM-30 column (Millipore Corporation, Bedford, MA) to
remove the enzyme, and then resolved on a HAISIL HL C18 reversed phase semi-preparative
column (250 × 10 mm, 5 μm particle size, 100 Å pore size; Higgins Analytic Inc, Mountain
View, CA) eluted with acetonitrile:H2O (5:95, v:v) at a flow rate of 4.0 mL/min, for the
purification of the U-13C,15N-2'-deoxynucleosides. The fractions containing each
U-13C,15N-2'-deoxynucleoside were then subjected to a second HPLC purification using a
HAISIL HL C18 reversed phase column (250 × 4.6 mm, 5 μm particle size, 100 Å pore size;
Higgins Analytic Inc, Mountain View, CA) with isocratic conditions of acetonitrile:H2O (5:95
v:v) at a flow rate of 0.4 mL/min. Individual fractions containing each pure product were dried
under vacuum and stored at −80 °C for the future use. The products were characterized by UV
spectroscopy, mass spectral analysis (see Figure S1 in Supplementary Information) and HPLC
retention relative to defined standards (14,33-35).

Cell culture
TK6 cells were maintained in exponentially growing suspension cultures at 37 °C in a
humidified atmosphere of 95% air, 5% CO2 in RPMI-1640 medium supplemented with 10%
heat-inactivated donor calf serum, 100 units/mL penicillin, 100 μg/mL streptomycin, and 2
mM L-glutamine. Stock cells were sub-cultured and routinely passaged to maintain an optimal
growth density (0.6-1.0 × 106/mL) in 150-mm dishes during experiments. The cell stock used
in the present studies was treated with CHAT (10 μM 2'-deoxycytidine, 200 μM hypoxanthine,
0.1 μM aminopterin, and 17.5 μM thymidine) to remove mutant cells, as described previously
(36). However, aliquots of cells from this stock were grown for 5 generations prior to studies
with NO-induced DNA damage, such that any hypoxanthine incorporated into DNA or RNA
during the CHAT treatment would be reduced to background prior to analysis of nucleobase
deamination products. This is borne out by our observation of similar levels of dI in human
cell lines other than TK6 cells (data not shown).
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NO exposure
Cells at a density of 5 × 105 cells/mL in 115 mL of fresh RPMI 1640 medium containing 10%
heat-inactivated calf serum were exposed to NO and O2 at 37 °C in the membrane delivery
system described before (14). 1% and 10% NO gas were used to achieve the desired steady-
state NO concentrations: 0.65 μM and 1.75 μM, respectively. A 50% O2 gas mixture (with 5%
CO2) was infused through a second tubing loop to maintain the liquid O2 level at 186 μM. The
lengths of tubing for NO and O2 were 7 and 4 cm, respectively. The control cells were treated
with Ar gas using the same length of tubing as in the NO experiments. Immediately after
exposure to NO or Ar, samples were taken for analysis of cell survival, apoptosis and the
formation of nucleobase deamination products. The remaining cells from the 10% NO exposure
groups were collected by centrifugation. The cell pellets were resuspended in fresh culture
medium, plated at a density of 5 × 105 cells/mL, and grown at 37 °C for 24 hr for analysis of
cell survival, apoptosis, and the formation of nucleobase deamination products. Each
experiment was performed in triplicate.

Indices of cytotoxicity
NO-induced cell lethality determined by trypan blue exclusion was reported to produce
approximately the same survival values as the plating efficiency assay (37). Therefore, we
determined cell survival by staining cells with 0.4% trypan blue solution followed by
enumeration of those excluding the stain by visible light microscopy. The relative survival was
calculated as the ratio of the live cell number in NO experiments to that in Ar controls
(expressed as a percentage).

Quantification of apoptosis frequency was accomplished by flow cytometry following annexin
VFITC and propidium iodide staining. Positive staining for annexin V was used as a marker
of early apoptosis. Aliquots of cell suspensions containing 0.5-1 × 106 cells were placed into
1.5-mL microcentrifuge tubes, washed once with 500 μL annexin binding buffer and
resuspended in 200 μL of binding buffer. The cells were stained for 15 min at ambient
temperature in the dark with annexin V-FITC at a final concentration of 0.5 μg/mL and
propidium iodide at a final concentration of 2.5 μg/mL. The volume was adjusted to 600 μL
using ice-cold binding buffer for the flow cytometry analysis with a Becton Dickinson
FACScan (excitation light 488 nm) equipped with CellQuest software (San Jose, CA). Annexin
V-FITC fluorescence was recorded in FL-1 channel and propidium iodide fluorescence in
FL-2. Twenty thousand cells were examined for each sample. Cells stained positive with
annexin V only were designated as apoptotic, those staining only with propidium iodide were
designated necrotic, those with both propidium iodide and annexin V as necrotic or late
apoptotic, and those unstained by either dye as alive and not undergoing measurable apoptosis.
Cells treated with argon gas served as controls, and the measured apoptotic fraction was
subtracted from that in NO-treated cells.

Isolation of genomic DNA from TK6 cells
Following NO/O2 exposures, the cell pellet (1-2 × 107 cells) was resuspended in 0.4 mL of
buffer A (300 mM sucrose, 60 mM KCl, 15 mM NaCl, 60 mM Tris-HCl, pH 8.0, 0.5 mM
spermidine, 0.15 mM spermine, 2 mM EDTA, 50 μg/mL coformycin, and 500 μg/mL
tetrahydrouridine (THU)). Cells were then lysed by addition of 1% Nonidet P40 with
incubation on ice for 5 min. The released nuclei were washed once in buffer A (4500×g, 10
min, 4 °C) and resuspended in 0.2 mL of buffer B (150 mM NaCl and 5 mM EDTA, pH 7.8,
50 μg/mL coformycin, and 500 μg/mL THU) followed by addition of the same volume of
buffer C (20 mM Tri-HCl, pH 8.0, 20 mM NaCl, 20 mM EDTA, and 1% sodium dodecyl
sulfate) immediately before digestion with proteinase K (450 μg/mL; 37 °C, 2 hr, an additional
250 μg/mL was added, with 1 hr incubation). DNase-free RNase A was then added (150 μg/
mL; 37 °C, 1 hr). DNA was purified by successive extraction with buffer-equilibrated phenol
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(0.1 M Tris-HCl, pH 8.0, 0.1% 8-hydroxyquinoline [w/v]), phenol: chloroform (1:1), and
chloroform. DNA was recovered by precipitation in 200 mM NaCl with 2 volumes of 100%
ethanol (−20 °C; add slowly to facilitate DNA recovery). The floating DNA filament was
recovered by spooling with micropipette tip (or by centrifugation at 5000×g for 30 min)
followed by two washes with 70% ethanol, air-drying at ambient temperature and resuspension
in 10 mM Tris-EDTA, pH 8.0. The DNA concentration was then determined by UV
spectroscopy and the DNA sample was stored at −80 °C.

Quantification of nucleobase deamination in DNA by LC-MS
DNA samples from either NO or Ar treated cells were analyzed for content of nucleobase
deamination products by an LC-MS method described elsewhere (14). Briefly, DNA (50 μg)
was hydrolyzed by a combination of nuclease P1, phosphodiesterase I, and alkaline
phosphatase in the presence of appropriate amounts of isotope-labeled internal standards along
with coformycin and THU. The resulting nucleoside mixture was resolved by HPLC and
fractions containing each nucleobase deamination product were collected for subsequent LC-
MS quantification (14).

Estimation of the adventitious generation of nucleobase deamination products
The potential for adventitious generation of nucleobase deamination products was assessed at
different stages of DNA isolation and digestion, as outlined in Scheme 2. To samples of cells,
nuclei or DNA containing 50 μg of DNA (150 nmol nt) was added 75 nmol of U-13C,15N-2'-
dA, -dG, and -dC (19.95, 21.45 and 17.94 μg respectively) along with 3 pmol of U-15N-dX, -
dI and -dU, coformycin (5 μg/mL), and THU (50 μg/mL). At the end of each step in the DNA
isolation or hydrolysis process, the nucleobase deamination products in supernatants or
hydrolysates were purified by HPLC, followed by LC-MS analysis of fractions presumably
containing the U-13C,15N-2'-dI, -dX, -dO and -dU. The LC-MS conditions were as same as
those established for DNA analysis with the following molecular ions in positive ion mode
(except dU): (a) 13C10

15N4-X, m/z 162 and 15N4-X, m/z 157; (b) 13C10
15N4-dO, m/z 162

and 15N4-dO, m/z 157; (c) 13C10
15N4-dI, m/z 146 and 15N4-dI, m/z 141; and (d) 13C8

15N2-dU
at m/z 237 and 15N2-dU at m/z 229 in negative ion mode.

RESULTS
Effect of NO exposure on cell viability

As an index of NO toxicity for correlation with levels of nucleobase deamination products, we
quantified TK6 cell viability by the trypan blue exclusion assay, which provided measurements
equivalent to the MTT assay (38), following various NO/O2 exposures. Consistent with
previous studies (38), the Silastic tubing-based NO delivery system had little or no effect on
cell proliferation, with argon treatment of the TK6 cell line resulting in a growth rate similar
to that for untreated plate cultures (doubling time ∼ 20 hr), though a slight decrease in the S-
phase cell population was observed (data not shown). These observations suggest that any
changes in cell growth with NO-treatment are due mainly to NO and its derivatives.

The dose-response for NO-induced cytotoxicity is shown in Figure 1A. There is a gradual
decrease in cell viability apparent both immediately after exposure (68% survival at 12 hr of
exposure to a steady-state NO concentration of 1.75 μM) and 24 hr after discontinuing the NO
exposure (13% survival). The 2- to 3-fold greater cytotoxicity apparent after 24 hr of recovery
is consistent with an apoptotic mechanism of cell death, as shown in Figure 1B. Again, there
was a clear dose-response relationship for apoptosis and NO exposure, with a maximum of
14.9% of cells stained with annexin V immediately following a dose of 1260 μM•min (12 hr
exposure). The number of stained cells increased to 57.9% after a 24 hr recovery period (Figure
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1B). It is thus likely that a significant portion of the cytotoxicity measured immediately after
NO exposure represented cells undergoing apoptosis during the hours-long NO exposures.

Control of artifacts in the analysis of nucleobase deamination products
An important problem with any quantitative analysis of DNA, RNA or nucleotides is the
adventitious formation of nucleobase damage during isolation and processing, such as the
adventitious generation and oxidation of 8-oxo-dG (5,39). The quantification of nucleobase
deamination products is also subject to artifact as a result of cellular nucleobase deaminases.
Our previous studies of nucleobase deamination in isolated DNA exposed to NO/O2 revealed
the presence of an adenosine deaminase activity in commercial enzyme preparations (14). This
activity was completely controlled by the addition of the adenosine deaminase inhibitor,
coformycin (14). Given the presence of cytidine deaminase activity in B-lymphocytes (40) and
the fact that TK6 cells are of B-lymphoblastoid origin, we undertook a series of control studies
to assess the effect of coformycin and THU, a cytidine deaminase inhibitor, on the adventitious
formation of dU and dI arising during DNA processing (Figure 2), exposure of plasmid DNA
to TK6 cell extracts (Figure 3) and during DNA isolation from TK6 cells. As shown in Figure
2, incubation of dC with a commercial acid phosphatase preparation revealed the presence of
cytidine deaminase activity that was completely inhibited by THU. This is similar to other
observations of a contaminating adenosine deaminase activity in commercial stocks of acid
phosphatase (14). To a smaller extent, we also observed adventitious formation of dU when
plasmid pUC19 was incubated with TK6 cell extract, as shown in Figure 3. This is likely due
to a cytidine deaminase enzyme activity, since the background level of dU was reduced by
boiling the cell extract (Figure 3A, column 3). The increase in dI in extract-treated plasmid
DNA was not statistically significant (Figure 3B). Finally, the addition of THU and coformycin
during the DNA isolation process reduced the level of dI from 7.6 (±0.56) per 106 nt to 6.1
(±0.60) per 106 nt and reduced the level of dU from 23 (±2.4) per 106 nt to 13 (±1.7) per 106
nt.

To assess the effectiveness of THU and coformycin during the cell and DNA processing steps,
we added uniformly 15N- and 13C-labeled dG, dA and dC at various stages of the DNA isolation
process (see Scheme 1) and quantified [15N,13C]-labeled dX, dO, dI and dU. At all stages of
nucleus isolation, DNA purification and hydrolysis, there was no detectable formation of dX,
dO, dI or dU to the limit of detection of the assay (see Supplemental Information). This
indicated that the deaminase inhibitors were effective at reducing adventitious formation of
the nucleobase deamination products.

Nucleobase deamination in DNA in TK6 cells exposed to NO and O2
Following exposure of TK6 cells to steady-state levels of NO and O2 of 1.75 μM and 186
μM, respectively, the DNA was isolated in the presence of deaminase inhibitors and the levels
of dX, dO, dI and dU quantified by LC/MS. As shown in Figure 4, statistically significant
increases in dX, dI and dU were observed at NO doses above 420 μM•min. When measured
immediately after a 12 hr exposure (dose of 1230 μM•min), there were 3.5-, 3.8-, and 4.1-fold
increases in dX, dI and dU, respectively, which resulted in the following levels: dX, 7 (±1) per
106 nt; dI, 25 (±2.1) per 106 nt; and dU, 40 (±3.8) per 106 per nt. A recovery period of 24 hr
produced modest changes in the levels of nucleobase products in DNA, with dI and dU being
repaired more efficiently than dX (Figure 4). A 12 hr exposure to lower steady-state levels of
0.65 μM NO and 186 μM O2 (468 μM•min dose) caused 1.7-, 1.8-, and 2.0-fold increases in
dX, dI and dU, respectively, which results in the following levels: dX, 3.3 (±1.7) per 106 nt;
dI, 10.5 (±1.9) per 106 nt; and dU, 23.1 (±4.0) per 106 nt. This dose of NO (468 μM•min)
caused cytotoxicity similar to the same dose delivered at higher steady-state concentrations
shown in Figure 1 (∼15% reduction in viability). In all cases, dO was not detected at the 6 dO
per 107 nt limit of the assay with 50 μg of DNA.
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DISCUSSION
Toward the goal of understanding the chemical link between chronic inflammation and cancer
(5,41,42), we have undertaken studies of the reactions of NO and its oxidizing and nitrosating
derivatives with DNA, lipids, proteins and carbohydrates (5). Our previous studies of
nitrosative DNA damage in isolated DNA exposed to steady-state concentrations of 1.3 μM
NO and 190 μM O2 revealed that dX, dI and dU were formed at similar rates (∼1 × 105

M−1s−1) with undetectable levels of dO and the emergence of abasic sites as a result of
nitrosatively-induced depurination (14). We have now moved these studies into cultured cells
exposed to DNA under conditions approaching those occurring in chronically inflamed tissues.
With careful attention to adventitious formation of nucleobase deamination products in DNA,
we have observed modest increases in dX, dI and dU in DNA only at toxic doses of NO.

Adventitious nucleobase deamination
In addition to sensitivity and specificity, one of the major challenges in the development of
bioanalytical methods for biomarker quantification is the adventitious generation of the
analyte. This has been most apparent for DNA biomarkers with oxidative artifacts that both
generate 8-oxo-dG (39) and consume it (5), problems that are avoided by DNA isolation from
cells using the sodium iodide chaotropic method (43), manipulation of DNA in Chelex-treated
buffers (43), addition of antioxidants such as desferal (43,44) or TEMPO (2,2,6,6-
tetramethylperidinoxyl) (45).

In contrast to oxidative artifacts, the risk of adventitious generation of deamination products
during DNA isolation and processing has largely been unrecognized. The problem became
apparent to us during development of an LC/MS method to quantify DNA deamination
products (14), with the observation of extremely high levels of dI arising from dA during
enzymatic hydrolysis and dephosphorylation of DNA. That this artifact was due to
contaminating dA deaminase activity was confirmed by the absence of dI formation when
coformycin, a specific inhibitor of dA/A deaminase, was added during DNA processing steps
(14). The presence of dA deaminase activity is not surprising given the role of adenine
deaminase in purine metabolism, the adenosine deaminase (ADA) associated with cell surface
glycoproteins to regulate adenosine receptor signaling (46), and the adenosine deaminases
termed ADARs that mediate RNA editing (47-50). Among the known ADARs, ADAR1 was
found to recognize Z-DNA when flanked by B-DNA (51).

In the present studies, we systematically assessed the potential for adventitious deamination
reactions at all steps of nucleus isolation, DNA purification and DNA processing for LC/MS
analysis. With regard to DNA processing, we observed adventitious formation of dU when
acid phosphatase was used for the dephosphorylation of hydrolytically released nucleotides
(Figure 2). This activity was effectively inhibited by the addition of tetrahydrouridine (THU),
a cytidine deaminase inhibitor previously used as a means of enhancing the therapeutic
antitumor efficacy of cytosine arabinoside, 5-chloro-2'-deoxycytidine, and other cytidine
analogs through the inhibition of cytidine deaminase (52-54). THU is also an effective inhibitor
of the recently discovered activation-induced cytidine deaminase (AID), an enzyme required
for three facets of immunoglobulin diversification: class switch recombination, somatic
hypermutation, and gene conversion (40,55). The AID protein, which shuttles between the
nucleus and cytoplasm (56), was originally thought only to deaminate cytidine in single-
stranded DNA (57,58), but has recently been shown to target supercoiled plasmid DNA (59),
which could account for our observations in the plasmid incubation experiment (Figure 3).

The results of the studies using cell extracts and the quantification of background levels of
nucleobase deamination products demonstrated coformycin- and THU-inhibitable dA and dC
deaminase activities (Figures 3 and 4). However, these studies did not reveal the effectiveness
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of the inhibition. To establish this, we added a set of uniformly 15N- and 13C-labeled
deoxynucleosides to solutions used at various stages of nucleus isolation and DNA purification
from TK6 cells. Subsequent quantification of labeled dX, dO, dI and dU in supernatants from
the various processing steps revealed no detectable formation of any of these deamination
products at a level of 6 lesions per 107 nt in 50 μg of DNA (see Supplemental Information;
data not shown). This indicates that deaminase inhibition was effectively complete and that
changes in the levels of dX, dO, dI and dU are due to non-adventitious mechanisms.

Nucleobase deamination in human cells exposed to NO under biological conditions
The cytotoxicity of NO under biologically relevant conditions of exposure has been the subject
of several recent studies that have employed the Silastic tubing-based reactor (24,37,38). The
precise control of NO and O2 concentrations permitted by this system revealed a threshold
effect for NO-induced cytotoxicity, with significant toxicity observed at NO steady-state
concentrations and doses greater than threshold values of ∼0.5 μM steady-state concentration
and a total dose of ∼150 μM•min, respectively. The present studies were conducted under
conditions in which this threshold effect would not be observed, partly as a result of the
relatively high doses of NO required to produce detectable increases in DNA deamination
products. Nonetheless, the steady-state NO concentration of 1.75 μM employed here is within
the range of 0.1- 10 μM predicted to occur at sites of inflammation in vivo (60,61).

The relationship between cytotoxicity and nucleobase deamination in TK6 cells exposed to
NO/O2 is illustrated in Figure 5, which represents a composite of the toxicity and nucleobase
deamination data from Figures 1 and 4. The major conclusion to be drawn from this data is
that significant increases in the steady-state levels of nucleobase deamination products in DNA
occurred only at relatively toxic doses of NO. While there have been several studies of NO-
induced DNA damage (reviewed in ref. 5), the only comparable study in terms of NO dose
appears to be that of Tannenbaum and coworkers, who observed a ∼6-fold increase in dX to
5 (±0.9) per 106 nt in activated macrophages relative to unstimulated controls (22). The
background levels of dX detected in the two studies are quite similar. However, the basis for
the difference in the increase in dX is not clear, but it is possible that generation of NO in the
stimulated macrophages leads to intracellular, local concentrations that greatly exceed 1-2
μM.

With regard to uracil levels in cellular DNA, Ames and coworkers developed a rigorous GC-
MS assay for uracil in cellular DNA that revealed a background level of dU in human
mononuclear cells of 4.5 per 106 nt (62). This is about 2-fold lower than our measurements in
the TK6 cells (10.5 ± 1.5 per 106 nt). However, TK6 cells may possess higher endogenous
levels of dU due to the presence of AID activity in this B-cell-derived cell line (36).

Finally, we were unable to detect dO at a level of >6 lesions per 107 nt in 50 μg of DNA from
cells exposed to NO, which is consistent with the results of our studies in purified DNA. While
we might not expect to see an increase in dO, which forms at lower levels than dX even under
the acidic conditions that are optimal for its formation (14), in light of the relatively small
increases in the other nucleobase deamination products, our previous in vitro studies were
performed with NO concentrations that produced significant increases in dX, dI and dU (14).

The results obtained with TK6 cells differ substantially from our previous studies of nucleobase
deamination in purified DNA exposed to similar doses of NO and O2, in which we observed
8- to 10-fold increases in dX, dI and dU after 12 h exposure to 1.3 μM NO and 190 μM O2
(936 μM•min dose). This compares to 3- to 4-fold increases in these lesions in TK6 cells
exposed to higher doses of NO/O2 (1260 μM•min dose). There are several explanations for the
observation of smaller increases in the steady-state levels of DNA deamination products in
cells exposed to cytotoxic doses of NO. The first involves limited access of NO or its reactive
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derivatives to DNA in the nucleus due to the biochemical environment of the cell, such as the
presence of proteins, glutathione and other nucleophilic or reducing species. Alternatively,
there may be significant rates of formation of DNA deamination products in the NO exposed
cells that are balanced by efficient repair of the lesions by DNA repair proteins present during
the exposure. This model is weakened by the observation of a modest reduction in the levels
of dX, dI and dU in DNA from cells allowed to recover for 24 hr (Figure 4), which is consistent
with either the limited damage model or with published observations of NO-induced inhibition
of DNA repair (63-66). Definitive proof requires the determination of the kinetics of repair of
dX, dI or dU in NO exposed cells.

Conclusions
Toward the goal of defining the chemical link between inflammation and cancer, we have
quantified (by LC/MS) the formation of DNA deamination products in human TK6 cells
exposed to biologically relevant concentrations of NO and O2. These studies revealed the
presence of adventitious deamination of DNA during DNA isolation and processing steps of
the LC/MS method, a phenomenon that is essentially completely controlled by the deaminase
inhibitors THU and coformycin. Following a 12 hour exposure of TK6 cells to steady-state
levels of NO and O2 of 1.75 μM and 186 μM that produced a 87% loss of viability (24 hr post-
exposure), there were 3- to 4-fold increases in the levels of dX, dI and dU, respectively, with
little detectable repair after 24 hr and no detectable dO.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Spectrum of Products of Nucleobase N-Nitrosation Based on Exposure of Isolated DNA to
Nitric Oxide2

2Data taken from ref. 14.
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Scheme 2.
Approach to assessing adventitious nucleobase deamination in cellular DNA.
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Figure 1.
TK6 cell viability (A) and apoptosis (B) as a function of NO dose. Cells were exposed to a
steady-state concentration of 1.75 μM NO and 186 μM O2 for varying periods of time and cell
viability and apoptosis measured as described in Materials and Methods. Closed circles:
toxicity immediately after exposure; open circles: 24 hr post-exposure. These data represent
the mean ± SD for 3-5 measurements.
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Figure 2.
Tetrahydrouridine (THU) inhibition of dC deaminase activity present in acid phosphatase
preparations. Dashed line: dC (1 μg) incubated with acid phosphatase (1.5 units); solid line:
dC (1 μg) incubated with acidic phosphatase (1.5 unit) in the presence of THU (3 ng).
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Figure 3.
Levels of dU (A) and dI (B) in plasmid pUC19 DNA after incubation with TK6 cell extract.
(1) Untreated plasmid; (2) plasmid treated with TK6 cell extract; (3) plasmid treated with boiled
TK6 cell extract. Data represent mean ± SD of three independent experiments.
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Figure 4.
Nucleobase deamination in genomic DNA from TK6 cells exposed to steady-state levels of
1.75 μM NO and 186 μM O2.
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Figure 5.
The relationship between cytotoxicity and DNA deamination in TK6 cells exposed to various
total doses of NO delivered at a steady-state concentration of 1.75 μM. This figure represents
an overlay of data from Figures 1 (percent survival, ■) and 4 (dX, ◆; dI, ▼; dU, ●).
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