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Health Foundation, Valhalla, NY. Calf thymus DNA (type I; Sigma Chemical
Co.) was freed from RNA and proteins by digestion with RNases and
proteinase K, respectively, followed by solvent extractions and ethanol
precipitation as described (19), except that the initial extraction step with
phenol alone was omitted.

Preparation of OhsdG-containing DNA and dGp

Oh8dG was prepared as described (9,20) with minor modifications: dGp (1
Hg/|il) or calf thymus DNA (1 Hg/|il) w a s incubated with L-ascorbic acid
(6 mM) and H2O2 (10 mM) in dark for 2 h at 37°C, control dGp and DNA
were also processed in the absence of L-ascorbic acid and H2O2. The DNA
was purified by ethanol precipitation.

Tissues from untreated rats

Eight-week-old female Sprague-Dawley rats were obtained from Harlan
Sprague-Dawley, Inc. (Indianapolis, IN). The animals were maintained in the
vivarium for 4 weeks and were provided standard rat chow diet and water ad
libitum. The rats were sacrificed under carbon dioxide asphyxiation and tissues
(liver, lung, heart, kidney, brain, spleen and intestines) were collected and
stored frozen at -80°C until DNA isolation. Mammary glands were removed
from the rats and placed in ice-cold Hanks balanced salt solution. Mammary
epithelial cells were isolated as reported (21). Briefly, blood vessels and lymph
nodes were removed, while mincing with scissors. The minced tissue was
treated with collagenase III (9 mg/g tissues) at 37°C for 1 h in PBS in a
shaking water bath. The samples were centnfuged at 400 g for 20 mm and
upper layer of lipids and fat cells removed. The cell pellet containing
predominantly mammary ductal material was harvested and frozen at -80°C
until DNA isolation.

DNA isolation

DNA was isolated from 100-200 mg of frozen tissue or cells by a solvent
extraction procedure described previously (19) with the following modifica-
tions. After removal of RNA by incubating isolated crude nuclei with RNases
and proteins by digestion with proteinase K in the presence of sodium dodecyl
sulfate (SDS), the antioxidant butylated hydroxy toluene (BHT) (30 mM) was
added to the supernatant prior to solvent extractions to minimize any possible
generation of Oh8dG (22). The samples were extracted once with equal
volume of 50 mM Tris-HCl, pH 8-saturated, distilled phenolSevag (chloro-
fornrisoamyl alcohol, 24:1) (1:1), followed by two extractions with 3 volumes
of Sevag. DNA was then recovered from the aqueous phase by precipitation
with 0.1 volume of 5 M NaCl and 1 volume -20°C-precooled absolute ethanol.
The DNA was dissolved in 0.01 XSSC (0.15 M sodium chloride/0.015 M
sodium citrate/0.1 mM EDTA), and its concentration measured spectrophoto-
metrically by using 1 A26o unit equals 50 ng DNA. This procedure provided
DNA in high yields: 1.5-3.5 mg/g tissue for the organs examined. DNA yield
from the mammary epithelial cells was estimated at ~80 )ig per rat.

Analysis of OhsdG by 32P-Postlabeling

Digestion of DNA. DNA was hydrolyzed to deoxyribonucleoside 3'-monophos-
phates with micrococcal nuclease and spleen phosphodiesterase (enzyme:sub-
strate, 1:5 [w/w], 37°C, 5 h). The typical concentration of DNA at the end of
the hydrolysis was 400 ng/Lil. The digest was diluted with water to -10 ng/u.1
prior to labeling.

nP-postlabeling. To 5 u.1 aliquot of the diluted DNA digest (-50 ng or 150
pmols of dNp) was added 5 \x\ of 'hot mix' prepared by mixing I u.1 of
lOXkinase buffer (300 mM Tris-HCl, pH 9.5, 100 mM MgCl2, 100 mM
dithiothreiotol, 10 mM spermidine), 0.5 u.1 nonradioactive ATP (-200 pmol),
0.5 uJ [y-32P]ATP (16 pmol; 100 uCi/ul; s» 3000 Ci/mmol), 0.2 ul of T4
polynucleoride kinase (10 U/u.1) and 2.8 |il water. The mixture was incubated
at room temperature (22°C) for 45 min. To the labeled digest was added a 15
(il solution containing 2.5 |il nuclease PI (1 ug/uJ). 2.5 u.1 0.5 M sodium
acetate, pH 4.5, 2.5 nl 1 mM ZnCI2 and 7-5 \i\ water, the final pH of the
reaction mixture was 5.0-5.5. The mixture was incubated at room temperature
for 1 h.

Thin-layer chromatography. The labeled digest was chromatographed for
Oh8dG and normal nucleotides using different solvent systems as described
below.

Separation ofOtPdG. An aliquot (15 (J.1; 30 ng; 30 uCi) of the labeled solution
was applied to the origin of a PEI-cellulose (13X20 cm). A Whatman 17
chrome paper wick (6 cm) or two layers of 6 cm Saturation pads (Analtech,
Newark, DE) were attached by stapling for continuous development (Figure
2). The chromatogram was developed overnight (>15 h) in direction I (Dl)
in 1.5 M formic acid. The paper wick containing labeled normal nucleotides.
32Pi and other non-specific contaminants were discarded appropriately. The
sheet was thoroughly dried, without any water washing, with a current of
warm air and developed in D2 in 0.6 M ammonium formate. pH 6.0 onto a

3 cm-long Whatman I paper wick. After excising the paper wick, the
chromatograms were dried and autoradiographed at —80°C for several hours
or overnight using intensifying screens or spots were detected and quantitated
by Packard Instant Imager.

Separation of normal nucleotides. After dilution of 5 u.1 labeled solution
(10 ng; 10 uCi) to 500 |il w 'ui water a 5 uJ aliquot (0.1 ng; 0.1 uCi) was
applied to a 20 cm long PEI-cellulose thin-layer. The sheet was pre-equilibrated
by either soaking two or three sheets in 500 ml of 100 mM ammonium
formate, pH 3.5 or developing in this solvent till top of the sheet followed by
air-drying at room temperature The chromatogram was developed in 0.5 M
ammonium formate pH 3.5 till top and dried in warm air prior to autoradio-
graphy for 15-30 min at room temperature using intensifying screens or spots
were detected and quantitated by Packard Instant Imager. Occasionally a small
aliquot of the labeled digest at pdNp level (0.2-0.3 |il), prior to treatment
with nuclease PI, was also chromatographed along side the labeled digests at
the pdN level. Such a sample provides markers for pdNp and ensures that the
labeled pNp were completely converted to pdN.

Quantitation. Oh8dG levels were determined as relative adduct labeling (RAL)
by measurement of the radioactivity in pOh8dG and normal nucleotide spots.
An appropriate blank region of the chromatogram was also counted and the
radioactivity subtracted from Oh8dG spot radioactivity. RAL was calculated
by the equation:

RAL =
cpm in Oh8dG

cpm in total nucleotides dilution factor

Enrichment ofOh8dG

To determine the suitability of the chemical enrichment procedure of Lutgerink
et at. (8) Oh8dG in DNA digest was enriched by selective hydrolysis of
normal nucleotides by treatment with trifiuoroacetic acid and hydrazine.
Briefly, DNA digest (50 ng) was evaporated to dryness under reduced pressure
(Savant Speed Vac-Concentrator, Savant Instruments, Inc., Farmingdale, NY)
and the residue was reconstituted in 30 jxl 90% trifluoroacetic acid and
incubated at room temperature (22-23°C) for 10 min to hydrolyze purines.
After evaporation, the residue was reconstituted in 30 uJ hydrazine and
incubated under continuous shaking at 60°C for 16 h to hydrolyze pyrimidines.
After evaporation, the residue was dissolved in 100 u.1 water and relyophilized.
The residue was finally reconstituted in 5 |il and labeled with carrier free
[y-32P]ATP as described under 32P-postlabeling.

Results

The previously published 32P-postlabeling/TLC methods (fi-
l l ) do not furnish ready detection and quantitation of Oh8dG
in tissue DNA for the reasons pointed out in Introduction.
Further, the use of an enrichment version of the 32P-postlabeling
(8) resulted in partial and variable losses of Oh8dG (see below),
thereby, making it difficult to quantitate Oh8dG in untreated
tissue DNA. Therefore, strategies, were developed that would
furnish (i) excellent separation of Oh8dG from the normal
nucleotides, 32Pi, and other radioactive contaminants; (ii)
separation of Oh8dG from rG derived from any residual RNA
in the DNA preparation; and iii) low levels of chromatographic
background, thus, resulting in high signal to noise ratio.

The scheme for Oh8dG analysis (Figure 1) is essentially the
same as the original 32P-postlabeling (18,23), except that it
required the development of a new TLC solvent system.

Chromatography of labeled normal nucleotide 5'-monophos-
phates (pdN) by 1-directional polyethyleneimine (PEI)-cellu-
lose TLC resulted in distinct separation of all major normal
nucleotides, except for pdG which comigrated with 32Pi spot
(Figure 2A and B). Under these conditions all labeled normal
nucleoside-3'-5'-bisphosphates (pdNp), applied alongside the
pdN, migrated slower than the slowest-migrating pdN, and
unused [y-32P]ATP remained at the origin (Figure 2C). No
residual labeled pdNp were detected in the labeled DNA digest
treated with nuclease PI, indicating that the conversion of
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Oxidatlvely damaged DNA
Microcoafcl Nucleate

Spleen phosphodlesterase

dAp + dTp + dCp + dGp + m5dCp + Oh8dGp
(Normal Nudeotides) + (S-hydrcoty-^-deoxyguanosine 3'-monophophate)

T4 potynudeotfde kinase

pr -32 p] ATP (-225 Cl/mmoO

*pdAp + *pdTp + *pdCp + *pdGp + *prn5dCp + *poh8dGp

NudeasePI

*pdA + *pdT + *pdC + *pdG + *pm5dC + *pOh8dG
PEI CehJose TLC

Total Nudeotides *pOh8dG

I
Auto radiography

Adduct map

I
Quantitation

Fig. 1. Schematic representation of 32P-postlabeling analysis of DNA for
Oh8dG. The procedure involves digestion of DNA to 3'-monophosphates,
labeling with T4 polynucleotide kinase and [f32P]ATP to yield 5'-32P-
labeled 3',5'-bisphosphates, conversion of labeled bisphosphates to 5'-32P-
monophosphates, resolution of 5'-32P-Oh8dG by 2-directional PEI-cellulose
TLC, autoradiography detection of spots and quantitation.

PA f

pTH

pG
P i - 1

A B
Fig. 2. Separation of 5'-32P-labeled DNA digest at 5'-monophosphate level
by 1-directional PEI-cellulose TLC in 0.5 M ammonium formate, pH 3.5
(lanes A and B). An aliquot of the labeled digest was also chromatographed
along side at the bisphosphate level (lane C). Spot marked with an asterisk
(*) denotes a contaminant present in the commercial 32Pi whose intensify
varied from batch to batch.

labeled pdNp to pdN was complete(>99%). Further, no prN
spots, which usually migrate slightly slower than the DNA
counterparts, were detected indicating virtual (>99.5%)
absence of residual RNA in the DNA preparation.

When calf thymus DNA treated with H2O2 and ascorbic
acid together with vehicle-treated DNA was analyzed by a
newly developed 2-directional PEI-cellulose TLC scheme

(Figure 3), one predominant adduct (Figure 3D, spot 1) was
detected in the treated DNA. A chromatographically identical
spot was also present in the untreated DNA (Figure 3C, spot
1), except that it was present at a much lower level. These
results are consistent with earlier reports that H2C>2/ascorbic
acid treatment of DNA in vitro results in Oh8dG formation as
one of the prominent DNA base lesions (17,20). dGp reacted
with ^Ctyascorbic acid resulted in essentially the same adduct
pattern as derived from DNA, indicating spot 1 is dG-derived
(data not shown); this spot was undetected in dAp, dCp, and
dTp treated with H2O2/ascorbic acid. Spot 1 was further
identified as Oh8dG by cochromatography with chemically
synthesized Oh8dGp following its labeling with [y-32P]ATP
and T4 polynucleotide kinase and treatment with nuclease PI
(data not shown). A second adduct, marked spot X (Figure
3D), was undetectable in the control DNA. This adduct
represented ~5% of the Oh8dG spot and remains unidentified.
This spot is unrelated to other known lesions of dA, dC and
dT which are known to be formed after damage with free
radicals (17) because treated dAp, dCp and dTp showed
absence of spot X. However, spot X was found to be present
in treated dGp, indicating this product is dG-derived. An
additional spot marked P, was present at similar intensities in
both the control and treated DNA, indicating this to be a
contaminant. This conclusion was further supported by analysis
of a sample that lacked DNA (Figure 7A). This contaminant
was also detected when commercial 32Pi was chromatographed
in parallel. Intensity of spot P, however, varied from batch to
batch of 32Pi. Spot P in fact serves as an internal marker that
helps locate Oh8dG which consistently migrated below Oh8dG
in Dl and with practically the same Rf value in D2.

However, when the labeled digest of dAp was analyzed
under milder chromatography conditions (Dl = 0.1 M formic
acid and D2 = 0.2 M ammonium formate pH 6.0), an 'extra
spot' with Rf value ~6.0) was clearly detected in the treated
but not in untreated sample; a chromatographically similar but
fainter spot was also present in the treated DNA (data not
shown). This spot is obviously derived from dA and may be
related to 8-hydroxy-2'-deoxyadenosine (Oh8dA) or other dA-
derived lesions (1,17).

It is to be pointed out that all normal nudeotides and
32Pi migrated onto the paper wick during the extended Dl
development. In addition to the removal of these unadducted
nudeotides and other contaminants, the extended Dl develop-
ment permits desired migration of Oh8dG, thus, obviating, the
need of an additional development from bottom to top of the
chromatogram that is customary in most or all published 32P-
postlabeling schemes. Further, under the Dl development
conditions employed here, the unused [y-32P]ATP remains at
the origin of the chromatogram. In routinal analysis for Oh8dG,
we usually observe two spots on the chromatogram, one related
to Oh8dG and the other, spot P as contaminant after the
chromatogram is trimmed after the Dl and D2 developments
(shown by dotted lines in Figure 3). Occasionally, 32Pi spot
was still found to be present near the top right-hand corner of
the chromatogram but clearly migrating ahead of Oh8dG. If
necessary, addition of sodium tungstate (1-2 mM) to the
labeled solution prior to applying to the thin layer was found
to eliminate the 32Pi, as almost all (>98%) of the 32Pi
complexed with sodium tungstate which remained at the origin
of the chromatogram; higher concentration (>10 mM) was,
however, found to distort the Oh8dG spot (data not shown).
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Stepl

Step 2

Template Control DNA Treated DNA

-1Oc-

Fig. 3. Resolution of Oh8dG by 2-directional PEI-cellulose TLC. Labeled DNA digest from untreated calf thymus DNA (A, C) or DNA treated with H2O2

and ascorbic acid (B, D) were developed in 1.5 M formic acid in Dl direction (Template; Step I) on to a Whatman No. 17 chrome wick (6 cm; overnight) to
remove 32Pi and normal nucleotides onto wick, while retaining ATP at the origin. Chromatograms were dried following excision of the wick and developed in
0.6 M ammonium formate pH 6.0 on to a Whatman No. 1 wick (3 cm). Dried chromatograms were autoradiographed at -80°C. Spot 1, [5'-32P]pd0h8dG;
Spot X, an unknown minor oxidative product derived from dGp; and P, an unknown contaminant present in commercial 32Pi. a-— a', b-—b\ indicate where
the chromatogram was excised following developments in Dl and D2, respectively. OR, origin.

700

0 200 400 800 800 1000

PNK (mll/ul)

Fig. 4. Effect of T4 Polynucleotide kinase (PNK) concentration on the
labeling of Oh8dG. Each data point represents an average of two
experiments. DNA containing known amount of Oh8dG was used for the
experiments.

Effect of T4 polynucleotide kinase and [y-32P]ATP concen-
trations on the labeling efficiency of Oh8dG was investigated
by separately altering their concentrations. As shown in Figure
4, practically no difference was found in the labeling efficiency
of Oh8dG up to a concentration of 400 mU/(il T4 polynucleotide
kinase; higher concentration (800 mU/|il) was, however, found

920

to be inhibitory presumably due to high concentration of
glycerol (the enzyme is supplied in 50% glycerol). [y-32P]ATP
concentration higher than the concentration used in the present
experiments (i.e. 22 \\M) had no effect on the labeling
efficiency of Oh8dG (data not shown).

The sensitivity of the assay in terms of the minimum amount
of DNA required to quantitate Oh8dG was determined using
experimental conditions described in Materials and methods,
except that (i) carrier-free [y-32P]ATP (50 |iCi; 1.7 uM: 5=3000
Ci/mmol) was used and (ii) the amount of DNA digest was
reduced to 0.2-2.5 ng. Data presented in Figure 5 show a
linear increase in Oh8dG radioactivity with increasing amount
of DNA. As little as 0.04 ng of the DNA digest was sufficient
to detect the signal of Oh8dG, however, due to low signal to
noise ratio, the Oh8dG spot was not quantifiable. One to 2 ng
of the DNA digest was found more desirable for quantitative
measurements of Oh8dG due to high (~10) signal to noise ratio.

When Oh8dG in several DNA preparations containing 200-
6200 OlAlG/lO6 nucleotides was enriched chemically by
removal of normal nucleotides from the DNA digest prior to
32P-labeling, a significant (30-70% or more) loss of Oh8dG
was observed as compared to the Oh8dG values obtained by
processing these DNAs in parallel without enrichment (Figure
6). The extent of losses appeared to depend upon the level of
modification. For example, DNA containing relatively high
levels of Oh8dG (1500-6200/106 nucleotides) showed only
-30% losses (Figure 6 A and B); >50% loss of Oh8dG in
DNA containing -400 Oh8dG/106 nucleotides (Figure 6C);
and DNA containing still lower levels (-200 O ^ 6
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o

1 0 1.5 ZO

DNA (ng)

2.5 3.0

Fig. 5. Sensitivity of detection of Oh8dG using extremely small amounts
(0.2-2.5 ng) of DNA. Calf thymus DNA containing -250 OlAiG/lO6

nucleotides was digested, labeled and chromatographed as described under
Materials and methods, except for (i) carrier free [Y-32P]ATP (-1.5 |iM;
3000 Ci/mmol) was used for labeling and (ii) the amount of labeled DNA
digest spotted on the PEI-cellulose TLC plates ranged from 0.2-2.5 ng.
Each data point represents an average of two replicates.

7000

Fig. 6. Comparative analysis of Oh8dG in DNA with and without
enrichment of Oh8dG. After enzymatic digestion of Oh8dG-containing
DNA, the digest was enriched chemically by the method of Lutgerink et at.
(8) (see text) and 32P-labelcd and chromatographed as described in the
legend to Figure 3. Equivalent amount of the digest was also labeled
without enrichment Oh8dG spot was detected by autoradiography and
quanutated. Each data point represents an average of two samples. Calf
thymus DNA containing known amounts of Oh'dG (A-C) or untreated
DNA (D) were used for comparison. Data point marked with an asterisk (*)
indicates that Oh8dG spot was not detectable.

nucleotides) showed no detectable Oh8dG spot (Figure 6D).
These data suggest that Oh8dG undergoes variable losses,
depending upon the modification level, during the enrichment
process, thus, the procedure is unsuitable for quantitative
purposes.

The standardized assay was applied to measure baseline
values of Oh8dG in the various tissues (liver, lung, heart,
kidney, brain, spleen, intestines, and mammary epithelial cells)
of 3-month-old female Sprague-Dawley rats. All tissue DNA
showed the presence of exclusively one spot (Figure 7) which
was chromatographically identical to the reference Oh8dG.
The average Oh8dG levels in the various tissues examined

(-)ve DNA
•
A

Heart •Mammary

Fig. 7. Representative autoradiograms of S'-^P-labeled pOh'dG from
indicated rat tissues. About 30 ng of labeled DNA digest was
chromatographed by 2-directional PEJ-cellulose TLC as described in the
legend to Figure 3. Maps were exposed for 20 h at -80°C. Spot I, Oh8dG
spot; and spot P, contaminant from 32Pi.

were in the range of 87-133/106 nucleotides, with liver and
heart showing the highest levels (130 Oh^G/lO6 nucleotides)
and kidney and brain showing the lowest values (90 Oh8dG/
106 nucleotides) (Figure 8). The inter animal Oh8dG levels,
varied up to 3-fold.

Discussion

The 32P-postlabeling assay has emerged as the major tool for
detecting DNA adducts resulting from structurally diverse
chemical carcinogens (24). In limited studies, the assay has
also shown applicability to free radical-induced hydroxylated
DNA bases such as Oh8dG (8,9,11) and thymidine glycol (25).
The former DNA lesion has thus far been a benchmark of
oxidatively-damaged DNA bases. As compared to the previ-
ously described 32P-postlabeling/TLC methods (8-11) the
present assay differs principally in two aspects: (i) the separa-
tion of Oh8dG is performed at the 5'-monophosphate level (ii)
a new high-resolution PEI-cellulose TLC system is employed.
The separation at the monophosphate level allowed us to
utilize relatively low concentration solvents thereby retaining
the bulk of the non-specific background radioactivity at the
origin which otherwise migrated contributing to increased
background noise. The most prominent feature of the new
TLC system is the use of a mild acid (»1.5 M formic acid),
which, because of its relatively low pH (=pH 1.5), drastically
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Table I. Comparison of Oh8dG levels in various rat tissue as measured by
32P-postlabeling, HPLC-EC and GC/MS techniques

Oh8dG/10* DNA nucleotides

Tissue
Fig. 8. Basal levels of Oh8dG in tissue DNA of 3-month-old female
Sprague-Dawley rats. The Oh8dG spots shown in Figure 7 were excised
and quantified by Cerenkov counting.

slowed down the migration of pOh8dG. Under these conditions,
all normal DNA nucleotides (and normal nucleotides resulting
from any residual RNA present in the DNA preparation)
migrated onto the paper wick during the overnight D1 develop-
ment. This observation was made during our systematic
exploration of solvents in which separation of pOh8dG from
the unadducted pdG was found to increase with decrease in
pH of the TLC solvent. Further, since Oh8dG was the slowest
migrating DNA nucleotide in formic acid, the solvent concen-
tration was optimized such that all normal nucleotides and 32Pi
contaminants were effectively removed from the chromatogram
during the Dl development, while pOh8dG migrated in the
middle of the chromatogram. The separation system has been
found to be highly reproducible. Essentially similar results
were obtained using commercial PEI-cellulose thin layer,
except Dl and D2 solvent concentrations had to be increased
by 25-30%.

On a technical note: the migration of Oh8dG and the
background noise level are dependent upon the length of Dl
development as well as molarity of the Dl solvent. Under the
specific conditions described in Materials and methods, Oh8dG
spot migrated nearly to the middle of the chromatogram when
the sheet was developed in 1.5 M formic acid onto a 6 cm
Whatman 17 wick (or two layers of Saturation pads 6 cm
long) overnight (> 15 h). Even though the solvent front reached
the top of the paper wick in a few hours, it was found necessary
to continue the development until the paper wick was saturated
with the developing solvent for more complete removal of the
contaminants. The solvent concentration and/or the paper
wick length sometimes required adjustment to accommodate
variations in batches of PEI-cellulose sheets.

The quality of tissue DNA regarding contamination of RNA
and protein has been found to be a major factor in determining
the degree of background present on the chromatogram.
Contradicting reports have been published as to induction of
Oh8dG by the use of phenol during the isolation of DNA. For
example, Claycamp (26) reported that phenol sensitized DNA
to Oh8dG formation in contrast to virtually no effect observed
on Oh8dG formation when freshly distilled phenol was used
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Source

Liver

Lung

Heart
Kidney

Brain
Spleen
Intestines
Mammary
Commercial
C.T. DNA

32P-Postlabeling*

133 ± 49(6)

97 ± 31 (6)

126 ± 42 (6)
87 ± 29 (5)

90 + 39 (5)
104 ± 38 (4)
100 ± 36 (4)
102 ± 25 (5)
100-200

HPLC-ECb

2.5 ± 0.8

5.3 ± 2.4

7.9 ± 0.8
2.6 ± 0.7

3.3 ± 0.4
NA
NA
NA
8.7 ± 0.9°

GC/MS

128 ± 25.4 (5)d

9.2 ± 9.0 (6-8)c

282 ± 50.9 (5)d

48.3 ± 39.0 (6-8)e

NA
31.5 ± 5.4 (6-8)c

47 ± 11.8(4)f

NA
NA
NA
NA
159-318'

*Oh8dG analyzed from tissues of 3-month-old female Sprague-Dawley rats.
bOh8dG values from 5-month-old male Sprague-Dawley rats (29). The
values reported as Or^dG/lO5 dG in bar diagram were converted to Oh8dG/
10* nucleotides for the purpose of comparison by multiplying the number of
Oh8dG with 2.17. For this conversion the ratio of total DNA nucleotides to
dG was assumed to be 4.55 (considering mammalian DNA contains 22% of
dG); therefore, 1 OlAlG/lO5 dG is equivalent to 1 Oh8dG/4.55X I05

nucleotides, or 2.17 Oh'dG/lO6 nucleotides.
The values reported as Or^dG/lO5 dG (22) were converted to Oh8dG/10*
nucleotides as above.
dValues reported from 10 month-old male Sprague-Dawley rats. These
values were converted from nmol/mg DNA to Oh'dG/lO6 nucleotides by
assuming 1 nmol Oh8dG/mg DNA = 320 Oh8dG/10* nucleotides (30).
Values reported from <2-month-old male or female F344/NCr rats (31).
•Values reported from <2-month-old male F344/NCr rats (32).
*Taken from reference (17).
Numbers in parentheses indicate number of animals used. NA, denotes
values not available.

(27). Our own experiments did not result in any significant
increase of Oh8dG when calf thymus DNA was incubated
with constant agitation with equal volume of commercially
available, distilled phenol (Amresco, Solon, OH) for 5-120
min at room temperature. However, we have modified a
previously published and commonly used solvent extraction
procedure (19) to minimize any such formation of Oh8dG by
(i) extracting DNA with 1 volume of phenol:Sevag (1:1),
followed by two extractions with 3 volumes of Sevag (thereby
eliminating the initial extraction with phenol alone); and (ii)
adding 30 mM of the antioxidant, BHT prior to solvent
extractions (22).

The chemical enrichment procedure of Lutgerink et al. (8)
was found to result in partial and variable losses of Oh8dG,
depending upon the level of Oh8dG (Figure 6). The losses
presumably occur due to partial susceptibility of Oh8dG
to trifluoroacetic acid hydrolysis. This chemical enrichment
procedure can also possibly lead to artifacts, since the reducing
agent hydrazine, which was used for decomposing pyrimidines
in this method, is known to generate Oh8dG from dG (20) if
the reaction mixture contains trace amounts of metal ions (8).

Though 40-100 (ig DNA have been used routinely for
quantifying Oh8dG by HPLC-EC and GC/MS methods, as
little as 1 (ig DNA is sufficient for the latter method; the new
32P-postlabeling method requires =s 1 \xg DNA. When carrier-
free [y-32P]ATP was used for labeling, as little as 1 ng DNA
digest was found to suffice for detecting and quantitating
Oh8dG (Figure 5). However, when the DNA amount is not
limiting, we routinely digest 2-5 \ig DNA and 50-150 ng of
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this digest was used for 32P-labeling with molar excess of
ATP. The high sensitivity of the 32P-postlabeling assay for
measuring 1 Oh8dG per 105""6 nucleotides using nanogram
quantity of DNA digest is particularly desirable in human
biomonitoring studies. The assay has been tested successfully
for measuring this lesion in human prostate and bladder
biopsies (Spencer-Beach,G.G., Devanaboyina,U.D., Wood.D.P.
and Gupta.R.C., manuscript in preparation).

The basal levels of Oh8dG in the female Sprague-Dawley
rat tissues as determined by this 32P-postlabeling assay were
on an average 10- to 50-fold higher than the values reported by
HPLC-EC in respective tissues of 5-month-old male Sprague-
Dawley rats (Table I). HPLC-EC has been used extensively in
many laboratories for measuring Oh8dG in DNA. The values
obtained in our study for rat liver and kidney DNA are in the
vicinity of the values reported in these tissues of 10-month-
old male Sprague-Dawley rats and <2-month-old F344/NCr
rats by GC/MS (Table I). The lower values obtained by HPLC-
EC do not appear to be related to the age differences because
Oh8dG levels are reported to in fact somewhat increase with
age of rats (28). Halliwell and Dizdaroglu (17) have reported
that both HPLC-EC and GC/MS techniques have comparable
sensitivity, but the former method results in substantially lower
values. These investigators have discussed several possibilities
to explain this anomaly. Systematic comparative studies are
needed to explain why the values obtained by HPLC-EC are
lower than the values obtained by GC/MS and the newly
developed 32P-postlabeling assay. Such an investigation has
been initiated in our laboratory in collaboration with other
laboratories.

In conclusion, we report here a highly sensitive 32P-post-
labeling assay for detecting and quantitating Oh8dG in tissue
DNA. The method involves a simple 2-directional PEI- cellu-
lose TLC to separate Oh8dG at the monophosphate level. As
oxidative DNA damage induced by free radicals has been
implicated in most degenerative diseases, including cancer,
atherosclerosis, and aging, and as Oh8dG seems to serve as
the benchmark for oxidative DNA damage, we believe that
this method is timely and will prove to be valuable in many
animal and human biomonitoring studies.
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