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ABSTRACT

In this review, we present various techniques, currently applied in many laboratories .. Which are useful in the detection of °envi-
romnentally"-induced damage to DNA . These techniques include: (a) chromatographic methods . which allow determination of chem-
ical changes within DNA, be they formation of adducts with or oxidation of bases in DNA ; (b) electrophoretic methods, which
facilitate finding the site(s) in DNA where that chemical modification occurred : and (c) immunological assays, which help to detect
DNA damage using externally produced antibodies that recognize the specific chemical changes in DNA or its fragments, as well as by
detection of autoantibodies that develop in response to errvirunrrrentul exposures of animals and humans .
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1 . INTRODUCTION

Nucleic acids, which have been exposed in vitro
or in vivo to different environmental contami-
nants, sustain various types of damage that may
lead to structural and/or functional changes .
These contaminants usually are thought of as
exposures to harmful agents in the work place .
and indoor and outdoor air and water. However .
we also can include damaging substances that
are present in the foods we eat and medicines we
take, both over-the-counter and medically pre-
scribed pharmaceuticals . The terms "damage"
and "damaging" are very broad, and scientists
and physicians who invoke them often give them
different meanings . The most common include
"damaging agents" that are cytotoxic and cylo-
static, mutagenic, carcinogenic and teratogenic .
Each of these terms encompasses various cellular
processes chat ultimately can lead to alterations in
the structure, conformation, as well as function of
the genetic material. The term "DNA base modi-
fication" also encompasses many types of DNA .
damage [1] . These include alkylated, arylated and
arylalkylated adducts created by interactions be-
tween the site(s) on a DNA (or RNA) base and the
chemical to which the cell or organism is being
exposed. A chemical may directly interact with
the DNA base or it may require metabolic (or
chemical) activation before it can modify those
bases . Physical carcinogens . such as y and UV
radiations, also cause chemical changes within the
bases of nucleic acids . In addition to the classical
adducts, compelling evidence is emerging show-
ing that toxic agents, mutagens, and initiating and
promoting carcinogens can induce formation of
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reactive oxygen species (ROS) (reviewed in refs .
2-4), sonic of which can oxidatively modify bases
in DNA and RNA . both in vitro and in vivo [4] .

As there arc different meanings to the term
"damage", there are also a variety of techniques
that allow us to establish its nature . Depending on
the goal, those techniques can be divided into
chemical and physicochemical methods, i .e. thin-
layer chromatographic (TLC), high-performance
liquid chromatographic (IiPLC) or gas chro-
matographic (GC) separation of the modified
base derivatives often coupled with microderivati-
zation and %or postlabcline with 32P or 3 H. One
can also use biological end-points, such as enzyme
or antibody recognition of the damage, chromo-
somal aberrations, as well as mutagenic responses
in bacterial tester strains or in specific genes,
including oncogcnes, in mammalian or transgenic
cell lines . Sometimes, a combination of several
techniques provides the best analysis . Since many
chemicals cause various types of lesions in nucleic
acids, model systems are often studied to establish
which lesions may have biological consequences .
The damage can he detected by analysis of

enzymatic or acid hydrolysates of DNA, be it as
modified bases, nucleosides, nucleotides, or oligo-
nucleotides . Detection also may be achieved by
analyzing body fluids such as urine for the
presence of modified bases or nucleosides . An-
other approach currently being utilized is the
detection of DNA damage by analysis of human
sera for the presence of antibodies that recognize
modified DNA bases, including adducts as well as
base oxidation products .

In this review, we initially concentrate on the
description of techniques currently in use or
emerging for the analyses of chemical modifica-
tion of DNA, with the understanding that some of
the same methods also can be utilized or adapted
for analysis of RNA . In addition, we will give
examples of the applications of some of the
techniques described . Since this is a rapidly grow-
ing field, this review will not be all inclusive, but
only selected works will he presented .
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2, METHODS

2.1 . Preparation of samples for mralvsis

2.1.1. Isolation and purification ofDIVA
Currently, there are several preferred methods

used for the isolation of DNA from biological
sources and for its purification . Even commercial-
ly available DNA often has to be repurified
because it still may be contaminated with proteins
and RNA, and may also contain low levels of
oxidized bases, The following methods of DNA
isolation from animal organs are often used .

DNA can he extracted from cells or nuclei using
an automated DNA extractor [5] . Organs, such as
liver, kidney and brain, are placed in 10 volumes
of buffer (10 m~bi Tris-HCI, 150 rnM NaCl, 1 mM
FDTA, pH 7 .4), homogenized . the nuclei isolated
by centrifugation at 1100 g for 15 rain, and the
DNA isolated by an extractor .

The liver also can be placed in buffer (50 mM
Tris-HCI, pH 7 .0) containing 0 .25 Al sucrose,
minced, homogenized by Polytron for 20 s, and
centrifuged at 800 g at 4`C for 10 min [6] . '1 he
pellet is suspended in Tris-sucrose buffer contain-
ing 0.05% Triton-X, centrifuged, and washed
twice. The final pellet is resuspended in 10 ml of
Tris-sucrose buffer, 10% SDS (1 .5 ml) and I M

NaCl (3.5 ml) are added, and the proteins re-
moved from the aqueous phase with 15 nil of
chloroform-isoamyl alcohol (24:1) . The phases
are separated by centrifugation at 2500 g for 10
min, and extraction is repeated until there is no
white interphase between the phases . After treat-
ment with DNase-free RNase A and subsequent
extraction with chloroform-isoamyl alcohol
(24:1) . the DNA can be precipitated from the
aqueous layer with 2 volumes of cold ethanol .

This method was used for determination of the
presence of aflatoxin B l adducts in DNA [6] .
However, if the goal is to analyze the DNA for the
presence of oxidized bases . care should be taken
to chelate the Fe ions that can be released from the
liver during the process of DNA isolation .
In some cases, upon removal, the liver is

immediately frozen in liquid nitrogen and stored
at -70°C. To extract the DNA, the frozen livers
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are _ground into small pieces, thawed in buffer
(50 rnMTris HCI . 150 in.M NaCI, 50 mM EDTA,
pH 8 .0), homogenized, and centrifuged at 600 g
for 15 min. The pellet is suspended in 10 ml of the
same buffer with 10% N-lauroylsarcosine and
RNase A (100 jig/ml), incubated at 37°C for 4 h,
followed by addition of l'rotcinase K (100 pg ./ml)
and overnight incubation [7] .

To isolate the epidermis from a topically treat-
ed mouse or other animal, the shaven skin is
excised and immediately dipped into ice-cold Dul-
becco's phosphate-buffered saline (PBS) . Subcu-
taneous and connective tissues are scraped off
with a razor blade, the skin cut into about 2 x
I cm pieces that are floated (fur side up) on 0.5%
trypsin-T Tank's balanced salt solution in a Petri
dish, and incubated at 37`C for 0 .5 h_ Instead of
trypsinization, an alternative way to isolate the
epidermis is to dip the mouse skin into hot water
(55'C) for 30 s, than rapidly immerse it in ice-cold
water [8] . The epidermis is scraped off with a
scalpel, minced with scissors, and washed twice
with PBS. Cells are lysed and A .S.A .P. DNA

isolation kits arc used to isolate the DNA ac-
cording to the manufactures s protocol (Boeh-
ringer-Mannheim Biochemiculs) . This procedure
yields about 0_2-0.5 mg DNA from the epidermis
of two mice [9] . This yield is somewhat higher than
described by the vendor because of an additional
washing of The column with the DNA eluting
huller . However, each batch of the A .S .A.P .
columns should be calibrated with a known
amount of DNA because, at times, these columns
may differ and thus DNA recovery may vary as
well (unpublished observations) .

The vendor`s recommended procedure includes
incubation of epidermis with Proteinase K at
37°C for 4 h and RNase for 0 .5 h, followed by
chromatography on the DNA isolation columns,
and DNA precipitation with isopropyl alcohol-
After centrifugation and washing of the DNA
pellet twice with 70% ethyl alcohol and drying,
the pellet is dissolved in the buffer needed for
enzymatic digestion of DNA to nucleotides or
nucleosides or, if desired, in concentrated formic
acid for release of bases from DNA .
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There are many variations on protocols for
DNA isolation from the epidermis . For example,
in some cases, the epidermis is quickly frozen in
liquid nitrogen and stored at - 70'C until ready
to proceed with the analysis, Frozen epidermis is
allowed to thaw in a solution containing 1 % SDS
and 1 mM EDTA (100 mg tissue per nil), and
homogenized with a PolyLron [10] . DNA can be
isolated and purified according to the procedures
best suited to the objective of DNA analysis .

To isolate DNA from tissues or cultured cells,
many of the same procedures can be utilized .
After cell lysis . which depends on the source of the
cells, the proteins frequently arc removed by
incubation with Proteinasc K, followed by extrac-
tion of proteins with phenol-chloroform saturat-
ed with buffer or phenol-choroform-isoamyl
alcohol (25 :24:1). However, the presence of phe-
nol can cause oxidation of some bases in DNA
[111, and this may interfere with the subsequent
hydrolysis and/or biological activity that is being
assessed. Furthermore, it may provide an unac-
ceptably high level of oxidized bases in DNA
isolated from control animals or cells, and this
could preclude determination of the effect of a
particular treatment on the formation of oxidized
bases in DNA .

'I here are two preferred DNA extraction meth-
ods that avoid utilization of phenol . One is based
on the use of a high concentration of NaCl for
dissociation of proteins, followed by digestion
with Proteinase K and RNase A, and extraction
of proteins with chloroform-isoamy] alcohol
(24:1) . as originally described by Marmur in 1961
[12] . The other method is based on separation on .9

proprietary A .S.A .P. column from Boehringer-
Mannheint Biochemicals, after treatment with
Proteinuse K and RNase A [9,13], as described
above. The remaining proteins and RNA elute
first from this column, followed by elution of
DNA, with a purity of 1 .7-1 .9 .Q A2A . This
purity allows efficient enzymatic digestion of
linear DNA to nucleosides [13]. The cluate is
collected in a polypropylene tube, precipitated
with isopropyl alcohol and centrifuged, and the
pellet is washed twice with 70% ethanol and dried
under nitrogen . One should avoid using glass
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tubes for DNA precipitation because the DNA is
difficult to remove from the glass . The DNA
pellet is either stored dry, or dissolved in a proper
buffer for enzymatic digestion to nucleosides or
nucleotides, or is suspended in 88 or 98% formic
acid to release DNA bases [14,15] . However,
A.S .A.P, columns are not appropriate for purifi-
cation of supercoiled circular DNA because nicks
are introduced into the DNA during purification
(G . Teebor, personal communication) . Super-
coiled circular DNA can be reliably purified on a
CsCI gradient with only a small percentage of
nicks leading to (tic appearance of the circular
relaxed form . Alternatively, commercially avail-
able plasmids can be used for the in vitro experi-
ments .

Quantitation of DNA yields should always be
carried out . When in solution, the absorbance of
DNA should he determined at 260 and 280 run,
and their ratio calculated . It is assumed that . for
double-stranded DNA 1 A 26 , = 50 pg DNA per
nil, while due to the hypochromic effect for the
single-stranded DNA or RNA I A 2 ,,,, =40 pg(ml .
The ratio of A26t iA,se can be used as a measure
of DNA purity ; if it equals 2 .0 or higher this
indicates contamination with RNA, if it is less
than 1 .85, proteins, which could interfere with
enzymatic digestion of DNA, were not completely
removed [161. However, DNA isolated through
an A.S.A.P. column is an appropriate substrate
for digestive enzymes even at ratios between 1 .7
and 1 .9 [9] . DNA also can be quantitated by use of
fluorescent reagents, such as Hoechst 33258 [17] .

2.1 .2. Chemical and enzymatic hydrolysis of DNA
to bases, nucleosides, nucleotides, and small
oligonucleotides

2.1 .2.1. Acid hydrolysis . Even under physio-
logical conditions, purines are released from
DNA leaving apurinic sites which if not repaired
can be mutagenic [l8]. Certain types of purine
modification, particularly those occurring at the
N-7 or C-S position of the imidazole ring . cause
either an imidazole ring opening [with formation
of a formamido-substituted pyrimidine ring
(FAPY derivatives)], which remains on the sugar
phosphate backbone, or lead to a release of
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modified purines. All depurination processes are
enhanced under acidic conditions . For this rea-
son, the most common acid-mediated depurina-
tion is carried out in dilute (i .e., 50--100 jrM) HC1
at temperatures varying from 37 to 70°C during a
20-60 min incubation [19] . For example, this type
of procedure was used to isolate the guanine-
aflatoxin B, adduct .

Since spontaneously released base-carcinogen
adducts can be easily missed . i t is advisable to
always analyze the alcohol supernatant obtained
by precipitation of modified DNA for the pres-
ence of such adducts . The detection of released
guanine (adenine)-propane sultone [20] and ben-
zo[a]pyrene [A(a)P]-6-N7-guanine [21] adducts
can serve as examples ofmodified base formation,
which could have been overlooked because of
their spontaneous release from DNA .
Acid hydrolysis also can be used when the

modified base(s) of interest are more stable under
acidic conditions than all other modified or
natural bases . Analysis for UV-induced cyclobu-
tane pyrimidine dimers can serve as an example .
Lt this case. the DNA is hydrolyzed with 88 or
98% formic acid in sealed ampules or tubes at a
very high temperature (180°C) [22,23] . Subse-
quently, UV pyrimidine dimers are extracted
from the mixture and analyzed by paper chroma-
tography [22], or, as more recently carried out, by
I I PLC [23] . Another use of formic acid hydrolysis
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is in the determi nation of oxidative DNA damage
by GC coupled with mass spectroscopy (MS) .
Dried samples of DNA are dissolved in 88 or 98%
formic acid, and heated in evacuated and sealed
tubes at 150°C for 40 min . After cooling, hydro-
lyzates are lvoplulized . derivatized and analyzed
by GC MS [14,15,24,25]. This method allows
conconutant determination of a number of oxi-
dized bases .
However. some of those oxidized bases can

undergo chemical changes during concentrated
formic acid treatment . Unless one knows what
those changes are . this type of analysis may lead
to an underestimation of the formation of some
and an overestimation of other oxidized DNA
bases. For example . formic acid release of thy-
mine glycol from the sugar-phosphodiester back-
bone of DNA results in formation of some
5-hydroxy-5-methylhydantoin, which is a f ve-
memhered ring, as well as some 5-methylene
hydantoin (Fig . 1), the dehydration product of the
former compound [26] . Also, formic -acid-mediat-
ed release of 5-hydroxymetlryluracil (Fig . 1) from
DNA results in an apparent loss of a substantial
amount of this oxidized base, as recently shown
by Djuric et at [15] . Since 5-hydroxymethyluracil
is chemically quite stable, it is unlikely that it is
degraded by formic acid . It is more probable that
under the acid hydrolysis conditions used (con-
centrated formic acid, high temperature), the

fig . 1 Fcrmation and decomposition of oxidized thyminc moiety derivatives . Structures constitute bases when R=11 and
2'-dcoxyrihanucleosidcs when R=2'-deoxyribose . (I) Thyminc ; (2) 5-hydroxymethvhtracil ; (3) thymine glycol : (4) N'-fornry6N-
pyruvvlurea ; (5) 5-hydroxyl-5-methylhydantoin ; (6) N-formylnrea ; (7) urea (From ref. 47 .1
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hydroxyl group of the 5-hydroxymethyl moiety
would be esterified with formic acid . The formate
derivative would elute at a dillerent retention time
from the GC or HPLC column titan would the
expected 5-hydroxymethyluracil . This could ex-
plain why for many years very little or no
formation of this oxidized base was detected in
DNA by GC MS [25], whereas enzymatic diges-
tion to its nucleoside has shown its quite abun-
dant presence in oxidalivcly damaged DNA [2,15,
27,28] .

2.1 .2 .2 . Enzymatic hvchroly .vis to nucleosicku .
There are many variants of enzymatic hydrolysis
of DNA depending on the objective, i .e . whether
hydrolyzates will be analyzed by 32P-postlabeling
of nucleotides or nucleosides, 3 H-postlabeling of
nucleosides, or radiochemical, fluorometric or
elect rochemicaI detection of nucleosides . bach of
those methods have certain advantages and dis-
advantages .
To obtain the niononuclentides needed for

HPLC analysis of DNA adducts or as a substrate
for '`P-postlabeling, the DNA is dissolved in a
buffer that differs depending on the laboratory
carrying out those experiments . Recently, Floyd
[29] compared the efficacy of digestion of DNA
dissolved in three of the most commonly used
buffers, as measured by 8-hydroxyl-2'-deoxygua-
nosine (8-OHdG) introduced to DNA by UV
light and H 20 2 treatment. The following buffers
were used: 20 mM sodium succinate (pH 6 .0) and
8 mM CaCl 2 (according to Randcrath et al. [30]),
5 m.M BisTris (pH 7) and 0.1 mM EDTA
(according to Beland et eel . [31]) . and 20 mM
sodium acetate (pH 4 .8; Kasai et al . [32]) . Al-
though all three DNA solutions were incubated
with the same enzymes and under the same
conditions, the latter two buffers allowed release
of more than twice as much 8-OHdG from the
oxidized DNA than did the succinatecalcium
buffer. 'fhcsc findings point to the necessity for
optimization of the hydrolytic reaction condi-
tions .
DNA solutions are either frozen in liquid

nitrogen and stored at -70-C, or immediately
hydrolyzed to nucleoside 3'-monophosphates .
DNA is incubated with spleen phosphodiesterase
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(2 .1 U/mg DNA) and micrococcal nuclease (5 Ui
mg DNA) at 3TC for 3 h [10.33] . Often, []its is
followed by digestion with nuclease P1 at pH 5
(125 mM sodium acetate buffer) in the presence of
0,09 in-M 1n - ' ions [34], prior to or right after
32P-postlabeling . Alternatively, the DNA itself is
subjected to nuclease PI digestion (generating
5'-monophosphates) followed by acid phospha-
tase, which should yield nucleosides to he used as
substrates for 3`P-postlabeling [35] .

1 lowever, recent results show that the presence
of certain fragments derived from oxidized bases
[i.e ., the fonttamido remnant of the thymine
glycol (TG) moiety formed by oxidation of thy-
mine] can inhibit the hydrolytic action of nuclease
P1 [36] . Hence. caution should be exercised when
using PI digestion of DNA. This technique is
most frequently used for determination of DNA
adducts induced by carcinogens. However, many
of these carcinogens also mediate formation of
oxidized bases in DNA [2,4, 37] and the presence
of these oxidized bases might impair P1-mediated
release of free nucleoside adducts, leading to
inaccurate answers. Conversely, the inhibition of
nuclease PI by the formamido moiety is proposed
as an assay system to detect this particular
oxidation product. which cannot be detected by
airy other method [36] .

Other examples of modified base inhibition of
enzymatic hydrolysis are LTV-induced dimers .
both the cyclobutane type as well as the 4-
photoproduct [38] . It was shown that snake
venom phosphodiesterase is not able to cleave
either the intradimcr phosphodiester bond or the
phosphodiester bond located immediately 5' to
the dirtier. The inability of the phosphodiesterase
to hydrolye these particular bonds results in a
release of pyrimidine diners in trinucleoside
diphosphates with the dimer at the 3' end, when
followed by a treatment with alkaline phosphates .
Since unaffected DNA is hydrolyzed to mononu-
cleosides, only the trimers can be 32P-postlabeled
by [h-32P]ATP and T4 polynucleol..ide kinase . The
authors ofthis work propose to use this assay as a
sensitive and accurate measure of the UV-mediat-
ed dimer formation . Weinfeld and Soderlind [39]
used a similar assay to detect y-radiation-mediat-
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ed formation of thymine glycols and phosphogly-
colatc termini by analysis of 32P-postlaheled
dinucleosidc monophosphates obtained by en-
zymatic hydrolysis of DNA .

Io assure the most complete hydrolysis of
DNA thought to contain a variety of modified
bases (i .e . . carcinogen-base adducts as well as
oxidized bases), it probably would be advisable to
use a combination of enzymes. For example by
using DNase 1, snake venom phosphodiesterase
as well as spleen phosphodiesterase, one can be
assured that even if one of the phosphodiester-
ases (i.e ., snake venom) cannot hydrolyze the
phosphodiester bond . because of inhibition due to
a modified base (i.e ., UV dimer) . the second
enzyme, which proceeds in the opposite direction
(5' y 3'), should be able to hydrolyze this bond .
This has been shown to be possible in the ease of
DNA that was exposed to B(a)P-treatcd rat liver
mtcrosomes . That DNA contained the oxidized
bases 5-hydroxymcthyluracil and'I'G (rig . 2) [40],
in addition to the DNA base-carcinogen adducts
that are known to be formed under such condi-
tions. That DNA was completely hydrolyzed to
nucleosides using the aforementioned comhina-
tion of enzymes followed by alkaline phosphat-
use. DNA, isolated from cells exposed to B(a)P or
other polycyclic aromatic hydrocarbons (PAHs),
was shown to be difficult to digest enzymatically
when only one of the diesterases or nuclease Pt
was used [41,42]-

1 .2 .3 . Enzymatic hydrolysis to nucleosides . In
addition to nuclease PI-mediated digestion fol-
lowed by alkaline or acid phosphatase treatment
(described above), enzymatic hydrolysis of DNA
to nucleosides has been used quite extensively and
in a variety of enzyme combinations (see above) .
Again, depending on the objective of the analysis,
different enzymatic digestion DNA conditions
should he used . As mentioned above, nuclease PI
is used frequently as an exonuclease to release
5'-monophosphates. Although its optimal activ-
ity requires an acidic pH of 5 .0- 5 .5 and the
presence of Zn 2 ' cations. the literature is full of
procedures that do not apply these conditions .
Obviously, optimal conditions should be used
whenever possible. however, if an adduct or
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hg- 2. Structures of selected oxidized derivsvive of DNA bases .
When R-P'-dcoxvrihosc'e ei.c-dTG'. (+) and ( ) dieslereo
isomers of eis-thymidine glycol ; HMdU : 5-hydroxymethyl-2'-
deexyuitdLte : NUU : 5-fpnnyl-2'-deoxyuridine; s-O1TUG and l8-
uxi'-d(' tS-hvdroxyl(oxo)-2'-deuxyguanosine : Fapy A: 5_-form-
amido-4.6-diamirapyrimidinc ; Fapy G'. 2,6-dianuno-4-
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oxidized base is not stable under acidic pH, or
Zn 2 ' interferes with the subsequent analysis, then
the DNA can be incubated with nuclease PI at
neutral pH, by using either higher amounts of the
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enzyme or extending the digestion time . To obtain
nucleosides, treatment with nuclease should be
followed by alkaline or acid phosphatase, depend-
ing on the pH of the incubation mixture .

To analyze DNA for the presence of intact
oxidized nucleosides, we found that the following
arc the best conditions (Fig . 3) [9,13] . DNA
(lOG jag), dissolved in 10 mM Tris-ITCI and
100 mM NaCl (200 pl) buffer. pH 7.0, first has to
he sheared by passing through consecutively
smaller gauge [18-25] needles or by vortex-mix-
ing.. This facilitates digestion of undamaged con-
trol DNA, which, in particular, cannot be fully
divested when at the high molecular mass [16] .
After shearing, DNA should be digested with
DNase 1 (100 U in 40,ul of 10 mM iris-HCI) in
the presence of Mg" (20 mM final concentra-
tion). Mgt is absolutely required for the activity
of DNasc 1 . The reaction mixture is incubated at
37'C for 1 h, the pH is lowered to 5 .1 with 0 .5 >i1
sodium acetate (15 pd), 5 U of nucloasc P1 (10 ul)
and Zti 2 (1 m '! final concentration) are added,
and the mixture is incubated for one additional
hour. Finally, the pH is readjusted with 0 .4 A
Tris-1101 (pll 7 .8. 100 µl), 3 U of alkaline
phosphatase (20 pd) are added, and the mixture is
incubated for 0 .5 h . DNA hydrolysis is terminated
by the addition of 5 ml (or no less than 5 volumes)

2 9 7

of pure (HPLC-grade) acetone, which precipitates
the enzymes. After 0 .5 h at -20"C, the precipi-
tates are removed by centrifugation, and the
supernatant is evaporated to dryness under re-
duced pressure and temperature . The dry residue
can be phosphorylated with [ - 32P]ATP, acetylat-
ed with ['H]acetic anhydride or dissolved in a
small volume of HPLC-grade water and analyzed
by an HPLC system equipped with the appropri-
ately sensitive detector(s),

These described conditions of enzymatic DNA
hydrolysis were used for concurrent analyses ofat
least four types of oxidized nucleosides [13] . These
are 5-hydroxymethyl-2'-deoxyuridine (HMdU),
the (+) and (-) isomers of ci3-thylnidine glycol
(dTG), 5-£ormyl-2'-deoxyuridine (FdU) and
8-OHdG (Fig . 2) . However, it appears that under
these conditions about half of the 8-OHdG is lost
[13] . At this point, it seems that the acidic
digestion conditions required for the optimal
activity of nuclease Pt may be responsible for that
loss, perhaps leading to the release of the free
base. When the digestion is carried out with the
same enzymes under neutral p11, 8-OildG seems
to be fully recovered, however, recovery of dTG is
suhoptimal . It is known that dTG is the most
stable at acidic p11 . The more alkaline conditions
allow TG ring. opening [43] . which may lead to the

Tim (MIN)

Fig . 3 . Optimization of enzymatic DNA digestion to nucleosides . HPLC separation of enaymatic hydrolyaalcs consaining dC . dG, d' r,
and dA on an ODS mhrmn (?5 cm x I cm i D . ; 5 jim) . DNA was hydrolyzed with (•1) nuclease]?I and alkaline phosphatase . (B) sauce as
(A) Lat ptedigr:;ted wiLh DNase I (+MK't), (C) samc as (A) but in the presence of Zn~'', (D) predigestion with DNase I (+Mg'')
fcllowed by nueiesse PI in the presence of Zr.'- , and [hen by alkaline phnspharasc (From ref . I3 .)

(w M cc)

(I) (O)
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mistaken conclusion that its formation in DNA
was lower. Hence, depending on the experimental
design, one or the other of the oxidized nucleo-
sides cannot be fully recovered . However . due to
DNA digestion conditions, this loss can be deter-
mined a priori and taken into account when
calculating the levels of oxidized nucleosides
formed due to a particular treatment .

The recovery of nucleosides may also depend
on the glassware or plasticware used in their
isolation . Floyd [29] showed that the recovery of
8-OHdG can be enhanced over two-fold when
plastic microfuge tubes are prewashed with eth-
anol. Apparently, sonic tubes arc contaminated
with a substance or substances that interfere with
enzymatic digestion . Routineprewashingof tubes
also increases the reproducibility of the assays
[29] .

Occasionally some digestive enzymes, includ-
ing DNase Jim(] phosphodiesterase, are contami-
nated with other degradative enzymes. such as
pyrimidine or purine phosphorvlases . The latter
enzymes release free pyrimidines or purines from
the sugar-phosphate backbone, and therefore
analyses for the presence or nucleosides and
nucleotides cannot be earned out . Although a
DNA adduct itself might not be a good substrate
for phosphorylase, some or all of the natural
bases could he released from the polymer . When
the presence of phosphorylase is suspected, its
inhibitor should he added to the reaction mixture
prior to treatment with other digestive enzyme .
For example, use of d .A in excess allowed total
recovery of normal and oxidized thymine nucleo-
sides, whereas in the absence of dA only free bases
could he recovered [44] .

2.1 .2.4. Enzymatic )iwirolysi.s lo nhgonnrleu-
tides . As opposed to the use of digestive enzymes ;
this method utilizes a large number of restriction
enzymes, which hydrolyze the DNA bonds in
regions of specific DNA sequences . The oligonu-
cleotide products of this enzymatic hydrolysis are
usually separated electrophoretically . Chemical
modification of certain DNA bases either inhibits
the normal hydrolysis at those sites or, after
several rounds of replication, new enzyme-sensi-
tive sites are formed . These techniques will he
described in more detail in Section 2 .3 .
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2.2. Chrninato„raphic mralyysis o> nzoditied bases,
nucleosides . nucleotides, and small oligonu-
cleatidc s

2.2 .1 . HPLC with various detection .systems
The development of HPLC and, in particular,

of thecolumns packed with reversed-phase adsor-
bents, has made HPLC a very versitiie and
common chromatographic method used for the
identification and purification of modified base
derivatives in DNA and RNA. The reversed-
phase adsorbents usually consist of silica gel
spheres with chemically attached alkyl or phenyl
groups. The alkyl moiety may have variable
numbers of carbons, from C, to C,, (octadecyl-
silane. ODS) . To assure complete neutralization
of the silica gel's free hydroxyl groups in C s and
C18 adsorbents, those free hydroxyls are end-
capped with C_, alkyl groups .

Reversed-phase adsorbents can be used also for
the separation of ionizahle solutes . which include
nucleoside mono-, di- and triphosphates . Instead
of water ± organic solvent, buffers of different
ionic strengths and pi f values are used . The most
commonly used are phosphate buffers, however,
care should he taken to prevent their precipitation
within the pumps or column . For this reason,
whenever possible, salts with the highest solubility
should be used . For example, potassium phos-
phate is preferable to sodium phosphate . Also
ion-pairing buffers [45] can be used to override the
reversed-phase properties of the columns, and
make them cationic or anionic column . These
HPLC-grade buffers are commercially available
and HPLC-grade reagents should he utilized
whenever possible .

HPLC can he used as an endpoint for analysis,
if the modified base derivatives of interest are
radioactively prclabeled [6 ;16.19,28,40,46,47], or
if appropriately sensitive detectors are available .
For example, if the analysis is for an adduct (i .e .,
aflatoxin B,-guanine derivative [19]) or an oxi-
dized nucleoside (i .e ., 8-OHdG [48]), a lluores-
ccnee or cleetrochenical detector, respectively .
can be used to quantitate the levels of modified
bases. Howcver, it is advisable to use each of then,
in tandem with either a UV or photodiode-array
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spectral detector [6,13] . This tandem use of detec-
tors allows quantitation of modified bases with
respect to the normal ba .ses present in the DNA
being analyzed . When modified base derivatives
cannot be detected this way, they are usually
postlabeled using radioactive reagents that con-
tain a 'H . 2̀P or recently utilized "S label
[13 .49,50] . Commonly, modified base derivatives
are isolated first by a variety of means . and then
dcrivatized and analyzed by HPLC and/or TLC .
The HPLC system, in addition to the spectral
detector needed for quantitation of normal bases,
should he equipped with an on-line radioactive
detector, Alternatively, fractions monitored by a
spectral detector are collected and, after addition
of a scintillant . the radioactive content is deter-
mined using an external scintillation counter . The
quenching properties of each of the scintillation-
counting systems should be determined prior to
analysis, using control samples containing expect-
ed amounts of radioactive material .

Exposure of DNA to mutagenic and carcino-
genic agents often results in binding of those
agents to cellular DNA either directly or after
metabolic activation . Most agents cause forma-
tion ofa variety of adducts with DNA bases [1] . It
is beyond the scope of this review to discuss in
detail what is known about most of those adducts .
However, the following will provide examples .

2.2 .1 .1 . Use of radioactive carcinogens . PAHs
generally have to he metabolized before they can
covalently interact with DNA or RNA . Treat-
ment of cells grown in tissue culture, or of animals
by various routes of exposure, with a radioactive-
ly labeled [44]carcinogen [such as 7,12-dimcthyl-
benz[a]anthracene (DM13A) and B(a)P] or its
synthetically prepared metabolites, frequently re-
sults in the formation of labeled DNA base-PAH
metabolite adducts . Then. DNA and/or RNA are
isolated and hydrolyzed to nucleosides, which are
analyzed by HPLC in the presence of' non-tri-
tiated marker adducts [46,51,52] .
Using co-chromatography with marker com-

pounds on an analytical ODS IIPLC column,
Jeffrey ei al . [511 established that the DNA of
human and bovine bronchial explants that were
exposed to B(a)P contained certain B(a)P-diol-
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epoxide adducts because some of the markers
co-eluted with the 'H-containing 2'-deoxvnucleo-
sides . Fren kel et al, [46] showed that treatment of
cultured rat liver cells with ['Il]DMBA caused
formation of novel adducts in RNA, since the
nucleosides co-eluted with the same marker com-
pounds that were obtained by reacting guanosine
with DMBA 5,6-oxide . Guanosinc was modified
at the C-8 position of the guanine or at the
2'-hydroxyl group of the ribose moiety . Recently,
it was shown by Saver et al. [53] that B(a)P
7,8-diol 9, 10-epoxide can modify the ribose moi-
ety of adenosine in a similar manner_ Ashurst and
Cohen [54] and Dipple et al . [52] also used a
similar approach to determine whether the sus-
ceptibilities of different stocks of mice to B(a)P or
DMBA caremogenests, respectively, are due to
the differences in metabolic activation of PAHs
and subsequent binding to DNA. Dipple et al . [52]
demonstrated that, although carcinogenesis is
significantly decreased in the presence of antioxi-
dants, DNA adduct levels are comparable to
those obtained in the absence of antioxidants_
Those results suggest that the formation of ad-
ducts. although necessary, is not sufficient for
carcinogenesis to occur. It is likely that antioxi-
dants- by inhibiting tumor promotion and !or
progression, also suppress tuner development
(reviewed in ref. 4). Recently, it was shown that
the prooxidant state modulates in vivo metabo-
lism of B(a)P. its metabolites, as well as their
binding to DNA [55,56], which suggests that ROS
also can affect initiation of carcinogenesis (re-
viewed in refs . 3 and 4) .
Z2.7 .2. Use of electrochemical detectors in

HPLCanalvsis . In the late 1990s, methods utiliz-
ing HPLCqanalysis and some very sensitive detec-
tors also were developed . Goda and Marnett [57]
showed that a pyrimidopurinone adduct, formed
by the interaction of a guanine moiety in DNA
with malondialdehyde, can he quantitated using
an electrochemical detector . Modified DNA was
reduced with sodium horohydride . hydrolyzed
with 0.1 1W HCl to bases and separated on an ODS
column . '1 'he detection limit was 100-200 f'nol .
using the applied potential of 700 mV versus
Agl AgCI .
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The availability of electrochemical detection
(ED) allowed analysis of DNA isolated from
various sources for the presence of 8-01dG, as is
illustrated by Fig . 4. This method was first
developed by Floyd et al. in 1486 [48], but it
rapidly became the method of choice of many
investigators. Since then. 8-OHdu has been used
as a measure of oxidative DNA damage mediated
by a variety of oxidative stress-inducing treat-
ments. It also allowed determination of the back-
ground levels of steady-state oxidative DNA
damage in humans and animals [58] . The delermi-
nationn of 8-OHdG formation allowed the demon-
stration that carcinogen (acetoxime, 2-niLropro-
pane) treatment causes different extents of DNA
damage, depending on the sex and organ of the
rats being analyzed . It also showed that RNA
sustains more extensive oxidative damage than
does DNA [59] . Moreover. this technique allowed
comparisons among various nitroalkanes and
oxiuros (industrial solvents and byproducts) as to
their abilities to induce oxidative DNA and RNA
damage and to determine their potential for
hepatocarcinogenicity [60] . Roy et al . [61] found
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that chronic treatment of male Syrian hamsters
with diethylstilbestrol (a drug that caused cancer
in the daughters of women who were given it
during their pregnancies) induced significantly
higher levels of 8-OHdG in their kidneys (the
tumor site in this animal model) than in their
livers (which are not common tumor sites) . Al-
though it has been known for some time that
cigarette smoke causes DNA strand breaks [62],
only recently, was it shown that it also causes
S-OHdG formation in cellular DNA of human
peripheral leukocylcs [63] and in cultured cells
[64] . Chung and Xu [65] found that one of
Lite carcinogenic tobacco-specific nitrosamines
formed front nicotine [4-(mcthylnitrosamine)-
I-(3-pyridyl)-1-butanone (NNK)1 induces forma-
tion of 8-OHdG in the lung DNA of mice and
rats, the site of tobacco carcinogcnesis.'Me same
laboratory also showed that chemopreventive
agents present in green tea extract and one of Its
major polyphenols [t-)-epigallocatechin gallate
(EC}CG)] prevent N N K-mediated oxidative DNA
damage [66] .

Electrochemical detectors were also utilized in
the analyses of a number of other oxidized base
derivative:, and endogenously alkylated bases
[5,58] . The oxidized bases include 4,6-diainino-5-
N-formamidopyrimidine (FAY derived by ring
opening of 8-OHdA) . 5-hydroxymethylcytosine
and 5-hydroxy-2'-deoxycytidine, 5-Iiydroxyuracil
and 5-hydroxy-2'-deoxyuridine, the latter two
being deamination prod acts of the cytosine deriv-
atives. The ED-detectable alkylated bases also
include O'-methyl-, 3-methyl-, 7-methyl- and
7-cthylguanine, as well as several deoxyguano-
snte-acroleun products . Hence. HPLC-ED pro-
vides a very sensitive measure of a number of
alkylated and oxidized DNA products induced by
endogenous and exogenous oxidative stress, as
well as by alkylating agents .

TIME

	

(MIN)

Fig . 4 . HPLC aeparaliun of S-OHdG iium normal t cleondes

	

2- 1. Postlabelmg techniques
dC . d(i . dT, and d .A . Enzymatic DNA hydrolyzate wa, separated

	

7 2 ?. :. .1 . 52 P Postlnbeling with [-;-''-P]dY
ucleosides

'/ .
and

In
by I1PLC on OU5 column (25 can x 0 .46 cm I .D ., 5 µn:) and

	

themonitored by ED t0.5 nA full scale) and by UV detection at

	

past decade postlaUeliug of n
254 nm . Citrate (10 mn9)+acetate bulfer (20 m ,N). pH 5.1,+ nucleotides with "P became a popular method
545, methanol solution wan used as an elucni at a I mlfmin for detection of modified DNA base derivatives
now-rate,

	

with a sensitivity of one modified base per 10'



K. Frp"ke( nq4 C. B . Kleit. J. Clt,urnaiogr . 618 !1993, 289 314

10 10 normal bases. This technique is applicable to
structurally diverse classes of DNA adducts,
which are mostly bulky in nature . Some of the
smaller (alkyl) adducts [67,68] or oxidized base
derivatives also can be postlabeled with '2P but
often require different conditions [69] . This meth-
od was first introduced in 1981 [70] and takes
advantage of the ability of T 4 polynucleotide
kinasc to phosphorylate the 5'-hydroxyl end of
modified 3'-mononucleotides . Other kinases, i.e .
Epstein-Barr-derived thyntidine kinasc . also have
been utilized [71] . The sensitivity is conferred by
use of the high-specific-activity [y-' 2 P]ATP. The
details of the basic assay and modifications
thereof are given in a recent review by Beach and
GupLa [49] and, therefore, will not be reviewed
here . We will just give some examples of its recent
applications .
This technique showed that cigarette smokers

contain significantly higher levels (> twenty-fold)
of DNA adducts per 10" nucleotides in the non-
cancerous surgical lung parenchymal samples
than do ex-smokers [72] . Moreover, the authors
found that the levels of aryl hydrocarbon hydrox-
ylase activity (enzyme system involved in the
metabolism of PAH present in tobacco nmokc)
positively correlated with the DNA adducts ana-
lyzed in the same lung samples . Although induc-
ibility of this enzyme system has been used as a
crude measure of long-term exposures to various
PAH s, this work [721 actually showed the connec-
tion between the two processes . Using 32P-post-
labcling, other investigators suggested that PAH-
DNA adducts in human white blood cells cannot
be used as a surrogate measure for the PAI1-
DNA adducts in the lung [731 . However, once the
lymphocytes were separated from the granulo-
cytes, adduct levels were found to be significantly
higher in the lymphocytes of smokers than of
non-smokers [74] .

Use of 32P-postlaheling also allowed identifica-
tion of dGMP substituted at the N-2 position with
styrene 7,8-oxide as a major product [75] . This
oxide is a carcinogenic metabolite of styrene, a
chemical used widely in plastic production . Oh'-
cidaldehyde, a reactive metabolite obtained by
oxidative dealkylation of glycidyl esters (indns-

i0 I

trial chemicals), was shown to form an adduct
with dA in mouse skin and in vitro at pI4 7 [10],
rather than an adduct with dG which was pre-
dominantly formed at pH 10 [76] . A gain, this was
accomplished because of the sensitivity afforded
by ''P-postlabeling. Cyclophosphamide is used
as an anti-cancer drug that requires metabolic
activation before its activity becomes apparent_
That activation results in the formation of several
intermediates, including phosphoramide mustard
which is considered to be therapeutic .. while
acrolcin. the byproduct of the metabolism, is a
Inutagen . The use of "P allowed identification of
some of the adducts produced by acrolein and
other metabolites` that were present in the DNA of
the livers of mice treated with cyclophosphamide .
Those products included a phosphoester adduct
between phosphoramide mustard and dGMP
[34 ; 77] .

Only recently has oxidative DNA modification
begun to be analyzed by the '`'P-postlabeling
assay. Oxidative stress-induced damage, mediat-
ed by either endogenous or exogenous sources,
has become of general interest because of a new
awareness outs widespread occurrence (reviewed
in refs . 2- 4 and 77) . 8-OHdG and dTG (Ftg . 2),
two of the many of oxidized base derivatives, were
first analyzed by the 32P-postlabeling technique
[39,69,78]. followed by identification of the N-1-
oxide adenine (Fig. 2) derivative formed by 11 0 .
treatment [79] . Some ol'the more complex prod-
ucts including y-radiation oxidized dinuclentides
[39J . a s well as intrastrand crosslinks between A-A
and A-G [80] also were analyzed by this tech-
nique. ' 2 P-Postlabeling also was applied to the
analysis of malondialdehydc-modified dGMP
formed in intraperitoneally treated mice [81], and
of adducts formed by treatment of humaal fibro-
blasts with fecapentaene-12 [82] . Malondialde
hyde is of interest as an end-product of chemical-
or radiation-induced oxidative degradation of
unsaturated latty acids . Fecapentacue- 12 is repre-
sentative of a family ofeotnpounds that arc highly
eenotoxic in human cells, and is thought to
contribute to colon cancer . Feeapentaene-12 was
shown to produce DNA adducts as well as
8-OHdG, indicating that more than one meeha-
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nism may be contributing to its biological effects .
2.2? .2 . 'l1-Pusdahelirg tvith [ 3 H]ireelie itrthy

driee . Despite the utility and sensitivity of the
'P-posllabeling technique, it has some disadvan-
tages. The protocol is quite elaborate and depends
on the specificity (or rather the lack of it) of
enzymes used for the postlabeling . The require-
ment for an extremely high specific activity of
[7-"P]ATP. which has a short hall'-lire . also
makes this method less desirable because usually
the background levels are also quite high . As an
alternative to [his technique . we developed an-
other postlahcling assay [ 131 that is more appro-
priate for small adducts and for oxidation prod-
ucts of nucleic acids . It can be used lot analysis of
various types of nucleosides, since the basis for
this radioactive labeling assay is acetylation of
hydroxyl groups with ['H]acetic anhydride . The
presence of more hydroxyl groups that can he
acetylated in a nucleoside renders the assay even
more sensitive. In brief, DNA isolated from any
source (both in vitro and in viva) is crizyntatically
digested to nucleosides, as described in Section
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B-OHoG

2.12_ The hydrolyzatc is separated by HPLC on
the reversed-phase column (ODS : 5 pin particle
size. 25 cot x 1 cm 1 .D .) in the absence of any
marker compounds (Fig . 5) . All fractions that
elute after 15 nun (except (hosecontaining normal
nucleosides) are combined, dried and acetylated
in acctotutrilc with [''H]acetic anhydride in the
presence of the catalyst 4-duacthylaniinopyridiuc
and iricthylaminc. Unrcacted [ 3H]acetic anhy-
dride is decomposed with methanol.' I' he products
arc concentrated, and after addition of non-tri-
haled marker acetates . analyzed by I I PLC on the
ODS column (1,ig. 6). the products arc quanti-
tated by relating the amount of radioactive mate-
rial cocluting with the marker acetate on the
second IIPLC- ro the peak areas of normal
nucleosides obtained by their integration oil the
first chromatogram. The quantitation is carried
out according to the following formula :

pmol nuc.eosde-
nct cpm of nucleoside acetate

0 .3 x convc-sinn rnefficienI number cf n,-,b] grnnps

DR

80

Fig . 5 . HPLC separation of normal a .td oxidized DNA nucleosides . Enzymatic DNA hvdrolczate was spiked with oxidized nuelencides
and separated by 1IJ'LC on 005 column (2.Srm 1 .0 cm[D . .Spm)with warerf2..0ininl,2 ; n ;viand-ilc •n wutert2fminj .4°A'( 2_5nan)
cmd 10°G„ (10 min} as elucnT, -It,] 2 MI/Mill (`Ow-rate . (From ref . 0.)
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Fig . 6 . HPLC sepaiatlar of nucleoside di (Ac,) and In (Ac,) acetates if(-) and (-) cis-dTG, HMdL end 8-OHdG (A) and dG and FdU
(B) . Fractions known to Contain the oxidized 2'-deosyribonucl cosides dTG, HMdU and S-OHdG, or FdU and dG (collected as dcxaibed
in the legend to Fig . 5) were combined, dried and acetylatcd . Acetates wcrc separated by HPLC on an ODS column (25 cm x I 0 cm 1 .1) ,
5 um) at a 2 n-:limir with (A) 10"S . acctonitrik in water (10 min), gradient to 17% (20 min) and. held at 17% (60 min) it (B) I(1%
aceionitrilc ('0 :min) fnllowcd by 19 .5% (30 min) . (From ref. 13 )

In this formula, 0 .3 is the efficiency of the
scintillation counter (30°'0) . The conversion coef-
ficient. depends on the specific activity of the
['H]acetic anhydride used, and is 22 .2 or 11 .1
when [3H]acetic anhydride (50 mCilmnrol) is
diluted with nor-radioactive acetic anhydride 1 :5
or 1 :10, respectively .

Using this assay, we showed that the tumor
promoter 12-O-tetradecanoylphorbol-l3-acetate
(TPA) induces in inc formation of oxidized bases
HMdU, dTG and 8-OHdG in the epidermal
DNA of TPA-treated SLNCAR mice [9] . Their
formation was TPA dose- and time-dependent . It
was inhibited by chemopreventive agents [4,83],
including EGCG (from green tea), sarcophytol A
(from marine soft corali and caffeic acid phen-
ethyl ester (CAPE : from the propolis of honeybee
hives). as well as the anticancer drug [84] tamox-
ifen [85,86]. Moreover, we showed that TPA
evokes formation of these oxidized bases in
SENCAR mice at much lower doses than it does
in C5713Li6J mice, which correiates well with the
responsiveness of these two mouse strains to
TPA-mediated tumor promotion [87] . Treatment
of SLNCAR mice with other tumor promoters of
the TI'A type also caused formation of IIMdU

and 8-OHdG, the levels of which correlated with
the potencies of these agents as tumor promoters
[86] . Recently, we found that DMBA, which is a
PAH requiring metabolic activation to express its
carcinogenic properties, also induces oxidative
DNA base damage (HMdU and 8-OHdG) at the
same time as its DNA base adducts are formed
[88,89]. It appears then that formation of oxid-
ative DNA base damage may be necessary for
tumor-promotirtg properties . Using 'H-post-
labeling with ['H]aeetic anhydride, we also
showed that the hydroperoxidc moiety of 5-hy-
dropero.xvmethyl-2'-deoxyuridine (HPMdU),
which is a product of ionizing radiation, is capable
of oxidizing bases in bacterial DNA [90] . This
finding may explain some of the protracted effects
of y radiation .

2.3 . Elecirophoretic analPSes

The chromatographic techniques described
above allow identification and quantitation of
specific modified bases and adducts. However,
elcctrophoretic methods are invaluable for deter-
mination of the genomic sites of those modifica-
tions and the structural consequences . To acquire
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sufficient quantities of DNA needed for those
techniques, polymerase chain reaction (PCR)
DNA amplification provides a necessary tool .

2.3.1. Poi ymerase chain reaction
Rather than analyzing total genomic DNA,

PCR allows the selective study of any gene or
subgcne region .. provided that appropriate PCR
primers are available . The PCR techniques, which
were rust introduced in the late 1980s [91-93],
have revolutionized the field of molecular biol-
ogy. The original PCR protocols- as well as
optimization, automation procedures . and exper-
imental applications have been summarized in
detail in several review articles [94,95] and labora-
tory manuals [96 .97] . In brief. the repetitive
temperature cycling allows DNA denaturation,
primer annealing, and primer extension by a
thermally stable polymerise (taq, Vent", pfu),
such that exponential synthesis of the desired
DNA fragment occurs during an average of thirty
amplification cycles. Various modifications of the
original protocols have evolved, so that in addi-
tion to DNA amplification, also RNA amplifi-
cation, mRNA quantitation, DNA sequencing,
gene cloning and labeled probe preparation are
among the frequent current uses of PCR Technol-
ogy, Additionally . multiple primers can he com-
bined in a multiplex reaction to simultaneously
amplify several DNA fragments . This is particu-
larly useful for the detection of DNA damage
among the multiple exons of large mammalian
gents, such as hpri [98,99] or the Duchene mus-
cular dystrophy gene [100], yielding both experi-
mental and clinical information . PCR protocols
are relatively straightforward, however, extreme
caution must be taken to avoid the cross contami-
nation of DNA samples leading to the amplifica-
tion of undesired DNA . The sensitivity of the
amplification procedure is so great that even I pg
of spurious DNA can be a suitable template for
this process [101] .

2.3.2. Gel electrophoresis
Gel electrophoresis can he employed when

separation of ditlerent sizes of DNA fragments is
required.'[ he methodology is based on the acqui-
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sition of an electric charge by the nucleic acid
molecules, such that those with the highest charge
(the longest molecules) will be retarded in the gel,
while shorter molecules (lesser charge) will mi-
grate further . Although agarose gels (0 .5 1 .5%)
effectively separate DNA fragments ranging from
30 to 0 .2 kilo base pairs (kb) . acrylamide gels are
often utilized for better separation of smaller
DNA fragments (< I kb) . Vertical denaturing
urea-acrylamide gels arc used for high-voltage
separation of DNA sequencing products . The
DNA migration distance is dependent upon sev-
eral parameters, including the composition (%
gel) and pH (neutral or alkaline) of the gel, and
the electric field components (voltage, current,
duration) . Although both Tris.. acetate and Tris
borate are commonly used buffers, Tris borate is
often recommended for long . overnight electro-
phoresis protocols .

Horizontal gel electrophoresis is en essential
molecular biology technique for numerous pre-
parative and analytical purposes . Gels arc typical-
ly used to purify plasmids and to recover other
small DNA fragments including probes . They can
be useful for estimating DNA amounts when
known quantities of DNA are included for com-
parison, since double-stranded DNA is readily
observed in the gels by ethidium bromide staining
and UV visualization . Accurate estimates of
the size of small DNA molecules or fragments
(<10 kb) can also he obtained from either
agarose or acrylamide gels when appropriate
low-molecular-mass DNA size standards are run
simultaneously . Agarose gels are routinely used to
monitor the expected size of PCR-generated
products (as illustrated by Fig . 7) . Alterations
such as small deletions and insertions can often be
detected by the recovery of smaller or larger than
expected PCR products, respectively . For detec-
tion of DNA damage, restriction enzyme-digested
or otherwise fragmented DNA is separated on
agarose gels, which are subsequently processed
for gene- or sequence-specific probe hybridiza-
tion .

2.3 .3. Pulsed-field gel eleeu-ophoresis
Pulsed-field gel electrophoresis (PFGE) allows
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Fig . 7 . Aiarase gel electrophoresis of PCR-amplified DNA. X-Ray-indumd mutants or transgenic gpt' Chinese hanvater V79 ce'Is are
screened bvPCR for Ioss of the integrated sequene 'I]Ie ligureshuws ten mutants flan. R-K)) of which all but one (lane H) ha .c retained
the gene . Lane A is the PCR amplified gpr sequence from nor-mutant hattsgenic cells, rind lane L shows the -ack of this sequence in
parental V79 cells,

fractionation of large DNA fragments if) the
range of 50 kh to 2 Mega base pairs (Mb) [102] .
Unlike standard horizontal gel electrophoresis
units, which utilize generally low-voltage (20-
100 V) unidirectional electric fields . PFGE units
employ rapidly alternating bidirectional electric
fields of higher voltage . Using PFGE, electro-
phoretic separation of intact yeast chromosomes
has been accomplished [1021 . When combined
with the use of the rare cutter restriction enzymes,
pulsed-field eels facilitate genome mapping and
allow detection of large-scale DNA damage, such
as maltilocus deletions . PFGE also is useful for
the detection of do uble-strand DNA breaks [1031,
and has been applied recently to studies of
the induction and repair of ionizing radiation-
induced double-strand breaks [104] . Detection of
single-strand DNA breaks generated by metal-
niediated oxidative processes has also been ac-
complished using these methods [105,106] . Addi-
tionally, PFGE methods have been useful in
studies of Wilm's tumor gene methylation pat-
terns [107] .

2.3 .4 . Southern blot analysis
The Southern blot protocol for DNA transfer
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and hybridization [108] represents one of the first
universally adopted methodologies for the detec-
tion of DNA damage and genetic alterations
within defined regions of the genome . These pro-
tocols have been well defined [109] and genomc
analysis generally relies upon the permanent
transfer of denatured DNA fragments to a solid
lifter matrix, which can be nitrocellulose . neutral
or positively charged nylon, or other synthetic
materials such as polysulphone . The DNA trans-
fers occur by capillary action in salt or alkaline
solutions. or can be accomplished much faster
with the aid of a vacuum transfer system . The
DNA is linked to the supporting filter by baking
(80"C in a vacuum oven) or more recently by UV
linkage, hybridized with radiolabeled gene- or
sequence-specific probes . and analyzed on auto-
radiograms. Alternatively, recently developed
chetniluminescent detection systems [110,111] can
be used . Large-scale genetic damage is determined
by analyses of variations between the experimen-
tal restriction enzye patterns versus those of the
wild-type DNA . However, single DNA base pair
(bp) changes. as well as rearrangements and small
deletions involving less than 50 hp, are not readily
detectable on Southern hlots Thus . these blots
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are most useful in identifying gene deletions
(>50 bp), insertions, or other major genetic
rearrangements . In lieu of the blotting proce-
dures, hybridization of the desired DNA probes
can be accomplished directly on dried agarose gels
[112], bypassing the often inefficient DNA trans-
fer step . Southern blot protocols have been modi-
fied to accommodate RNA studies (Northern
blots) [1131 and protein studies (Western blots)
[114]. Dot blot and colony blot protocols take
advantage of DN A transfer and probe hybridiza-
tion technology in procedures where gene probing
but not DNA fragment separation is required .

2.3 . .5 . Reslrielion fragment length polyrnorphi.vns
Restriction fragment length polymorphism

(RFLP) analysis [115,116], in which differential
patterns of gene-specific or DNA sequence-spe-
cific restriction enzyme digestions are visualized
on Southern blots . reflects both the natural
variation in the human genoume and disease-re-
lated or environmentally induced genome rear-
rangements . which specifically affect the recogni-
tion sequences of the restriction enzvines [l 171 .
RFLI' analysis is being applied to studies of en-
vironmental exposures to DNA damaging agents,
and to screen populations for potential suscepti-
bilities to environmentally-induced diseases [I l8,
1] 9] . These methods have been made even more
sensitive by the use of allele-specific oligonucleo-
tide (ASO) probes, which can he used to screen for
specific DNA sequence changes . The use of ASO
probes can identify disease-related genomc altera-
tions (base changes) at predetermined genetic
liotspots- as well as mutations relevant to the
development of cancer, Specific mutations in the
ras oneogcnc codon 61 . for example, can be
readily identified and quantitated with ASO
probes [120] .

2.3.6. Denaturing gradient gel electrophoresis
Although electrophoresis of fragmented gen-

omic DNA generally permits detection of large-
scale perturbations, urea formamide denaturing
gradient polyacrylandde gels [121,122] are useful
for visualizing DNA sequences harboring smaller
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genetic alterations including single base muta-
tions, This method is based on the fact that a
single base change in any given sequence alters the
melting properties of that sequence, and thus can
be detected . The denaturing gradient gels, which
are defined as parallel when the gradient increases
toward the bottom of the gel and perpendicular
when the gradient increases from left to right, can
distinguish between DNA:DNA homoduplexes
versus heteroduplexes . Denaturing gradient gel
electrophoresis (D(jGE) has been utilized to
monitor the induction of DNA damage in many
human genes, including hprt [123] . Using svn-
thetic matrix gels rather than denaturing acryl-
amide gels, a variable migration of homoduplexes
versus heteroduplcxes also can be seen, as re-
ported in a recent study of human tumor-derived
p53 mutations [124]. DGGE can be applied also
to the analysis of PCR products, and is more
effective when 5'GC clumps arc engineered into
the PCR fragments b_y addition of a 40 nucleotide
GC-rich sequence to the 5' end of the sense PC R
ptimcr [1251. DGGE is not limited to the detec-
tion of small changes, but also separates double-s
trandcd DNA that differs from the wild type by
small deletions and insertions .

2.3 .7. Single-strand eonforrnarional polyrnnrphism
analysis

Non-denaturing gels can also he utilized for
analysis of single base alterations in DNA se-
quences by single-strand conformational poly-
morphism (SSCP) analysis [126.127] . The proto-
col is based on differential electrophoresis of
denatured single-stranded PCR products through
glycerol-modified polvacrylamidegels, or through
sonic novel polymer gels . Although SSCP analysis
can visualize altered migration of mutant versus
wild type. DNA samples, this method seems to he
more accurate for shorter (<200 hp) rather than
longer (>350 hpl PCR products [128] . All elec-
trophoresis procedures, which identify specific
gene regions that have sustained small-scale dam-
age, are invaluable DNA-sequencing prerequi-
sites that narrow the scope of the subsequent
sequencing task .
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1.3.8. Heteroduplex misrnatch cleavage analysis
Another method by which small-scale specific

DNA base damage can he detected within large
mammalian genes is via cleavage of singlc-
stranded regions or single-base mismatches in
RNA:RNA or RNA:DNA heteroduplexes [121,
129], when the heteroduplexes are subjected to
RNase A or chemical cleavage then run on
non-gradient denaturing polyacrylamide gels . Al-
though RNase A cleavage may only recognize
30-50°0 of the possible single-base mismatches
[129], longer regions of non-homology (due to
deletions or rearrangements and insertions) offer
an excellent opportunity for additional RNase
cleavage . This method was applied to detection of
a specific deletion in Lcsch-Nyhan syndrome
patients [130]. Cleavage of specific DNA base
mismatches has been accomplished by chemical
modification of those mismatches followed by
piperidine treatment . 1lydroxylamine and osmi-
um tetroxide modify mismatched or unmatched
eytosines and thyrnines, respectively, which can
be cleaved by piperidine [131] . Carboiodoinide
can he used to stall polymerases at the unpaired
G**T residues [132] . Chemical cleavage proto-
cols, which have been utilized to analyze many
human genes, have recently been optimized to
allow complete detection of all possible base
changes in DNA fragments up to 2 kb, and to
identify these as well as small insertions and
deletions by non-radioactive detection methods
[133] .

'.3.9 . DNA sequencing
DNA sequence analysis, via base-specific

chemical cleavage [134.135] or dideoxy nucleotide
chain termination [1361 protocols, allows direct
identification of the DNA base sequence of a
given gene or DNA fragment wh cn the end-labeled
fragments are run onto acrylamide gels . These
methods have been described in detail elsewhere
[137,138] and, therefore, will not he extensively
reviewed here. It should he noted, however, that
DNA sequencing technology has undergone many
revisions since those original protocols, to allow
sequencing through genomic regions of difficult
secondary structures, to utilize several different
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polymerases, and to facilitate automated se-
quence analysis and multicolor fluorescent nu-
cleotide identification [98,139] . Sequencing tech-
nology has been highly commercialized, such that
numerous ready-made reagent kits are available
to suit all research and diagnostic purposes . Most
recently, DNA sequencing protocols have been
modified to take advantage of PCR technology
and tag polymerase for copying DNA templates
and incorporating dideoxynucleotidcs [140,141] .
For this purpose, it may be preferable to utilize
other polymerases [142], which are more faithful
than tug [143] .

Several methods can be followed to recover the
DNA required for sequencing . PCR amplifica-
tion of a known sequence can be useful, when
specific PCR primers are available, however,
sequencing of the resulting double-stranded PCR
product is sometimes problematic. Alternatively .
asymmetric PCR 1144] . in which the two sequence-
flanking primers are present at a 1100 ratio
duringampiification, allows generation ofa .single-
stranded sequencing template . In order to produce
readable sequencing gels, however, the PCR-
generated templates must first be thoroughly
purified to remove all traces of PCR reagents .
Any residual dNTPs will interfere with the incor-
poration kinetics of the dideoxynucleotides, re-
sulting in ambiguous sequencing hands [145] .
Template purification can be accomplished by the
use of specifically designed mieroccntnfugc col-
umns or gels [103 .1461. Single-stranded DNA
sequencing templates can also be generated by
cloning the required DNA fragments into an
appropriate sequencing vector such as M13 .

Although DNA sequence information is useful
to identify sequence changes resulting from base
alterations, which may have occurred by exposure
to DNA-damaging agents, the analysis requires
comparison of the experimentally derived se-
quence with a known gene sequence . For many
applications this is very useful, however, not all
DNA base adducts ultimately yield sequence
alterations . There also may be some ambiguities
in both the experimental and known sequence .
due to the inherent infidelity of the polymerases
used to generate the data, particularly when



log

PC:R-generated templates are being used [147] .
DNA sequence analysis is useful primarily for the
identification of DNA damage induced by agents
that have the capacity to interact with DNA and
alter its chemical structure, F or agents which may
alter gene expression via transcriptional regula-
tion, post-transcriptional modification or gene
amplification . DNA sequence analysis of the
coding region of a given gene would not yield
useful information . Additionally, DNA sequenc-
ing protocols are quite laborious and the required
effort is compounded by the generally large size of
most mammalian genes. Detailed sequence analy-
sis is therefore often intentionally restricted to
several exons of a particular gene, or to previously
identified hot-spoL regions in order to limit the
scope of the analysis .

2.4 . bwnunolog(ca1 techniques

In addition to chemical, chromatographic, and
clectrophoretie methods of detection, immune-
logical techniques are used in analysis of environ-
mentaJ]y-induced DNA damage . these include :
(1) analysis of DNA with polyclonal and mono-
clonal antibodies (Ab), which recognize either a
specific base modification or a group of related
DNA products; (2) detection of fragments of
modified base derivatives excreted into the urine ;
and (3) detection of Ab that recognize DNA
damage in the sera of individuals . who were or
were suspected of being exposed to the particular
damaging agents .

2.4 .1 . Detection of modified base's in DNA
Occupational exposure to a variety of gcno-

toxic and carcinogenic agents often results in
accumulation of damage in the DNA . That
damage can be detected by chemical and physico-
chemical means . However, those techniques often
arc not sensitive or specific enough . As early as the
late 1970s. there were reports showing that Ab can
be used to detect DNA modified by the carcino-
gen N-aeetoxy-N-acetyl-2-aminofluorene [148] .
Alkylated dG was quantitated (by a high affinity
Ab) in DNA exposed to N-eltivl-N-nitrosourea
and other alkylating agents [149 .150], while B(a)P-
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modified dG was detected by radioimmunoassay
[151]. Since then, the immunological methods
have become streamlined as well as more sophis-
ticated, and have been quite widely used in
monitoring environmental exposures. For exam-
ple. B(a)P diol epoxidc adducts in DNA have been
detected in animal and human tissues [152], and
in peripheral blood lymphocytes of coke oven
workers [153,1 541 . Monoclonal Ab were used for
quantitation of carcinogen-DNA adducts [1 .55],
and for assessing DNA damage and repair fol-
lowing exposure to aflatoxin B, [I56] .

Those methods utilized thecompetitive enzyme-
linked inununosorbent assay (ELISA) . This assay
is based on attaching appropriate antigens (i .e .,
modified and unmodified DNA, or a protein
carrying a particular modified base) to the wells of
poly vinvlchloride nicrotiLer plates . followed by
incubation with polyclonal or monoclonal Ab .
ThoseAb can be preincuhated with DNA isolated
from a biological source ur with modified nucleo-
sides obtained from DNA prior to their applica-
tion to the wells . If DNA samples contain relevant
modification(s) recognized by those Ah, the spe-
cific binding to the wells would decline . Next . an
Ab (with a covalently-hound enzyme . i .e ., horse-
radish peroxidase or alkaline phosphatase) thai
recognizes the primary Ab bound to the plate is
used, followed by addition of the substrate of that
enzyme. The extent of the enzyme-mediated reac-
tion with the substrate is proportional to the
amount of enzyme hound through a secondary
Ab to the primary Ab . which interacted with the
antigen attached to wells . These interactions can
be measured colorimetrically . fluorometrically or
by detection of radioactive products .
Similar assays also have been applied to the

detection of oxidized bases in DNA . As early as
1982, a radioimmunoassay was used to detect TG
in DNA using rabbit antiserum [157] . Shortly
thereafter . a monoclonal anti-TG Ab was pre-
pared [158] . This An was utilized for detection of
TG in DNA exposed to ionizing or near-UV
(actinic) radiations, and DNA oxidized by OsO,
or H i0, . ELISA, utilizing this monoclonal Ab,
allowed monitoring of the formation and repair
of TG in irradiated cultures of African green
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monkey cells. Using anti-TG rabbit polyclonal
Ab, Hubbard et al. [159] studied radiogenic and
OsO4-mediated formation of TO . and compared
those results w7th ones obtained by using chemical
and enzymatic methods . More recently, mono-
clonal anti-TG Ab were applied to the analysis of
DNA of human mammary epithelial cells that
were exposed to B(a)P [160] . That DNA con-
tained increasing amounts of TG with increased
exposure tune . Moreover, the results indicated
that it is the arachidonic acid cascade that is
involved in formation of the B(a)P-induced oxi-
dative DNA damage . These findings are very
important because the presence of an oxidized
base in DNA was shown in cells exposed to a
PAH. Prior to that, our laboratory showed (using
chemical methods) that treatment of hepatic
microsomes with B(a)P causes formation of TG
and 5-hydroxymethyluracil (1-IMU) in the coin-
cuhated DNA [40] . Recently, we showed that
oxidative damage in DNA also occurs in vivo in
epidermis of SENCAR mice treated with DMBA
[88,89] . That DNA contained HMdU as well as
8-OHdG. Anti-9-OtIdG rabbit polyclonal Ah
were used with a sensitivity approaching that of
ED but were much less susceptible to interference
by other components present in the DNA or
excreted into the urine [161] .

2.4.2. Detection ofmodifreel DNA base derivatives
in urine

This subject and its applicability to biomoni-
toring were recently reviewed [162] and, therefore,
it will not he extensively discussed . Briefly, DNA
modified by a variety of agents is subject to repair,
which is either chemical or enzymatic in nature
[163-165] . Many of the removed DNA base
adducts or oxidized bases arc excreted in the
urine, from which they can he isolated and
analyzed . Since urine contains a variety of compo-
nents, it is not easy to isolate and quantitate
a particular chemical, Immunological methods
hold great promise in this respect because they can
utilize Ab-containing imtnunoaffinity columns
for isolation and purification of an antigen from
urine. Preferably, those Ab should not be too avid
to allow elution of that antigen from the column .
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then, high-affinity Ab can be used for that
antigen's quantitation . These methods (immune-
affinity chromatography and FLISA) were uti-
lized for quantitation of urinary 3-methyladenine
and the effect of a diet ou its levels [166], and for
quantitation or several 4-aminohiphenyl -DNA
adducts [167] . 4-Aminobiphcnyl, a human blad-
der carcinogen . i s an occupational hazard (al-
though decreased because of governmental regu-
lation), and is present also in tobacco smoke .
Additionally, these techniques were applied to the
quantitation of aflatoxin-N'-guanine, which is a
product of DNA interaction with hcpatocarci-
nogen aflatoxin B,, a contaminant in foodstuffs
such as peanuts [168] . This assay also was used to
show that 1 .2-dithiole-3-thione is chemoprotec-
tive in rats exposed to aflatoxm B 1 . As mentioned
above, 8-OHdG can he isolated from urine by
immunoaffinity chromatography [161], and used
as a biomarker of in vivo oxidative stress [169] .

2.4 .3. Recognition of modified n,NA haws by anti-
hodies present in human sera

Coke-oven workers are exposed to a number of
PAHs (51-162 pg/m 3 inside a protective respira-
tory mask), including B(a)P (7-10 Lrgjnt') [153,
154] . Uncompetitive ELISA [using goat anti-
human inununoglobulin (Ig) reagents and the
avidin-biotin horseradish peroxidase (HRPO)
detection system] showed that I I (about 27%) of
41 workers whose sera were analyzed elaborated
Ab that recognize B(a)P diol epoxide DNA ad-
ducts [153]. Cigarette smoking did not influence
the frequency of those Ab present in the workers'
sera. 'those Ab were predominantly of the IgG
isotype, but sera of two workers also contained
1gM Ah .

Recently, our laboratory looked for Ah that
recognize oxidized DNA base derivatives in hu-
man sera [17(--172] . We also used FLISA as the
assay system but with different detection reagents .
M icrotiterplates werecoated with HMdLI coupled
to bovine serum albumin (HMdU-BSA) or mock-
coupled BSA for detection ofnon-specific binding,
which usually was very low . After incubating
human sera (dilutions of 2 .5 10'-1 10') in the
precoated wells, goat anti-human IgM with



310

bound HRPO was used as the secondary Ab, since
these Ab were exclusively of the 1gM isotype .
Addition of the substrate, o-phenylenediamine,
and H 20 2 resulted in the development of a yellow
color (at acidic pH). which was proportional to
the amount of human Ab bound to wells. that was
measured at 492 nm in an ELISA reader, We
found that even healthy people develop anti-
HMdU Ab . However, those suffering from a
variety of inflammatory diseases contained signif-
icantly elevated titers of this type of Ab . The
avidity of binding seems to depend on the type of
inflammatory condition, being the lowest for
systemic lupus erythematosus < psoriasis < im-
inime complex diseases < patients with a history
of neoplasia . Ab titers in the sera . of patients with
solve non-inflammatory conditions (i.e., bulous
pemphigoid, venous leg ulcers) were even lower
than those in healthy controls . Interestingly,
treatment with cytotoxic and anti-inflammatory
drugs decreased the elevated Ab titers virtually to
control levels [171] . In contrast, treatment of
psoriasis with UVB enhanced those Ab titers to
even higher levels [172] . Recently, we analyzed the
sera (if' workers exposed to carcinogenic metal
derivatives . these N1--Cd battery workers were
exposed to Cd and Ni oxides. We found that both
metals enhance anti-HMdU Ab titers . with Ni
being more potent than Cd (Fig, 8) [1731 . Since a
number of metals have been shown to induce
oxidative processes [174-176], the presence of
anti-HMdU Ab in human sera may he a measure
of exposure to those metals as well as to the
cumulative effects of oxidative stress, which is a
hallmark of chronic inflammation known to exert
cocarcinogenic actions [4] . Interestingly, the sera
of workers exposed to Ni and/or Cd also con-
tained Ab that recognize brain glial 6brillary
acidic protein as well as neuron-specific neuro-
filament proteins (' H . Evans, personal conununi-
catlon) .

3 CONCI-US)IINS

In smnmary. we have presented a number of
techniques that are currently being used in the
analysis of "environmentally" damaged DNA .
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Fig_ a . Ant-IIMdL Ab titers in sera of workers monitored far
exposure to Cd and Ni . Paired experiments ; exposures of Ni-Cd
battery rueLurr workerx measured by individuHl monitors .
*"p < 0,01 ; •` •p < 0 .001, Ocuuputiwu] control are included rnr
comparison_ Monitored light expose, es 12(1 z± $ .6 p,g1m' {n=', )
for Cd . and 49 .3 + 119 pg!t_'' (re= 10) for Nil, and heavy
exposures [1034 ± 2.36 pg'm' (n -5) for Cd, and 1140±830 kg/
jai r to=2) for Ni] . (From ref. 173 .)

These typically include chromato graphic and
chemical methoda, as well as clcctrophoretic and
immunological techniques . These methods rapid-
ly become more sophisticated and new types of
assays continually become available . There are
many other analytical methods that take advan-
tage of biological end-points . which arc beyond
the scope of this review. These may include the use
of various repair enzymes or detection of muta-
genie and/or carcinogenic potential . a s well as
cytogenetic analysis of chromosomal exchanges
and aberrations . In conclusion, regardless of the
scientific background there is an appropriate
method that can be applied to the analysis of
"damaged DNA" .
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