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ABSTRACT

In this revicw, we present various lechniques, currently applied in many laboratories, which arc useful in the detection of “envi-
ronmenlully”-induced damage to NA. 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
[acilitate finding the site(s) in DNA where (hat chemical modification oceurred: and (c) immunological assays, which help to detect
DNA damage using externally produced antibodies thel recognize the specific chemical changes in DNA or its fragments, as well as by
detection of autoantibodies that develop in response to enviromunentul expasures of animals and humans.
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SSCP Single-strand conformational
polymorphism analysis

TG Thymine plycol (5.6-dihydroxy-
3.6-dihydrothymine)

TLC Thin-luyer chromatography

TPA 12-O-Tetradecanoylphorbaol-13-
aeclale

UAY Ultraviolet

L INTRODUCTION

Nucleic acids, which have been cxposed i vitro
or in vive to different environmental contami-
nants, sustain various types of damuage Lhal may
lead to structural and/or functional changgs,
These contaminants usually are thought of as
exposures to harmful agents in the work place,
and mdoor and outdoor air and water. However,
we also can inelude damaging substances that
are present in the foods we eat and medicines we
take. hath over-the-counter and medically pre-
scribed pharmaceuticals. The terms “damage”
and “damaging™ are very hroad, and scientists
and physicians who invoke them often give them
different meanings. The most common include
“dumaping agents” thut are cytotoxic and cyto-
static, mutagenic, carcinogenic and teratogenic.
Each of these terms encompasses various cellular
processes Lthat ullirnately can lead Lo alletations in
the structure, conformation, as well as function of
the genetie malterial, The term “DNA base modi-
fication™ also encompasscs many types of DNA
duamage |1]. Thesc mclude alkylated, arylated and
arylalkylated adduets created by interactions be-
tween the site(s) on a DMNA {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
hases. Physical carcinogens. such as y and UV
radiations, also causc chemical changes within the
bases of nucleic acids. Tn addition to the classical
adducts, compelling evidence is emerging show-
ing that toxic agents, miztagens, and initiating and
promaoting carcinogens can induce formation of

L)

reactive oxygen species (ROS) (reviewed in refs.
2-4), some of which can oxidatively modify hases
in DNA and RNA, both iz vifra and in viva [4].

As there are different meanings 1o the term
“damage”, there are also a varicly ol techniques
that allow us to cstablish its nature. Depending on
the poal, those techniques can be divided into
chemical and physicochemical methods. i.e. thin-
layer chroematographic (T1.C), high-performince
lignid chromatographic (HPLC) or gas chro-
matographic (GC) separation of the maodified
base derivatives often coupled with microderivati-
zation and/or postlabeling with **P or *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 gencs,
including oncogenes, in mammalian or transgeoic
cell lines. Sometimes, a combination of several
techniques provides the best unalysis, Sinee many
chemicals causc various types of lesions in nucleic
acids, model systems are often studied to establish
which lesions may have biological consgquences.

The damage can bhe detected by analysis of
enzvmatic or acid hydrolysates of DNA, be it as
modified bases, nucleosides, nucleotides, or oligo-
nucleotides. Detection also may be achieved by
amalyzing body fluids such as urine for the
presence of maodified bases or nucleasides. An-
other approach currently being utilized is the
detection of DNA damage by analysis of human
sera for the prescnce of antibodies thal recognize
maodificd DNA basces, including adducts as well as
hase oxidation products.

In this review, we initially concenlrate on the
deseription of techaiques currcutly 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 utihzed or adapted
for analysis of RNA. [n addition, we will give
cxamples of the applications of some of the
technigues described. Since this is a rapidly grow-
ing fickd, this review will pot be all inclusive, but
onlvy selected works will be presented.



292

-

2. METHODS
2.1, Preparation of samples for analvsis

2.1.1. Isolation and purification aof DN A

Currently, there are several preferred methods
used for the isolation of DNA from biclogical
sources and for iLs purification. Even commercial-
ly available DNA often has to be repurificd
because it still may be contaminated with proteins
and RNA, and may also conlain low levels of
oxidized bascs. The following methods of DNA
isolation irom animal organs are often used.

DNA can be extracted (rom cells or nuclei using
an automated DNA extractor [5]. Orpans, such as
iiver, kidney and hrain, are placed in 10 volumes
of buffer (10 mAf Tris-HCI, 150 mM NaCl, 1 mAf
EDTA, pH 7.4), homogenized, the nuclei isolated
by centrifegation at 1100 ¢ for 15 min. and the
DNA isolated by an extractar.

The liver also can be placed in buffer (50 mAf
Tris-HCIL, pH 7.0} containing (.25 M sucrose,
minced, homogenized by Polviron for 20 s, and
centrifuged at 800 g at 4°C for 10 min [6]. The
pellet is suspended in Tris—suerose buffer contain-
ing (0.03% Triton-X, centritfuged, and washed
twice. The final pellet 1s resuspended in 10 ml of
Tris—sucrose buffer, 10% SIIS (1.5 ml) and 1 A
MNaCl (3.5 ml} are added, and the protcins re-
moved from the agreous phase with 15 ml of
chloroform—isoamyl alcohel (24:1). The phases
are separated by centrifugation at 2500 z for 10
min, and extraction is repeated ontil there is no
while interphase between the phases. After treat-
ment with DNase-free RNase A and suhsequent
extraction with chlorolorm—isoumyl alcohol
(24:1), the DNA can be precipitated from the
aqueous laver with 2 volumes of cold ethanol.
This melhod was used [or deterrmnation of the
prescnee of aflatoxin By adducts in DNA [6].
However, if the goal is to analyze the DNA for the
presence of oxidized bases. vure should be tuken
to chelate the Feions that can be released from the
liver during the process of DNA isolation.

In some cases, upon removal, the liver is
immediately frozen in liguid nitrogen acd stored
at —70°C. Te extruct the DNA, the frozen livers
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are ground into small pieces, thawed in buffer
(30mM Tris HCIL 150 mAf NaCl, 30 mM EDTA,
pH 8.0), homogenized, and centrifuged at 600 ¢
for 15 min. The pellet is suspended in 1} ml of the
same buffer with 10% N-lauroylsarcosine and
R Nase A (100 ug/ml), incubated at 37°C for 4 h,
[ollowed by addition of Protinase K (100 ug/ml)
and overnight incubation [7].

To isolate the cpidermis from a topically treat-
¢cd maousc or other animal, the shaven skin is
excised und immediately dipped into ice-cold Dul-
becco’s phosphate-bullered saline ('BS). Subcu-
raneons and connective tissues are scraped off
with a razor blade, the skin cut intp abowit 2 %
1 cm peces that are floated (fur side up) on 0.5%
trypsin—Hank’s halanced salt salution in a Petn
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
(35°C) [or 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 A8 AP. DNA
isolation kits are uscd 1o 150lale the DNA ac-
cording to the manufacturer’s protocol {Boeh-
ringer-Mannheim Biochemicals). This procedure
vields about 0.2-0.5 mg DNA from the epidermis
of two mice [9]. This vield 1s somewhat higher than
described by the vendor because of an additional
washing of the column with the DNA eluting
hutler. However, each batch of the A.S.AP
columns should be calibrated with a known
amount aof DMNA hecause, 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 BNuse for 0.5 b, 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% ethy] alcohol and drying,
the pellet is dissnlved in the buffer needed lor
enzymatic digestion of DNA to nucleotides or
nucleasides ar, if desired, in concentrated lormic
acid for release of hases from DNA.
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There are many variations on protocols for
DXNA isclation from the epidermis. For example,
in some cases, the epidermis is quickly frozen in
liquid nitrogen and stored at — 70°C until ready
Lo prececd with the analysis, Frozen epidermis 15
allowed to thaw in a solution containiag 1% SDS
and 1 mM EDTA (100 mg tissue per ml), and
homogenized with a Polylron [10]. DNA can be
isolaled and purificd according to the procedures
best suited to the objective of DNA analyss.

To isolate DNA from tissees or celtured cells,
many of the same procedures can be utilized.
After cell lvsis, which depends on the source of the
cells, the proteins frequently are removed by
incubation with Proteinase K, followed by excrac-
tion of proteins with phenol-chloroform saturat-
ed wilh buller or phenel-choroform-soamyl
alcoho! (25:24:1). However, the presence of phe-
rnol can cause oxidation of somie bases in DINA
[11], and this may interfere with the subsequent
hydrelysis and/or hiological activity that is being
asscsscd. 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
particuiar ireatment on the formation of oxidized
hases in DNA.

There arc two preferred DNA cxtraction meth-
ads that avoid utilization of phenol. One is based
an the use of a high concentration of Na(Cl for
dissociation of proteins, followed by digestion
with Proteinase K and RNMase A, and extraction
of proteins with chloroform—isoamyl alcohal
{24:1). as originally described by Marmur in 1961
[12]. The other method is based on separation on a
proprietary A.8.AP. column from Roehringer-
Mannheim Biochemicals, after treatment with
Proteinase 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 d3,0/A330. This
purity allows efficient enzymatic digestion of
linear DNA o nucleosides [13]. The cluale is
collected in a polypropylenc tube, preciprtated
with tsopropyl alcohol and centrifuged. and the
pelletis washed twice with 70% ethanol and dried
under nitrogen. One should aveid using glass

r
=1
[}

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 far enzymatic digestion to nucleosides or
nucleotides, or is suspended in 88 ar 98%% formic
acid to releasc DNA bases [14.15]. However,
A SAP. columns are not appropriate for purifi-
cation of supercoiled circular IXNA because nicks
are introduced into the DINA during purification
(G. Teebor, personal communication). Super-
coiled circular DINA can be reliably purilied on a
CsCl gradient with only a small percentage of
nicks leading to the appcearance ol Lhe circular
relaxed form. Alternatively, commercially avail-
able plusmids can be used for the i virro cxperi-
ments.

Quantitation of DNA vields should always be
carried out. When in solution, the absorbance of
DNA should be determined at 2640 and 280 nm,
and their ratio caleulated. It is assumed that for
double-stranded DINA 1 4455 = 50 ug DINA per
ml, while due to the hypochromic effect for the
single-stranded DMNA or RNA 1 44,6 =40 pg/ml,
The ratio of 4260/ 4250 can be used as a measurc
of DINVA purity; if il equals 2.0 or higher this
indicates contamination with RNA, il it 1s less
than 1.85, proteins, which could interfore with
cnzymate digestion of DNA, were not completely
removed [16]. However, DINA isolated through
an A5.A.P. column is an appropriate substrate
for digestve enzvmes even al ratios between 1.7
and 1.9[9]. DNA also can be quantitated by use of
fluorescent reagents, such as IToechst 33238 [17].

2.1.2. Chemical und enzvmatic hvdrolysis of DN A
to hases, nucleusides, nucieotides, and small
oligomucleotides

2.1.24. Acid hydrolysis. Even under physio-
logical conditions, purines are recleased [from

DNA leaving apurinic siles which if not repaired

can be mutagenic [18]. Certain types ol purine

medification, particularly those occurring at the

N-7 or C-8 position of the irudazole ring. cause

cither an 1midazole ring opening [with formation

ol a [ormamido-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
enhianced under acidic conditians. For this rca-
son, the most common acid-mediated depurina-
tion is carried out in dilute {f.e., 30--100 pAM Y HCL
at temperatures varying from 37 to 70°C during a
20-60 min incubation [19]. For example, this type
of pracedore was used to isolate the puanine—
aflatoxin B, adduct.

Since spontaneously released base-carcinogen
adducts cun be easily missed, it is advisable to
always analyee the alcohol supernatant oblained
by precipitation of modified DNA for the pres-
ence of such adducts. The detection of released
guanine (adeoine)-propanc sultone |20] and ben-
7zola)pyrene [B{a}P]-6-N7-guanine [21] adducts
can scrve as cxamples of moditied base formation,
which could have been averlooked because of
their spontaneous release from DNA.

Acid hydrolysis alse can be used when the
maodified base(s) of interest are more stable under
acidic conditions than all other modified or
natural bases, Analysis for UV-induced cyciobu-
tane pyrimidine dimers can serve as an example.
In this case, the DNA is hydrolyzed with 88 or
9K% formic acid in sealed ampules or tubes at a
very high temperature (180°CY [22.23]. Subse-
quently, UV pyrimidine dimers are extracted
from the mixture and analvzed by paper chroma-
tography [22], or, as morc recently carned out, by
[1PLC {23]. Another use of formic acid hydrolysis
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15 in the determination 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 evacusted and scaled
tubes at 150°C for 40 min. After cooling, hydro-
lvzates are Iyophilized. derivatized and analyzed
by GC MS [14,15.24 23], This method allows
conconutant determination of 4 number of oxi-
dized bases.

However, some of those oxidized bases can
utidergo chemical changes during concenirated
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, {ormic acid release of thy-
mine glycol fram the sugar—phosphodiester back-
bone ol DNA results in formation of some
3-hydroxy-5-methylhydantoin, which is a five-
membered ring. as well as some S-methylene
hydantoin {(Fig, 1), the dehydration produoct of the
former compound [26]. Also, formic acid-mediat-
ed release of 5-hydroxymethvluracil (Fig. 1) from
DMNA results in an apparent loss of u substantial
amount ol this oxidized base, as recently shown
by Djuric er af. [15]. Since S-hvdroxymethyluracil
is chemically quile stable, it is unlikelv that it is
degraded by lormic acid. 1t is more probable that
undler the acid hydrolysis conditions used (con-
centraled formic acid, high temperature). the

CHy
OH

"l)j% e d ®

HeN HeN
\ G)\H’-m + oﬁl\am
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Formation and decompesition of oxidized thymine moiety dedivatives. Structures comstitute bases when R =1 and

Z-deoxyribonuocicosides when R = 2-deoxyribose. (13 Thynline;, (2) 5-hydroxymethyluracil; (3} thymine glycol; (4} N -formyl-N-
pyruvylurea; (5) 5-hydroxyl-5-methylhydantoin; (6) N-formylurea; (7) urca (Fram ref. 47.)



K. Fronkel and €. B, Kloin ¢ f. Chromarogr, 618 11993, 280-314

hydroxy! group of the 3-hydroxymethyl moiety
would be esterified with formic acid. The formate
derivative would elute at a dilTerent retention time
from the GC or HPLC column than would the
expected S-hydroxymethyhiracil. This could ex-
pluin why [or manv vears very little or no
formation of this oxidized hase was detected in
DNA by GC MS [25], whereas enzymatic dipes-
tion to its nucleoside has shown its quile abun-
dant presence in oxidatively dumaged DINA[2,15,
27,28].

20122 Enzymatic hydrelysis lo nucleotides.
Therc are many variants of enzymatic hydrolysis
of DINA depending on the objeclive, i.e. whelher
hydrolyzates will be analyzed by *#P-postlabeling
of nucleotides or nucleosides, *H-postlabeling of
nuclecsides, or radiochemucal, flucrometric or
clectrochemical deteetion of nucleosides. Each of
those methods have certain advantages and dis-
advantages.

To obtain the mononucleatides needed for
HPLC analysis of DNA adducts or as a substrate
for 3*P-postlabeling, the DNA is dissolved in a
huafler that differs depending on the laboratory
carrying out those experiments, Recently, Flovd
{29] compared the efficacy of digestion of DINA
dissolved in three of the most commonly used
buflers, as measured by 8-hydroxyl-2'-deoxyeua-
nosine (§-OHJG) introduoced 1o DNA by UV
tight and H,0O- treaument. The lollowing buffers
were used: 20 mM sodium succinate (pH 6.0} and
8 mAM CuaCl; {according to Randeralh e of, [30]),
5 mA BisTris (pH 7) and 0.1 mM EDTA
(according to Beland er «f. [31]). and 20 mM
sodium acetate (pH 4.8; Kasai ez al. [32]). Al-
though all three DNA solulions were incubated
with the same cnzymes and under the same
conditions, the latter two hufters allowed release
of morg than twice as much 8-OHAG from the
oxidized DNA than did the succinate—calcium
buffer. These findings point to the necessily lor
optimization of the hydrolytic reaction condi-
tions.

DNA soluticns are either frozen in liqud
nitrogen and stored at —70°C, or immediatcly
hydrolyzed to nucleoside 3-monophosphates.
DIA is incubated with snleen phosphodicsterase

245

(2.1 U/mg DNA) and micrococeal nuclease (5 U/
mg DNA) at 37°C for 3 h [10.33]. Often, this s
followed by digestion with nuclease Pl at pH §
(125 mAM sodium acetate butfer) in the presence of
0,00 mA Zn?" ions [34], nrior to or right after
*IPpostlabeling. Alternatively, the DNA itself is
subjccted to nuclease Pl digestion (generating
S-monophosphates) followed bv acid phospha-
tase, which should vield nucleosides to be used as
substrates far *2P-postlabeling [33].

However, recent results show that the presence
of certain frapgments derived from oxidized bases
[i.e., the formamido remnant of the thymine
glycol (TG) meoiety formed by oxidation of thy-
mine] can inhibit the hydrolytic uction of nucleasc
P1[36]. Henee. caution should be exercised when
usmg Pl digestion of DNA. This technigue 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 exidized bascs might impair Pl-mediated
release of frez nucleoside adducts, leading to
inaccurate answers, Conversely, the inhibition of
nuclease P1 hy the formamido moiety is proposed
as an assdy system to defect this particular
oxidation product, which cannot be detected by
any other method [36].

Other examples of maedified base inhibition of
enzymatic hydrolysis are UV-induced dimers,
both the cyciobutanc tvpe as well as the 6.4-
photopreduct [38]. It was shown that snake
venom phosphodiesterase is not able to ¢leave
either the intradimmer phosphodiester bond or the
phosphodiester bond located immediately 3 to
the dimer. The mability of the phosphodiesterase
to hydrolye these particular bonds results in a
release of pyrimidine dimers in trinucleoside
diphosphatcs with the dimer at the ¥ end, when
followed by a treatment with alkaline phosphates.
Sinec unaffected DNA is hydrolvzed 1o monony-
cleosides, only the trimers can be **P-postlabeled
by [y-**PJATP and T4 polynucleotide kinase. The
authors of this work propose to use this assay asa
sensitive and accurate measure of the UV-mediat-
ed dimer fermation. Weinfeld and Soderlind [39]
used a similar assay Lo detect y-radiation-mediat-
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ed formation of thymine glycols and phosphogly-
colate ermini by analysis of *2P-postlabeled
dinucieoside monophosphales oblained by en-
zymatic hydrolysis of DNA.

To assure (he most complete hydrolvsis of
DNA thought to contain a varicty of madificd
bases (f.e.. carcinogen—base adducts as well as
oxidized bases), it probably would be advisable to
use¢ a4 combination of enzymes. For example hy
using DNase [, snake venom phosphodiesterase
as well as spleen phosphadiesterase. one can be
assured that even it one of the phosphodiester-
ascs (e, snake venom) cannol hydrolyze the
phosphodisster bond, because of inhibition due ta
a modified base (i.e., UV dimer)., the second
enzyme, which procecds in the opposite direction
(5" > 3, should be able 1o hydrolyze this bond.
This has been shown Lo be possible in the case of
DNA that was exposed to B(a)P-trearced rat liver
microsomes. That DMNA conlained the oxidized
hases 5-hyvdroxymethyluracil and TG (Fig, 2)[40],
in addition to the DNA base-carcinogen adducts
that are known to be formed under such condi-
tions. That DNA was complewely hydrolvzed to
nuclensides using the aforementioned combina-
tion of eazymes followed by alkaline phosphat-
asz. TYNA, isolated from calis exposad to B(a)P or
other polveyclic aromatic hyvdrocarbons (PAHs),
was shown to be difficult to digest enzymatically
when only one ol the diesterases or nuclease P
was used [41,432].

2.1.2.3. Enzymatic hydrolysis to nucleosides. In
addition to nuclease 'l-mediated digestion fol-
lowed by alkaline or acid phosphatasc treatment
(described above), enzymatic hvdrolysis of PNA
to nuclensides has been used quite extensively and
m a variety of enzyme combinations {sze ahove).
Again, depending on the abjective of the analysis,
different cnzvmauc digestion DNA conditians
should be used. As mentioned above, nuclease 1
15 med frequently as an exonuclease fo release
S-monophosphates. Although its optimal activ-
ity requires an acidic pH of 50-35 and the
presence of Zn”*t cations, the literature is full of
procedures that do not apply these conditions.
Obviously, optimal conditions should be used
whenever possible. Tlowever, if an adduct or
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oxldized base 13 not slable under acidic pH, or
Zn? ' interferes with the subsequent analysis, then
the DNA ¢an be incubaled with nuclease P1oat
neutral pH, by using either higher amounts of the
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enzymc or extending the digestion time. To obtain
nucleosides, treatment with nuclease should be
tollowed by alkaline oracid phoesphaluse, depend-
ing on the pH ol the incubation mixture.

To analyze IMNA for the presence of intact
axidized nucleosides, we found that the {ollowing
arc the best conditions (Fig. 3) [9,13]. DNA
(00 pgy, dissolved in 100 mA Tris—TTC] and
100 mAf NaCl {200 pl) buffer, pH 7.0, first has to
he sheared by passing through consecutively
smaller gauge [18-25] neadles or by vortex-mix-
ing. This facilitates digestion of undamaged con-
trol DINA, which, in particular. cannot be fully
digested when at the high molecular mass [16].
After shearing, DNA should be digested with
DNasce 1 (100 Ui 44 gl of 10 maf Tris—HCID) in
the presence of Mg?*t (20 mA4 final concentra-
tion). Mg*>* is absolulely required for Lhe activity
of DNase I. The reaction mixture is incubated at
37°C for 1 h, the pH is lowered to 5.1 with 0.5
sodium acetate (15 ul), 5 U of nuclease P1 {10 ub)
and 7Zn* ' (1 mAf final concentration} are added,
and the mixture is incubated for one additional
hour. Finally, the pH is readjusted with 0.4 Af
Tris—HCT (pIT 7.8. 100 ul), 3 1. of alkaline
phasphatase (20 pl} 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)
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ol pure (HPLC-grade) acctone, which precipitates
the enzymes. After 0.5 h at —-20°C, the precipi-
tates are removed by centrifugaiion, and the
supernatant is evaporated to dryness under re-
duced pressure and temperature. The drv residue
can be phosphorylated with [3-*2PJATP, acetylat-
ed with ["HJacetic anhydride or dissolved in a
small volume of HPLC-grade water and analyzed
by an HPLC system equipped with the appropri-
ately zensitive detector(s).

These described conditions of enzymatic DNA
hydralysis were used forconcurrent analyses of at
least four types of exidized nucleosides [13). These
are S-hydroxymethyl-2"-deoxyuridine (HMdJLU),
the (+) and { —) isomers of cis-thvmidime glycol
(dTG), S5-formyl-2'-deoxyuridine (FdU) and
8-DHAG (Fig. 2). However, it appears thut under
these conditions about half of the 8-OHAG is lost
[13]. At this point, it seems that the acidic
digestion conditions required for the optimal
activity of nucleasc Pl may be responsible for that
loss, perhaps leading to the release of the free
basc. When the digestion is carried out with the
same enzymes under neutral pl1, 8-O11dG seems
to be fully recovered. however, recovery of dTG s
suhoptimal. Tt is known that dTG is the most
stable at acidic pIT. The more alkaline conditions
allow TG ring opening [43], which may lead to the
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Fig. 5 Optimization of enzymatc DXNA digestion to nuglecsides. HPLC separation of ensymaiic hydrolyzates conining d¢, dG., dT,
und dA onan ODS calumn (25em « ] em 11 5 pm). DNA was Sydrolyzed with (A) nuclease Pl and alkaline phosphatase., (B) same as
(A) bul predigested wilth DiMase T{+ Mg**), () samc a5 (A) but in the presence of Zn® ' (D) predigestion with DNase I (+Mg* ')
lullowed by nucicase P in the puesence uf Zr® ~, and then by alkaline phosphatase (From ref. |3
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mistaken conclusion that its formation in DNA
was lower. Hence, depending on the experimental
design, ang or the other of the oxidized nucleo-
sides cannot be fully recovered. However, due te
DNA digestion conditians, this loss can be deter-
mined a priori and taken into account when
calculating the levels of oxidized nucleosides
[ormed due to a particular treatment.

The recovery of nucleosides may alse depend
on the glassware or plasticware used in Ltheir
olation. Floyd [29] showed that the recovery of
8-OHdG can be enhanced over two-fold when
plastic microtuge tubes ure prewashed with eth-
anol. Apparcntly, some tubes arc contaminated
with a substance or substances that interfere with
enzymatic digestion. Routine prewashing ol tubes
also increases the reproducihility of the assays
[29].

QOccasionally some digestive enzymes, includ-
ing NDNase 1 and phosphodiesterase, are contami-
nated with other degradative cnzvimes, such as
pyrimidine or purine phosphorylases. The latter
enzymes release (ree pyrimidines or purines from
the sugar—phosphate bhackbone, and therefors
analyses for Lhe presconce ol nucleosides and
nucleotides cannot be carried out. Although a
DNA adduct itselt might not be a good substrate
for phosphorylase, some or ail of the nutural
bases could be refeased from the polymer. When
the presence of phosphorylase is suspected, ils
inhibitor should be added 1o the rcaction mixture
prior to treatment with other digestive enzyme.
Tor example, use of dA in excess allowed total
recovery of normal and oxidized thymine nuclea-
sides, whereas in the absence of dA only free bases
could be recovered [44].

2.1.2.4. Enzyvinatic hvdrolvsis to ofigomcieo-
tides. As opposed Lo the use of digestive enzymes.
this method atilizes a large number of restriction
enzymes, which hydrolyze the DNA bonds in
regions of specific DNA sequences. The oligonn-
cleotide products of this enzymatie hydrolysis are
usually sepurated alectrophoretically. Chemical
modificaion of certain DNA bases either inhibits
the normal hydrolysis at those sites or, alter
several rounds of replication, new enzyme-sensi-
tive sites are formed. These techniques will be
described in more detail in Section 2.3
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2.2, Chromatographic analysis of modified bases,
nucleosides, nuclentides, and small oligonu-
cleotides

2.2.1 HPLC with various detection systems

The development of HPL.C and, in particular,
of the columns packed with reversed-phase adsor-
hents, has made HPLC a very versizile and
common chromatographic method used for the
dentification and purificetion of modificd base
derivatives in DNA and RNA. The reversed-
phase adsorbents usually counsist ol sihiea gel
spheres with chemically attached alkyvl or phenyl
groups. The alkyl moiety may have variable
numbers of carbons, [rom Cs to Chg (octadecyl-
silane, ODS). To assure complete neutralization
of the silica gel’s ree hydroxyl groups 1o Cy and
(g adsorbents, those free hvdroxyls 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 triphoesphates. Instead
of warer + orpanic solvent, buffers of ditferant
ionic strengths and pIl values are used. The most
commonly used are phosphate buffers, however,
care should be taken to prevent their precipilation
within the pumps or calumn. 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 buiTers [43] cun be used to override Lhe
reversed-phase properties of the columns, and
make Lhem calionic or amome columns, These
HELC-grade bulfers are commercially available
and HPLC-grade reagents shoulkd be ulilized
whenever possible.

HPLC can be used as an endpoint for analysis,
it the modified buse derivatives of interest arc
radicactively prelabeled [6,16,19,28,40.46,47], or
if appropriately sensitive detectors arc available,
For cxample, it the analysis is for an adduct (i.e.,
aflatoxin B,—guanine derivative [19]) or an oxi-
dized nucleoside {i.e., ¥-OHAG [48]). u luores-
cenee or clectrochemical detector, respectively,
can be used to quamitate the levels of modified
bases. However, [ti3 advisable to use each of them
in tandem with cither a UV or photodiode-array
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spectral detector [6,13]. 'This tandem vse of detee-
tors allows quantitation of madified bases with
respect. to the normal bases present in the TINA
being analyzed. When modified base derivatives
cannal be detected this way, they are usually
pastlabeled using radicactive reagents that con-
tain a 'H, ¥2P or recently utilized *°S label
[13.49,50]. Commonly. modified base derivalives
are isolated first by a variety of means, and then
derivatized and analyzed by HPLC and/or TLC.
The HPLC system, in addition to the spectral
detector needed for yuantitation of normal bases,
should be cquipped with an on-line rudicactive
detector, Alternatively, fractions monitored by a
spectral detectar are collected and, atter addition
of a scintllant, the radicactive content 15 deter-
mined using an external scintillation counter. The
gquenching properties of each ol the scintillation-
counting systems should be determined prior to
analysis, using control samiples containing expect-
ed amounts of radicactive material.

Exposure of DNA 1o mutagenic and carcino-
gemc agents olten results in binding of those
agents to cellular DNA either directly or after
metlabolic activalion. Most agents cause forma-
tion of a variety of adducts with DNA bases 1], It
is beyond the scape of this review to discuss in
detail what 1s known about most of those udducts.
However, the following will provide examples.

2.2.1.1. Use of radioactive carcinogens. PAHs
generally have to be metabolized before they can
covalently mteract with DNA or RNA. Treal-
ment of cells grown in tissuc culture, or of animals
by various routes of exposure, with a radicactive-
ly labeled [*Hcarcirogen [such as 7,12-dimethyl-
benz|ajanthracene (DMBA) and B{a)P] or iis
synthetically preparcd metabolites, frequently re-
sults in the formartion of labeled DN A base-PAH
metabolite adducts. Then, DINA 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 QDS I1PLC column,
Jeffrey ¢ al. [51] established that the DNA of
human and bovine bronchial explants that were
cxposed to B{a)P contained certain B(a)P—diol-
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gpoxide adducts because some of the markers
co-cluted with the *H-containing 2'-deoxynucleo-
sides. Frenkel et of. [46] showed that treatment of
cultured rat liver cells with [*IIDMBA caused
formation of novel adducts 1 RNA, since the
nucleosides co-eliuted with the same marker com-
pounds that were obtamed hy reacting guanosing
with DMBA 5,6-axide. Guanosine was modified
al the C-8 position of the puanine or at the
2'-hydroxyl group of the ribose moicty. Recently,
it was shown by Saver ef al. [53] that B{a)P
7,8-diol 9,10-epoxide can modify the ribose moi-
ety af adenosine in o similar manner. Ashurst and
Cohen [54] and Dipple er ai. [52] also used a
similar approach to determine whether the sus-
ceptibilities of different stocks of micc to B(a)P or
DMBA carcinogenesis, respeclively, are due to
the differences in metabolic activation of PAHs
and subsequent binding to DNA. Dipple et al. [52)
demonstrated that, although carcinogencsis is
sigmiltcantly decreased in the presence of antioxi-
dants, DNA adduct levels are comparable to
those obtained in the ahsence of antioxidants.
Those resulis suggest that the formation of ad-
ducts, althoupgh necessary, is not sufficicnt for
carcinogenesis to oceur. It is likely that andioxi-
dants. by inhibiting tumor promotion and/or
pragression, also suppress tumor development
{reviewed in rel. 4). Recently, it was shown that
the prooxidant stale modulaies in vive mclabo-
lism ol B{a)P. its metabaolites, as well as their
binding to DNA [35,536], which suggests that ROS
ulso can affect initintion of carcinopencsis (re-
viewad in refs, 3 and 4).

2.2.1.2 Use of electrochemical deiectors in
HELC analysis. In the late 19805, methods utiliz-
ing HPLC analysiz and some vory sensitive detec-
lors also were developed. Goda and Marnett [57]
showed that a pyrimidopurinone adduct, formed
by Lhe interaction of a guanine moicty in DNA
with malondialdehyde. can be quantitated using
an electrochemical detector. Modified DNA was
reduced with sodium horohvdride, hydrolyzed
with (.1 A [1C] to bases and separated onan QDS
column. The detection limit was 100-200 fmol,
using Lhe applied potential of 700 mV rversus
Ag/AgCl



300

The availability of electrochemical detection
(ED) allowed analysis of DNA 1solated from
various sources for the presence of 3-OHAG, as is
llustrated by Fig. 4. This method was first
developed by Flovd er al in 1984 [48]. but it
rapidly became the method of choice of many
investipators. Since then, $-OHAG has been used
as 4 measure of oxidative DNA damage mediated
by a vanety ol oxidative stress-inducing treut-
ments. 1t also allowed determination of the back-
ground levels of steadv-state oxidative DNA
damage in humans and animals [58]. The determi-
nation of 8-OHJG lormation allowed the demon-
stration that carcinogen {aceloxime. 2-nitropro-
pane) treatment causes different extents of DNA
damage. depending on the sex and organ of the
rats being acalyzed. [t also showed that RNA
sustuing more extensive oxidative damage than
does DNA [39], Moreover, Lhis leehnigue allowed
comparisons among various nitroalkanes and
oximes (ndustrial selvents and byproducts) as to
their abilities o induce oxidative DNA and RNA
damage and 1o derermine their portential for
hepatocarcinogenicity [60]. Roy e ol [61] found
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Fig. 4. HPLC sepuration. ol 3-OHAG [romn nonnal nucleosides
d€C. 4G, dT, and A Enzymatic DN A hydrolyzate was separated
by IIPLC on QDS column (25 em x 0.46 em 1D, 3 4m) and
monilored by ED (003 nA (ull scale) and by UV detection at
254 nm. Citrate (10 mAf) + acetare buffer (20 mAf). pH 5.1, +
5% methano! solutian was nsad as an eluent at a 1| ml/min
flaw-rale.
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that chronic treatment of male Synan hamsters
with dielhyistilbestro! (a drug that caused cancer
in the daughters of women who were given it
during their pregnanciesy induced significantly
higher levels of 8-OHAG in their kidneys (the
tumor site in this animal model) than in their
livers (which are not common tumar sites). Al
though it has heen known for some time that
ciparette smoke causes DNA strand breaks [62],
omly recently, was it shown that it also causcs
8-OHAG formation in cellular DNA of human
peripheral leukocyies [63] and in cultured cells
[64]. Chung and Xu [65] found that one of
the carcinogenic tobacco-specific nitrosamings
formed from nicoline |4-(methylnitrosamine)-
[-(3-pyridyl}- 1 -butanone (NNK)] induccs forma-
fion ol ¥-OHJG in the lung DNA of mice and
ruts, the site of tobacco carcinogenesis. 'The same
laboratory alse showed that chemopreventive
agents present in green tea extract and one of 1y
major polyphenols [(—)-epigaliocatechin gallate
(EGUG)] provent NNK-mediated oxidative DNA
damage [66].

Electrochemical detectors were alsa utilized in
the analyses of a number of other oxidized base
derivatives and endngenously alkylated hases
[5.58] The oxidized bases include 4,6-diamino-3-
N-formamidopyrimidine (FAPY derived by ring
opening of 8-OHdAA). 3-hvdroxymethyleviosine
and 5-hydroxy-2"-deoxycytidine, S-hydroxyuracil
and 5-hydroxv-2"-deoxyundine, the lalier Lwo
being deamination products of the cytosine deriv-
atives. The ED-delectablie alkylaled bases also
include O-methyl-, 3-methyl-, 7-methyl- and
7-cthylguanine, as well as several deoxyguano-
sing—gerolein products. Hence, HPLO-EL pro-
vides a very sensitive measure of a number ol
alkyviated and vxidized DNA produets induced by
endogenous and exogenous oxidative stress, as
well as by alkylaling agents,

222 Postlaheling technigues

2.2.2.1. 3 P Pustlabeling with [ 72PJATL. In
the past decade postlabeling of nucleosides aud
nueleolides with *?P became a popular method
for detection of modified DNA base derivatives

with a sensilivity ol one modilicd base per 107
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10'® normal bases. This technique is applicable to
structurally diverse classes of DNA  adducts,
which are mostly bulky in nature. Some of the
smaller (alkvl) adducts [67,68] or oxidized base
derivatives also can be pastlabeled with 1P but
olten require different conditions [69]. This meth-
od was first introduced i 1981 [70] and takes
advantage of the ability of T, polynucleotide
kinase w phosphorylawe the 3-hydroxyl end of
modificd 3’-mononucleotides. Other kinases, i.e.
Epstein—Barr-derived thynuadine kinase, also have
been utilized [71]. The sensitivity is conferred by
use of the high-specific-activity [y-**PJATE. 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 pive some examples of its recent
applications.

This technique showed thar cigarcette smokers
contain significantly higher tevels { > rwenty-fold)
of DNA adducts per 10* nucleatides in the non-
cancerous surgical lung parenchymal samples
than do ex-smokers {72]. Moreover. the zuthors
found that the levels of arvl hydrocarbon hydrox-
ylase activity (enzyme syslem involved in the
melabohsin of PAH present i wobacco smoke)
positively correlated with the DNA adducts ana-
Ivezed in the same lung samples. Although induc-
ibility of this enzyme svstem has been used as a
crude measure of long-term exposures to various
PAHs, thizs work [72] actually showed the connec-
tion between the two processes. Using *2P-post-
labcling. other investigators suggested that PAH-
DNA adducts in human white bload cells cannot
be used as a surrogate measure for the PATL-
DNA adducts in the lung [73]. Hawever, once the
Iymphaeyles were separated from the granulo-
cytes, adduct levels were found to be significantly
higher in the lymphocytes of smokers rthan of
non-smokers [74].

Use of *2P-postlabeling also allowed identifica-
tion of dGMP substituted at the N-2 position with
styrene 7.8-oxide as a major product [73] This
axide is a carcinagenic metabaolite of styrene, a
chemical used widely in plastic production. Gly-
cidaldehyde, a reactive metabolite obtained by
oxidative dealkvlation of glycidy? esters (indus-

H

trial chemicals), was shown to form an adduct
with dA in mouse skin and iz vitre at pld 7 [10],
rather than an adduct with dG which was pre-
dominantly formed at pH 10 [76]. Again, this was
accomplished because ol the sensitivity atlorded
by *P-pastlabeling. Cyclophosphamide is used
as an anfi-cancer drug that requires metabolic
activauon before its activity becomes apparent.
That activation results in the formation of several
iitermediates, including phosphoramide mustard
which is considersd to be rtherapeutic, while
gerolein, the bvproduct of the metabolism, 15 a
mutagen. The use of *’P allowed identification of
some ol the adducts produced by acrolein and
other metabolites thal were present inthe 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 ta be analyzed by the *?P-postlabeling
assay, Oxidative stress-induced damage, mediat-
ed by either endogenous or exogenous sources,
huas become of general interest because ol a new
gawarencss of its widespread occurrence (reviewed
inrefs. 2,4 and 77). 3-OHAG and dTG (Fig. 2),
two of the many of oxidized base derivatives, were
first analvzed by the *?P-posllabeling technigue
[39,60 78], followed by identification of the N-1-
oxide adenine (Fig. 2) derivative formed hy 11,00,
trcatment [79]. Some of the more complex prod-
ucts including y-radiation oxidized dinuclentides
|39}, as well as intrastrand crosstinks between A-A
and A-(3 [B0] also were analvzed hy this tech-
nigue. **P-Postlabeling also was applied to the
analysis of malondialdehyde-modified dGMP
formed in intraperitoneally treated mice [81], and
of adducts formed by treatient of human (bro-
blasts with fecapentaene-12 [82]. Malondialde-
hyde 15 ol interest 45 an end-product of chemical-
or radiation-induced oxidative depradation of
unsalurated fatty acids. Fecapentacne- 12 is repre-
sentative of a (amily of compounds that are highly
genotoxic in human cells, and is thought to
contribute to colon cancer. Fecapentaene-12 was
shown to produce DNA adducts as well as
8-OHAG, indicating that more than one mecha-
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nism may be contributing to its biological cffects.

2.2.2.2 3J1 Postlabeling with [*H Jacetic anhy
dride. Dcspite the utility and sensitivity ol the
#2P-nostlaheling technique, it has some disadvan-
tapes. The protocolis quite eluborate 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
[v-**PJATP. which has a short hallife. zlso
makes this method less desirable because usually
the background levels are also quite high. As an
allernalive o Lhis technique, we developed an-
other postlabeling assay [13] that is more appro-
priate for small adducts and for oxidation prod-
ucts of nucleic acids. [t can be used lor analvsis of
various tvpes of nucleosides, since the hasis for
this radioactive labeling assay is acetylation ol
hydroxyl groups with [PH]acetic anhydride. The
presence of more hydroxyl groups that can bhe
acetylated in a nucleoside renders the assay even
more sersitive. In brief, TPNA solated from any
source (botl iz witre and fe viva) 15 cnzvmatcally
digested to nucleosides, as described in Section
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2.1.2_ The hydrolyzate is separated by HPLC on
the reversed-nhase column (ODS; 5 um particle
size. 25 cm ® | o 1.D.) in the absence ol uny
marker compaounds (Fig. 3} All fractions that
elute after | 5 min (except those contgining normal
nucleosides) are combined, dried and acetylated
in acelonitrile with [Hlacelic anhydride in the
presence of the catalyst 4-duncthylaminopyriding
and tricthylamine. Unreacted ["HJacetic anhy-
dride is decomposed with methanol. The produets
are concenirated, and after addition of non-tri-
lialed marker acetates. analyzed by 11PLC on the
ODS column (Fig. 6). The products are guanti-
tated by relating the amount of radioactive mate-
rial cocluting with the marker acetale on the
second HPLC 10 the peak arcas of normal
nucleosides oblained by their integration on the
first chromatogram. The guantitation 15 carried
out according to the following formala:

pmol nuciwos:ide —
net cpm of nucleosids aeetate

0.3 s conversion eaefficient « number of acety] gronps
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Tig. 5 HPLC scparation of normal and oxidized DNA nucleosides. Enzymatic DNA hvdrolvzate was spiked with sxidized nucleosides
and separated by 11IPLC an QDS column (23 cm < LOcr LD S pmjwith water i20mini, 2% acctoniisie n waler {20 min). 495 (25 m:in)
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and 10%, (10 min} as eluont, ai 2 2 mlymin Dow-rate. (From el 9.)
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acetonitrile 20 min) followed by 19.5% (30 min). (From ref. 13

In this formula, 0.3 is the efficiency of the
scintillation counter (30%). The conversion cocf-
ficient depends on the specific activity of the
[Hlacetic anhydride used. and is 22.2 or 11.1
when [“H]acetic anhydride (30 mCi/mmol) is
diluted with non-radioactive acetic anhydride 1:3
or 1:1), respeclively.

Using this assay, we showed that the tumor
promoler 12-O-teiradecanoylphorbol-13-acelale
(TPA) induces in vive formation of oxidized bases
HMdU, dTG and $-OHAG in the epidermal
DNA of TPA-treated SENCAR mice [9]. Their
formation was TPA dose- and time-dependent. It
was inhibited by chemopreventive agents [4,83],
inchuding EGCG (from green tea), sarcophytol A
{from marine soft coral} and caffeic acid phen-
ethyl ester (CAPE: from the propolis of haneyhee
hives). as well as the anticancer drug [84] tamox-
ifen [85.86], Morcover, we showed that TPA
evokes formation of these oxidized bases in
SENCAR mice at much lower doses than it does
in C57TRL/6T mice. which caorreiates well with the
responsivencss of rhese two mouse strains to
TPA-mediated Llumor promotion [87]. Treatment
of SENCAR mice with other tumor promoters of
the TPA type also caused tormation of HMdU

B

and 3-OHJG, the levels of which correlated with
the potencies of these agents as tumor promoters
[86]. Recently, we Found that DMBA, which isa
PAH requiring metabolic activation to express its
carcinogenic properties, alse induces oxidative
DNA base damapge (HMd U and 8-OHd(G) at the
same time as its DINA base adducts are formed
[88,89]. It appears then that formation of oxid-
ative DNA base damage may be necessary for
tumnor-promoling  propertics. Using  “H-post-
labeling with [*H]acetic anhydride, we alsa
showed that the hydroperoxide moiely af 5-hy-
droperogymethyl-2'-deoxyuridine (HPMAU),
which s a product of ionizing radiation, is capable
of oxidizing bascs i bacterial DNA [90], This
finding may explain some of the protracted ctfects
of v radiation.

2.3, Electrophoretic analyses

The chromatographic techniques described
above allow identification and quantitation of
specific modified hases and adducts. However,
electrophoretic methods are invaluable for deter-
mination of the genomic sites of those modifica-
tions and the structural consequences. ‘1'o acquire
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sufficient quantitics of DNA needed for those
techniques, polymerase chain reaction (PCR)
DMNA amplitfication provides a necessary tool.

2.3.1. Polymerase chain reaction

Rather than analyzing total genomic DNA,
PCR allows the selective study ol any gene or
suhgene region, provided rhat appropriate PCR
nrimers iare available. The PCR technigues, which
were first introduced in the late 198{s [91-973],
have revolutionized the field of malecular hiol-
ogy. The orginal PCR protocols. as well as
optimization, automation procedures, and exper-
imental applications have been summarized 1
detall mn several review articles [94,935] and labora-
tory manuals [96,97]. In brief, the repetitive
lemperature cycling allows 1INA denaturation,
primer annealing, and primer exiension by a
thermally stable polymerase (lag, Vent'™, plu),
such that cxponenrtial svnthesis of the desired
DNA fragment occurs during an average ot thirty
amplification ¢veles. Yarious modifications of the
original protacols have evolved. so that in addi-
tion ro DNA amplification, also RNA amplifi-
cation. mRNA quantitation, DNA sequencing,
gene cloning and iabeled probe preparation are
amony the frequent current uses of PCR technoel-
ogy. Additionally, muliiple primers can he com-
bined in a multinlex reaction o simultaneously
amplify several DINA fragments, This is particu-
larly useful for the detection of DNA damage
amoeng the multiple exons of large mamumalian
genes, such as fprr |98,99] or the Duchene mus-
cular dystrophy gene [100], vielding both cxperi-
mental and clinical information. PCR protocols
are relatively straightforward, however, extreme
caution must be taken te avoid the cross contami-
nation of DNA samples leading to the amplifica-
tion of undesired DNA. Lhe sensitivity of the
amplification procedure is so great that even 1 pg
ol spurious DNA can be a suitable template for
this process [101].

2.3.2. Gel electrophoresis

Cel electrophoresis can be employed when
separation of different sizes of DNA fragtents is
required. 'L he methodology is based on the acqui-
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siton 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 molaculas (lesser charge) will mi-
grate lurther. Although agarose gels (0.5 1.5%)
effectively separate DINA fragments ranging {rom
30 to 0.2 kilo base pairs {kb), acrylumide gels are
oflen utilized for belier sepuraiion of smaller
DNA frugments (<1 kb). Vertical denaturing
ureg-acrylamide gels are used tor high-voltage
scparation of 1INA scquencing products. The
DMNA migration distance is dependent upon sev-
cral parameters, including the composition (%
pely and pH (neutral or alkaline) of the gel, and
the electric lield components (voltage, current.
duration). Although both Tris-acctate and Tris
borate are commanly used buffers, Tris borate is
often recommended for long, overnight clectro-
phoresis protacols.

Horizontal gel electrophoresis is an essential
maolecular biology lechnique for numerous pre-
paralive and analylical purposes. Gels are Lypical-
ly used to purify plasmids and to recover other
small THNA [ragments including probes, They cin
be uselul for cstimating DNA amounts when
known guantities of DNA are included for com-
parison, singe double-stranded DNA 15 readily
obscrved in the gels by ethidium bromide staining
and UV wvisualization. Accurate estimates ol
the size of small DNA moiccules or fragments
{10 kb) can also be obtained Ifrom either
agarose or acrvlamide gels when appropriate
low-malecular-mass PDMNA size standards are run
simultaneously. Agarose gels are routinely used to
maonitor the cxpected size of PCR-generated
products {as illustrated by Fig. 7). Alterations
such as small deletions and inscrtions can often be
detected by the recovery of smaller or larger than
expected PCR products, respectively. For detec-
tion of PNA damage. restriction enzyme-digestad
or otherwise Fragmented DINA is separated on
agarase gels, which are subsequently processed
for gene- or sequence-specific prabe hybridiza-
tion.

2.3.3. Pulsed-field wel electrophoresis
['ulsed-ficld gel electrophoresis (PFGE) allows
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Fig. 7. Agarose gel slectrophoresis o' PCR-amplified DNA. X-Ray-induced murants of ransgenic gzt ™ Chinese hamsier V79 ceils are
screered by PCR o loss of the integrated sequence. The figure shaws ten mulanis (anss B-K ). of which all but one (Jane H have relained
the gene. Lane A is the PCR amiplified grr sequence [rom nor-muzant trunsgenic cells, and lare [, shows the ack of this sequence in

parental V749 cells.

fractionation of large DNA fragments in the
range of 30 kb to 2 Mepa base pairs (Mb) [102].
Unlike standard horizontal gel electrophoresis
units, which utilize generally low-voltage {20-
100 ¥V} unidirectional electric fickls, PFGE units
employ rapidly alternating bidirectional clectric
tields of higher valtage. Using P’FGE, electro-
phoretic separation of intact yeast chromosomes
has heen accomplished [102]. When combined
with the use of the rure cutter restriction enzymes,
pulsed-field gels facilitate genome mapping and
allow detection ol lurge-scale DNA damage, such
as multiiocus deletions, PFGE also is useful for
the detection of double-strand DNA breaks [103],
and has been applied recently to studies ol
the induction and repair of ionizing radiation-
induced double-strand breaks [104]. Detection of
single-strund DNA breaks generated by metal-
mediated oxidative processes has also been ac-
complished using these methods [105,106], Addi-
tionally, PFGE methods have been uscful in
studics of Wilm's tumor gene methylation pal-
terns [107].

2.3.4. Southern bior analvsis
The Southern blot protocol for DNA transfer

and hybridization [108] represents one of the first
universally adopted methodoelogies for the detee-
uon of DNA damage and genelic allerations
within defined regions of the genome. These pro-
tocols have been wel! defined [109] and genome
analysis generally relies upon the permanent
transfer of denatured DNA fragments to a solid
filter matrix, which can be nitrocellulose, neutral
or positively charged nylon, or other synthetic
materials such as polysulphone. The DNA trans-
fers occur by cupillary action in salt or alkaline
solutions, or can be accomplished much faster
with the aid of a vacuum transfer system. The
DNA is linked Lo Lhe supporting filter by baking
(80"C in a vacuum oven) or more recently by UV
linkage. hybridized with radialabeled gene- or
sequence-specific probes, and anaivzed on auto-
radiograms. Alternatively, recently developed
chemilumincseent detection systems [110,111] can
be used. Large-scale genetic damage is determined
by analyscs of variations between the experimen-
lal restriction enzye patterns versws those of the
wild-type DNA, However, single DNA basc pair
(bp) changes, as well as rearrangements and smali
deletions involving less than 50 hp, are not readily
detectable ou Southern blots. Thus. these blots
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are most useful in identifying gene deletions
(> 50 bp), imsertions, or other major genetic
rearrangements. In licw ol the blolling proce-
dures, hybridization of the desired DNA probes
can beuccomplished directly on dried agarose gels
[112], bypassing the often inelficient DNA trans-
fer step. Southern blot protocols have been modi-
ficd o accommodate RNA studics (Northern
biots) [i13] and protein studics (Western blots)
[114]. Dot blot and colony blot protocols take
advantage of DA transfer and probe hybridiza-
tion technology in procedures where gene probing
bul not DNA fragment separation is required.

2.3.5. Resiriction frogment length polymorphisrs

Restriction fragment length peolymorphism
(RFL.P) analysis [115,118], in which differential
patterns of penc-specific ar DNA sequence-spe-
cific restriction enzyme digestions are visualized
on Scuthern blots. reflects both the natural
variation in the human genome and discase-rc-
lated or environmentally induced genome rear-
rangemets, which specifically alfeet the recogni-
tion sequences of the restriction enzymes [117].
RELI analysis 1s being applied o studies ol ¢n-
vironmental exposyres to DNA damaging agents,
and to screen populations for potential suscepti-
bilities to environmentally-induced discases [1138,
1149]. These methods have been made even more
sensitive by the use of allele-specilic oliponucleo-
tide (ASO) prohes, which can be used to screen for
specific DNA sequence changes. The use ol ASQ
prabes can identify discase-related genome altera-
tions (base changes) at predetermined genetic
hotspots. as well as mutations relevant to the
development of cancer. Specific mutations in the
ras oncogene codon 610 for example, can be
readily  identified and quantitated with ASO
probes [120].

2.3.6. Denaturing gradical gl clectrophioresis
Although electrophoresis of fragmented gen-
omic DNA generally permits detection of tarpe-
scale perlurbations, urea formamide denaturing
gradient pulvacrylanude gels [121,122] are useful
for visualizing DNA sequences harhoring smaller
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genetic alterations including single base muta-
tions. This method is based on the fact that a
single base chunge in uny given sequence alters the
melting properties of that sequence, and thus can
be detected. The denaturing gradient gels, which
are delioed as parallel when the gradient inereascs
toward the hottom of the gel and perpendicular
when the gradicnt inereases [tom lelt Lo right, can
distinguish between DINADNA homoduplexcs
versus heteroduplexes. Denaturing gradient gel
gleetrophoresis (DXGGEY has been utilized to
moniror the mduction of DNA damage in many
human genes, including Aprt [123] Using svn-
thetic marrix gels rather than denaturing acryl-
amide gels. a variahle migration of homoduplexes
versus heteroduplexes 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 unalysis of PCR prodects, and [s more
effective when 3'GC clamps are engineercd inlo
the PCR fragments by addition of a 40 nucleotide
GC-rich sequence Lo the 5 end of the sense PCR
primer [125), DGGE 1s nol lmited o the delee-
tion of small changes, but also separates double-s
tranded LPNA that ditfers [Tom the wild tyvpe by
small deletions and insertions.

2.3. 7. Ningle-strand conformarional polvmorphism
aralysis

Non-denaturing gels ¢an also be utilized for
analysis of single base alterations in DNA se-
gquences by single-strand contormational poly-
morphism (SSCPY analysis [126,127]. The proto-
col 15 based on dilferential electrophoresis of
denatured sinple-stranded PCR products through
glycerol-modified polvacryvlamide gels, or through
sonnc novel polymer gels. Althoegh SSCP analysis
can visnalize altered migration of mutant versus
wild type DNA samples, this method seems to be
maore accurale for shorter { <200 bp} rather than
lonper { =350 bp) PCR products [128]. Al elec-
trophovesis procedures, which identify speeitfic
gene regions that have sustained small-scale dam-
age, are invaluable DMNA-scquencing prerequi-
sites that narrow the scope of the suhsequent
sequencing lask.
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2.3.8. Heteroduplex mismatch cleavage anglysis

Another method hy which small-scale specific
DNA base daumage can be detecied within large
mammalian gencs is vie cleavage of single-
stranded regionz or single-base mismatches in
REARNA or RNA:DNA heterodupleses [121,
129], when the heteroduplexes are suhjected (o
RMuse A or chemical cleavage then run on
non-gradient denaturing polyacrylamide gels. Al-
though RNuase A cleavage may only recognice
30-50%: of the possible single-base mismatches
[129], lunger regions of non-homology (due Lo
deletions or rearrangements and insertions) offer
an excellent opportunity for additional RNase
cleavage, This method was applicd to detection of
a specific deletion in Lesch—Nyhan syndrome
patients [130]. Cleavage ot specific DINA bhase
mismaltches has been accomplished by chemucal
madification of those mismaiches followed hy
piperidine treatment. llvdroxylamine and osmi-
um tetroxide modify mismatched or unmatched
cytosines and thymines, respectively, which can
be cleaved by piperidine [131]. Carboiodomide
can he used to stall polymerases at the unpaired
G**T residues [132). Chemical cleavape proto-
cols, which have beep utilized to analyvze many
human genes, have recently been optunized Lo
allow complete detection of all possible base
chunges in DNA frugments up o 2 kb, and o
identify these as wefl as small insertions and
deietions by non-radioactive detection methods
[133].

2.3.9. DNA sequencing

DNA scquence  analysis, wig  base-specific
chemical cleavage [134,133] or dideoxy nucleetide
chain termunation |136] protocols, allows dircct
identification of the TXNA hase sequence of a
given gene or DNA fragment when the end-labeled
fragments are run onfo acrylamide gels. These
methods have been described 1o detail elsewhere
[137,138] and, therefore, will not he extensively
reviewed here. It should be noted, however, that
DMNA sequencing technology has undergone many
revisions since those original protocols, to allow
sequencing through penomic regions of difficult
sceondary structures, to utilize several different
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polymerases, and to facilitate automated se-
guence analysis and multicolor flunorescent nu-
cleolide identification |98.139]. Sequencing tech-
nology has been highly comumercialized, such that
numerons ready-made reagent kits are available
to suit all research and diagnostic purposes. Mast
recently, DNA sequencing protocols have besn
modified to take advantage of PCR technology
and tag polvmerase for copying DNA templates
and incorporating dideoxynucleotides [140,141].
For this purpaese, it may be preferable to utilize
other polymerases [142], which are more faithful
than iag [143].

Several methods can be followed to recover the
DINA required Tor sequencing, PCR amplifica-
tion of a known sequence can be usceful, when
specific PMCR primers are available, however,
sequencing of the resulting double-stranded PCR
nroduct is sometimes problematic. Alternatively,
asymmetric PCR |144]. in which the two sequence-
fianking primers are present at a 1100 ratio
during ampiification, allows generation ofasingle-
stranded sequencing template. In arder to produce
readable sequencing gels, however, the PCR-
generated templates must first be thoroughly
purified to remove all traces of PCR reagents.
Any residual ANTPs will interfere with the incor-
poration kinetics of the dideosynueleotides, re-
sulling in ambiguous sequencing hands [1435]
Tamplate punlcation can be aceomplished by the
use of specifically designed microcentrituge col-
umns or gels [103,146]. Single-stranded [DMNA
sequencing templates can alse be gencrated by
cloning the required DNA fragments into an
appropriate sequencing vector such as M13.

Although DNA sequence information is uscful
to identify sequence changes resulting from hase
altarations, which may have occurred by exposure
to DMA-damaging agents, the analvsis requires
comparison af the experimentally derived se-
quence with a known gene sequence. For many
applicarions this is very useful, however, nol all
DNA hase 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
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PCR-generated templates are being used |147].
DNA sequence analysis is usclul primarily [or the
identification of DNA damage induced by agents
that have the capacity to interact with DNA and
alter its chemical structure, For agents which may
alter gene expression via transcriptional regula-
tlom, post-transeriptional modification or gene
amplification, DNA sequence analysis of the
coding region ol a given gene would not vield
useful information. Additionally, DNA sequenc-
ing profocols are quite laborious and the required
effort is compounded by the generally laree size of
maosl mammalian genes. Detailed sequeance analy-
sis 15 therelore ollen intentionally restricled Lo
severial exons of 4 particular gene, or to previously
identified hot-spol regions m order to limit the
scope ol the analysis.

24, Imminological techniques

In addition o chermeal, chromatographic, and
clectrophoretic methods of detection, immuno-
logical technigues are used in analysis of environ-
mentallv-induced DINA damage. These include:
{11 analysis of INA with polyclonal and maono-
clonal antibodies {Ab), which recognize gither a
specific base modification or a group of related
DNA products; (2) detection of fragments of
modified basc derivatives excreted into the urine;
and (3) detection of Ah that recognize DNA
dumnage in the sera of individuals, who were or
wera suspected of being exposed to the particular
damaging agents.

241 Derecrion of modified bases in DN A
Oceupational exposure Lo a vanely of geno-
toxic and carcinogenic agents often results in
accumulation of damage in the DNA. Thul
damagz can be detected by chemical and physico-
chemical means. However, those technigues often
arc not scnsitive or specific enough. As early as the
late 1970s, there were reports showing that Ab can
be used to detect IMNA moditied by the carcino-
gen N-aceloay-N-ucelyl-2-aminofluorene  [148].
Alkylated dG was quantitated (by a high ulfinity
Ab) in DNA cxposed o N-clhyl-N-nutrosourea
and otheralkylating agents[149.1 50], whilc B{a)P-
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modified dG was detecled by radioimmunoassay
[}51]. Sinee then, the immunological methods
have become streamlined as well as more sophis-
ticaled, and have becn quite widely used 1
monitoring cnvironmental cxposurces. For exam-
ple. B PP diol cpoxide udductsin DINA have been
detected in animal and human tissucs [152]. and
in peripheral blood Ivmphocytes of coke oven
workers [133,134], Moneclonal Ab were used for
quantitation of carcinopen-DNA adducrs [135],
and [or assessing DNA damage and repair (ol-
lowing exposure to aflatoxin B, [1506].

Those methads utilized the competitive enzyme-
linked immunosorbent assav (ELISA). This assay
is based on attaching appropriate antigens (e,
meodified and unmodificd DNA, or a protein
carryving a particular modified hase) 1o the wells of
polyvinyvichloride micretiter plates, Tollowed by
incubation with polyclonal or monoclonal Ab.
Those Ab cun be preincubated with DNA isolated
front a biological source or with moedificd nucleo-
sides obtained from IDNA prior to their applica-
tron te the wells, 1f DNA samples conlain relevant
maodification(s) recognized by those A, the spe-
cific hinding to the wells would decline. Next. an
Ab (with a covalently-bound cnzyme. i.¢., horse-
radish peroxidase or alkaline phosphatase) that
recognizes the primary Ab bound 10 the plate is
used, followed by addition of the suhstrate of that
enzyme. The extent of the enzyme-mediated reac-
tion with the substrate is proportional 1o the
amount of enzyme bound through a secondary
Ab to the primary Ab, which interacted with the
antigen allached to wells. These inferactions 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 carly as
1982, a radioimmunoassay was used Lo detect TG
in DNA using rabbil anuscrum [L57]. Shortly
thereafter, & monoclonal anu-TG Ab was pre-
parcd [158]. This Ab was utilized for deteciion of
TG in DNA exposed Lo lopizing or near-UV
(actinic) radiations, and DNA oxidized by 050,
or H,O,. ELISA, utilizing this monoclonal Ab,
allowed monitoring of the formation and repair
of TG in »-lrradiated cultures of African grecn
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monkey cells, Using anti-TG rabbil polyclonal
Ab, Hubbard er /. [159] studied radiogenic and
(1sQ),-mediated formation of TG, and compared
those results with ones obtained by using chemical
and enzymatic methods. Moare recently, mono-
clonal anti-TG A 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 time. Moreover, the results indicated
that it is the arachidomic acid cascade that is
involved in formation of the B{a)P-induced oxi-
dative DNA damuge. These findings are very
important because the presence of an oxidized
base in IMNA was shown in cells exposed 1o a
PAH. Prior to thal, our laboratory showed {using
chemical metheds) that treatment of hepatic
microsomes with B{a)I' causes formalion of 1G
and 5-hvdroxymethvluracil (HMU) in the cain-
cubated DNA [40]. Recently, we showed that
oxidative damage in DNA also occurs iz vive in
epidermis of SENCAR mice treated with DMBA
I|B8,89]. That DNA contained HMdU as well as
$-0OHdG. Anti-8-OQIHAG rabhit polyclonal Ab
were used with a sensilivity approaching that of
ED but were much less susceptible to interference
by other companents present in the DNA aor
excreted into the urine [lal].

242 Detection of modified DNA base derivatives
M urthe

This subject and its applicabiiity Lo blomoni-
toring were recently reviewed [162] and, thercfore,
it will not be extensively discussed. Briclly, DNA
modificd by a varicly of agents 15 subject Lo repair,
which is either chemical or enzymatic in nature
[163-165]. Many of the removed DNA base
adducts or oxidized bascs arc excreted in the
uring, trom which they can be isolated and
analyzed. Since urtne contains & varicty of compo-
nents, it is not easy 1o isolate and guantitate
a particular chemical. Immunological methods
hold great promise in this respect hecause they can
utilize Ab-containing immuncaffinity columns
for isolation and purilication of an antigen trom
urinz, Preferably, thase Ab should not be too avid
to allow clution ol that antigen {rom the column.
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Then, igh-ahoity Ab can be used for thai
antigen's quantitation. These methods (immuno-
affinity chromatography and ELISA) were uti-
lized for quantitation ol urinary 3-methvladenine
and the effect of a diet on its levels [166], and for
quantitation of several 4-aminobiphenyl -IDNA
adducts [167]. 4-Aminobiphenyl, a human blad-
der carcinogen, is an occupational hazard (al-
though decreased because of governmentul regu-
lation), and is present also in tobacco smoke.
Additionally, these technigues were applicd Lo the
quantitution of aflatoxin-M7-guanine, which is a
product of DNA interaction with hepatocarci-
nogen aflatoxin B, a contaminant m foodstulls
such as peanuis [168]. This assay also was used to
show Lhal 1.2-dithiode-3-thione 1s chemoprotec-
tive in rats exposcd to aflatoxin By . As mentioned
above, 8-OFdG can be isolated from urine hy
immunoeaffinity chromatography [161], and used
as & biomarker of iz vive oxidative stress [169].

2.4.3. Recognition of modified DN A bases hy anri-
hodies present in hiaman sera

Coke-oven warkers are exposed o a mumber of
PAHs (51-162 pg/m” inside a protective respira-
tory mask), including B(a)P (7-10 pg/m*) [153,
154]. Uncompetitive ELISA [nsing goat anti-
buman inununoglobulin {Ig) reagents and the
avidin-biotin horseradish peroxidase (HRFPQ)
detection system] showed thal 11 (aboul 27%) of
4] workers whose sera were analyzed claborated
Ab that recognize B{a)P diol epoxide DNA ad-
ducts [1353]. Cigarcie smoking did nol influcnee
the requency of those Ab present in the workers®
sera. Those Ab were predominantly of the 1gG
isotype, but scra of two workers also contained
1gM Ab.

Recently, our laboratory locked for Ab that
recognize axidized DNA base derivatives in hu-
mal sera [170-172]. We also used FLISA as the
assay system but with different detection reagents.
Microtiter plates were coated with HMdU coupled
to bovine serum albumin (HMdU-BSA) or mock-
coupled BSA for detection of non-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
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bound HRPO was used as the secondary Ab, since
these Ab were exclusively ol the TgM isotype.
Addition of the substrate, o-phenylenediamine,
and H,0; resultled in the development of a yellow
color (at acidic pH), which was propoeftional to
the amount of human Ab bound to wells. that was
maeasured at 492 nm in an ELISA reader, We
found that even healthy people develop anti-
HMJU Ab. However, those sullermg [rom a
variety of inflammatory discases contained signif-
icantly clevated titers of this tvpe of Ab. The
avidity of binding scems 1o depend on the type of
inflammatory condition, being the lowest for
systemic lupus ervthematosus < psoriasis <2 im-
mune complex diseases < patients with a history
ol neoplasia. Ab titers in the sera of patients with
some non-inflammatory conditions {i.e., bulous
pemphigoid, venous leg ulcers) were even lower
than those in healthy controls. Interestingiv,
treatment with cvtotoxic and anti-inflammarory
drugs decreascd the elevated Ab titers virtually to
control levels [171] In contrast, treatment of
psoriasis with UVB enhanced those Ab Gers o
even higher levels [172]. Recently, we analyzed the
sera o workers exposed 1o carcinogenic metal
denvalives, These Ni—Cd battery workers waere
cxposed to Cd and Ni oxides. We found that both
metals enhance anti-HMdU Ab titers. with Ni
being more potent than Cd (Fig, ) [173], Since a
number of metals have been shown to induce
cxidative processes [174-176], the presence of
anti-HMdL? Ab in human sera may be a measure
of exposure Lo those meltals as well as (o the
cumulative effects of oxidative stress, which is a
hallmark of chronic inflammalion known to exert
cocarcinogenic actions [4]. Interestingly, the sera
of workers exposed to Ni and/or Cd also con-
taimed Ab that recopnize brain glial fibrillary
acidic protein as well as neuron-speciflic neuro-
filamenl proteins {H. Evans, personal commuuni-
cation).

T CONCLUSIONS
In summary. we have nresented a number of

techniques that are currently being used in the
analysis of “environmentally” damaged DNA.
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These typically include chromatographic and
chemical methods, as well as clectrophoretic and
immunclogical techniques. These methods rapid-
ty become more sophisticated and new Lypes of
assays conunually become available. There are
many other analylical methods that take advan-
tage of biological end-poinls, which are beyond
the scope of this review. These may include the use
ol various repair enzvmes or delection ol muta-
gcnic and/or carcinogenic potential, as well as
cvtogenetic 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 TDNA™.
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