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Abstract

DNA adducts are formed when electrophilic molecules or free radicals attack B'NA. P-postlabeling has been the most
commonly used assay for quantitation of DNA adducts due mainly to its excellent sensitivity that allows quantitation at
concentrations as low asl adduct per 10 normal bases. Such methods, however, do not have the specificity desired for
accurate and reliable quantitation, and are prone to produce false positives and artifacts. In the last decade, mass
spectrometry in combination with liquid and gas chromatography has presented itself as a good alternative to these
techniques since it can satisfy the need for specificity and reliability through the use of stable isotope-labeled internal
standards and highly specific detection modes such as selected reaction monitoring and high-resolution mass spectrometry. Ir
this article, the contribution of mass spectrometry to the quantitation of DNA adducts is reviewed with special emphasis on
unique applications of mass spectrometry in the area of DNA adduct quantitation and recent applications with improvements
in sensitivity.
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or processes. In earlier studies, this has mostly been

done indirectly by measurement of the exposure at

DNA is prone to alteration by electrophilic re-
agents due to the presence of nucleophilic sites on its
purine and pyrimidine bases, guanine, adenine,
thymine, and cytosine. The most active of these
nucleophilic sites are nitrogen atoms at position 7 of
guanine and position 3 of adenine [1,2]. Electrophilic
compounds can react with one of the DNA bases,
acting as a nucleophile, causing a covalent modi-
fication of the DNA base. This covalently modified
DNA base is referred to as a DNA adduct. The
electrophilic reagents that produce these DNA ad-
ducts may be introduced from either exogenous
sources or produced in vivo endogenously through
the processes such as lipid peroxidation and oxida-
tive stress [3]. Many of these carcinogenic chemicals
are not electrophilic initially, i.e. are not directly
reactive with DNA, but become so upon metabolic
activation. A good example of such a metabolic
activation reaction is conversion of alkenes to elec-
trophilic epoxides by cytochrome P450. Most of the
DNA adducts formed do not persist in DNA. There
are repair mechanisms such as base and nucleotide
excision repair and dealkylation that can remove
many of these modifications from DNA. However, if
not repaired efficiently, the DNA adducts can cause
miscoding during transcription and lead to mutations
and to cancer eventually. Therefore, DNA adduct
formation is widely believed to be a critical step in
carcinogenesis.

DNA adducts represent excellent biomarkers for
determining the extent of damage to the genetic
material, which has long been of interest in under-
standing the mechanism of carcinogenesis and in the
assessment of cancer risk posed by various chemicals

high levels and by use of theoretical models. In
doing so, one has to consider factors such as
absorption, metabolism, detoxification and DNA
repair in order to accurately estimate the damage that
a particular chemical may cause in DNA. On the
other hand, measurement of the concentration of
DNA adducts provides one with the dose in the
tissue, thus integrating all these factors that can vary
significantly from one individual to another. For this
reason, DNA adducts are indispensable tools in the
development of biomarkers for specific substances or
processes, and can be used for improving our
understanding of the mechanism of carcinogenesis
and accuracy of the process of risk assessment.
Therefore, accurate quantitation of DNA adducts is
essential and constitutes an important area of re-
search.

Various methods have been developed for quanti-
tation of DNA adducts. Of these methods, the most
commonly used ones*are P-postlabeling (PPL),
high-performance liquid chromatography (HPLC)

with electrochemical detection, and various chro-
matographic techniques utilizing mass spectrometric
detection. HPLC with fluorescence detection, im-
munoassays, and accelerator mass spectrometry
(AMS) are also used for quantitation of DNA
adducts. The methods used for quantitation of DNA
adducts can be grouped into two major categories in

terms of sensitivity and specificity. In one category,

methods such as PPL and AMS have tremendously
high sensitivity, but lack specificity. The other

category includes those that are highly specific, but
not as sensitive as the methods in the first category.
The mass spectrometric techniques, which fall into
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the latter, are highly specific owing to the capability
of mass spectrometry to provide structural infor-
mation and unambiguous quantitation through the
use of stable isotope labeled internal standards. The
sensitivity of the mass spectrometric methods, de-
spite being lower than those of the techniques in the
first group, is improving constantly through new
developments in the design of instrumentation and in
the methods of sample introduction. In light of these
continuing developments, mass spectrometric tech-
niques appear to have the potential to become the
most complete method for the analysis of DNA
adducts by providing both sensitivity and specificity.
Furthermore, mass spectrometers are being utilized
more widely than ever as a result of the decrease in
the cost of the instrumentation that is much more
compact and can easily outperform the earlier
models.

The purpose of this article is to present a review of
currently available mass spectrometric methods used
for quantitation of DNA adducts. Studies employing
mass spectrometry as a qualitative tool, mainly in
characterization of novel DNA adducts, will be left
out of the scope of this review. The methods
employing LC—MS techniques will be given more
attention than the other mass spectrometric methods
due mainly to the continual improvements being
made in this area.

2. Methods for analysis of DNA adducts

The methods for analysis of DNA adducts include,
as briefly discussed above, the methods using
radioactivity and scintillation counting (following
administration of radiolabeled compound$), P-post-
labeling, accelerator mass spectrometry, immuno-
assays, liquid chromatography coupled with electro-
chemical detection, and mass spectrometric methods.
Several reviews covering these methods have been
published. A comprehensive review of the role of
mass spectrometry in the analysis of DNA adducts
has been done by Chiarelli et al. [4]. Application of
electron capture mass spectrometry (EC-MS) to the
analysis of DNA adducts, with a special emphasis on
the sample preparation, was covered in great detail
by Giese [5]. The latest developments in the area of
EC-MS were presented by the same author with
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extensive experimental details and model applica-

tions [6]. Applications of capillary liquid chromatog-
raphy and capillary electrophoresis were recently
reviewed by Apruzzese et al. [7]. Liquid chromatog-
raphy and electrophoresis techniques using electro-
spray ionization mass spectrometry (ESI-MS) as the

method of detection have been discussed briefly in
relation to the analysis of DNA adducts [8]. Applica-
tion of high-performance liquid chromatography with
electrochemical detection for the determination of
the biomarkers of oxidative stress has been covered

by Hensley et al. [9]. Recently, Phillips et al. [10]

discussed the strengths and the weaknesses of the
methods employed in the assessment of genotoxicity
of a compound.

3. Considerations for sample preparation and
handling

Sample preparation is considered by many sci-
entists to be the most critical step in the quantitation
of DNA adducts by mass spectrometry. DNA ad-
ducts are present in a complex matrix in which there
could be up t8 10 -fold excess of unmodified bases.
In addition, there often are other contaminants such
as proteins, RNA and glycogen present in significant
amounts depending on the purity of DNA. It is,
therefore, important to employ a good sample prepa-
ration strategy to successfully extract and enrich
adducts of interest from this complex DNA matrix.
This is critical to reduce the potential negative
effects of interfering compounds on the sensitivity of
the method, and also to improve the reliability of
data generated. For example, inorganic salts and
other highly polar compounds are common con-
taminants in the DNA matrix, and can adversely
affect the sensitivity of electrospray ionization (ESI)
by suppressing the ionization process itself even
when they are present in low amounts. Other con-
taminants may simply increase the baseline and
result in loss of sensitivity. Therefore, effort should
be spent to remove materials other than the analyte(s)
of interest from the matrix. This is the ultimate goal
of the whole sample preparation process employed
prior to the mass spectrometric analysis and it should
be taken into consideration when the procedures for
sample preparation are designed. Ideally, the pro-
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cedures employed should be as specific to the analyte

as possible.

The type of mass spectrometric technique em-
ployed for detection of the DNA adduct (e.g. LC—
MS, GC-MS, etc.) determines the nature and amount
of sample preparation needed. It is of course most
desirable to select a method with minimal sample
preparation requirements for the reasons that will be
discussed below. Time and labor can be a factor as
well, especially when the number of samples that
need to be analyzed, is significant. From the sample
preparation point of view, the LC-MS techniques
would be preferred, as they offer the most efficient
and simple methodology as long as they provide the
satisfactory sensitivity for the application at hand.

Quantitation of DNA adducts by mass spec-
trometry consists of three major steps; DNA isola-
tion, hydrolysis of the DNA and enrichment of the
adduct of interest in the hydrolysate, and finally
analysis of the DNA hydrolysate by LC-MS or
GC-MS. A generalized scheme for the analysis of
DNA adducts by mass spectrometry is given in Fig.
1. The quality of the DNA obtained from DNA
isolation is of great importance, since contaminants
present in the DNA can cause interference or signal

DNA isolation from tissue

Spike with internal standard

v

Hydrolysis/Digestion of DNA

A\ 4

Enrichment of DNA adduct of interest

:

Quantitation by mass spectrometry

\

Fig. 1. Scheme for quantitation of DNA adducts by mass spec-
trometry.
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suppression during the mass spectrometric analysi:
as discussed above. DNA isolation is also a step
where some modifications could be introduced arti-
factually into the DNA if precautions to avoid such
modifications are not taken. These modifications may
not be of concern if they do not interfere with the
analysis of the DNA adduct being studied. It does,
however, present a problem for some particular
adducts as will be discussed in detail below. Another
concern besides the purity of DNA is the stability of
the DNA adduct under investigation. The DNA
isolation procedure should be designed so that the
DNA adduct is preserved in DNA throughout the
whole isolation procedure.

Following DNA isolation is the hydrolysis or
digestion of the DNA to release the DNA adduct of
interest. The method of choice in this step is
determined by the desired form of the DNA adduct
for mass spectrometric analysis, i.e. nucleobase, 2-

deoxyribonucleoside, or 2-deoxyribonucleotide. En-
zymatic digestion could typically be used to obtain
the DNA adducts in the form of nucleotides and
nucleosides. However, there is not much specificity
in this type of hydrolysis since all the unmodified
= -@eoxyribonucleotides /2 - deoxyribonucleosides
are cleaved from DNA along with the targeted
adducts. Therefore, the resulting hydrolysate contains
the normal and adducted nucleosides or nucleotides.
Mild acid hydrolysis results in a somewhat cleaner
matrix because it cleaves only the purine bases,
leaving the pyrimidine bases intact on the DNA
backbone. The DNA backbone and associated py-
rimidine bases still attached can easily be separated
from the purines by filtration or precipitation. It is, of
course, most desirable to remove only the DNA
adduct of interest from DNA and obtain a perfectly
clean sample. There are applications for certain types
of adducts that approach this ideal situatibly. and
N3 purine adducts for example can easily be re-
moved from DNA by neutral thermal hydrolysis
(NTH), leaving the backbone of the DNA, other
unmodified bases, and bases modified at locations
other thenN7 andN3. There are reports of utiliza-
tion of repair enzymes to selectively remove modi-
fied bases. One such study was done by Dizdaroglu
et al. [11] to cleave 8-OH-Gua selectively prior to
LC-MS analysis usinge. coli Fpg protein. In the
analysis of DNA adducts by PPE? P-labeled bases
can also be cleaved from DNA very selectively.
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After hydrolysis there may be a need for further
clean-up depending on the level of adducts in the
sample and type of analysis used for quantitation. In
the case of mass spectrometric analysis, typically
some sort of enrichment of the adducts of interest is
needed, since the concentration of the modified bases
in real matrices is usually very low relative to the

unmodified bases (on average 1 adducted base/10 —

10° unmodified bases). The choice of enrichment
technique is determined by the characteristics of the
DNA adduct and resources available. It could be as
simple as solid-phase extraction (SPE) or as sophisti-
cated as immunoaffinity chromatography, or most

Fenton chemistry are believed to be responsible for

the artifactual formation of 8-OH-Gua from un-
modified dGuo present in large amounts in the
sample. The addition of radical scavengers, such as
BHT (2,4eidi-butyl-4-methylphenol) and
TEMPO (2,2,6,6-Tetramethyl-1-piperidinyloxy, free

radical), appears to minimize artifactual formation if

present in the solution throughout the whole sample
processing procedure. Recognizing that some ad-
ducts could form as an artifact during sample

preparation, this possibility should be investigated

for each adduct of interest as part of the method
development. In situations where there is artifactual

formation, the contribution from the artifacts should
be reduced to levels below the detection limit of the
method for a successful analysis.
The presence of large amounts of matrix com-

desirably, the isolation of the adduct from the DNA
could itself be highly selective as in the case of
hydrolysis byE. coli Fpg protein to isolate 8-OH-
Gua.

It should be kept in mind that as more and more
steps are included in the sample preparation pro-
cedure, there will be an increase in the loss of
sample during the processes employed in these
additional steps such as sample transfer and solvent
exchange, and increase in the losses due to ad-
sorption of the analyte to surfaces. Furthermore, the
possibility for introduction of artifacts increases as
the sample processing becomes more complex.
Therefore, one has to decide whether the step being
added results in a net gain in terms of sensitivity
and/or specificity. On-line sample clean-up tech-
niques, that have recently started to be used in DNA
adduct analysis [12], have great promise for future
applications as they cause minimal sample loss due
to elimination of sample transfer.

The creation of artifacts during sample processing
and storage is also of great concern. One should
always exercise precaution to avoid artifactual for-
mation of the DNA adduct of interest during the
sample processing and handling. However, some
adducts are more likely to form an artifact than
others due to their relative ease of formation under
the conditions used in sample preparation and hand-
ling. A good example of such a DNA adduct is
8-hydroxyguanine (8-OH-Gua), a well-studied bio-
marker of oxidative DNA damage. There have been

ponents due to insufficient enrichment of the analyte
can result in significant increase in the detection limit
of the method. This could be in the form of either an
increase in the baseline, making measurements
below this elevated baseline impossible, or an overall
loss in the sensitivity due to the suppression of
ionization as in the case of electrospray ionization. It
is therefore very critical to ensure efficient removal
of these interfering compounds prior to detection.
Since the compounds that create these problems ar
usually very similar in chemical behavior to the
DNA adduct under investigation, their removal from
the sample using separation techniques such as
reverse phase chromatography can present a great
challenge. However, techniques like immunoaffinity

chromatography that are much more specific to the

DNA adduct of interest could be used to help
eliminate the interfering compounds from the sam-
ple. One can also use automated switching valves to

divert these interfering compounds to the waste

instead of ionization source to reduce the suppression

effect. Although one could incorporate such a pro-

cedure in GC—MS methods as well, the LC-MS
methods are better suited for these kinds of applica-

tions.

reports suggesting the artifactual formation of this 4. On-line sample clean-up

adduct in almost every step of the analysis including
isolation and hydrolysis of DNA, repetitive thawing
of DNA, **P-postlabeling, and even during electro-
spray ionization [13]. Hydroxy radicals arising from

Multidimensional chromatography is useful in the

separation of complex mixtures of biomolecules
where a single chromatographic separation is not
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sufficient. It could be performed as different combi-
nations of chromatographic techniques such as ion-
exchange, reverse-phase, normal-phase, size exclu-
sion, affinity, immunoaffinity, etc. Various forms of
multidimensional chromatography are also common-
ly utilized for the purpose of removing undesired
compounds from the sample prior to the final
analysis. In LC—MS experiments, this is typically
done by performing an extra chromatographic sepa-
ration of the same or different chemistry before the
existing separation in order to isolate a desired
portion of the sample. These types of two-dimen-
sional chromatographic on-line separations are made
possible through the use of automated switching
valves. For this reason, they are commonly referred
to as column-switching techniques. The most com-
monly employed forms of two dimensional chroma-
tography as applied to the on-line sample clean-up
are on-line salt removal (desalting), sample pre-
concentration or stacking, and “heart-cut” injection
of desired compounds, where only the compounds in
a selected window of retention from the first chro-
matographic separation (first dimension) is allowed
on to the second chromatographic separation (second
dimension), while the compounds out of the selected
window are diverted to the waste. A generalized
scheme for a column-switching setup that could be
used for these purposes is depicted in Fig. 2. In these
column-switching applications, typically a smaller
column is used as a trap column prior to separation

H. Koc, J.A. Svenberg / J. Chromatogr. B 778 (2002) 323-343

on an analytical column. The sample is loaded onto
the trap column while the analytical column is being
conditioned with the starting mobile phase. The
effluent from the trap column is directed to the waste
until shortly before the analyte of interest elutes. The
retained analytes in the trap column are then back
flushed onto the analytical column until all of the
desired compounds are carried onto the analytical
column. Flow of the trap column is again diverted to
the waste until the next run. After the analyte is
transferred from the trap column onto the analytical
column, it is eluted with the choice of mobile phase,
and is detected.

On-line desalting techniques using column-switch-
ing have proven extremely useful, especially for
LC—-ESI-MS methods. Most biological samples con-

tain some salt, which can suppress electrospray
ionization. Salts and any other poorly retained com-
pounds can be easily removed by on-line desalting.

This process typically adds 1-2 min to the run time,
which is very minimal compared to hours that could
easily be spent when this is done off-line, for
example, using solid-phase extraction.

Trap columns can also be packed with a media
highly specific to the DNA adduct studied. The best
example of this is on-line immunoaffinity clean-up
using columns packed with resins containing anti-
bodies raised against the analyte. There have beer

numerous examples of on-line immunoaffinity chro-
matography in the area of bioanalysis. Recently, it

Isocratic

mobile phase

Analytical
column

To MS

LOAD

INJECT

Trap Q
column

Injector To Waste

0
»
o
.

Gradient
mobile phase

Fig. 2. A general scheme of a column-switching setup that can be used for on-line sample preparation and clean-up.
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has also been employed in quantitation of DNA
adducts [12,14].

5. Unique features of mass spectrometry in
quantitative analysis of DNA adducts

The main reason for a scientist to use mass
spectrometry in a quantitative method is the high
level of specificity it provides in the detection
process. In a typical mass spectrometric detection,
ions at a mass/chargen(z) within a fixed window
of atomic mass unit (amu) (typically 0.5—-1 amu) are
registered. This mode is referred to as selected ion
monitoring (SIM). SIM enhances the specificity of a
method significantly, especially, when it is combined
with a chromatographic separation prior to the mass
spectrometric detection. The degree of specificity for
the mass spectrometric detection can be further
increased by performing even more specific modes
of mass spectrometric detection. Two important
examples of these highly specific modes are high-
resolution mass spectrometry (HRMS) and tandem
mass spectrometry in selected reaction monitoring
(SRM) mode. In HRMS, the window of detection is
even narrower than that in SIM, which results in
significant reduction of the contribution from pos-
sible interfering ions at then/Z's close to that of the
analyte. SRM, typically performed using an instru-

ment capable of tandem mass spectrometry such as

triple quadrupole and quadrupole—time of flight mass
spectrometers, is the most specific mode of mass
spectrometric detection. In order to register a re-
sponse in an SRM experiment, the analyte has to
have the right mass and also produce a predeter-
mined fragment ion upon fragmentation by collision-
induced dissociation (CID). The increased specificity
that SRM and HRMS provide is highly valuable in
reducing or eliminating interferences from complex
biological matrices. Our laboratory [15] has demon-
strated the importance of increased specificity pro-
vided by HRMS in trace level quantitation in a study
that investigated the effectiveness of increasing the
resolving power of the mass spectrometer in reduc-
tion of the contribution from an interfering com-
pound during quantitation of N7-(2-hydroxy-
ethyl)guanine present endogenously in rat spleen
DNA. It was concluded in this study that at resolving
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powers of 10 000 and above the contribution from
the interfering compound present in the biological
matrix was negligible.

Mass spectrometric detection also permits one to
conduct isotope dilution mass spectrometry (IDMS)
experiments through its unique capability to differen-
tiate compounds based on the differencenitz. This

capability could also be exploited to characterize
compounds that co-elute or are not completely

resolved in a chromatographic separation. In a

typical IDMS experiment, standard compounds that
are prepared by replacing several atoms in that
compound with their stable isotopes slith as C or
N are used as internal standards. The internal
standard prepared this way is almost identical chemi-
cally to the analyte. When added to the sample
before the sample preparation procedure, these stable
isotope internal standards can be used to correct for
losses during the sample preparation and variations
in the mass spectrometric response, since the analyte
and its corresponding stable isotope internal standard
behave extremely similar in the processes to which
the sample is subjected. It is now almost a standard
practice among scientists in this area to use these
kinds of internal standards in quantitation when mass
spectrometry is used as the method of detection. In
our opinion based on personal experience, a quantita-
tive mass spectrometric method becomes much less
reliable as a quantitative tool without the stable
isotope internal standards due to significant fluctua-
tions observed in the sensitivity of the mass spec-
trometric response. This is true especially in LC—MS
techniques using atmospheric pressure ionization
techniques such as electrospray and atmospheric
pressure chemical ionization. lonization efficiency in
these atmospheric pressure ionization processes are
widely recognized to be highly sensitive to even
slight changes in experimental conditions such as
solvent composition, condition of the source (e.qg.
contamination of the source from unknown chemi-
cals present in samples), and presence of salts in the
solution or in the ionization source.
Another unique application of mass spectrometry
in the area of DNA adduct quantitation is found in
studies where the origin of the DNA adduct is under
investigation. As we know, some DNA adducts can
be induced by both endogenous and exogenous
chemicals [3]. Through the use of stable isotope

15
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analogs, mass spectrometry can allow one to quanti- 6. Application of mass spectrometric methods

tate the DNA adducts originating from different for quantitation of specific DNA adducts

sources by taking advantage of the mass difference

between the chemicals that induce the DNA adduct The last decade witnessed a tremendous increase
and its stable isotope analog. In one such study by in utilization of mass spectrometry in the area of
Morinello et al. [16], male Sprague—Dawley rats DNA adduct analysis. Most of these applications
were exposed tés C -labeled vinyl chloride (VC) by have been in a qualitative manner, i.e. identification
inhalation in order to determine the sourceNt 3- and characterization of novel DNA adducts or con-
ethenoguanineN?,3<Gua) in the brain and hepat- firmation of the identity of known adducts. Recently,
ocyte DNA. Using a highly specific and sensitive More and more laboratories have also begun studies
immunoaffinity-gas chromatography-isotope dilution 0 develop mass spectrometric assays for quantita-
high resoluton mass spectrometry (IA-GC— tion. This is largely due to decreasing cost of mass
IDHRMS) method, they have analyzed the DNA spgctro_meters, |mpr_oved sensitivity of the new gene-
samples from hepatocytes and brain for bdth3- ration instrumentation, the use of stabl_e isotope
eGua and P° G IN23<Gua. By administering internal standards, the new approaches in clean-up
[1302]-VC, they could distinguish the endogenously procedures, and _the development of more user-
formed N2 3<Gua from the VC-derivedN23<Gua friendly data stations for mass spectrometers that
since the VC-derivedN? 3<Gua would be 2 mass ©NC€ required a dedicated mass spectrometrist to
units greater. They showed that the amount of oper_ate. D_evelopment of new int_erches_ such as ES|,
[:°C,]-N23-Gua in hepatocyte DNA increased from matrix assisted laser desorption ionization, and ther-

background levels to 6910 N2,3<Gua adducts/10 mospray ionization for coupling liquid chromatog-
. . ._raphy to mass spectrometry has also started a new
normal guanine bases, while there was no change in

- : era in analysis of biomolecules. Through these
endogenous levels in liver or brain DNA. In contrast, . .
13 : . : interfaces, polar biomolecules that could not be
[*C,]VC did not cause an increase in the con-

. . . introduced into a mass spectrometer without some
centration of {* G JN?3-<Gua in the brain. The fact | . S :
’ . . kind of derivatization can now be analyzed directly.
that [°C,]N*3-<Gua was not detected in the brain 4 y

DNA d that the V ific adduct did In addition, electrospray ionization has eliminated
'suggeste' that t ef .C-spem Ic adduct did not the need for mass analyzers with a large range of
form in the brain. In a similar recent study, a stable

. - 1 mass because of the phenomenon that it generates
isotope-labeled ethyl linoleate '{[ & J-EtLA) was

i ) multiply charged ions from most high molecular
used to investigate whether or nbf’,3<Gua Was  mass biomolecules such as proteins and oligonucleo-

formed by products of lipid peroxidation [17]. Re-  {des. Since mass spectrometers measwia a

actions of 2-deoxyguanosine with'f ¢ ]-EtLAand 20000 Da polypeptide that carries 20 charges upon
4-hydroxy-2-nonenal (HNE) were conducted and the jonjzation in an ESI source would have amz of

resulting reaction products were analyzed by both 1000 and is therefore easily detected by affordable
IA-GC-EC-ID-HRMS and IA-LC-ESI-IDMS-MS  mass analyzers like quadrupole mass analyzers.

for *°C-labeled and unlabelet®3<Gua. It was Mass spectrometric methods such as GC-MS,
demonstrated that there wa®©0% incorporation of LC—MS and capillary zone electrophoresis—mass
13 . 2 . 2 . .

C in N%3-<Gua formed while the unlabeled *,3- spectrometry (CE—MS) are developing rapidly to

eGua increased to a lesser extent. These resultshecome the methods of choice in quantitation of
suggested that two separate mechanisms existed foDNA adducts. The most commonly used mass
the formation ofN?3-<Gua by oxidative processes spectrometric techniques are however gas chroma-
involving both HNE and EtLA. Studies such as those tography with negative ion chemical ionization mass
summarized above would not have been possible if it spectrometry (GC—EC-MS) and liquid chromatog-
was not for the unique capability of mass spec- raphy with electrospray mass spectrometry (LC—
trometry to discriminate chemically similar com- ESI-MS).

pounds based on a slight difference in mass. In the following sections, we will review quantita-
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tive methods utilizing mass spectrometry as the
method of detection. The methods will be grouped
according to the origin of the DNA adduct or adducts
under consideration. This review of quantitative
mass spectrometric methods for DNA adducts is also
presented in a tabular format for quick reference
(Table 1). Accelerator mass spectrometry, even
though it is referred as a mass spectrometric tech-
nique, is different from the rest of the mass spec-
trometric techniques in that it provides no infor-
mation on chemical structures of the isotopic com-
pounds it measures. Therefore, the methods using
this mass spectrometric technique are not covered in
this review. Interested readers are referred to the
excellent work that has been published on applica-
tions of accelerator mass spectrometry for quantita-
tion of DNA adducts [10,18-20].

6.1. Reactive oxygen species

Reactive oxygen species (ROS) are reactive free
radicals formed from molecular oxygen during meta-
bolic pathways. ROS and other free radicals cause a
number of lesions in DNA, the best known and well
studied of them being 8-OH-Gua. This adduct has
been quantitated mainly by HPLC with electrochemi-
cal detection (See Ref. [9] for a review). GC-MS
methods were also developed and broadly used for
quantitation of 8-OH-Gua as well as other ROS-
induced lesions [21-25]. Anson et al. [21] developed
such an assay for simultaneous quantitation of
lesions resulting from damage by radical oxygen
species using the GC—MS method developed earlier
by the same laboratory [22]. The lesions studied
were 5-hydroxyuracil (5-OH-Ura), 5-hydroxy-
hydantoin (5-OH-Hyd), 8-OH-Gua, 2,6-diamino-4-
hydroxy-5-formamidopyrimidine  (FapyGua), 4,6-
diamino-5-formamidopyrimidine (FapyAde), 8-hy-
droxyadenine (8-OH-Ade), 5,6-dihydroxyuracil (5,6-
diOH-Ura), 5-hydroxy-5-methylhydantoin (5-OH-5-
Me-Hyd), 5-(hydroxymethyl)uracil (5-OH-Me-Ura),
and 5-hydroxycytosine (5-OH-Cyt). Authors used
this method to study differences in the amount of
these adducts in mitochondrial and nuclear DNA
from livers of Wistar rats. Significant differences
were detected only for 5-OH-Ura, 8-OH-Ade, and

5-OH-Cyt. For the rest of the DNA adducts, the
concentrations in both types of DNA were similar.
Recently, quantitation by LC-MS of 8-OH-Gua,
both as base and nucleoside, has been shown to be
an attractive alternative to the earlier GC-MS meth-
ods. Serrano et al. [26] developed the first LC—ESI-
MS—-MS method for quantitation of 8-OH-dGuo and
was able to quantitate it in adriamycin-exposed
Sprague—Dawley rats at 0.2 adducts/10 normal

dGuo. However, no stable isotope internal standard

was used in the method. The LC-MS methods
appear to be well suited, particularly for 8-OH-Gua,
because they minimize the artifactual formation due
to simplicity of the required sample preparation. An
interesting phenomenon has been observed during
detection of 8-OH-dGuo by LC—-ESI-MS. Ravanat et

al. [13] have first suggested a partial conversion of
normal dGuo to 8-OH-dGuo during electrospray
ionization, as evidenced by the existence of a peak in
the 8-OH-dGuo channel at the same retention time as
that of dGuo. We have also observed this partial

conversion of dGuo to 8-OH-dGuo when we ana-
lyzed rat liver for 8-OH-dGuo. Fig. 3 shows a SRM
trace for a rat liver DNA. The first peak in this
chromatogram corresponds to the 8-OH-dGuo that is
believed to originate from conversion of dGuo to
8-OH-dGuo in the ESI source after it eluted from the
HPLC column. This conversion however does not
interfere with the quantitation as the two compounds
are well separated on the HPLC column prior to
ionization.
Ravanat et al. [13], in the study just mentioned,
have evaluated the sensitivity of the detection modes
SIM and SRM during the development of an LC-
IDMS method for quantitation of 8-OH-dGuo. A

stable isotope-labeled internal anafog, [*N , C ]-8-
%

OH-dGuo, was synthesized and used as internal
standard. The sensitivity in the SIM mode was

extremely poor with a detection limit of 5 pmol

while the detection limit was lowered®@@fmol in

the SRM mode. They applied the newly developed
LC—ESI-IDMS—MS method to the analysis of DNA

from control pig liver and calf thymus, and urine
samples.

Renner et al. [27] developed an LC-MS method
for the quantitation of urinary 8-OH-dGuo. Off-line
SPE was used for initial removal of some urinary
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Table 1

Summary of applications of mass spectrometry to quantitation of DNA adducts

Compound Adduct Method Refs.

Reactive oxygen 8-OH-Gua, 8-OH-Ade, 5-OH-Ura, GC-IDMS [21-25]
species 5-OH-Hyd, FapyGua, FapyAde,

5,6-diOH-Ura, 5-OH-5-Me-Hyd,

5-OH-MeUra, 5-OH-Cyt

8-OH-Gua LC—-ESI-IDMS [11,13]

8-OH-dGuo LC—ESI-IDMS—-MS [13,27]

8-OH-dGuo, 8-OH-dAdo LC—-ESI-MS-MS [28]
LC—ESI-IDMS-MS [29]

Lipid N?3-<Gua GC-EC-IDMS [33,34]
peroxidation GC-EC-IDHRMS [16,17,36-38]
products N?3-€Gua, IN*-aGua GC-EC-IDHRMS [38]

1,N*-eGua, OH-Ethano-Gua LC—-ESI-IDMS-MS [41,42]
1N°%-eAde LC—ESI-IDMS [80]
LC—-ESI-IDMS-MS [43]
N?3-<Gua LC—ESI-IDMS [39]
1,N%-edAdo, 3N*-edCyt LC—ESI-IDMS-MS [12]
3 N*-edCyt LC—ESI-IDMS-MS [14]
M,G GC-EC-IDMS [44-47]
LC—ESI-IDMS-MS [49]
Cr-dGuo,HX-dGuo,HNE-dGuo LC—-ESI-MS-MS [48]

Polycyclic BP-6N7-Gua, BP-6N7-Ade LC-ESI-MS [51]
aromatic BPDE-dGMP adduct CE-ESI-MS-MS [53]
hydrocarbons BPDE-tetraols CE-EC-IDMS [52]

Olefins N7-Gua adducts of butadiene LC-ESI-IDMS-MS [54-56]

N7-Gua adducts of ethylene GC-EC-IDMS-MS [15,57,59,60,81]
LC-ESI-MS [61]
LC—ESI-IDMS-MS [62]
N7-Gua adducts of propylene GC-EC-IDMS-MS [64,65]
N7-Gua adducts of styrene ICP-MS [66]
LC-ESI-MS
LC—ESI-IDMS-MS [67]
Alkylating agents N3-alkyladenines GC-IDMS [69,70]
Radiation ThdGly, 5-OH-dUrd, 5-HMdUrd, LC—ESI-IDMS-MS [77]
5-For-dUrd, 8-OH-dGuo,
and 8-OH-dAdo.
dBF-8-OH-dGuo, 8-OH-dGuogF LC—ESI-MS—-MS [78]

Bisphenol A Bisphenol A diglycidyl ether- LC-ESI-MS [79]
diglycidyl ether dGMP adducts

Heterocyclic dGud=8-PhIP LC-ESI-MS-MS [75]
aromatic amines dGuG8-1Q, dGuoN2-1Q LC-ESI-MS-MS [76]

4-aminobiphenyl dGua-C8-4-ABP adducts GC-EC-IDMS [71,72]

dGuo-C8-4-ABP adducts LC-ESI-IDMS [73]

Mephalan dAMP adducts of melphalan LC-ESI-MS-MS [82]

Abbreviations used in the methods column are given at the end of the article. Abbreviations for adducts: 5-hydroxyuracil (5-OH-Ura),
5-hydroxyhydantoin (5-OH-Hyd), 8-hydroxyguanine (8-OH-Gua), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua), 4,6-diamino-
5-formamidopyrimidine (FapyAde), 8-hydroxyadenine (8-OH-Ade), 5,6-dihydroxyuracil (5,6-diOH-Ura), 5-hydroxy-5-methylhydantoin
(5-OH-5-Me-Hyd), 5-(hydroxymethyl)uracil (5-OHMeUra), and 5-hydroxycytosine (5-OHCyW®-Ethenoadenine (M°-eAde), 3N*
ethenocytidine (3 *-eCyt), 1N*-ethenoguanine (N, >eGua), andN *3-ethenoguanineN(’,3-<Gua), Pyrimido[1,2-alpha]purin-10(3H)-one
(M,G), Crotonaldehyde-modified dGuo (Cr-dGuo), 2-hexenal-modified dGuo (HX-dGuo), and 4-hydroxy-2-nonenal -modified dGuo
(HNE-dGuo), 7-(benzo[a]pyren-6-yl)guanine (BRNG-Gua), 7-(benzo[a]pyren-6-yl)adenine (BANB-Ade) Anti-7,8,9,10-tetrahydrobenzo-
[a]pyrene-7,8-diol 9,10-epoxide (BPDE), 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PNHJeoxyguanosin-8-yl)-2-amino-3-
methylimidazo[4, 5-flquinoline (dGu&8-1Q), 5-(deoxyguanosin-N(2)-yl)-2-amino-3-methylimidazo[4,5-flquinoline (dGI®IQ), N-(2-
deoxyf-p-erythro-pentofuranosyl)formylamine-8-oxo-7,8-di-hydr@-dleoxyguanosine @F-8-oxodGuo) and its isomer (8-oxodGuffe),
5-hydroxy-2-deoxyuridine (5-OH-dUrd), 5,6-dihydroxy-5,6-dihydrothy-midine (ThdGly), 5-formyd2oxyuridine (5-For-dUrd), and
5-(hydroxymethyl)-2-deoxyuridine (5-HM-dUrd).
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Fig. 3. Product ion chromatogram of a rat liver hydrolysate
analyzed for 8-OH-dGuo using LC—-ESI-MS—MS in SRkh/¢
284-168). The LC—MS system consisted of Magic 2002 HPLC
unit coupled to a Finnigan TSQ 7000 triple quadrupole mass
spectrometer with API2 ESI source. The LC separation was done
on an Aquasil G; column (2150 mm, 3 micron). The mobile
phase was 5% acetonitrile isocratically supplied at a00min.

components. An interesting finding they reported
was that acetonitrile did not elute 8-OH-dGuo from
SPE cartridges packed with LiChrolute EN. There-
fore, they were able to use acetonitrile conveniently
as a washing solvent for selective removal of the
other urinary components. The limit of detection was
0.2 ng/ml or 7 fmol of standardS(N=3). Mass
spectrometric detection was done in the SRM mode
using the transitiorm/z 284.1-167.8. The method
however lacked an internal standard. Simultaneous
quantitation of 8-OH-dAdo and 8-OH-dGuo by LC—
ESI-MS—MS in commercially obtained calf thymus
DNA was recently reported [28], producing 8-OH-
dGuo data comparable to those obtained by the
LC-ECD in the same study. Weimann et al. [29] have
also developed a similar method capable of quantita-
tion of both adducts, with the addition 6t N-labeled
standards as internal standards.

Recently an LC—ESI-IDMS method using only a

single stage mass spectrometer that can detect 8-OH-

Gua at~1/10° normal Gua bases usir@ wg DNA
was developed by Dizdaroglu et al. [11]. They
achieved a sensitivity of~50 fmol with standard
using the SIM mode, a significant improvement
when compared to the sensitivity reported earlier by
others in the same detection mode [13].

333
6.2. Lipid peroxidation products

6.2.1. Ethenobases

Ethenobases are exocyclic adducts that are formed
through reaction of DNA bases with metabolites of
compounds such as vinyl chloride or urethane, or
with lipid peroxidation products endogenously. The
commonly known ethenobases are N%,
ethenoadenine (W°-eAde), 3N“-ethenocytidine
(3N*-€eCyt), 1N*-ethenoguanine (I,*-eGua), and
N? 3-ethenoguanine N¢,3€Gua). Their structures
are shown in Fig. 4. The ethenobases have been
shown to be promutagenic, causing both transversion
and transition mutations. Human and animal tumors
associated with vinyl chloride exposure contain
mutations consistent with these miscoding properties
[30-32].

Fedtke et al. [33,34] developed a gas chromatog-
raphy negative ion chemical ionization isotope dilu-
tion mass spectrometry (GC—EC-IDMS) method for
quantitation ofN”,3<Gua in preweanling and adult
Sprague—Dawley rats exposed by inhalation to vinyl

chloride. An electrophore labeling technique [35]
based on converting the analyte into its dipentafl-
uorobenzyl derivative was used for highly sensitive
detection by electron capture mass spectrometry of
negatively charged ions produced in chemical ioniza-
tion of the pentafluorobenzyl derivative. Sensitivities

0 o
N N
At y fLN A\
<N:6NL/L N <1T N/J\/N>
ho\— i )

1,N*-ethenoguanine

)
|

1,N’-ethenoadenine

Fig. 4. Structures of etheno adducts.

N2,3-ethenoguanine

3,N*-ethenocytosine
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of ~300 amol were achieved with pure standards
using electrophore labeling. & C-labeled analog of
N?3<Gua, [°C, [N?*3<Gua, was used as internal
standard to assure accurate quantitatidh,3-<Gua
released from DNA by mild acid hydrolysis was
further enriched using low-pressure strong cation-
exchange chromatography. The method detection
limit, however, was much higher (60 fmad¥l®3-
eGua/umol Gua) for real samples apparently due to
the suppression caused by impurities in the DNA
hydrolysate.

Immunoaffinity chromatography has recently been
utilized by us and others as a highly specific method
of enrichment of low level adducts, including endog-
enous etheno adducts, therefore making detection
limits as low as 1 adduct per 10 nucleotides
possible. Ham et al. [36] have applied the immuno-
affinity clean-up off-line prior to quantitation of
N? 3-€Gua by GC-HRMS. Immunoaffinity columns
were built using polyclonal antibodies raised against
N?3-<€Gua. The columns were highly stable when
stored at 4C and used for multiple clean-ups. There
were no unmodified bases detectable in the sample
after the immunoaffinity chromatography clean-up.
By combining this highly specific enrichment tech-
nique with sensitive detection by electron capture

mass spectrometry, they have been able quantitate

N? 3-Gua endogenously present in 10§ rat liver
DNA at 8.9N?3<Gua adducts/10 normal guanine
bases. Fig. 5 shows representative GC—HRMS chro-
matograms from endogenous rat liver DNA samples.

The method of Ham et al. [37] was later modified
to allow simultaneous quantitation of botN?® 3-
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Fig. 5. SIM traces foN?,3<Gua and its internal standard{[ ,C ]-
N?3-Gua) in a control rat liver DNA. Reprinted with permission
from [36].
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eGua and IN*-eGua [38]. The immunoaffinity col-
umns contained polyclonal antibodies raised against
N’3<Gua and I\ ZeGua, and therefore retained
both etheno adducts from the DNA hydrolysate.
Usin@50 wg DNA, detection limits folN* 3<Gua
arid’tGua were estimated to be 5.0 and 8.7
adduct8/10  normal guanine bases, respectively.
This study clearly demonstrated that the immuno-
affinity columns specific for multiple DNA adducts
could be prepared for their simultaneous analysis.
Besides saving time and labor, simultaneous analysis
of several adducts allows one to make more accurate
comparisons of adducts under investigation, since
conditions for analysis of these adducts are nearly
identical.
Around the mid 1990s, several researchers started
to make the transition to LC-MS techniques for
guantitation of ethenobases for several reasons, the
most apparent being the elimination of tedious and
sometimes artifact-prone derivatization procedures
that the GC-MS methods with electrophore labeling
require. Our laboratory has reported the development
of such a methid,3s¢Gua using strong cation-
exchange chromatography for removal of unmodified
bases followed by analysis by LC-IDMS in the SIM
mode [39]. The detection limits achieved by this
method were 5 and 50 fmol for pure standard and
biological sample, respectively. The method was
applied to analysis of chloroethylene oxide-treated
calf thymus DNA, liver DNA from rats exposed to
chloroethylene oxide by portal vein injection, and
unexposed human liver DNA. Due to the low levels
of N?,3<Gua in unexposed human liver DNA, high
amounts of DNA needed to be processed. This was
clearly the method of choice for analysis of DNA
with relatively high levels ofN®3<Gua due to its
simplicity. Yen et al. have used a similar method for
quantitation of IN°-eAde in urine of rats exposed to
chloroethylene oxide [39,40]. Immunoaffinity chro-
matography was again used for highly efficient and
specific extraction of urinary N°-eAde prior to
LC-MS analysis.
Muller et al. have employed LC—ESI-IDMS-MS
for analysis of chloroethylene oxide-treated DNA for
1,N*-eGua and 5,6,7,%4-(2-oxoethyl)guanine (OH-
Ethano-Gua) [41]. Limits of quantitation for N*-
eGua and OH-Ethano-Gua were approximately 3
pmol because of the suppression due to the presence
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of excessive amounts of normal guanine and adenine N*-&Cyt could not be detected. This problem was

bases even after an HPLC clean-up. They were able later overcome in a follow-up study from the same
to improve the sensitivity of the method when they laboratory [14]. After usual enzymatic hydrolysis to
used the 2deoxyribonucleosides instead of bases. obtaindedxynucleosides, the hydrolysate was

The method using the nucleosides had detection treated with adenosine deaminase to convert dAdo to
limits as low as 10 pmol OH-Ethano-dGyorhol deoxyinosine in order to minimize the interference
dGuo in chloroethylene oxide-treated DNA samples. from dAdo as reported earlier. Immunoaffinity chro-
Attempts to measure [>-eGua in the same samples matography and solid-phase extraction were per-
however were not successful due to an interfering formed on-line prior to LC—MS analysis. An HPLC
compound that co-eluted with the analyte. An LC— column with graphitized carbon media as packing,
ESI-IDMS—-MS method was developed for quantita- which has a unique selectivity for the separation of
tion of 1N*-edGuo, and has been applied to analysis adducts, was utilized. This material was also very
of calf thymus DNA treated withtranstrans-2,4- stable at elevated temperatures. Complete baseline
decadienal [42]. The method utilize!f N-labeled separation Nf*3dCyt from the dAdo remaining
internal standard and demonstrated a reasonable after the conversion was possibRC.afTl&s
sensitivity for detection of N*-edGuo, as low as 20 allowed the detectionNf-edCyt at 5 adducts/10

fmol. The baseline level of this adduct was, however, normal nucleotides. Furthermore, at elevated tem-
relatively high compared to other etheno adducts peratures, backpressure that HPLC pumps are sub-
(~3/10° dGuo). A recent study in our laboratory has jected to becomes much less due to decreased
revealed that N*eGua could easily be formed viscosity of the heated solvent. The decreased load
during sample processing at alkaline pH [38]. Both on the pumps make multidimensional LC separations
studies have shown the formation of this adduct in more feasible.

vitro, however the in vivo formation of this adduct
has not been reported. The latter study also sug- 6.2.2. Malondialdehyde

gested that the previously detectedN}eGua was Malondialdehyde (MDA) is one of the major
probably an artifact due to its ease of formation aldehydic compounds endogenously formed upon
under basic conditions. peroxidation of membrane lipids. MDA has been of
Chen et al. have developed both GC—EC-IDMS interest in the area of carcinogenesis since it reacts
and LC—ESI-IDMS—MS methods for quantitation of with  DNA and therefore could play a role in
1,N°-eAde in human placental DNA [43]. Data from formation of cancer from natural causes. Chaudhary
both methods were very similar;2.3 1N®-eAde/ et al. were first to develop a quantitative assay for
10° normal adenine bases in human placenta. Even analysis of a cyclic adduct formed by reaction of

though the sensitivity of their GC-MS method was MDA wibhl and N2 of guanine, pyrimido[1,2-
comparable to those developed earlier, the LC—MS «]purin-10(3H)-one (M G), by taking advantage of

method did not have the satisfactory sensitivity for electron capture mass spectrometry [44]. Prior to the
routine analysis. The authors have stated that poor GC-EC-IDMS analysis, the aldehydic adduct was
peak shape in HPLC separation was responsible for reduced with sodium borohydride and isolated from
the low sensitivity. the DNA matrix. The reduced adduct was derivatized
Recently, extremely sensitive LC—MS methods to its pentafluorobenzyl derivative and then to the
using on-line sample clean-up techniques have been correspaeditytyldimethylsilyl derivative. The
developed. Doerge et al. [12] incorporated on-line internal standard used for IDMS?was [ H ]-M G.
SPE extraction into the LC-ESI-IDMS-MS and The detection limit w88 fmol (S/N>5) injected
achieved detection limits as low as 1 adduct/10 on column. The method was used for quantitative
normal nucleotides for N®*-edAdo using~100 pg measurements of M G in control rat livers. Similar
DNA (~ 4 fmol of the adduct in 10@.g DNA) from methodology was used for analysis of DNA from
control and urethane-exposed mouse livers. Due to human liver and pancreas,for M G [45,46]. An
the interference from '2deoxyadenosine, which has average amount of 9 M G/10 was determined in

the same SRM transition asN8-edCyt, endogenous the human livers analyzed.
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An improved version of this method was later
developed by incorporating an immunoaffinity clean-
up procedure [47]. Recovery of the whole sample
preparation process prior to the GC—EC-IDMS anal-
ysis was~40%. The detection limit of the improved
assay was 100 fmol/sample or 3 adduct$/10 normal
bases. This improved method was applied to analy-
ses of DNA from human blood. The concentration of

These adducts were measured in urine of smokers

and coal-smoke exposed women, as well as controls
[51]. Their method allowed quantitation of 1 pmol of
BR76Ade that was added in 400 mg of creatinine

equivalents (ca 400 ml) of urine with recovery

ranging between 70 and 75%. The detection limit
was around 0.1 pmol.
A methodology for quantitation of BP-tetraols in

M,G in these blood samples was 6.2.2 adducts/ DNA that were introduced by the reaction with
10° normal bases. benzo[a]pyrene diolepoxides (BPDE) has been de-

In addition to the GC—EC-MS methods, an LC— veloped [52]. The method is based on measurement
ESI-MS method was developed for dGuo adducts of of the BP-tetraols by electron capture mass spec-
the lipid peroxidation products malondialdehyde, trometry as their tetramethyl ethers. The BP-tetraols
crotonaldehyde, 2-hexenal, and 4-hydroxy-2-nonenal bound to DNA by the reaction with benzo[a]pyrene
in order to validate the results obtained by PPL [48]. diolepoxides were released by mild acid hydrolysis,
They have reported a detection limit 880 fmol for converted to methyl ethers, and analyzed by GC-
pure standards of each adduct injected on column, EC-MS. This method was validated By H-postlabel-
which would theoretically allow 1 adduct/i0 nor- ing method that was developed previously by the
mal nucleotides using 100 ug DNA. More recently, same laboratory. Results from both methods were
Hakala et al. have also developed an assay usingcomparable to those from conventional radiochemi-
LC—ESI-IDMS-MS [49]. This method was tested by cal methods. Despite the fact that structural infor-
analyzing CT-DNA treated in vitro with MDA. mation related to site of binding by BPDE is lost
Based on the measurements in these samples and thafter hydrolysis, this technique provides a universal
sensitivity obtained with standards (50 fmol), it was tool to determine the extent of adduct formation by
concluded that this method promised to be useful for BP and diolepoxy metabolites of other PAH’s. This
guantitation in biological samples that havel assay is not limited to measurement of the tetraols in
adduct/16 guanine bases using samples 10 g DNA. The authors used the same methodology to
of DNA. guantitate the tetraols in globin as well.

Barry et al. have used CE-ESI-MS-MS for
quantitation of BPDE adducts with deoxyguanosine
monophosphate [53]. Combined with solid-phase
extraction clean-up, they were able to achieve de-

tection limits of 130 fmol of the standard or 4
adducts/10 normal bases. Since the nucleotides
were negatively charged under the conditions used in
the method, sample stacking (accumulation of the
sample at the inlet of the column using low elution
strength) was successfully applied to improve sen-
sitivity.

6.3. Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAH) are a
major class of compounds that pose a threat to
human health due to their presence in polluted air
and cigarette smoke. Methods using chromatographic
techniques such as gas chromatography, liquid chro-
matography, capillary electrophoresis (CE), and
capillary electrochromatography coupled to mass
spectrometry have been utilized for measurement of
DNA adducts related to the PAH'’s. Giese et al. have
applied electrophore labeling to quantitation by GC— 6.4. Olefins
MS of DNA adducts of PAH (See [50] for a review).

Casale et al. developed an LC—ESI-MS method 6.4.1. Butadiene
for the quantitation of 7-(benzo[a]pyren-6-yl)guanine Butadiene is used in large quantities in the pro-
(BP-6N7-Gua) and 7-(benzo[a]pyren-6-yl)adenine duction of rubber and plastic and is present in air
(BP-6N7-Ade) adducts originating from the reaction mainly from automobile exhaust and cigarette
of the benzo[a]pyrene (BP) radical cation with DNA. smoke. It is carcinogenic in both mouse and rat and
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workers in the styrene—butadiene rubber industry study its formation and persistence in rats with
have an increased incidence of leukemia. similar capabilities [56]. The method of Oe, how-
Our laboratory [54] and others [55,56] have ever, used acid hydrolysis for isolation of the DNA
developed LC—-MS methods for quantitation N7- adducts from DNA instead of NTH and no desalting
guanine adducts induced by DNA-active metabolites was performed. The method allowed measurement of
of BD, epoxybutane, diepoxybutane, and epoxy- THB-Gua-@fl adducts/10 normal bases((4
butanediol. Our method allowed simultaneous THB-Gua adducts/10 normal guanine bases).

quantitation of all four adducts, racemic and meso

forms of N7-(2,3,4-trihydroxybut-1-yl)-guanine  6.4.1.1. Ethylene. Ethylene, a petrochemical, is me-
(THB-Gua), N7-(2-hydroxy-3-buten-1-yl)guanine tabolized to ethylene oxide which can bind to DNA
(EB-Gua 1), andN7-(1-hydroxy-3-buten-2-yl)guan- forming\N7-(2-hydroxyethyl)guanine (7HEG). A

ine (EB-Gua Il). The LC—MS method developed by GC—-EC-IDHRMS method has been developed in our

our research group has also been applied to molecu- laboratory for highly sensitive and specific quantita-
lar dosimetry studies in rodents. Fig. 6 shows a tion in rodents and humans [15,57]. 7HEG isolated
typical product ion chromatogram obtained from from DNA by NTH was converted to its pentafluoro-
analysis of lung DNA from a rat exposed to BD by benzyl derivative for sensitive detection by EC-
inhalation for 4 weeks at 625 ppm. Neutral thermal HRMS as originally developed by Saha et al. [58].
hydrolysis (NTH) was used to cleave tid7-Gua The method was applied to quantitative measurement
adducts. A DNA backbone was separated from the of endogenous as well as ethylene-induced 7HEG in
hydrolysate by filtration through Centricon-10 filters. various types of tissues (liver, lung, spleen, and
Salts were removed from the sample by off-line SPE brain) from rodents [59]. For endogenous 7HEG in
prior to LC—MS analysis. Method detection limits human lymphocytes and control animals, relatively
for THB-Gua and EB-Gua adduct were 1 and 0.1 high amounts of DNA (3§Owere needed. Eide
adducts/10 normal Gua bases, respectively. A et al. have used both the method of Wu and their
similar method was developed by Oe et al. for ** P-postlabeling method to analyze tissues from
racemic and meso THB-Gua and was applied to control and ethylene exposed rats [60]. Results from

10

THB-Gua (Internal standard) miz 260 --> 156

100, Racemic Meso

THB-Gua mfz 256 --> 152

100,
EB-Gua (Internal standard) m/z 226 --> 156

%

10 miz 222 --> 152 [ “
EB-Gua

%

1000 ' 11.00 ' 12.00  13.00 1400 = 1500 ' 16.00 = 17.00
Time (min)

Fig. 6. SRM traces for N7 guanine adducts of 1,3-butadiene. Reprinted with permission from [54].
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both methods were in good agreement as determined
by regression analysis.

An LC-MS method using SIM detection of [M
H] " ion of 7HEG (n/z 196) has been reported by
Leclercq et al. [61]. The method was applied to
quantitation of 7HEG in calf thymus DNA and
lymphocyte DNA from blood treated with ethylene
oxide. They were able to detect 4 7HEG/10 normal
nucleotides. The method was very sensitive with
pure standard~1 fmol on column). Authors how-
ever reported problems with reproducibility at even
low pmol levels, which required generation of the
calibration curve at the beginning of each session.

Our laboratory has recently developed an LC-—
ESI-IDMS—-MS method for quantitation of 7HEG in
human and rodent DNA [62]. The detection was
done with a highly sensitive and specific mode of
SRM using the transitionm/z 196-152, which
corresponded to the loss of the 2-hydroxyethyl
moiety at the N7 position. A **>C-labeled stable
isotope of 7HEG, I* ¢ ]-7HEG, was used as internal
standard, which corrected for sample losses and
variations in sensitivity. With this method, we were
able to quantitate endogenous 7HEG in liver DNA
from both rats and mice. The detection limit wa§
adducts/18 normal guanine bases~150 pg of
rodent liver DNA injected. Fig. 7 shows SRM traces
for 7HEG and {° G ]-7HEG for a control rat liver
hydrolysate. The amount of 7HEG in this particular
sample was determined to be 882 (©=3)
adducts/18& normal guanine bases. The excellent
sensitivity of this technique could be attributed
mainly to efficient separation of the analyte from
relatively large amounts of guanine that remained
even after neutral thermal hydrolysis. Separation was
done on a polar end-capped,{C reverse phase
column that allowed the use of highly polar mobile
phases, which was needed for a good separation of
7HEG from guanine. Slight heating of the column
proved to be helpful in improving the sensitivity by
producing a narrower and in turn a more concen-
trated peak. In addition, in order to reduce suppres-
sion of ESI, the LC effluent was diverted to the
waste rather than to the mass spectrometer during
elution of unwanted peaks.

6.4.1.2. Propylene. Propylene, which exists either
naturally in the environment or is introduced from
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Fig. 7. Product ion chromatograms of 7HEG (SRNfz 196—
152) and {* G ]-7HEG (SRMm/z 200-196) from a control liver
DNA. The LC-MS system consisted of a Magic 2002 HPLC unit
coupled to a Finnigan TSQ 7000 triple quadrupole mass spec-
trometer with API2 ESI source. The LC column, Aquasi|,C
column (2150 mm, 5 micron), was eluted with a water (A)—
acetonitrile (B) gradient (0% B for 5 min, to 10% B in 5 min, to
80% B in 5 min, to 0% B in 3 min, 0% B for 12 min). The flow
rate of LC mobile phase was 3@0/min. The column was kept at
35°C.

industrial emissions, can be metabolized to pro-
pylene oxide, a DNA-reactive compound [63]. Pro-
pylene oxide is also an industrial chemical used in
production of plastic and synthetic materials.
Humans are exposed to propylene oxide mostly in
the workplace.
A GC-EC-IDHRMS assay similar to the one used
for 7THEG has been developed in our laboratory for
quantitation of f¥eguanine adduct of propylene
oxM@é;(2-hydroxypropyl)guanine (7HPG), in
various tissues (nasal respiratory, nasal olfactory,
lung, spleen, lymphocytes, liver, testis) of male F344
rats exposed to propylene oxide [64,65]. The nasal
tissues, the target tissue for propyleneoxide related
carcinogenesis, obtained 7 h after the cessation of
exposure, had the highest level of v60RG (
adducts?10 Gua bases). The concentration of 7HPG
in the nasal tissues obtained 3 days after cessation of
exposure was, on the other hand, only half as much.
The concentration in the other tissues varied between
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10 and 70 adducts/20 Gua bases. The amount of 6.4.1.4. Alkylating agents.

7HPG was also measured in lymphocytes obtained
by combining blood from four rats killed immedi-
ately after cessation of the exposure. The lympho-

cytes had 39.6 adducts/10 Gua bases. The same

tissues were also analyzed by PPL for validation by
Segerback et al. [63]. The agreement between the
two methods was excellent, with values from both

methods being within 20% of each other. The

amount of 7HPG in control rats was below the

detection limit, 50 fmol in the whole sample.

6.4.1.3. Syrene. As in the case of propylene, styrene
upon metabolic activation by enzymes such as
cytochrome P450 forms styrene oxide, that can react
with DNA. The major source of styrene oxide
however is industrial emission during production of
reinforced plastic.

In an interesting study, a combination of UV,
inductively coupled plasma-mass spectrometry (ICP-
MS), and ESI-MS detection of LC effluent was used
to achieve both qualitative and quantitative infor-
mation in analysis of adducts formed from reaction
of styrene oxide DNA bases [66]. DNA that was
treated in vitro with styrene oxide was digested
enzymatically to the nucleotides for analysis. ICP-
MS detection of phosphorusm(z 31) was less
sensitive than ESI-MS in SIM mode.

A GC-EC-IDHRMS method was developed in
our laboratory for quantitation of styrene oxide-
induced N7-guanine adducts, N7-(2-hydroxy-1-
phenylethyl)guanine (HPEG-I) anN7-(2-hydroxy-
2-phenylethyl)guanine (HPEG-II) [67]. The DNA
adducts were converted to their pentafluorobenzyl
derivatives in order to make them amenable to GC
and to allow sensitive detection by EC-MS in SIM
mode. This conversion was, however, inefficient
with an overall yield of~10%. The method had a
detection limit of approximately 50 fmol (1 fmol
injected). Selected reaction monitoring was also
evaluated as the detection method and found to be
~3-fold less sensitive. Internal standards weéte C-
labeled stable isotopes. As an application of the
method, B-lymphoblastoid human cell lines were
exposed to varying concentrations (0.05—M nof
styrene oxide in vitro and analyzed for HPEG-I and
HPEG-II. A linear dose—response relationship was
obtained for both adducts.

339

N-nitroso  alkylating
agents form a variety of DNA adducts, most of them
being &7 guanine andN3 of adenine [68].
Interestingly, there has not been much interest to-
ward the development of quantitative assays using
mass spectrometry for this important class of com-
pounds. A GC-IDMS method has been developed
for quantitatioN®dalkyladenines [69,70]. Urinary
N3-alkyladenines, N3-methyladenine, N3-
ethyladen®;(2-hydroxyethyl)adenine, anN3-
benzyladenine, were isolated by immunoaffinity

chromatography using monoclonal antibodies im-

mobilized onto Protein A-Sepharose media and
guantitated by GC-IDMS as tdneiputyl-di-
methyl derivatives. Deuterated standards served as
internal standards for the alkyladenines studied.
Analysis of urine samplesNi@r alkyladenines
showed that botii3-methyladenine an®N3-(2-hy-
droxyethyl)adenine originated from diet. The con-
centratiod3eéthyladenine was very low and did
not change with dietN&adenzyladenine was not
detected at all (below the detection limit of 1 pmol/
ml).

6.4.1.5. 4Aminobiphenyl.  4-Aminobiphenyl  (4-
ABP) is a urinary bladder carcinogen found mostly
in cigarette smoke. DNA adducts are formed mainly

by its electrophilic metabolite formed Niay-
droxylation. The DNA adduct formed between this
electrophilic metabolite and guanine, Gua-C8-4-

ABP, was measured in urinary bladder and lung by a
GC-EC-IDMS assay developed by Lin et al. [71].

The assay was highly sensitive, with the detection
limits for the whole method being as low as 0.32
adducfs/10 normal nucleotides. DNA was hydro-
lyzed in 0.05 N NaOH and electrophore labeled with
pentafluoropropionic anhydride for sensitive detec-

tion by EC-MS. This GC—-MS method was later used

in an interlaboratory study to validate data on levels
of DNA adducts of 4-ABP measured by immuno-

chemical assay and PPL [72]. Data obtained by the
GC-MS method were in good agreement with those

by immunochemical method for two selected sam-
ples.

An LC-ESI-IDMS method with on-line sample
concentration and clean-up has been recently made
available for quantitation of the nucleoside form of

the adduct, dGuo-C8-4-ABP, in hepatic DNA from
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mice treated in vivo with 4-ABP [73]. Methods such
as this one demonstrate the potential that LC—MS
techniques have for the development of simple,
sensitive, and specific assays. The technique of
column-switching has been successfully applied for
on-line sample preparation. Isotope dilution mass
spectrometry was also utilized through use of a
deuterated analog of dGuo-C8-4-ABP, dGuo-C8-4-
ABP-d,, as the internal standard. Combination of
effective sample clean-up and sensitive SRM de-
tection has resulted in a method detection limit of 23
fmol injected amount on column or 7 dGuo-C8-4-
ABP adducts/1® normal nucleotides in 1Q0y
DNA. The simplicity of the method is obviously the
major improvement over the GC—MS methods de-

8-yl)-PhIP (dGuo-C8-PhIP). The method was used

for measurement of PhIP adducts in in vitro reaction
mixtures. The detection limit was 80 fmol of the

dGuo-C8-PhIP using SRM [75]. Recently, the same
laboratory has developed a similar methodology for

'-dGuo adducts of 2-amino-3-methylimidazo[4,5-
flquinoline (IQ), N-(deoxyguanosin-8-yl)-2-amino-

3-methylimidazd[4gnoline (dGuo-C8-1Q) and
5-(deoxyguang2igt)-2-amino-3-methylimidazo -
fAgrinoline (dGuoN2 -1Q) [76]. The DNA
adducts were detected in kidney tissues of chronical-
ly treated cynomolgus monkeys using SRM. The

detection limit in tissue samples wad adduct/10
normal bases when B§@DNA was used.

veloped earlier. In addition to the automation of 6.4.1.8.Radiation. Frelon et al. have developed an

sample clean-up, the derivatization that was required
in the GC-MS method was eliminated.

6.4.1.6. Melphalan. Nano LC coupled to nano ESI
—MS detection was evaluated for sensitivity and
compared to a micro LC—ESI-MS method for analy-
sis of dAMP adducts of melphalan;phenylalanine
mustard [74]. Approximately a 10-fold increase in
sensitivity was gained with the nano version due to
its higher mass sensitivity. Both SRM and SIM
modes were used for mass spectrometric detection,
with the latter being surprisingly more sensitive. In
the SRM mode, 50 fmol was the detection limit
using the capillary setup as opposed to 7 fmol with
the nano setup. A detection limit of slightly lower
than 1 fmol 6/N=14) was achieved for the mel-
phalan-dAMP adduct. This research has demonstra-
ted that smaller scale chromatographic separations
with nano ESI-MS detection could provide better
sensitivity.

6.4.1.7. Heterocyclic aromatic amines. Heterocyclic

measurement of
dihydroxy-5,6-dihydrothymidine,
deoxyuridine,
5-formyl-Aeoxyuridine,

assay using LC—-ESI-IDMS-MS for simultaneous
radiation-induced adducts 5,6-
5-hydroxy-2
5-(hydroxymethyl):2deoxy-uridine,
8-oxo0-7,8-dihydro-2
deoxyadenosine, 8-oxo-7,8-dinyden»d/-
guanosine, 4,6-diamino-5-formamidopyrimidine, and

2,6-diamino-4-hydroxy-5-formamidopyrimidine [77].
They were quantified in isolated and cellular DNA

exposed to gamma-radiation. Detection limits varied

between 10 and 200 fmol depending on the DNA

adduct.
Tandem base leslgf2sdeoxyf-p-erythro-pen-

tofuranosyl)formylamine-8-oxo-7, 8-di-hyghaed

oxyguanosirfd--@loxodGuo) and its isomer 8-

oxodGupFdproduced by OH radicals were mea-
sured by an LC—ESI-MS—-MS in aerated solutions

that were subjectgdatbation [78]. SIM de-
tection of [M-1] in negative ion ESI produced
sensitive measurement with detection limitOat

fmol.

aromatic amines are carcinogenic chemicals found in 6.4.1.9. Bisphenol A diglycidyl ether. The potential

cooked meat. Several MS methods have been de-
veloped for the analysis of adducts that are formed
from the reactions of the heterocyclic aromatic
amines with DNA. A capillary LC—ESI-MS—-MS
method was used for quantitative analysis of the
adduct of 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP) with 2-dGuo, N-(deoxyguanosyl-

of nano LC-ESI-MS to improve detection limits in
analysis of DNA adducts has been shown by Van-
houtte et al. in a study in which in vitro reaction

mixtures from treatment 6fd®&MP with Bisphenol

A diglycidyl ether, a bifunctional epoxide used in
epoxy resin industry [79]. They have compared

sensitivities of conventional, micro LC coupled to
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conventional ESI-MS and nano LC with nano flow 8. Nomenclature

ESI-MS. The improvement using the nano system
32

was ~3000 compared to conventional methods. PPL P-postlabeling

GC Gas chromatography

LC High-performance liquid chromatog-
7. Concluding remarks raphy

CE Capillary zone electrophoresis

Mass spectrometry adds a high degree of spe- ESI Electrospray ionization

cificity to a quantitative method. This contribution is EC Electron capture
even more dramatic when it is used in combination MS Mass spectrometry
with isotope dilution mass spectrometry and selected MS—-MS  Tandem mass spectrometry
reaction monitoring. The only disadvantage of mass SRM Selected reaction monitoring
spectrometry when used in a quantitative method is SIM Selected ion monitoring
that it still is not as sensitive as some of the most IDMS Isotope dilution mass spectrometry
sensitive techniques for quantitation of DNA adducts IDMS—MS Isotope dilution tandem mass Spec-
such as PPL. The gap in sensitivity, however, is trometry
getting smaller as MS technology is continually CID Collision induced dissociation

improving. GC-EC-HRMS and LC-ESI-MS-MS
are the most promising of all mass spectrometric
methods for DNA adduct quantitation. Low amol
detection limits are already a routine practice with
GC-ESI-MS. The LC-ESI-MS-MS methods de-
veloped recently are reporting detection limits of low
fmol and even a fraction of a fmol. Especially in
LC-MS techniques, there are areas in which im-
provements or modifications can be made in order to
lower detection limits. One such area that was
discussed above is automation of the sample clean-
up process. As the number of off-line sample prepa-
ration procedures, which usually require transfer of
the sample from one tube to another or solvent
exchange by completely drying and redissolving, is
reduced, sample losses will also be reduced. This
will translate into increased sensitivity. References
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