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Abstract

Humans are continuously exposed to hazardous chemicals in the environment. These chemicals or 

their electrophilic metabolites can form adducts with genomic DNA, which can lead to mutations 

and the initiation of cancer. The identification of DNA adducts is required for understanding 

exposure and the etiological role of a genotoxic chemical in cancer risk. The analytical chemist is 

confronted with a great challenge because the levels of DNA adducts generally occur at less than 

one adduct per 107 nucleotides, and the amount of tissue available for measurement is limited. Ion 

trap mass spectrometry has emerged as an important technique to screen for DNA adducts because 

of the high level sensitivity and selectivity, particularly, when employing multi-stage scanning 

(MSn). The product ion spectra provide rich structural information and corroborate the adduct 

identities even at trace levels in human tissues. Ion trap technology represents a significant 

advance in measuring DNA adducts in humans.
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INTRODUCTION

Humans are continuously exposed to genotoxicants through environment, tobacco, diet, 

medication, and reactive electrophiles are formed endogenously through normal cellular 

processes. Some known and possible human carcinogens are polycyclic aromatic 

hydrocarbons (PAHs), N-nitroso compounds (NOCs), aromatic amines, and heterocyclic 

aromatic amines (HAAs). These chemicals originate from air pollution, automobile exhaust, 

tobacco smoke, or cured and cooked red meat (IARC Monograph, 1983; IARC Monograph, 

1986; IARC Monograph, 2012). Representative structures of some of these carcinogens and 

their major DNA adducts are shown in Figure 1. All of these procarcinogens undergo 

metabolism to form reactive electrophiles that covalently adduct to macromolecules, such as 

DNA and proteins (Loeb and Harris, 2008; Miller, 1970). Biomonitoring of protein adducts 

of carcinogens has been used to assess exposures to hazardous chemicals, and adduction 
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products of blood proteins, such as serum albumin and hemoglobin, have been employed as 

biomarkers in human populations (Liebler, 2002; Rappaport et al., 2012; Skipper et al., 

1994). However, protein adduct formation may not accurately represent the extent of DNA 

damage that occurs in distant target organs. DNA adducts, if not repaired, can induce 

mutations in critical genes, leading to the disruption of critical cellular functions and the 

initiation of cancer (Loeb and Harris, 2008). DNA adducts are a measure of exposure and 

also provide mechanistic information about metabolism and chemical carcinogenesis. 

Moreover, the patterns of mutation spectra in tumor related genes can reveal a causal role of 

chemicals in carcinogenesis (Grollman, 2013; Loeb and Harris, 2008; Pfeifer et al., 2002).

The molecular and epidemiological data that have linked chemical exposures to aflatoxin B1 

(AFB1) and aristolochic acids (AAs), and their DNA adducts and characteristic mutations in 

tumor related genes are the “gold standards” in epidemiological studies that have examined 

the role of chemical exposures and cancer risk (Figure 1). AFB1, a mycotoxin produced by 

the stored grain stuffs contaminated by fungi Aspergillus flavus, is widely found in areas of 

Southeast Asia and Sub-Saharan African and one of the most potent natural product 

carcinogens (McGlynn and London, 2011). Epidemiology studies have shown a strong 

relation exists among dietary AFB1 exposure, human primary hepatocellular carcinoma 

(HCC) and specific mutations at codon 249 of the TP53 tumor suppressor gene (Aguilar et 

al., 1994). The reactive AFB1 epoxide metabolite binds to DNA to form 8,9-dihydro-8-(N7-

guanyl)-9-hydroxyaflatoxin B1 (AFB1-N7-Gua), an unstable adduct that rearranges to the 

ring-opened formamidopyrimidine (FAPy) derivative AFB1-FAPy. It is AFB1-FAPy which is 

responsible for the G–T transversion mutation at codon 249 of the TP53 (Smela et al., 2002; 

Stone et al., 2011).

AAs are a structurally related family of nephrotoxic and carcinogenic nitrophenanthrene 

compounds found in Aristolochia herbaceous plants. The exposure to AAs in the rural 

villages of the Balkan countries has been shown to occur through the ingestion of home-

baked bread contaminated with Aristolochia seeds. The ingestion of traditional Chinese 

medicines contaminated with Aristolochia sp represents another major source of exposure to 

AAs and occurs world-wide (Grollman, 2013). AAs are responsible for the clinical 

syndromes known formerly as Balkan endemic nephropathy (BEN) (Grollman, 2013; 

Jelakovic et al., 2012) and Chinese herbs nephropathy (Chen et al., 2012; Vanherweghem et 

al., 2003). Both diseases are associated with a high incidence of urothelial carcinomas of the 

upper urinary tract (UUC), (Chen et al., 2012; Grollman, 2013; Jelakovic et al., 2012) 

constituting a disease entity now termed aristolochic acid nephropathy (AAN) (De Broe, 

2012). One major DNA adduct of AA is 7-(deoxyadenosin-N6-yl)-aristolactam (dA-AL-I). 

This adduct is responsible for the characteristic A-T transversion mutation in the TP53 
tumor suppressor gene, as well as mutations throughout the tumor genome in patients with 

AA-induced urothelial carcinomas of the upper urinary tract (Grollman, 2013; Hoang et al., 

2013). dA-AL-I has been detected by ion trap mass spectrometry in kidney tissue of patients 

from Croatia, Taiwan, China, Romania, and the United States (Yun et al., 2015).
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METHODS TO MEASURE DNA ADDUCTS

The major methods to measure DNA adducts include 32P-postlabeling, (Phillips, 2012; 

Randerath et al., 1981) immunochemistry, (Poirier et al., 2000; Santella, 1999) gas 

chromatography mass spectrometry (GC/MS) (primarily for oxidized DNA bases following 

chemical derivatization (Dizdaroglu et al., 2015)), liquid chromatography (LC) coupled with 

electrochemical, fluorescence or MS (Brown, 2012; Klaene et al., 2013; Phillips et al., 2000; 

Singh and Farmer, 2006). The 32P-postlabeling method was developed more than 30 years 

ago by Randerath, Gupta and colleagues, (Randerath et al., 1981) and it is still a commonly 

used method for in vivo studies because it only requires 10 μg DNA per sample. Depending 

upon the adduct, a level of detection 1 adduct per 1010 nucleotides can be achieved (Phillips, 

2012). Regardless of the excellent level of sensitivity, the use of highly radioactive 

phosphorus is a health hazard, and the lack of internal standards precludes quantitation, and 

the absence of spectral data for adduct identification greatly hinders the usefulness of 32P-

postlabeling in human studies.

Immunodetection is another sensitive method to detect DNA adduct (Poirier et al., 2000; 

Santella, 1999). Once an antibody is developed, it can be employed in an enzyme-linked 

immunosorbent assays (ELISA) with DNA isolated from tissues, or used in an 

immunohistochemistry assay to probe for DNA adducts in specific cell types of intact tissues 

(Chen et al., 2002; Gammon et al., 2002; Hsu et al., 1997; Motykiewicz et al., 1995; Pratt et 

al., 2011). However, an important drawback of immunoassays is that the specificity of many 

antibodies, even monoclonal antibodies, for DNA adducts is uncertain, and the antibodies 

may cross-react with other DNA lesions, leading to errors in identification and 

quantification. The uncertainty in specificity and the semi-quantitative nature of the assay 

confines the usage of this screening method in human population studies.

The central role of MS in measuring the DNA adduct formation and their biological 

consequences has been recently reviewed by Liu et. al.(Liu and Wang, 2015) LC-tandem MS 

(MS/MS) with stable isotope dilution is the primary method for quantitation of DNA 

adducts (Liu and Wang, 2015; Singh and Farmer, 2006; Tretyakova et al., 2012). The 

adducts are usually detected at the nucleoside level after digestion of the DNA with 

nucleases, although in some instances adducts can be measured as the modified bases. Over 

the past 20 years, the triple quadrupole (QqQ) MS has been the principal MS instrument 

employed to measure DNA adducts due to its relatively low cost, excellent sensitivity and 

robustness, and ease of operation. The DNA adducts are routinely measured in the selected 

reaction monitoring (SRM) mode. However, the need to confirm adduct structure by a higher 

level of fragmentation of the adducted base or higher resolving power have turned 

researchers to other mass analyzers such as Ion Trap (IT) or Time-of-Flight (TOF).

(Tretyakova et al., 2012) Our laboratory has extensively used IT-MS employing the multi-

stage scanning (MSn) feature to screen for DNA adducts present at trace levels in humans 

(Goodenough et al., 2007; Gu et al., 2012; Yun et al., 2015).
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FUNDAMENTAL OF THE ION TRAP

The IT is derived from the quadrupole mass analyzer. Ion motions are subjected to the 

quadrupolar field in both IT and quadrupole. The IT applies additional electric potential 

along the axial axis to stop ions exiting the device, achieving a “trapping” effect. In tandem 

MS, IT permits ion storage, isolation, fragmentation and sequential ejection to occur in a 

time-dependent approach (“tandem-in-time”), in contrast to the QqQ-MS, where three 

quadruples are connected sequentially to perform a single MS2 scan in a “tandem-in-space” 

manner.

Quadrupole and quadrupolar field

Knowledge on the principle of the quadrupole is required to understand the operation of the 

ion trap. For the convenience, all mass analyzer principles are explained in the positive 

ionization mode. In the negative mode, the ion behavior can be extrapolated in analogous 

fashion. Figure 2 (A) shows the scheme of a single-quadrupole instrument. A quadrupole 

mass analyzer is composed of four parallel rods of hyperbolic shape. Rods opposite each 

other are connected electrically, where a combination of Direct Current (DC) and 

Alternating Current (AC) voltages are applied to the two pairs of rods with the same 

amplitude but opposite in polarity. The AC is operated at a constant frequency while both 

voltages of AC and DC vary. The AC voltage oscillates in the range of radio frequency (RF), 

thus it is also referred to as RF voltage. Upon entering a quadrupole, ions maintain the 

original speeds (a trajectory) along the axial direction (z-axis). On the radial direction (x-y 

plane), ions are accelerated by the applied voltage to move towards a rod, followed by 

deceleration once the RF voltage changes phase. Ions that fail to change the direction of 

movement by the time the electric field switch the polarity will collide on the rod. Thus, one 

pair of rods performs as a high mass filter, while the other set of rods serves as a low mass 

filter. Collectively, ions traverse the quadrupole in a movement resembling a spiral motion 

(de Hoffmann and Stroobant, 2007).

The electric force subjected to the ions inside a quadrupolar field can be described using a 

second-order linear differential equation, and integrated by the Mathieu equation.(de 

Hoffmann and Stroobant, 2007) Simplification of the equation yields two parameters, a and 

q, which can be plotted to predict the ion motions. Such a plot is known as a “stability 

diagram” (Figure 2 (B)). Mathematically, only ions located inside the triangle have stable 

trajectories. Equations 1 and 2 show the expressions of a, q and the amplitudes of DC (U) 

and AC (V) after rearrangement. The parameters ω and r0 are constant for a given 

quadrupole instrument. Thus, the resolution of the quadrupole depends on the ratio of U/V: 

the bigger the slope, the higher the resolution.

(Eq. 1)
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(Eq. 2)

If DC is switched off (U=0, referred to as “RF-only”), the scan line falls to the qu axis, 

which transforms the device from ion selection to ion transfer. A collision gas can be 

introduced into such RF-only quadrupole (depicted as “q”, differing from the q in the 

stability diagram), and such device serves as the centerpiece for a QqQ instrument. Figure 3 

shows the tandem MS scan modes that are possible for a QqQ instrument. Since the 

fragmentation occurs as a space-dependent mode in q, only MS2 fragmentation can be 

performed. The QqQ operating under selected reaction monitoring (SRM) is one of the most 

widely used MS methods in small molecule detection and quantitation (see below) 

(Tretyakova et al., 2012).

Ion Trap

An IT stores ions in three or two dimensions through a combination of RF oscillation at the 

radial direction and an electric potential at the axial direction. IT can be classified into two 

categories: 3-Dimension (3D) and 2-Dimension (2D) ion traps. The 3D ion trap (Figure 4 

(A)), which is also referred to as a quadrupole ion trap (QIT), was invented in the 1960s.

(Paul, 1990) It is made up of a circular electrode (ring electrode) with two ellipsoid caps on 

the top and the bottom (endcap electrodes). Ions are injected into the trap through the 

entrance electrode, oscillating in a boomerang type circular motion, under the influence of 

the quadrupolar field by the ring-electrode and the DC voltage by the endcap electrode. The 

trap is filled with an inert gas such as helium (damping gas), which removes excess energy 

from the ions by collisional cooling and allowing ions to migrate to the center of the ion 

trap. The damping gas results in a more uniform ejection process of the ions leading to 

improved mass spectral performance.(Stafford, 2002) QIT-MS has been used extensively in 

proteomics and sequencing of peptides.(Olsen et al., 2009; Schwartz et al., 2002) The 2D 

ion trap is also called a linear ion trap (LIT) (Figure 4 (B)). Similarly, ions are circulating in 

an LIT under a quadrupolar field generated by the four-rod quadrupole and the electric field 

applied by the end lens that repel the ions in the direction opposite to the direction of entry.

The LIT has a higher ion storage capacity than QIT, (Douglas et al., 2005; Schwartz et al., 

2002) however, sample matrix effects can impact the performance of all IT MS instruments. 

An IT has limited storage capacity, and only a finite number of ions can be collected in the 

trap. Overfilling the trap will result in an effect known as “space charging”, due to columbic 

repulsions of the like charges, which results in the spreading of the ion packet into a diffuse 

cloud, reducing the mass resolution and ion signal (Payne and Glish, 2005). Thus, the 

number of ions which enter the ion trap is controlled by setting a maximum total ion count 

and a dynamic ion injection time setting. The injection time is set by applying a short 

prescan to measure the ion influx, which is used to calculate the actual time the gate lens 

needs to remain open to fill the trap to the maximum capacity.

Four basic functions are performed by all ITs: trapping, isolation, excitation and ejection. 

Figure 5 depicts the scan modes available for IT. In the full scan mode, all ions are collected 
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and ejected from low to high mass, resulting in a spectrum with an ion count for each mass. 

In the selected ion monitoring (SIM) mode, once all of the ions are collected in the trap, an 

isolation waveform is applied so that all ions are ejected but a single ion or a collection of 

ions over narrow m/z range, which are sequentially ejected and detected. In the MS2 scan 

stage, all ions are collected and a single ion (precursor ion) is isolated. Then the voltages are 

increased to excite the precursor ion and cause it to fragment by colliding with the damping 

gas, and the product ions are scanned out for detection. Since the fragmentation is performed 

in a time-dependent manner, the process of isolation and excitation can be repeated 

continuously, resulting in multistage MSn scanning. The MSn data provide additional 

information about the structure of the adduct. The multistage scanning of the analyte, also 

termed consecutive reaction monitoring, permits extensive mass spectral characterization of 

DNA adduct structures (Goodenough et al., 2007; Yun et al., 2012).

Quadrupole Based Mass Analyzers: QqQ versus Ion Trap Analyses of DNA Adducts

The QqQ instruments generally employ the SRM mode for DNA adduct measurements (Liu 

and Wang, 2015; Singh and Farmer, 2006; Tretyakova et al., 2012). In this mode, the 

protonated adducts ([M+H]+) are selectively transmitted by the first mass analyzer (Q1) and 

subjected to collision induced dissociation (CID), typically with argon gas, in the second 

quadrupole (q). The glycosidic linkage of the DNA adduct is normally the most facile bond 

to undergo cleavage in the gas phase.(Wolf and Vouros, 1994) The CID conditions are 

optimized to cleave the deoxyribose moiety [M+H-116]+ to form the protonated base 

adduct, also called the aglycone [BH2]+. The aglycone is then selectively transmitted 

through the third quadrupole (Q3). The SRM mode is particularly effective for precise 

quantification because of the rapid duty cycle of QqQ. The operation of the QqQ in the 

Product Ion Scan mode with elevated collision energy results in a dissociation cascade or a 

multiple-step fragmentation of the aglycone and additional structural information can be 

obtained on the aglycone (Turesky and Vouros, 2004). However, the product ion scan mode 

is rarely employed for the characterization of DNA adducts in vivo because the rate of 

scanning is slow and not sufficiently sensitive to detect adducts at trace levels.(Paehler et al., 

2002) Thus, the analyst must rely on the retention time (tR) and a single SRM transition ([M

+H-116]+) as criteria for analyte identification.

In contrast, both QIT and LIT can acquire full product ion MSn spectra with excellent 

sensitivity. The product ion spectra provide characteristic fragment ions of the adduct, and 

the method selectivity can be improved by analyzing the adduct at MS3 or even MS4 level if 

necessary (Goodenough et al., 2007; Kozekov et al., 2010; Sangaraju et al., 2014). The CID 

occurs in the quadrupolar field of the ion trap filled with helium gas by applying resonance 

excitation frequency matched to m/z of the precursor ion, such that only a single-step 

fragmentation occurs because the product ions are no longer in resonance with the excitation 

frequency. Thus, fragment ions with higher relative abundance are often generated by the IT 

mass spectrometer compared to those generated by CID in the QqQ. Because of the design 

of the IT and its rapid scanning rate, full product ion and MSn spectra are readily acquired 

with low amounts of analyte. Thus, both spectral characterization and quantification of DNA 

adducts can be achieved at the MS2 or MS3 scan stages by the LIT-MS. Specific product 

ions are used to reconstruct the mass chromatograms for quantitative measurements. An 
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example of the power of the LIT-MS to measure DNA adducts at the MS3 scan stage is 

shown in Figure 6. The chromatograms of the aristolactam DNA adduct, dA-AL-l, were 

acquired on DNA from the renal cortex of patients with upper urothelial cancer.(Yun et al., 

2015) The identity of the adduct was confirmed by its characteristic fragment ions shown in 

the product ion spectra at the MS3 scan stage for both unlabeled and its stable isotope 

labeled internal standard.

LITERATURE REVIEW

Studies investigating DNA adduct formation in experimental laboratory animals commenced 

in the 1940s (Price et al., 1948). In the ensuing decades, the methods of examining DNA 

adduct formation in experimental laboratory animals or in cell culture generally required 

radioactive carcinogens of high specific activity. The chemically modified DNA underwent 

digestion with nucleases to form the mononucleoside radiolabeled adducts, which were 

analyzed by HPLC with a radioactive detector, and synthetic DNA adduct standards served 

as ultraviolet (UV) markers (Beland et al., 1983; Beland and Kadlubar, 1985). Thereafter, 

many animal model studies employed 32P-postlabeling (Phillips, 2012; Randerath et al., 

1981). During the past two decades, soft ionization techniques such as matrix-assisted laser 

desorption ionization (MALDI) and electrospray ionization (ESI) have emerged as 

techniques to detect non-volatile and thermally labile compounds (Fenn et al., 1989; 

Nordhoff et al., 1994). The on-line coupling of HPLC combined, in particular, with ESI-

MSn has been employed to measure DNA adducts of many classes of carcinogens over the 

past 20 years (Liu and Wang, 2015; Singh and Farmer, 2006; Tretyakova et al., 2012). 

Unlike studies conducted with laboratory animals treated with large doses of chemicals 

where ample tissue is available, the measurement of DNA adducts in human tissues is a far 

greater analytical challenge because chemical exposures are much lower than those 

employed in animal studies. Furthermore, the levels of DNA adducts usually occur only in 

the range of 0.01 – 10 per 108 nucleotides, and the amount of tissue available for assay is 

often limiting in human studies (Liu and Wang, 2015; Singh and Farmer, 2006; Tretyakova 

et al., 2012).

DNA adducts have been measured in human tissues, but also fluids such as blood 

(leukocytes), (Balbo et al., 2011; Ma et al., 2014; Sangaraju et al., 2013; Sangaraju et al., 

2014) saliva (buccal cells) (Balbo et al., 2012; Bessette et al., 2010) and urine (exfoliated 

epithelial cells) (Yun et al., 2015). The collection of these biofluids is a relatively non-

invasive procedure and more facile to obtain than biopsy samples. Human DNA adduct 

analysis by IT-MS are grouped by DNA sources and summarized in Table 1. DNA adducts 

can be analyzed as the nucleobases, following acid/neutral hydrolysis of the DNA. These 

hydrolysis methods are most suitable for adducts with labile glycosidic linkages such as 

alkylated N7-Gua or N3-Ade adducts, which undergo facile depurination (Boysen et al., 

2009). However, most adducts are generally analyzed at the deoxynucleoside level after 

digestion of DNA with an enzyme cocktail containing several nucleases such as DNase, 

nuclease P1, phosphodiesterase or alkaline phosphatase. The advantage of analyzing adducts 

at the deoxynucleoside level is that the near universal loss of the deoxyribose (dR) moiety 

([M+H]+ > [M+H-116]+) upon MS2 fragmentation can be monitored for targeted adduct 

analysis or non-targeted screening in DNA adductomics (Balbo et al., 2014b; Kanaly et al., 
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2007). By employing LIT, the aglycone ion [BH2]+ can undergo further fragmentation at the 

MS3 scan stage to confirm the adduct’s structure and by comparing the product ion spectrum 

to that of the stable isotope labeled internal standard.(Goodenough et al., 2007; Yun et al., 

2012) Thus, multistage scanning can be used to characterize the structure of putative 

adducts, especially at quantities that are far too low for characterization by NMR (Bessette 

et al., 2009).

DNA Adducts from Different Human Organs

Acrolein, a highly reactive α,β-unsaturated aldehyde, is an ubiquitous environmental 

contaminant (Izard and Libermann, 1978) and lipid peroxidation product produced 

endogenously (Uchida, 1999). Acrolein reacts with deoxyguanosine (dG) to form the cyclic 

1,N2-propanodeoxyguanosine adducts (Acro-dG), 3H-8-hydroxy-3-(β-

D-2′deoxyribofuranosyl)-5,6,7,8-tetrahydropyrido[3,2-α]purin-9-one (8-OH-PdG) and 

3H-6-hydroxy-3-(β-D-2′deoxyribofuranosyl)-5,6,7,8-tetrahydropyrido[3,2-α]purin-9-one 

(6-OH-PdG). These adducts are major exocyclic DNA adducts detected in animal tissues 

assayed by 32P-postlabeling (Nath and Chung, 1994; Nath et al., 1996; Nath et al., 1998). 

Liu et. al. developed an HPLC-QIT-MS2 method to quantify 8-OH-PdG and 6-OH-PdG in 

human autopsy brain tissues using a high capacity QIT in 2005 (Liu et al., 2005). They 

reported a statistically significant 2-fold increase in the levels of Acro-dG in the 

hippocampus/parahippocampal gyrus of Alzheimer’s disease (AD) subjects compared to 

age-matched controls. Later on, Liu et. al.(Liu et al., 2006) employed a QIT to screen for 

DNA adducts formed with another major α,β-unsaturated aldehyde, trans-4-hydoxy-2-

nonenal (HNE), which forms 4 isomeric cyclic 1,N2 adducts with dG (Kozekov et al., 2010). 

The HNE-dG adducts were identified in hippocampus/parahippocampal gyrus (HPG) and 

inferior parietal lobule (IPL) regions of postmortem brains by HPLC-QIT-MS2. However, 

there was no statistically significant difference between adduct levels in AD subjects and 

age-matched control of both regions of the brain.

Prolonged exposure to estrogens has been linked to the risk of developing breast cancer 

(Clemons and Goss, 2001). The hydroxylated estrogen metabolite, 3,4-catechol-estrogen 

quinone, can react with DNA, to form 4-hydroxyestrogen-1-N7-guanine (4-OH-E1-1-N7-

Gua) and 4-hydroxyestrogen-1-N3-adenine (4-OH-E1-1-N3-Ade), which are labile and 

undergo depurination. Rogan and Cavalieri are pioneers in studying the role of unbalanced 

metabolism of estrogen in the etiology of hormonal associated cancers, such as breast 

cancer, ovarian cancer and thyroid cancer. They developed an HPLC-QqQ-MS2 method 

employing SRM mode to quantify metabolites and DNA adducts of estrogens in human 

urine (Gaikwad et al., 2009; Zahid et al., 2014; Zahid et al., 2013). Zhang et. al. identified 

and quantitated one of the depurinated estrogen-metabolite-modified DNA adducts, 4-OH-

E1-1-N3-Ade, by nanoHPLC-QIT-MS2, in tumor-adjacent mammary tissue (Zhang et al., 

2008). The adduct was detected in breast tissues from five out of six subjects, including one 

non-cancer patient. Genotoxic chemicals formed in well-done cooked meats and tobacco 

smoke also may contribute to breast cancer. 2-Amino-1-methyl-6-phenylimidazo[4,5-

b]pyridine (PhIP) is a potential human carcinogen formed in well-done cooked meat, 

(Sugimura et al., 2004) and 4-aminobiphenyl (4-ABP) is a human carcinogen present in 

tobacco smoke and the environment (IARC Monograph, 1986; Luceri et al., 1993; 
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Patrianakos and Hoffmann, 1979). Putative DNA adducts of PhIP and 4-ABP have been 

detected by IHC or 32P-postlabeling in mammary tissue or exfoliated epithelial cells in milk 

of lactating mothers (Faraglia et al., 2003; Gorlewska-Roberts et al., 2002; Zhu et al., 2003). 

However, Gu et. al. employed a very selective and sensitive HPLC-LIT-MS3 method 

(Goodenough et al., 2007) to measure the dG-C8 adducts of PhIP and 4-ABP in DNA of 

tumor-adjacent normal mammary tissues from newly diagnosed breast cancer subjects.(Gu 

et al., 2012) They did not find dG-C8-4-ABP adduct, and dG-C8-PhIP was only detected in 

one out of 70 biopsy samples even though the level of sensitivity of the LIT-MS based 

method was 100-fold lower than the average level of PhIP adducts reported by IHC (Zhu et 

al., 2003). Thus, the IHC assay may have detected DNA adducts other than dG-C8-PhIP or 

dG-C8-4-ABP. Further studies are warranted to determine the potential of PhIP and 4-ABP 

to form DNA adducts in mammary tissue and contribute to breast cancer risk.

In 2012, Yun et. al. developed a highly sensitive and robust HPLC-LIT-MS3 method and 

measured DNA adducts of AAs from renal cortex of patients from Taiwan with upper 

urothelial cancer (Yun et al., 2012). The aristoloactam DNA adduct, dA-AL-I was quantified 

at levels ranging from 9 to 338 adducts per 108 nucleotides. This method built the 

foundation for a series of publications on the measurement of aristolactam DNA adducts in 

fresh frozen but also in formalin-fixed paraffin-embedded (FFPE) renal tissues, and 

exfoliated urothelial cells. Employing HPLC-LIT-MS3, dA-AL-I was quantified in renal 

cortex and upper urothelial tumor tissues from nearly 200 patients with upper urothelial 

cancer from Taiwan, the Balkan endemic regions, and Romania (Yun et al., 2013; Yun et al., 

2012; Yun et al., 2015; Yun et al., 2014).

DNA Adducts in Human Biofluids

Benzo[a]pyrene (B[a]P) is a prototypical PAH and classified as a Group 1 human carcinogen 

by the IARC (IARC Monograph, 1983). Penning has extensively studied the role of aldo-

keto reductases (AKRs) in the metabolic activation of PAHs(Penning, 2014). Using B[a]P as 

a prototypical PAH, an HPLC-LIT-MS3 method was developed to identify stable DNA 

adducts of benzo[a]pyrene-7,8-dione, the bioactivated form of B[a]P catalyzed by AKRs, in 

human lung cell lines (Huang et al., 2013). Alternatively, B[a]P can be bioactivated to the 

radical cation and form DNA adducts at sites such as C8-, N7-Gua, and N3- and N7-Ade 

(Cavalieri and Rogan, 1998). In 2003, Bhattacharya et. al. measured DNA base adducts of 

B[a]P, 7-(benzo[a]pyren-6-yl)-adenine (BP-6-N7-Ade) and 7-(benzo[a]pyren-6-yl)-guanine 

(BP-6-N7-Gua) in urine (Bhattacharya et al., 2003). Urine samples were processed by an 

immunoaffinity (IA) column with high specificity towards BP-6-N7-Gua and BP-6-N7-Ade. 

The adducts were isolated by HPLC with fluorescence detection and the fractions containing 

adducts were analyzed by HPLC-QIT-MS. BP-6-N7-Gua was detected from coal smoke-

exposed women urine while the unexposed controls were negative. Such a method may be 

employed to screen individuals at high risk of PAH exposure from cigarette or other forms 

of smoke.

The exposure to oxidizing agents, such as tobacco smoke, as well as normal cellular 

processes, can lead to the formation of reactive oxygen species (ROS). Due to its low redox 

potential, guanine is a susceptible target for ROS-induced DNA damage,(Ravanat et al., 
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2012) and oxidative DNA damage can be studied by monitoring the levels of 8-oxo-7,8-

dihydroguanine (8-oxo-Gua) or 8-oxo-dG in tissues. However, an overestimation of levels of 

8-oxo-dG can occur due to artefactual oxidation of dG during the isolation of DNA, or the 

subsequent digestion of DNA, or derivatization procedures employed for GC/MS.(Ravanat 

et al., 1995) The Standard Committee on Oxidative DNA Damage has published 

recommended protocols to minimize the artefactual oxidation of 8-oxo-dG (Collins et al., 

2004; Gedik et al., 2005). 8-Oxo-dG in urine, on the other hand, has been reported to be 

stable and free of artefactual DNA oxidation due to the minimum sample manipulation (Lin 

et al., 2004; Matsumoto et al., 2008). Rota et. al. employed serial coupling LC columns and 

measured 8-oxo-dG in human urine samples by HPLC-QIT-MS2 (Rota et al., 2013). 

However, after normalizing the concentration of 8-oxo-dG in urine with the creatinine 

content, there was no statistically significant difference in 8-oxo-dG levels among the 

healthy male and female volunteers.

Exfoliated urothelial cells in urine are a feasible source of DNA for biomonitoring DNA-

damaging agents of the urinary system. Randall et. al. developed a highly sensitive method 

by operating at a nano-flow rate and online enrichment with a microchip to quantify dG-

C8-4-ABP adduct from only 1 μg of DNA employing an ion trap MS from Agilent.(Randall 

et al., 2010) Spiking studies showed that the limit of quantification was 5 adducts per 109 

DNA bases. The authors did not detect dG-C8-4-ABP in urine of non-smokers; urine of 

smokers were not screened for adducts. Yun et al. (Yun et al., 2015) assayed for dA-Al-I 

adduct in exfoliated urinary cells from patients who had ingested traditional Chinese herbal 

medicines containing Aristolochia sp. Four out of five subjects contained dA-Al-I in urinary 

cells at a level above LOQ (3 adducts per 109 bases), when assayed by QIT/MS. The adducts 

were still detected in exfoliated cells up to 3 months after cessation of drug usage. The one 

subject without detectable dA-Al-I had no recorded history of Aristolochia sp. usage.

The oral and nasal cavities are the first portals encountering carcinogens in the diet and 

tobacco smoke. In 2010, Bessette et. al. characterized and quantified the dG-C8 adducts of 

tobacco smoke and cooked meat carcinogens PhIP, 2-amino-9H-pyrido[2,3-b]indole (AαC), 

2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) and 4-ABP in salivary DNA by 

HPLC-LIT-MS3.(Bessette et al., 2010) Adducts levels ranged from 1 to 9 per 108 

nucleotides with dG-C8-PhIP being found most frequently and present in 15 out of 37 

subjects, whereas dG-C8-AαC and dG-C8-MeIQx were detected in 3 current smokers and 

dG-C8-4-ABP, from 2 current smokers. The successful measurement of DNA adducts 

suggests that human saliva may be a promising noninvasive source for biomonitoring the 

exposure of dietary and tobacco specific carcinogens.

Leukocytes are another accessible source of DNA for biomonitoring DNA adducts. Balbo et. 

al. quantified N7-ethyl-guanine (N7-Et-Gua), an adduct derived from ethylating agents of 

unknown structures, from leukocytes of smokers and non-smokers.(Balbo et al., 2011) A 

nanoHPLC-LIT equipped with high resolution (HR) Orbitrap MS was established with an 

LOQ of 8 fmol/μmol Gua (3 adducts per 108 nucleotides) with 180 μg DNA used for assay. 

N7-Et-Gua was detected in the majority of subjects in the smoker and non-smoker groups; 

however, no statistically significant difference was observed between the adduct levels from 

the two groups. Sangaraju et. al. employed nanoHPLC-LIT-HRMSn for the quantitation of 
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DNA adducts formed with 1,3-butadiene (BD) (Sangaraju et al., 2013; Sangaraju et al., 

2014). BD is a known human carcinogen present in automobile exhaust and cigarette smoke.

(Lewtas, 1993) The epoxide metabolites of BD can alkylate DNA to form adducts such as 

N7-(2,3,4-trihydroxybut-1-yl) guanine (N7-THBG) and N7-(1-hydroxy-3-buten-2-yl) 

guanine (EB-GII). These adducts may contribute to the carcinogenicity of BD in animal 

models (Goggin et al., 2011). Both adducts are released from DNA backbone by thermal 

hydrolysis and serve as biomarkers for monitoring BD exposure. Utilizing the HR feature of 

LIT-Orbitrap, N7-THBG was quantified in DNA from human leukocyte at MS2 scan stage 

with an LOQ of 2 adducts per 109 nucleotides.(Sangaraju et al., 2013) However, their 

attempts to quantify EB-GII, by QqQ-MS in SRM mode and nanoHPLC-LIT-HRMS2, were 

unsuccessful due to co-eluting isobaric interferences. The authors showed that only HRMS3 

could provide sufficient selectivity and sensitivity, but the amount of EB-GII in human blood 

samples was below the LOQ (0.4 adducts per 109 nucleotides). Ma et. al. employed 

nanoHPLC-LIT-HRMS2 method to measure the cyclic dG adduct of malondialdehyde 

(MDA) in human leukocytes.(Ma et al., 2014) MDA is a principal product of lipid 

peroxidation and an endogenous genotoxicant (Marnett, 1999). DNA adducts of MDA may 

contribute to the inflammation-mediated diseases such as cancer and cardiovascular 

diseases. The predominant DNA adduct of MDA is 3-(2-deoxy-β-D-erythro-

pentafuranosyl)pyrimido-[1,2-α]purin-10(3H)-one deoxyguanosine (M1dG), a mutagenic 

lesion that induces T > A mutations in E. coli (Fink et al., 1997). The method to measure 

M1dG reached an ultra-low LOQ value of 0.125 fmol/mg DNA (4 adducts per 1011 

nucleotides), when 200 μg of leukocyte DNA was assayed.

DNA extracted from Human cells treated with carcinogens

Freshly isolated human hepatocytes maintained in primary culture are excellent sources to 

study the metabolism and bioactivation of carcinogens that occurs in humans because the 

xenobiotic metabolism enzymes and cofactors are present at physiological concentrations. 

Human hepatocytes have been successfully employed to study the metabolism of AFB1 and 

HAAs.(Langouet et al., 1995; Langouet et al., 2002; Langouet et al., 2001) In 2009, Bessette 

et. al. utilized HPLC-LIT-MS3 to screen for multiple DNA adducts formed in primary 

human hepatocyte cultures by an untargeted Data-Dependent Constant Neutral Loss (DD-

CNL) method, where the loss of dR (m/z 116) triggered the MS3 fragmentation of the 

aglycone adducts (Bessette et al., 2009). Four adducts were detected, by the DD-CNL-MS3 

method, in DNA of hepatocytes treated with 4-ABP. The major adduct was dG-C8-4-ABP, 

followed by dA-C8-4-ABP, and the proposed adducts dG-N2,N4-4-ABP, dG-N2-4-ABP 

(Figure 7). The product ion spectra at the MS3 scan stage supported the proposed structures 

of the 4-ABP-DNA adducts. This was the first report of utilizing DD-CNL with the LIT as a 

tool to screen for multiple DNA adducts. Nauwelaers et. al. incubated 4-ABP, AαC, 2-

amino-3-methylimidazo[4,5-f]quinoline (IQ), MeIQx or PhIP in freshly cultured rodent 

hepatocytes or human hepatocytes from eight different donors and quantified the major dG-

C8 adducts of these carcinogens by HPLC-LIT-MS3.(Nauwelaers et al., 2011) Interestingly, 

their findings showed that human hepatocytes were more efficient than the rodent 

hepatocytes at forming DNA adducts of these chemicals, suggesting that rat model 

commonly used in carcinogenesis bioassays may underestimate the potential genotoxicity of 

HAAs in humans.
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HOW TO ACHIEVE SUCCESSFUL MEASUREMENT

Sample Preparation

The general steps in DNA sample preparation and adduct analysis by LC-IT-MSn are 

depicted in Figure 8. The success in analyzing DNA adducts at trace levels roots from 

consistent daily good laboratory practice. The quality of sample preparation, beginning from 

the collection of tissues, the isolation DNA, followed by the enzymatic or thermal hydrolysis 

of DNA, and the enrichment of DNA adducts prior to LC-MS analysis, determines the 

success of the assay. Contamination can easily occur but is often difficult to trace and 

eliminate. Designated working area and dedicated instruments such as a dedicated auto-

sampler and LC-MS system, speed vacuum concentrators for solvent evaporation, and 

dedicated pipettes using only tips with filters are required for trace-analysis manipulations 

and adduct measurements.

One must be aware of the cell types/tissue regions to be collected in order to avoid potential 

dilution of the DNA adducts from cells irrelevant to the assay. For example, cells exfoliated 

from the epithelial lining of the vagina of females can dilute the levels of DNA adducts in 

exfoliated urinary cells when studying DNA adduct formation of urothelial carcinogens,

(Talaska et al., 1990) or muscle cells in bladder tissues (detrusor muscle), when adducts are 

formed in the urothelium layer (transitional epithelium), where cancers are thought to 

originate.

The retrieval of DNA with high purity from tissues is another crucial step in the successful 

measurement of DNA adducts. The most commonly used protocols include phenol-

chloroform extraction or solid-phase extraction (SPE) of DNA employing silica-based 

resins. The phenol-chloroform extraction method removes denatured proteins, lipids and 

other cell components, which partition into the organic phase. The DNA in the aqueous 

phase is then collected by precipitation with ethanol in the presence of high salt.(Gupta, 

1993) Freshly distilled phenol saturated with TE (10 mM Tris buffer, pH 8, and 1 mM 

EDTA) buffered between pH 7.0 - 8.0 is used to isolate DNA. The pH affects the 

partitioning of DNA between the organic and aqueous phases. At an acidic pH 5.0, the 

elevated H+ ions will neutralize the negative phosphate charges on DNA backbone, and the 

macromolecule will partition into the organic phase. The phenol must be of high quality as 

outdated, oxidized phenol can cause ring-opening at the imidazole moiety of arylamine and 

heteroarylamine substituted dG-C8 adducts (Shibutani et al., 1990; Tang et al., 2013).

Solid-phase DNA extraction (silica-based) methods are commonly used in commercial kits, 

which have higher throughput than the solution-phase extraction with phenol-chloroform. 

The silica-based technology binds DNA in the presence of high salt and chaotropic 

solutions. The chaotrope disrupts the shell of hydration around the biomolecules and silica, 

which allows cations from the solution to form a salt bridge between the negatively charged 

DNA backbone and the negatively charged silica. The DNA is then washed with high salt 

and ethanol, followed by elution of DNA with a low salt solution that disrupts the salt 

bridge. In the magnetic beads technology, the magnetic or paramagnetic core is encapsulated 

by a layer of silica, which will bind the DNA, followed by purification employing the same 

solvent conditions described above. Bench top automated instruments can reduce the time of 
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sample preparation, and further increase the throughput of the method. Although time 

consuming, our experiences show that phenol/chloroform extraction usually surpasses solid-

phase methods with respect to DNA yield and purity. In addition, issues such as lot-to-lot 

variation of silica-based kits, insufficient removal of the magnetic beads, and even the shelf-

life and handling of kit solutions can affect the yield and purity of the DNA. It is critical to 

evaluate the stability and recovery of the DNA adducts by comparing the different methods 

of DNA extraction.

The enzymatic digestion of DNA is done with a cocktail of enzymes. Different laboratories 

employ different enzymes and conditions of digestion. Our laboratory routinely employs 

DNase I (Type IV, bovine pancreas), alkaline phosphatase (Escherichia coli), nuclease P1 

(from Penicillium citrinum), and Phosphodiesterase I (from Crotalus adamanteus venom). 

This mixture of enzymes efficiently digests a variety of different classes of DNA adducts, 

including those formed with aromatic amines, heterocyclic aromatic amines, aristolochic 

acid, polycyclic aromatic hydrocarbons, tobacco specific N-nitroso compounds, and lipid 

peroxidation adducts (Bessette et al., 2010; Goodenough et al., 2007; Guo et al., 2016; 

Kozekov et al., 2010; Yun et al., 2012). The analysis of the DNA digest by HPLC with UV 

provides a good estimate of DNA purity and the efficacy of the nucleases to fully digest the 

non-modified DNA bases. In our laboratory, a portion of DNA digest, equivalent to 0.5 to 1 

μg DNA, is analyzed by HPLC-UV by comparing the peak areas of the four dNs at A260 to 

that of dNs standards of equal amount assayed. Our HPLC conditions employ a C18 

reversed phase column, 20 mM ammonium acetate, pH 4.5 as LC solvent A and acetonitrile 

as solvent B (Gu et al., 2012). A gradient is used to resolve the dNs. The detection of 

guanosine and uridine, which are baseline resolved from the dNs, signifies RNA 

contamination. Normally, the percent contamination of RNA is on the order of one percent 

or less. The efficacy of nuclease digestion of non-modified DNA should be quantitative and 

small molecular weight oligonucleotides should not be seen in the chromatogram. Ideally, 

oligonucleotides containing defined amounts of adducted carcinogens (Dong et al., 2006) or 

DNA modified with known levels of carcinogens that have been characterized by other 

means (Beland et al., 1999; Brown et al., 2001; Divi et al., 2002) should be employed as 

positive controls to confirm the recovery of bulky DNA adducts, which may inhibit the 

efficacy of nuclease digestion.

The level of DNA adducts can be reported by different means. For example, the adduct level 

can be expressed as pmol of adduct per μmol Gua; pmol adduct per mg DNA; or mole ratio 

of adduct per nucleotides. The first unit is often reported when adducts are measured as free 

base, and Gua is quantified by HPLC-UV (Hecht et al., 1986). The other two units are 

commonly reported in studies where adducts are analyzed as dNs, following enzymatic 

digestion. In these cases, DNA can be estimated before digestion by UV spectroscopy, using 

a value of 1 absorbance unit at A260 as an equivalent to 50 μg/mL double-stranded DNA 

(Maniatis et al., 1982). The ratio of A260/A280 is used to assess the purity of DNA (Glasel, 

1995). A ratio value of 1.8 is generally accepted as “pure” DNA. Significant protein 

contamination is suggested when the A260/A280 ratio is below 1.6, and a ratio above 2.0 

indicates the presence of RNA. However, these ratio values are only an estimation of the 

DNA purity, and conditions such as pH and ionic strength of the solution, the aromatic 

amino acid content of residual proteins, and the performance of the spectrophotometer can 
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affect these ratio values.(Wilfinger et al., 1997) Alternatively, the dG content can be 

measured by HPLC, following enzymatic digestion. Under the assumption that 1 mg DNA 

contains 3 μmol nucleotides, and dG accounts for 22% of the total nucleosides, the estimates 

of DNA adducts can be determined (Lao et al., 2007).

DNA adducts are quantified by the employment of calibration curves. The calibration curves 

are constructed by spiking variable amount of synthetic DNA adduct standards and constant 

levels of their stable isotope labeled internal standards into the DNA digest. The level of 

internal standard is usually chosen in the middle of the range of unlabeled adducts and a 

linearity of at least 50-fold can be achieved. A representative calibration curve of dG-C8-

PhIP is shown in Figure 9. The calibration curves display excellent linearity (r2 > 0.99) 

when assayed at either the MS2 or MS3 scan stages with the HPLC-IT-MSn (Goodenough et 

al., 2007).

After acid/neutral thermal hydrolysis or enzymatic digestion, the DNA adducts must be 

enriched from the non-modified nucleobases or dNs, which are present at one million-fold or 

greater levels than the targeted adduct. The enzymatic digestion conditions introduce salt, 

protein and potential contaminants into the sample. As a result, MS signal can be suppressed 

or components in the digest may introduce isobaric interferences that impact the reliability 

and sensitivity of the assay.(Klaene et al., 2015) Such chemical complexity has been noticed 

by several groups and possible solutions include optimizing the nuclease:DNA ratio, 

removal of the nucleases, or employing “cleaner” recombinant enzymes rather than enzymes 

obtained from animal or bacterial sources (Balbo et al., 2014a; Klaene et al., 2015). DNA 

adducts can be enriched by SPE, off-line HPLC fractionation, or on-line trapping prior to 

LC/MS. Isobaric interferences also can be introduced from impurities in the solvents and the 

SPE resin, or by chemicals co-extracted from the frits of the SPE cartridge, which can result 

in ion suppression (Goodenough et al., 2007). The employment of SPE cartridges without 

frits can circumvent some of these interferences. LC-MS grade solvents are recommended in 

all steps involved in the sample preparation. The aforementioned techniques have been 

extensively reviewed (Balbo et al., 2014b; Liu and Wang, 2015; Tretyakova et al., 2012). 

Our lab utilizes an online C18 trap column to enrich hydrophobic adducts prior to LC-MS 

analysis. This method dramatically reduces sample preparation time. The DNA digest is 

concentrated to dryness by vacuum centrifugation, resuspended in appropriate solvent, and 

injected directly on to the trap column (Yun et al., 2012).

HPLC-IT-MSn Analysis

Each DNA adduct possesses its own analytical challenge. There is no universal method for 

assaying all types of DNA adducts. A variety of HPLC stationary phases with different 

chemical selectivities are available and should be evaluated for optimal performance. The 

choice of LC solvent, the type and concentration of buffer (ion-pair agent) are all critical 

aspects for good chromatography, but also for improving MS sensitivity (Tretyakova et al., 

2012; Yin et al., 2013). Our laboratory generally employs Magic C18 AQ (Michrom) resins 

for chromatography, and dilute formic acid (0.01 – 0.05% v/v) and acetonitrile as the 

organic solvent for adduct measurements.
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Since the ionization source of online LC-MS, ESI, is a concentration-dependent detector 

device, (Davis et al., 1995; Hopfgartner et al., 1993) the sensitivity of the analysis can be 

improved by decreasing the flow rates from conventional HPLC (0.1 – 1 mL/min) to 

capillary- (1 – 10 μL/min) or nanoLC (0.1 – 0.3 μL/min) systems. Nanosources are 

commercially available from a number of vendors, and nanoLC flow should be considered 

for ultra-trace DNA adduct measurements. The decreased flow rate and the diameter of the 

emitter tip can greatly improve the MS sensitivity by improving the ionization and analyte 

transmission efficiency, and also decrease the degree of ion suppression (El-Faramawy et al., 

2005; Shen et al., 2002). However, the spraying conditions, the inner diameter size of the 

emitter and its position in the source, the spray voltage, and solvent composition can greatly 

affect the sensitivity of nanoESI and must be carefully optimized (Schmidt et al., 2003).

IT-MS instruments are commercially available from several vendors. Each instrument has its 

own unique strengths and advantages. As was discussed in the Section on Fundamental of 

the Ion Trap, the most critical feature that affects the instrument performance in an IT is the 

control of the number of ions inside the trap at any point in time. If the ion count is too high, 

“space charging” will occur and cause a large decrease in mass accuracy and resolution. 

However, a low total ion count will result in poor ion statistics, resulting in poor quality 

mass spectra. Our laboratory is equipped with the Velos Pro LIT-MS from Thermo Fisher 

Scientific Inc. Several critical instrument parameters of the Thermo Fisher LIT-MS are 

discussed here. The control of the ion population in the trap is achieved by setting Automatic 

Gain Control (AGC) and Injection Time (Scigelova and Makarov, 2013). In this instrument, 

the gate lens will open for a short period of time to measure the ion influx, which determines 

the Injection Time required for the lens to open to fill the trap with target number of ions 

specified by AGC. Thus, the influx of ions will reach the AGC with an actual injection time 

smaller than the specified value, or arrive at the maximum Injection Time with fewer ions 

collected than the designated AGC value. Increasing the Injection Time improves the quality 

of spectra because the trap will be filled with more ions up to the predetermined AGC value, 

but the number of scans acquired across the peak will decrease. The injection time and AGC 

must be optimized to assure that a sufficient number of scans are acquired across the 

chromatographic peak. This is particularly important for narrow eluting peaks. We strive to 

acquire a minimum of ten scans across the peaks for quantitative measurements of DNA 

adducts and other analytes (Guo et al., 2015).

Other parameters, such as ion optics voltages, Isolation Width, Activation Q, Activation 

Time and Collision Energy also affect the sensitivity of the MS and the quality of the mass 

spectra. The influence of these parameters will vary for different adducts. The signal 

response of the adducts should be optimized by directly infusing synthetic DNA adduct 

standards into the MS and optimizing ion optics voltages and ensure high transmission 

efficiency of ion beams entering the trap. The Isolation Width is the baseline width of a 

window for selecting a mass peak (m/z). The width should be sufficiently narrow to 

maintain high precursor selectivity but too low a value results in loss of sensitivity because 

not all of the ions in a mass peak are isolated. In addition, McClellan and coworkers noticed 

a drop off of MS sensitivity and mass resolution when applying the same Isolation Width to 

some “fragile” compounds (McClellan et al., 2002). Their observations are confirmed by our 

experiences and show that such fragile molecules, including some DNA adducts, dissociate 
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at lower collision energy and are prone to fragmentation during the applied isolation 

waveform especially at slower scan speed, and therefore, the time period of ion isolation 

must be reduced. Thus “fragile” DNA adducts require wider Isolation Width (m/z 3 – 5) than 

other adducts (m/z 1 - 2) (Bessette et al., 2010; Goodenough et al., 2007). The Activation Q 

is the RF frequency used to trap fragment ions. A lower activation Q results in lower energy 

deposition and allows detection of the lower m/z fragmentation ions. A higher activation Q 

results in greater energy deposition, however lower m/z fragmentation ions are not stable in 

the ion trap and are not scanned out. Decreasing the activation q value of CID in the ion trap 

will lower mass cutoff for MS/MS, thereby allowing the scanning of low m/z product ions. 

However, this approach also places the precursor ions into a shallower trapping potential, 

possibly leading to decreased ion stability and undesired ion losses during ion activation. We 

observed a need to increase the Activation Q from the default value of 0.25 to 0.35 for the 

fragmentation of PhIP in LIT-MS; the default value of 0.25 yielded a 10-fold lower ion 

intensity (Guo et al., 2015). In contrast, no difference signal was observed when employing 

Activation Q of 0.25 or 0.35 to dissociate the dG adducts of PhIP or other HAAs (Bessette et 

al., 2010; Goodenough et al., 2007). The Activation Time together with the Collision Energy 

can be chosen by the user to perform either a short, hard fragmentation (shorter Activation 

Time with larger Collision Energy), or a long, soft fragmentation (longer Activation Time 

with smaller Collision Energy).

CONCLUSIONS AND FUTURE DIRECTIONS

IT-MS is a powerful technique for measuring DNA adducts with high sensitivity and 

selectivity, and multi-stage scanning provides high quality spectral data to corroborate DNA 

adduct structure and improves the selectivity for quantitative measurements of DNA adducts. 

The paucity of freshly frozen tissues and biofluids, which are often not available for large 

population studies have impeded the use of DNA adducts as biomarkers in large scale 

molecular epidemiology studies. However, formalin-fixed paraffin-embedded (FFPE) tissues 

with clinical diagnosis of disease are routinely archived and are a valuable resource for DNA 

adduct biomarker research. Our laboratory has established methods to retrieve DNA adducts 

of AA from FFPE tissues,(Yun et al., 2015) and we are evaluating the potential of employing 

archived DNA for the measurement of multiple classes of DNA adducts (Guo et al., 2016). 

With the motivation to screen for multiple DNA adducts, the MSn scanning of the IT-MS can 

be employed in the data dependent-scan mode to screen for putative adducts based on the 

loss of dR (m/z 116) (Bessette et al., 2009). This application is being extended to HRMS 

instruments, such as the Orbitrap, with accurate mass measurement, which can improve the 

selectivity of screening by a precise mass difference of 116.0475 (Balbo et al., 2014a). 

Further improvements in software tools enabling the bioanalyst to make full use of the HR 

mass spectral data generated by the Orbitrap analyzers are required for adductomics. 

Comprehensive, publicly available data bases of libraries of fragmentation spectra must be 

curated to facilitate the identification of DNA adducts as no one single lab will have 

reference standards for all known DNA adducts. With the maturation of the methodology 

and instrumentation, we expect to see a fast growth in the number of publications reporting 

the measurement of DNA adducts by IT-MS. These data will advance our understanding of 

chemical exposures, DNA adducts, and risk factors for cancer.
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Figure 1. 
Representative structures of known and probable human carcinogens and their DNA 

adducts.
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Figure 2. 
Scheme of (A) a single-quadrupole mass analyzer and (B) stability diagram.
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Figure 3. 
Tandem MS scan modes of the QqQ-MS. Ions of different m/z are depicted by the size of 

circles. Ions measured by Q1 are indicated by dash lines in the mass spectra at the far right 

and those by Q3, solid lines.

Guo and Turesky Page 27

Curr Protoc Nucleic Acid Chem. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Scheme of (A) Quadrupole Ion Trap and (B) Linear Ion Trap mass analyzers with radial 

ejection.
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Figure 5. 
Scan modes of the IT-MS. Ions of different m/z are depicted by the size of circles.
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Figure 6. 
UPLC-LIT-MS3 reconstructed ion chromatograms of dA-Al-I from human kidney cortex of 

patients with UUC from Taiwan at levels (A) below LOQ, (B) 0.4 adducts, and (C) 5.9 

adducts per 108 nucleotides. The product ion spectra of dA-AL-I and its internal standard 

obtained from subject C, the 15N (*) labeled internal standard was spiked into DNA at a 

level of 5 adducts per 108 nucleotides. Reprinted from Yun (2012) with permission from 

American Chemical Society.
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Figure 7. 
CNL-MS3 data-dependent scanning of 4-ABP adducts in human hepatocytes, either (A) 

untreated or (B) treated with 4-ABP (10 μM). The chromatograms from top to bottom 

represents: the full scan mode from m/z 400-600; total ion chromatograms of all MS2 scan 

events; peaks filtered by the CNL of m/z 116, and peaks detected by data-dependent CNL-

MS3 scan mode. Spectra in the bottom panel shows the CNL-MS3 products of (C) dG-C8-4-

ABP, (D) proposed dG-N2,N4-4-ABP and (E) dA-C8-4-ABP adducts. Reprinted from 

Bessette (2009) with permission from American Chemical Society.
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Figure 8. 
Sample preparation steps for DNA adduct analysis by LC-IT-MS.
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Figure 9. 
Calibration curves of dG-C8-PhIP constructed at the MS2 and MS3 scan stages. Reprinted 

from Goodenough (2007) with permission from American Chemical Society.
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