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Abstract

Aromatic amines covalently bound to hemoglobin (Hb) as sulfinamide adducts at the cysteine 93 

residue of the Hb β chain have served as biomarkers to assess exposure to this class of human 

carcinogens for the past 30 years. In this study, we report that 2-amino-9H-pyrido[2,3-b]indole 

(AαC), an abundant carcinogenic heterocyclic aromatic amine formed in tobacco smoke and 

charred cooked meats, also reacts with Hb to form a sulfinamide adduct. A novel nanoflow liquid 

chromatography/ion trap multistage mass spectrometry (nanoLC-IT/MS3) method was established 

to assess exposure to AαC and the tobacco-associated bladder carcinogen 4-aminobiphenyl (4-

ABP) through their Hb sulfinamide adducts. Following mild acid hydrolysis of Hb in vitro, the 

liberated AαC and 4-ABP were derivatized with acetic anhydride to form the N-acetylated 

amines, which were measured by nanoLC-IT/MS3. The limits of quantification (LOQ) for AαC- 
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and 4-ABP-Hb sulfinamide adducts were ≤ 7.1 picograms per gram Hb. In a pilot study, the mean 

level of Hb sulfinamide adducts of AαC and 4-ABP, were, respectively, 3.3-fold and 4.8-fold 

higher in smokers (> 20 cigarettes/day) than nonsmokers. In contrast, the major DNA adducts of 

4-ABP, N-(2′-deoxyguanosin-8-yl)-4-aminobiphenyl, and AαC, N-(2′-deoxyguanosin-8-yl)-2-

amino-9H-pyrido[2,3-b]indole, were below the LOQ (3 adducts per 109 bases) in white blood cell 

(WBC) DNA of smokers and nonsmokers. These findings reaffirm that tobacco smoke is a major 

source of exposure to AαC. Hb sulfinamide adducts are suitable biomarkers to biomonitor 4-ABP 

and AαC; however, neither carcinogen binds to DNA in WBC, even in heavy smokers, at levels 

sufficient for biomonitoring.
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Introduction

More than 60 carcinogens, including polycyclic aromatic hydrocarbons (PAHs), N-

nitrosamines, aromatic amines, and heterocyclic aromatic amines (HAAs) are present in 

tobacco smoke.1,2 Epidemiological studies have shown that tobacco smoke is a risk factor 

not only for lung cancer, but also for cancers of the liver, bladder, and the gastrointestinal 

tract.3,4 PAHs and N-nitrosamines are believed to contribute to lung cancer while aromatic 

amines, such as 4-aminobiophenyl (4-ABP), are thought to be involved in the pathogenesis 

of bladder cancer of smokers.3,5 2-Amino-9H-pyrido[2,3-b]indole (AαC) is the most 

abundant carcinogenic HAA present in mainstream tobacco smoke, with levels ranging from 

37 to 258 ng/cigarette.6,7 These amounts are 25–100-fold higher than the levels of 4-ABP 

and benzo[a]pyrene (B[a]P), and comparable to the levels of 4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanone (NNK) that occur in tobacco smoke.8–10 4-ABP, B[a]P, and NNK are 

recognized as human carcinogens.4

AαC is a liver and blood vessel carcinogen, a lacI transgene colon mutagen, and an inducer 

of colonic aberrant crypt foci, an early biomarker of colon neoplasia, in mice.11–14 

Moreover, high levels of DNA adducts are detected in the liver, colon and other extrahepatic 

tissues of mice upon AαC treatment.13,15,16 The carcinogenic potential of AαC in humans is 

unknown, however, AαC is genotoxic to human lymphoblastoid cells (MLC-5) and 

peripheral blood lymphocytes cells.17,18 We previously reported that primary human 
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hepatocytes also efficiently bioactivate AαC to its N-hydroxylated metabolite, 2-

hydroxamino-9H-pyrido[2,3-b]indole (HONH-AαC),19,20 which binds to DNA and can lead 

to mutations.12,21 Therefore, AαC present in tobacco smoke may contribute to DNA damage 

of the liver and digestive tract of smokers. Long-lived biomarkers of AαC are required in 

molecular epidemiology studies to assess the role of AαC in tobacco-associated cancers.

Blood protein adducts of carcinogens have been used to estimate exposures and assess health 

risks of tobacco-associated carcinogens by mass spectrometry based methods.22–24 

Hemoglobin (Hb) adducts have been used to biomonitor environmental and occupational 

exposures to aromatic amines for the past three decades.22,25–28 In contrast to many DNA 

adducts that undergo repair, stable blood protein carcinogen adducts are expected to 

accumulate during the kinetics of the lifetime of the protein and facilitate chemical analysis. 

Arylamines undergo metabolism by hepatic cytochrome P450 to form the 

arylhydroxylamine metabolites,29 which undergo systemic circulation through the blood. 

Once up-taken by the erythrocytes, the arylhydroxylamines can undergo a co-oxidation 

reaction with oxy-hemolgobin (HbO2) to form methemoglobin (met-Hb) and the arylnitroso 

intermediates,30,31 which react with the β-Cys93 chain of Hb to form Hb arylsulfinamide 

adducts (Scheme 1).31–34

Hb arylsulfinamide adducts are easily hydrolyzed by mild acid or base treatment in vitro, 

leading to the release of the parent arylamine carcinogens and the Hb β-Cys93 sulfinic acid 

(Scheme 1). 32,33 The arylamines are analyzed, following chemical derivatization with 

fluorinated anhydrides, by gas chromatography-negative ion chemical ionization mass 

spectrometry (GC-NICI/MS).25,33,35 The arylamine-Hb adduct biomarker was established 

thirty years ago 33,35 and it is still used world-wide today.26–28

Peripheral white blood cells (WBC) are another surrogate blood biospecimen, which have 

been used to assess the exposure to tobacco genotoxicants primarily by screening of DNA 

adducts with 32P-postlabeling methods.36–39 Some studies have reported elevated levels of 

putative bulky aromatic type adducts in WBC DNA of smokers compared to 

nonsmokers.40–42 However, the identities of the chemicals in tobacco smoke that damage 

DNA are uncertain because of the lack of specificity of the 32P-postlabeling assay. There are 

several studies reporting positive correlations between the levels of 4-ABP-Hb adduct to the 

levels of 32P-postabeled DNA lesions in WBC of smokers,41,43,44 but to our knowledge, 

MS-based methods to measure both arylamine-Hb adducts and their respective WBC DNA 

adducts have not been reported.

In this study, we have developed a novel approach using nanoflow liquid chromatography-

ion trap multistage mass spectrometry (nanoLC-IT/MS3) as a platform to measure the 4-

ABP- and AαC-Hb sufinamide adducts in humans. The released amines were derivatized 

with acetic anhydride to form the N-acetylated derivatives, which were measured by 

nanoLC-IT/MS3. The nanoLC-IT/MS3 assay has a limit of quantification (LOQ) value of 7.1 

picograms of 4-ABP and 6.6 picograms AαC per gram Hb, LOQ values which are 

comparable to the GC-NICI/MS method for the 4-ABP adduct.33,35 We also employed our 

ultraperformance liquid chromatography-ion trap/multistage mass spectrometry (UPLC-
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IT/MS3) method to measure DNA adducts of 4-ABP and AαC in WBC of the same 

subjects.45,46

Materials and Methods

Caution: AαC and 4-ABP are carcinogens and should be handled with caution in a well 
ventilated fume hood with the appropriate protective clothing.

Chemicals and Reagents

AαC, 4-ABP and d5-4-ABP (2′,3′,4′,5′,6′-2H5-4-ABP, > 99% isotopic purity) were 

purchased from Toronto-Research Chemicals, Inc. (Toronto, Ontario, Canada). [13C6]AαC 

(4b,5,6,7,8,8a-13C6-AαC, 97% isotopic purity) was a gift from Dr. Daniel Doerge, National 

Center for Toxicological Research (Jefferson, AR). 4-Nitrobiphenyl was obtained from 

Apolo Scientific (Stockport, UK.) Triethylamine was purchased from Fisher Scientific (Fair 

Lawn, NJ). 2-Hydroxyamino-9H-pyrido[2,3-b]indole (HONH-AαC) and 4-hydroxyamino-

biphenyl (HONH-ABP) were prepared by the reduction of their nitro derivatives as 

previously described,47,48 dried by vacuum centrifugation, and reconstituted in 

DMSO:Ethanol (3:1) and stored in liquid nitrogen. N-(2′-Deoxyguanosin-8-yl)-4-

aminobiphenyl (dG-C8-4-ABP), [13C10]dG-C8-4-ABP (isotopic purity > 99.5%), N-(2′-
deoxyguanosin-8-yl)-2-amino-9H-pyrido[2,3-b]indole (dG-C8-AαC) and [13C10]dG-C8-

AαC (isotopic purity > 98.5%) were prepared as previously described.21 Mass cut off filters 

(Amicon Ultra 0.5 mL Centrifugal Filters, 10 K) were purchased from EMD Millipore 

(Merck KGaA, Darmstadt, Germany). SOLA HRP cartridges were from Thermo Fisher 

Scientific (Bellefonte, PA). Pooled human whole blood samples were obtained from 

Bioreclamation LLC (Hicksville, NY). CT DNA containing known levels of 4-ABP was 

provided by Dr. Frederick A. Beland from the National Center for Toxicology Research/U.S. 

FDA.49 De-identified red blood cells and white blood cells of smokers and nonsmokers were 

obtained from the National University of Singapore.

Isolation of Red Blood Cells

Pooled human whole blood was centrifuged at 2,000 g for 10 min. The plasma and the white 

blood cells were collected and stored at −80 °C. The red blood cell pellet was washed with 

saline buffer (0.9% of NaCl) twice, resuspended in 2 volumes of water and sonicated for 10 

min. The red blood cells lysate was then centrifuged at 21,000 g for 30 min to remove cell 

debris and the supernatant containing Hb was collected. The concentration of Hb was 

measured by UV/Visible spectroscopy (542 nm, ε(HbO2)= 14.62 mM−1 cm−1; 632 nm, 

ε(met-Hb)= 4.03 mM−1 cm−1).50

Modification of Hb with HONH-ABP and HONH-AαC in vitro

Hb (100 μg) was diluted in 100 mM sodium phosphate buffer (500 μL, pH 7.4), followed by 

the addition of a 3-fold molar excess of HONH-4-ABP or HONH-AαC, and incubated for 3 

h at 37 °C. The unbound carcinogens were removed from the modified Hb by centrifugation 

using molecular mass cut-off filters (10K). The Hb was washed twice with 100 mM 

phosphate buffer (500 μL, pH 7.4) to remove the remaining carcinogens. The efficiency of 

removal of 4-ABP and AαC was evaluated by spiking experiments, which showed that all 
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the spiked chemicals were removed by this filtration process (data not shown). The levels of 

Hb modification with carcinogens were 63 ng of Hb-4-ABP sulfinamide and 190 ng Hb-

AαC sulfinamide per 100 μg Hb, based on recovery of 4-ABP and AαC from modified Hb, 

following acid treatment (vide infra).51

Isolation and chemical derivatization of 4-ABP- and AαC-Hb sulfinamide adducts from 
human blood samples

This study was approved by the Institutional Review Boards of the National University of 

Singapore, and the University of Minnesota. All blood samples were deidentified. The Hb 

from packed red blood cells of smokers, non-smokers, and commercial pooled human blood 

were processed as described above and filtered with molecular mass cut-off filters (10K) to 

remove low molecular weight compounds. Then, HbO2 (30 mg) was transferred to 

Eppendorf tubes (2 mL) for acid hydrolysis. [13C6]AαC (3.5 pg) and d5-4-ABP (3.5 pg) 

were added as internal standards, diluted with LC-MS grade H2O (900 μL), followed by 

addition of 1N HCl (100 μL). The hydrolysis of the 4-ABP- and AαC-Hb sulfinamide was 

achieved by incubation for 3 h at 37 °C. Then, 1N NaOH (110 μL) was added to the 

solution, and the released AαC and ABP were extracted twice with ethyl acetate (900 μL). 

DMSO (50 μL) was added to the solution, and the extracts were evaporated under a gentle 

flow of N2 gas, until a volume of ~100 μL remained. The samples were diluted with H2O (1 

mL) and applied to a SOLA HRP cartridge, preconditioned with CH3OH (1 mL), followed 

by H2O (1 mL) The cartridges were washed with 20% (v/v) CH3OH in H2O (1 mL), and the 

cartridges were dried under vaccum by aspiration (≤ 20 inches of Hg) for several minutes to 

remove residual water. The 4-ABP and AαC were eluted from the cartridges with ethyl 

acetate (1 mL), and anhydrous MgSO4 (30 mg) was added to dry the eluent for 30 min. 

Thereafter, the eluent was centrifuged to remove MgSO4 particles, and the ethyl acetate was 

transferred to another Eppendorf tube (2 mL) and concentrated by a stream of N2 gas to a 

final volume of 200 μL. The amines were acetylated by adding freshly prepared 

triethylamine (10 μL, 3% v/v in ethyl acetate, pre-dried with MgSO4 (0.05 mg/mL)), 

followed by acetic anhydride (10 μL, 3% v/v in ethyl acetate) and incubated at 45 °C for 3 h. 

Thereafter, another 10 μL of the triethylamine and acetic anhydride reagents were added and 

derivatization was continued for another 3 h. After incubation, DMSO (5 μL) was added to 

the samples, followed by concentration of the residues to a volume of 10 μL under a gentle 

stream of N2 gas. The samples were reconstituted in 10% DMSO in LC/MS grade water (50 

μL).

Calibration curves

HbO2 (30 mg) from Bioreclamation LLC found to contain low amounts of 4-ABP and AαC 

(below the LOQ values, vide infra) was hydrolyzed with acid, followed by alkaline 

treatment and extraction with ethyl acetate as described above. The d5-4-ABP and 

[13C6]AαC (3.5 pg, 117 pg/g Hb) and varying amount ratios of unlabeled 4-ABP to d5-4-

ABP (eight calibrants, from 0, 0.05, up to 2.5) and varying amount ratios of unlabeled AαC 

to [13C6]AαC (eight calibrants, from 0, 0.04, up to 2.0) were added to the extract and 

derivatized with acetic anhydride as described above. The samples were concentrated under 

a gentle stream of N2 gas and reconstituted in 10% DMSO in LC/MS grade water (50 μL). 

Data were fitted to a straight line (area of response of 4-ABP or AαC/internal standard 

Cai et al. Page 5

Chem Res Toxicol. Author manuscript; available in PMC 2018 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



versus the amount of 4-ABP or AαC/internal standard) using ordinary least-squares with 

equal weightings.

Stability of Hb-4-ABP- and Hb-AαC sulfinamide adducts in vitro

Hb modified with HONH-ABP and HONH-AαC were diluted with 30 mg of unmodified 

Hb, in 100 mM sodium phosphate buffer (500 μL, pH 7.4, containing 0.9% NaCl). The level 

of 4-ABP-Hb sulfinamide was 165 pg/g Hb and the level of the AαC-Hb sulfinamide was 85 

pg/g Hb. The samples were incubated at 37 °C for different times (0, 8, 24, 48, 72, 96 

hours). Mass cut-off filter (10K) was used to terminate the time-dependent incubation and 

the filtered Hb was hydrolyzed for adducts measurement as described above.

Measurement of cotinine in human plasma

Cotinine was measured in plasma by LC-MS/MS with d3-methyl]-cotinine employed as the 

internal standard.52 The analysis was performed by the laboratory of Dr. Sharon Murphy, 

University of Minnesota.

Isolation of DNA from human WBC

The extraction of DNA from WBC was performed with the Gentra® Puregene® kit (Qiagen, 

Valencia, CA) with modifications. The white blood cell fraction (200 μL) was mixed with of 

red blood cell lysis solution (600 μL) and incubated for 10 min at room temperature. The 

mixture then underwent centrifugation for 15 min at 2500 g. The white blood cells pellets 

were collected, homogenized in TE buffer (300 μL, 50 mM Tris-HCl containing 10 mM 

EDTA and 10 mM β-mercaptoethanol, pH 8.0) and incubated with RNase T1 (318.75 U) 

and RNase A (20 μg) for 90 min at 37 °C. Proteinase K (200 μg) and SDS (0.05% final 

concentration) were added and the mixture was incubated for 2 h at 37 °C. After cooling the 

mixture on ice for 10 min, protein precipitation solution (100 μL) was added and the 

samples were incubated for 2 h at −20 °C. The precipitated proteins were removed by 

centrifugation (16,000 × g, 5 min) and the DNA was precipitated from the supernatant over 

night at −20 °C, following the addition of 0.1 volume (~ 50 μL) of 5 M NaCl and 2 volume 

(800 μL) of chilled isopropanol alcohol. The DNA was washed with ethanol (70%), and the 

DNA was reconstituted in of LC/MS grade water (200 μL). The concentration of DNA was 

determined using an Agilent 8453 UV/vis spectrophotometer (Agilent Technologies, Santa 

Clara, CA). Spiking experiments, were conducted by adding 10 μg of modified CT-DNA 

containing known amounts of dG-C8-4ABP (1 adduct per 108 per bases) to the WBC prior 

to DNA extraction to assess recovery of the adduct.

Enzymatic digestion of DNA

Each DNA sample (10 μg or 50 μg) was spiked with isotopically labeled internal standards 

([13C10]dG-C8-4-ABP and [13C10]dG-C8-AαC) at a level of 5 adduct per 108 bases and 

digested in 5 mM Bis-Tris-HCl buffer (pH 7.1) as previously described.20 Briefly, DNA (10 

or 50 μg) was incubated with DNase I and Nuclease P1 at 37 °C for 3.5 h, followed by 

incubation with alkaline phosphatase and phosphodiesterase at 37 °C for 18 h. Digested 

DNA solutions were evaporated to dryness by vacuum centrifugation and re-suspended in 25 
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μl of 1:1 water/DMSO. After 5 min sonication, the digests were centrifuged for 5 min at 

22000 g, and the supernatants were transferred to LC vials.

NanoLC-IT/MS3 measurement of Hb adducts

N-Acetyl-4-ABP and N-acetyl-4-AαC were measured with a nanoACQUITY UPLC system 

(Waters Corporation, Milford, MA) interfaced to an Nanoflex source and the Velos Ion-Trap 

mass spectrometer (Thermo Fisher, San Jose, CA). A Thermo C18 trap column (180 μm x 

20 mm, 5 μm particle size) was used for online sample enrichment. Mobile phase A was 

H2O with 0.05% formic acid, and mobile phase B contained 95% CH3CN with 5% H2O and 

0.05% formic acid. The analytical column was a self-packed Luna C18 column (5 μm 

particle size, Phenomenex Corp., Torrance, CA) prepared with a PicoTip emitter (75 μm × 

200 mm, 10 μm tip ID, New Objective Inc., Woburn, MA) was used for LC separation at a 

flow rate of 0.3 μL/min. The derivatization mixture (5 μL) was injected onto the trap column 

and washed with mobile phase A at a flow rate of 8 μL/min for 5 min. The sample was then 

back flushed on to the analytical column. The chromatography commenced at a solvent 

composition of 5% B and 95% A for 5 min, and then increased to 70% B at 10 min, and 

90% B at 18 min, and reached 99% B at 19 min. Then, the flow rate was increased to 0.6 

μL/min and held at 99% B for 3 min. Thereafter, the column was re-equilibrated back to the 

starting solvent conditions of 5% B and 95% A at 24 min, and the flow rate was reduced 

back to 0.3 μL/min, and held for 4 min. The capillary temperature was 270 °C and ionization 

voltage was 2.5 kV for positive ion mode. The activation Q value was 0.35, and the 

activation time was 10 ms. The N-acetylated amines were measured at the MS3 scan stage. 

The collision energy was set at 34 eV for N-acetyl-4-ABP and 42 eV for N-acetyl-AαC for 

both MS2 and MS3 scan stages. The isolation width was set at m/z 1 for MS2 and MS3. The 

transitions used for N-acetyl-4-ABP were: [M+H]+ at m/z 212.1 > 170.1 > 143.1, 153.1, 

155.1; N-acetyl-d5-4-ABP: [M+H]+ at m/z 217.1 > 175.1 > 148.1, 155.1, 156.1, 157.1, 

158.1; N-acetyl-AαC: [M+H]+ at m/z 226.1 > 208.1 > 167.1, 185.1; and N-acetyl-

[13C6]AαC: [M+H]+ at m/z 232.1 > 214.1 > 173.1, 191.1.

UPLC-IT/MS3 measurement of DNA adducts

dG-C8-4-ABP and dG-C8-AαC were measured with the NanoACQUITY UPLC system 

(Waters Corp, New Milford, MA) equipped with a Thermo C18 trap column (180 μm x 20 

mm, 5 μm particle size), a Michrom C18 AQ column (0.1 mm × 150 mm, 3 μm particle 

size), and a Michrom Captive Spray source interfaced with LTQ Velos. DNA digest (10 μL 

containing 4 μg DNA) were injected into the trap column and washed with mobile phase A 

(0.01% HCO2H) for 4 min at a flow rate of 12 μL/min before back-flushing the analytes 

onto analytical column. The analytes were separated using a linear gradient starting at 1% B 

(95% CH3CN, 0.01% HCO2H) and increased to 100 B over 15 min with a flow rate of 1 μl/

min. the adducts were measured at the MS3 scan stage in the positive ionization mode. The 

spray voltage was set at 1.95 kV and the capillary temperature was 270 °C. The activation Q 

value was 0.35, and the activation times was 10 ms. The isolation width was set, 

respectively, at m/z 4.0 and m/z 1.0 for the MS2 and MS3 scan stages. The collision energy 

was set at 35 eV for MS2 and 45 eV for MS3. The transitions were: dG-C8-AαC [M+H]+ at 

m/z 449.1 > 333.1 > 209.1, 291.1, 316.1; [13C10]dG-C8-AαC: [M+H]+ at m/z 459.1 > 338.1 
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> 210.1, 295.1, 321.1; dG-C8-4-ABP: [M+H]+ at m/z 435.1 > 319.1 > 249.1, 277.1, 302.1 

and [13C10]dG-C8-4-ABP: [M+H]+ at m/z 445.1 > 324.1 > 252.1, 281.1, 307.1.

Results

Hb sulfinamide adducts and WBC DNA adducts of 4-ABP and AαC

Aromatic amines and HAAs undergo bioactivation by hepatic cytochrome P450 to form the 

genotoxic N-hydroxylated metabolites,29,53–55 which can reach the blood stream and be up-

taken by the erythrocyte to form sulfinamide adducts with Hb (Scheme 1). The reactive N-

hydroxylated metabolites also may form covalent DNA adducts in WBC. We examined the 

reactivity of HONH-4-ABP and the N-hydroxylated metabolites of AαC, and 2-amino-1-

methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and 2-amino-3,8-dimethylimidazo[4,5-

f]quinoxaline (MeIQx), two prevalent carcinogenic HAAs formed in cooked meats,14,56 to 

form adducts with HbO2.51 The N-hydroxylated metabolites of MeIQx and PhIP did not 

react with the oxy-heme complex and induce met-Hb formation, and as a consequence, the 

chemical modification of the β-Cys93 residue of Hb was negligible.51 However, HONH-

AαC induced methemoglobinemia and formed an Hb sulfinamide adduct in human 

erythrocytes at greater levels than HONH-4-ABP.51 We also reported that AαC undergoes 

bioactivation and forms DNA adducts in human T lymphocytes in cell culture at higher 

levels than 4-ABP, PhIP and MeIQx.57 Therefore, we sought to determine if AαC underwent 

bioactivation in vivo to form a sulfinamide adduct with Hb using a novel nanoLC-IT/MS3 

platform. The major DNA adducts of 4-ABP, N-(2′-deoxyguanosin-8-yl)-4-aminobiphenyl 

(dG-C8-4-ABP), and AαC, N-(2′-deoxyguanosin-8-yl)-2-amino-9H-pydrido[2,3-b]indole 

(AαC), were also measured in WBC DNA of the same subjects, by our UPLC-IT/MS3 

method.45,46

Optimization of Hb hydrolysis and SPE conditions for isolation of 4-ABP and AαC from 
blood

The Hb sulfinamide adduct of 4-ABP is quantitatively hydrolyzed in 0.1N NaOH or by 1% 

HCl in acetone at room temperature for 3 h.32,33 We examined the conditions of hydrolysis 

of Hb-AαC sulfinamide with AαC-modified Hb diluted to a level of 13 ng of AαC bound 

per mg Hb (vide supra). The hydrolysis was conducted for 1 or 3 h at 37 or 60 °C using 

either 0.1N HCl or 0.1N NaOH (Figure S1.) The hydrolysis of the AαC-Hb sulfinamide 

adduct was also facile, and the recovery of AαC was comparable under all hydrolysis 

conditions. The acidic hydrolysis for 3 h at 37 °C was employed for all ensuing analyses. 

During the course of the development of the method, we chose to derivatize 4-ABP and 

AαC with acetic anhydride. This N-acetylation step decreased the volatility of 4-ABP and 

minimized its loss during concentration of the solvents prior to LC-MS. Additionally, AαC 

displayed poor chromatographic properties with severe tailing that was ameliorated by the 

derivatization step. Moreover, the creation of the acetamide group permitted consecutive 

reaction monitoring at the MS3 scan stage, and greatly enhanced the selectivity and 

sensitivity of the assay for both compounds.

The efficiency of SPE resins to recover 4-ABP and AαC, and the purity of the Hb acid 

hydrolysis extracts were assessed by MS analysis. We had previously employed a mixed 
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mode hydrophobic/ strong cation exchange (SOLA SCX) resin to successfully enrich AαC 

from human urine.58 However, a strong matrix effect was observed for the transitions of N-

acetyl-4-ABP and N-acetyl-d5-4-ABP, and the signals were weak. In contrast, purification of 

the compounds with the HRP resin provided cleaner extracts and robust MS3 transition 

signals were observed for N-acetyl-4-ABP, N-acetyl-AαC and their internal standards 

(Figure S2). On average, the overall recovery of signals for both internal standards was 

~50% of the signal of pure standards.

Performance of the analytical method to measure Hb sulfinamide adducts of 4-ABP and 
AαC

The product ion spectra of N-acetyl-4-ABP, N-acetyl-AαC and their internal standards are 

shown in Figure 1. N-Acetyl-4-ABP was monitored at the MS3 scan stage using the 

transitions [M+H]+ at m/z 212.1 > 170.1 > 143.1, 153.1, and 155.1. The fragment ion at m/z 
170.1 at the MS2 scan stage is attributed to the loss of ketene, followed by losses of HCN, 

NH3 and presumably CH3
• at the MS3 scan stage. N-Acetyl-d5-4-ABP was monitored at the 

MS3 scan stage [M+H]+ at m/z 217.1 > 175.1 > 148.1, 155.1, 156.1, 157.1, and 158.1. There 

was extensive H-D scrambling with prominent fragment ions attributed to the loss of ND3 

(m/z 155.1), NHD2 (m/z 156.1), NH2D (m/z 157.1), in addition to the loss of NH3 (m/z 
158.1). We had previously observed extensive H-D scrambling of d9-4-ABP under collision 

induced dissociation (CID) with a triple quadrupole mass spectrometer.59 Here, we observe 

that the H-D exchange still occurs by CID, when the penta-deuterium label occurs on the 

phenyl ring of 4-ABP and analyzed by ion trap MS. H-D scrambling of d5-biphenyl under 

electron impact ionization was previously reported by Cooks, where the deuterium atoms 

were randomized over both ring systems.60 N-Acetyl-AαC was monitored at the MS3 scan 

stage [M+H]+ at m/z 224.1 > 208.1 >167.1 and 185.1. The fragment ion at m/z 208.1 at the 

MS2 scan stage is attributed to loss of H2O, followed by loss of ethenimine (C2H3N) at the 

MS3 scan stage to form the deaminated charged AαC at m/z 167.1, and its water cluster 

adduct at m/z 185.1.61,62

The calibration curves were constructed with commercial blood containing low amounts of 

4-ABP and AαC (below the LOQ values). The curves are shown in Figure S3. The slopes of 

the curves and the goodness-of-fit linear regression values are (y = 0.981x + 0.038, r2 = 

0.9998) for 4-ABP and (y = 0.909x + 0.039, r2 = 0.9998) for AαC. The positive intercept for 

4-ABP is attributed to trace levels of 4-ABP in the unspiked sample, whereas the positive 

intercept for AαC is largely attributed to the impurity of [13C6]AαC, which contained 3% 

unlabeled AαC. The limit of detection (LOD) and LOQ values were determined with blank 

samples containing d5-4-ABP and [13C6]AαC. The blank samples were processed with the 

same buffers, SPE resin, acid hydrolysis, and chemical derivatization conditions as used for 

the Hb samples. The recommended guidelines for data acquisition and quality evaluation in 

environmental chemistry were used as criteria, and the LOD and LOQ values for the 4-ABP 

and AαC were set at 3σ and 10σ SD units above the background level signals.63 The LOD 

and LOQ values were, respectively, 2.4 and 7.1 pg 4-ABP and 2.1 and 6.6 pg of AαC when 

normalized per g equivalent of Hb assayed. The amounts of 4-ABP and AαC present in the 

unspiked commercial blood sample were estimated at ≤ 2 pg of carcinogen per g Hb, when 

calculated by the linear regression curves. If the Y intercept values were omitted from the 
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regression curves, the amounts of each carcinogen in blood were estimated at 4.8 ± 1.0 pg of 

4-ABP per g of Hb and 6.2 ± 0.4 pg of AαC per g of Hb.

The accuracy and precision of the method were determined with four independent 

measurements conducted on three different days over a time period of one week. HbO2 was 

modified with HONH-4-ABP and HONH-AαC as described in Materials and Methods, and 

the adducted proteins were diluted with non-modified HbO2 to arrive at target levels of 42.0 

pg 4-ABP/g Hb and 28.0 pg AαC per g Hb. The data are summarized in Table 1. The 

estimated levels of 4-ABP were within 4% of the target value, whereas the estimated levels 

of AαC were within 14% of the target value. The intra-day and inter-day % coefficient of 

variation (% CV) were, respectively, ≤17.0% and ≤22.4%, which are acceptable levels of 

precision for an ion trap MS instrument, particularly at these low levels of Hb modification.

Hb-adducts of ABP and AαC in smokers and nonsmokers

The levels of 4-ABP- and AαC-Hb adducts were quantified in another batch of commercial 

blood obtained and measured at 22.9 ± 0.2 pg 4-ABP/g Hb and 4.3 ± 0.3 pg AαC/g Hb. The 

levels of 4-ABP- and AαC-Hb adducts were subsequently measured in three nonsmokers 

and seven current smokers. The Hb adduct levels, along with number of cigarettes smoked 

per day, pack years, and plasma cotinine levels are reported in Table 2. Representative 

reconstructed ion chromatograms of N-acetyl-4-ABP and N-acetyl-AαC obtained from 

blood samples of a nonsmoker and smoker are presented in Figure 2. The product ion 

spectra of the analytes at the MS3 scan stage confirm the structures of N-acetyl-4-ABP and 

N-acetyl-AαC.

The amounts of 4-ABP-Hb sulfinamide were about 4-fold above the LOQ value in 

nonsmokers, whereas the levels of AαC-Hb sulfinamide hovered close to the LOQ value. 

The mean level of the 4-ABP-Hb adduct in smokers (120 ± 45 pg/g Hb, N = 7, mean ± SD 

was 4.8-fold higher than in nonsmokers (25 ± 4.2 pg/g Hb, N = 3, mean ± SD), a magnitude 

consistent with values previously reported.25,27,28,33 The mean level of the AαC-Hb adduct 

was 3.4-fold higher in smokers (mean 18 ± 6.6 pg/g Hb, N = 7, mean ± SD) than 

nonsmokers (mean 5.3 pg/g Hb, N = 3, mean ± SD). However, the levels of 4-ABP-Hb 

adducts were higher than AαC-Hb levels in all blood samples. The mean level of the 4-

ABP-Hb adduct was 7.4-fold higher than level of AαC-Hb adduct in smokers, when 

expressed as pmol of carcinogen bound per mg of Hb.

Stability of Hb-adducts of 4-ABP and AαC in vitro

The kinetics of removal of 4-ABP-Hb sulfinamide in humans was reported in a tobacco 

cessation study, and the adduct levels decreased to those levels seen in nonsmokers 6 to 8 

weeks after the cessation of tobacco usage.33 The kinetics data signify that the adduct is 

removed more rapidly than the life span of Hb, which is about 4 months.24 To our 

knowledge, the chemical stability of the 4-ABP-Hb sulfinamide has not been reported in 
vitro. We examined the chemical stabilities of the Hb sulfinamides of 4-ABP and AαC in 
vitro to determine if a more rapid rate of hydrolysis of the Hb sulfinamide of AαC may 

explain the large differences observed between the levels of 4-ABP- and AαC-Hb adducts 

formed in vivo. The Hb modified with HONH-ABP and HONH-AαC in vitro was diluted to 
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30 mg of unmodified Hb in 100 mM sodium phosphate buffer (500 μL, pH 7.4, containing 

0.9% NaCl) to a final level of 4-ABP-Hb sulfinamide of 165 pg/g Hb and AαC-Hb 

sulfinamide at 85 pg/g Hb. The samples were incubated at 37 °C for different times (0, 8, 24, 

48, 72, 96 h). The rates of decay of both adducts are shown in Figure 3. Linear regression of 

the slopes of decay show that the slopes are not significantly different (P = 0.1741). Thus, 

we conclude that the rates of hydrolysis of the 4-ABP- and AαC-Hb sulfinamide linkages 

are comparable. However, the rate of hydrolysis of the 4-ABP-Hb sulfinamide in vitro is 

considerable more rapid that that reported in vivo.33 We observed that the amounts of met-

Hb increased by 13-fold during the 96 h kinetics study. The reactive oxygen species 

generated as a by-product of met-Hb formation may have oxidized a portion of the Hb 

sulfinamide linkages to the acid-stable sulfonamide linked adducts and explain some of the 

rapid loss of the Hb sulfinamide adducts in vitro over time.51,64

WBC DNA adducts of ABP and AαC in smokers and nonsmokers

The levels dG-C8-AαC and dG-C8-4-ABP, the major adducts formed with AαC and 4-

ABP,5,21,65 were also measured in WBC of the same subjects. Both dG-C8-AαC and dG-

C8-4-ABP were below the LOQ value in all samples (~ 3 adducts per 109 DNA bases with 4 

μg assayed on column).19,20 The effect of the WBC matrix on DNA adduct measurements 

was assessed by spiking 10 μg of modified CT DNA containing dG-C8-4-ABP at a level of 1 

adduct per 108 bases into the DNA samples. The dilution with WBC DNA decreased the 

level of dG-C8-4-ABP to levels of 2 – 5 adducts per 109 bases. The recovery average of the 

spiked CT DNA containing dG-C8-4-ABP in the 10 WBC samples prior to processing of 

DNA was 84.9 ± 7.0 (Mean ± SD) proving that the WBC matrix had a negligible effect on 

the recovery and the response of dG-C8-4-ABP adduct. DNA containing a known, verified 

level dG-C8-AαC was not available for study. However, we had previously shown that dG-

C8-AαC was recovered from human hepatocytes treated with AαC in a dose-dependent 

manner down to a concentration as low as 1 nM of AαC, a dosage where dG-C8-AαC 

adduct formation was measured at 3 adducts per 109 DNA bases.19 This successful 

measurement demonstrated the high efficiency in enzymatic digestion and recovery of the 

dG-C8-AαC DNA adduct.19 Moreover, we pooled WBC DNA from three nonsmokers and 

three smokers for a final amount of 50 μg DNA for each specimen. The spiking dG-C8-AαC 

and dG-C8-4-ABP at a level of 1 adduct per 108 DNA bases prior to digestion to DNA. 

Adducts were not detected in the unspiked sample, but both adducts are clearly visible in the 

reconstructed ion chromatograms with 20 μg DNA assayed on column (Figure S4). The 

levels of adducts are 10-fold or greater above the background level. A representative UPLC-

ESI/MS3 reconstructed ion chromatograms are shown in Figure 4.

Discussion

We have established a robust nanoLC-IT/MS3 method to measure Hb sulfinamide adducts 

formed with 4-ABP and AαC. The chemical derivatization step with acetic anhydride 

improved the chromatography of the analytes, and the introduction of the acetamide group 

permitted consecutive reaction monitoring at the MS3 scan stage, which greatly improved 

the sensitivity of the assay. Moreover, the rapid scanning features of the linear ion trap 

permitted the acquisition of the MS3 scan stage product ion spectra and provided 
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confirmatory data on the identities of the analytes. The LOQ values for both 4-ABP and 

AαC are comparable to those values reported for 4-ABP using GC-NICI/MS,27,33,35 or 

GC/MS with electron impact in the positive-ion mode using multiple-reaction-monitoring.28 

However, our nanoLC-IT/MS3 method requires only 30 mg of HbO2, or approximately 0.2 

mL of blood, compared to several mL of blood required for the GC/MS based assays. Our 

analysis focused on 4-ABP and AαC, but the method should be amenable to measure Hb 

adducts formed with other aromatic amines or HAAs found in tobacco smoke or the 

environment.25,33

Even though AαC is present in mainstream tobacco smoke at 25–100-fold higher amounts 

than 4-ABP,6–9 the mean level of the 4-ABP-Hb adduct is 7.4-fold greater than the mean 

level of the AαC-Hb adduct in blood of smokers. The formation of Hb-arylsulfinamide 

adduct is thought to occur by N-hydroxylation of the aromatic amine, by hepatic cytochrome 

P450, followed by transport of the arylhydroxylamine to the blood, and uptake by the 

erythrocytes to form Hb arylsulfinamide adduct (Scheme 1).31–33 The higher level of 4-

ABP-Hb adduct formation is not attributed to the superior reactivity of the HONH-4-ABP 

with HbO2 since HNOH-AαC induces more methemoglobinemia in erythrocytes and forms 

higher levels of the Hb-sulfinamide than does HONH-4-ABP.51 Higher rates of N-oxidation 

of 4-ABP also do not appear to explain the elevated levels of 4-ABP-Hb formation. The 

rates of N-oxidation of 4-ABP and AαC are similar with human liver microsomes,29,55 and 

AαC and 4-ABP form comparable levels of DNA adducts in primary human 

hepatocytes.19,20 These results signify that both AαC and 4-ABP are efficiently N-

hydroxylated in human liver. AαC undergoes extensive metabolism by primary human 

hepatocytes to produce multiple phase I and phase II metabolites,66 whereas the pathways of 

metabolism of 4-ABP in human hepatocytes are not well characterized.20 On the basis of our 

understanding of 4-ABP metabolism in rodent and canine models,32,67–69 we surmise that 

the amount of HONH-4-ABP circulating in blood and delivered to the erythrocyte is far 

greater than that of HONH-AαC, resulting in proportionately higher levels of 4-ABP-Hb 

adducts.25,33 The N-hydroxylated metabolites of 4-ABP and AαC form adducts with human 

or rat serum albumin64,70–72 In the case of 4-ABP, the binding of its N-oxidized metabolite 

is 250 fold-greater for Hb than for albumin in the rat model;70,73 however, the comparative 

levels of HONH-AαC binding to Hb and albumin have not been measured in vivo in rodents 

or humans. The covalent (or non-covalent) binding of HONH-AαC to drug binding sites of 

albumin may be favored because of the planar nature of its fused 3-ring system, as opposed 

to the non-planar 4-ABP, and impact the relative levels of adduct formation between these 

two blood proteins.74,75 Further studies on the relative covalent binding of N-oxidized AαC 

to Hb and albumin are warranted.

We examined the capacity of 4-ABP and AαC to form DNA adducts in peripheral WBC. 

The LOQ values for both dG-C8-4-ABP and dG-C8-AαC, by our UPLC-IT/MS3 method, 

are ~ 3 adducts per 109 DNA bases, with 4 μg of DNA assayed on column.19,20 This level of 

sensitivity rivals that of the highly sensitive 32P-postlabeling method.49 Even though 

volunteers were heavy smokers for 25 years or more, we were unable to detect WBC DNA 

adducts for either carcinogen. The inability to detect DNA adducts may be attributed to the 

short life-span of some WBC, including monocytes (5–10% of total WBC), and 

granulocytes (40–75%), with half-lives of hours to days, and thus, DNA adducts are rapidly 
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removed due to cell turnover.37 We previously reported that DNA adducts of AαC are 

formed at higher levels than the adducts formed with 4-ABP, PhIP and MeIQx in human T 

lymphocytes in vitro; however, the DNA adducts are only detected in lymphocytes pre-

activated with PMA/Ionomycin or CD3/CD28, which induce the expression of functional 

CYP1 activity for bioactivation.76 Therefore, the capacity of cytochrome P450 enzymes 

expressed in peripheral WBC may be insufficient to N-hydroxylate 4-ABP and AαC. 

Alternatively, the phase II enzymes such as N-acetyltransferases (NAT) and sulfotransferases 

(SULT), which bioactivate HONH-4-ABP and HONH-AαC to the penultimate species that 

form DNA adducts,48,77 may be expressed at insufficient levels in WBC to catalyze DNA 

binding of the N-hydroxylated metabolites. The data reported in the literature on the 

expression of Phase II enzymes in human WBC are restricted to few reports on the detection 

of SULT and UDP-glucuronosyltransferase activities in human lymphocytes.78,79 However, 

to the best of knowledge, there is no report on the measurement of NAT activities in human 

WBC. The failure to detect DNA adducts or 4-ABP and AαC in WBC also could be due, in 

part, to the large difference in the amount of Hb compared to WBC DNA. There is 

approximately 150 mg Hb/mL blood,24 an amount that corresponds to ~9.30 mM of Hb 

subunit or ~4.65 mM of Hb β-Cys93 residues 80 For comparison, the amount of WBC DNA 

is ~6 μg/mL blood. Assuming an average molecular weight of 330 Da for a deoxynucleotide, 

the concentration of WBC deoxynucleoside is 18.2 μM, and the concentration of dG is about 

4.55 μM. This molar value of dG is about 1,000-fold lower than that of the Hb β-Cys93 

residue in blood. The vast excess of nucleophilic β-Cys93 in blood may help to explain the 

success in detection of Hb adducts over DNA adducts formed with WBC. In summary, both 

4-ABP and AαC undergo N-oxidation and bioactivation in humans to form sulfinamide 

adducts with Hb, but neither compound binds to DNA in WBC at quantifiable levels. The 

striking differences in the yield of Hb adducts highlight the important differences in the 

metabolic processing of these structurally related carcinogens, which impact the levels of Hb 

adduct formation and possibly differences in DNA adduct formation in target organs of 

tobacco-associated cancers.
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Abbreviations

4-ABP 4-aminobiphenyl

AαC 2-amino-9H-pyrido[2,3-b]indole

B[a]P benzo[a]pyrene

ESI electrospray ionization
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GC-MS gas chromatography mass spectrometry

GC-NICI/MS gas chromatography-negative ion chemical ionization mass 

spectrometry

HAA heterocyclic aromatic amines

Hb hemoglobin

met-Hb methemoglobin

HbO2 oxy-hemoglobin

nanoLC-IT/MS3 nanoflow liquid chromatography/ion trap multistage mass 

spectrometry

NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone

PAH polycyclic aromatic hydrocarbons

UPLC-IT/MS3 ultraperformance liquid chromatography-ion trap 

multistage mass spectrometry

WBC white blood cells
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Figure 1. 
Product ion spectra of N-acetyl-4-ABP, N-acetyl-d5-4-ABP, N-acetyl-AαC, and N-

acetyl[13C6]AαC at the MS3 scan stage.
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Figure 2. 
The reconstructed ion chromatograms at the MS3 scan stage of acid-labile 4-ABP- and 

AαC-Hb adducts in (A) nonsmoker (R01) and (B) smoker (R07), following derivatization 

with acetic anhydride. (C) Product ion spectra of N-acetyl-4-ABP and N-acetyl-AαC and 

their internal standards obtained from the smoker’s blood sample. The * signifies that the 

ion at m/z 147.1 in the product ion spectrum of N-acetyl-d5-4-ABP contains an isobaric 

interferent.
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Figure 3. 
Stability of AαC-Hb and 4-ABP-Hb sulfinamide adducts and formation of met-Hb over time 

at 37 °C in phosphate buffer (pH 7.4 with 0.9% NaCl). The 95% confidence interval of the 

slopes of the regression curves are shown as dotted lines.
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Figure 4. 
(A) The reconstructed ion chromatograms at the MS3 scan stage of dG-C8-ABP and dG-C8-

AαC in nonspiked and spiked WBC DNA of a nonsmoker (R01) and smoker (R07). The 

level of spiking of CT DNA containing known levels of dG-C8-4-ABP in the WBC was 4 

adducts per 109 bases in the nonsmoker and 3 adducts per 109 bases in the smoker’s DNA. 

Peaks were integrated at or near the tR for dG-C8-4-ABP and dG-C8-AαC to show the 

background signals were negligible.
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Scheme 1. 
Metabolism of 4-ABP and AαC and formation of their N-hydroxylated metabolites in liver, 

followed by uptake of HONH-4-ABP and HONH-AαC in erythrocytes and WBC and 

reaction with HbO2 and DNA.
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