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Abstract

To understand environmental causes of disease, unbiased methods are needed to characterize the 

human exposome, which represents all toxicants to which people are exposed from both 

exogenous and endogenous sources. Because they directly modify DNA and important proteins, 

reactive electrophiles are probably the most important constituents of the exposome. Exposures to 

reactive electrophiles can be characterized by measuring adducts from reactions between 

circulating electrophiles and blood nucleophiles. We define an ‘adductome’ as the totality of such 

adducts with a given nucleophilic target. Because of their greater abundance and residence times 

in human blood, adducts of hemoglobin (Hb) and human serum albumin (HSA) are preferable to 

those of DNA and glutathione for characterizing adductomes. In fact, the nucleophilic hotspot 

represented by the only free sulfhydryl group in HSA (HSA-Cys34) offers particular advantages 

for adductomic experiments. Although targeted adducts of HSA-Cys34 have been monitored for 

decades, an unbiased method has only recently been reported for visualizing the HSA-Cys34 

‘subadductome’. The method relies upon a novel mass spectrometry application, termed fixed-step 

selected reaction monitoring (FS-SRM), to profile Cys34 adducts in tryptic digests of HSA. Here, 

we selectively review the literature regarding the potential of adductomics to partially elucidate 

the human exposome, with particular attention to the HSA-Cys34 subadductome.
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1. Environmental exposures and disease

Investigations of human twins and results from more than 400 genome-wide association 

studies (GWAS)1 indicate that genetic factors contribute about 10–30% of the risks of 

cancer and cardiovascular diseases (Lichtenstein et al., 2000; Manolio et al., 2009). Thus, it 
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appears that non-genetic factors (i.e. ‘the environment’) are the major causes of chronic 

diseases in human populations. Yet the things that people generally associate with the 

environment, namely, air and water pollution, hygiene and sanitation, smoke from fuel 

combustion, and occupation, collectively contribute only about 7–10% to the burden of 

chronic diseases (Rodgers et al., 2004; Saracci and Vineis, 2007). Rather, the major 

environmental risk factors identified thus far are smoking, overweight, and the diet (Peto, 

2001; Willett, 2002) all of which represent the combined effects of many toxicants. For 

example, cigarette smoke contains a multitude of likely human carcinogens (Hecht, 2003; 

Smith et al., 2003) as do many foods (Ames, 1983). However, with few exceptions, the 

identities of major environmental toxicants and their roles in causing chronic diseases have 

not been addressed.

Given the poor state of knowledge about health-impairing environmental exposures, 

epidemiologists pursue narrow hypotheses that largely skirt disease etiology in favor of 

known environmental risk factors, even when the attributable risks are small. Although such 

hypothesis-driven studies confirm some environmental sources of disease, they offer only 

fragments to our understanding of the major causes and mechanisms of chronic diseases. In 

fact, the current state of environmental epidemiology is reminiscent of genetic epidemiology 

30 years ago, when an investigator would test for association between a single genetic 

polymorphism and a particular health outcome. With completion of the human genome 

project and subsequent technological advances leading to GWAS, such an approach would 

not be used today.

1.1. The exposome and biomonitoring

It has recently been argued that unbiased approaches, analogous to GWAS, are needed to 

investigate health effects arising from all environmental exposures, known collectively as 

the ‘exposome’ (Rappaport, 2011; Rappaport and Smith, 2010; Smith and Rappaport, 2009; 

Wild, 2005). In developing ‘environment-wide association studies’, it is essential to 

recognize that disease pathologies are mediated through chemicals that affect critical 

molecules, cells, and systems inside the body. Thus, exposures cannot be restricted to 

xenobiotic chemicals arising from air, water, smoking, etc., but must also include dietary 

constituents as well as toxicants produced endogenously by inflammation, stress, lipid 

peroxidation, infections, etc. In fact, blood concentrations of some toxic natural products 

and endogenous chemicals are much greater than those arising from polluted air and water, 

and are probably important contributors to cancer and cardiovascular disease (Ames, 1983; 

Dalle-Donne et al., 2006; Liebler, 2008). The need to include both exogenous and 

endogenous toxicants highlights the importance of a top-down strategy based upon 

biomonitoring to characterize exposures (using blood, say) rather than a bottom-up strategy 

using samples of air, water and food (Rappaport, 2011; Rappaport and Smith, 2010).

1Abbreviations: BO-Alb, HSA adduct of benzene oxide; 1,4-BQ-Alb; HSA adduct of 1,4-benzoquinone; DTT, dithiothreitol; ESI, 
electrospray ionization; FS-SRM, fixed-step SRM; GWAS, genome-wide association studies; Hb, hemoglobin; HNE, 4-
hydroxy-2(E)nonenal; HSA, human serum albumin; HPLC, high-performance liquid chromatography; IAA, iodoacetamide; IAA-iT3, 
internal standard consisting of the adduct of IAA with isotopically labeled T3; MS, mass spectrometry; NHANES, National Health 
and Nutrition Examination Survey; PCBs, polychlorinated biphenyls; PTM, post-translational modification; RAL, relative adduct 
level; SRM, selected reaction monitoring; T3, the third largest tryptic peptide of HSA.
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Another important consideration is the variability of the exposome in space and time. 

Indeed, knowledge that immigrant populations adopt the disease patterns of their host 

countries (Armstrong and Doll, 1975; Kato et al., 1973) emphasizes the importance of 

varying diets and lifestyles on health risks. Furthermore, whereas a person’s genome is 

essentially fixed at conception, his or her internal chemical environment varies during life 

due to changes in exogenous and endogenous exposures, age, exercise, infections, lifestyle 

and psychosocial factors. This variability of toxicant sources and levels places a premium 

upon obtaining repeated biospecimens to generate ‘snapshots’ of the exposome during 

critical stages of individuals’ lives, notably during gestation, early childhood, puberty, and 

the reproductive years (Rappaport, 2011). By investigating series of archived biospecimens 

from longitudinal cohort studies, it should be possible to organize such snapshots into 

individual exposomes, each highlighting the particular mix of environmental factors that a 

person experienced during life.

1.2. Candidate exposure studies

Because it is not currently feasible to measure all chemicals in the blood, we should focus 

upon the classes of toxicants that are likely to contribute to disease processes, namely 

reactive electrophiles, hormones and hormone-like substances, receptor-binding agents, and 

metals (Rappaport, 2011; Rappaport and Smith, 2010). Methods are currently available for 

measuring many such agents in human biospecimens. For example, several hundred 

analytes, including metals, hormone-like substances, and persistent organic compounds, 

have been detected in random samples of blood and urine from the U.S. population as part 

of the National Health and Nutrition Examination Survey (NHANES) (CDC, 2009). Using 

an initial list of 266 candidate exposures from the NHANES database, Patel et al. (2010) 

recently reported strong associations between the risk of type-2 diabetes and blood or urine 

levels of heptachlor epoxide, γ-tocopherol, β-carotenes, and polychlorinated biphenyls 

(PCBs). Note that these environmental factors include two exogenous toxicants (heptachlor 

epoxide and PCBs), both of which increased the risk of type-2 diabetes, as well as a vitamin 

(γ-tocopherol) which increased disease risk and a class of micronutrients (β-carotenes) 

which decreased disease risk. Interestingly, effect sizes from this candidate exposure study 

were comparable to the strongest loci ever reported in GWAS for any health endpoint. 

Although Patel >et al. identified possible environmental causes of type-2 diabetes, their 

study was biased in favor of a set of exogenous chemicals, vitamins, and micronutrients that 

had been selected a priori by NHANES investigators for various reasons. Thus, it is 

important for future studies to apply unbiased approaches to detect a larger cross section of 

toxic chemicals arising from all sources (Rappaport, 2011; Rappaport et al., 2010).

2. Reactive electrophiles and their adducts

Electrophiles, including reactive oxygen and nitrogen species, aldehydes, oxiranes and 

quinones, have long been suspected of causing cancer and other chronic diseases because 

they directly damage DNA and proteins (Brodie et al., 1971; Dalle-Donne et al., 2006; 

Liebler, 2008; Miller and Miller, 1966). Electrophiles enter the blood from absorption in the 

lungs or gut (e.g., inhalation of ethylene oxide) or, more typically, via metabolism of 

xenobiotics in the liver or other tissues (e.g., production of benzene oxide and acetaldehyde 
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from metabolism of benzene and ethanol, respectively), from oxidation of lipids and other 

natural molecules [producing acrolein, 4-hydroxy-2(E)nonenal (HNE) and other aldehydes] 

and from inflammation (producing reactive oxygen and nitrogen species) associated with 

ionizing radiation, infections and preexisting diseases. Once in the blood, electrophiles react 

with all available nucleophiles to form adducts via SN1 and SN2 substitution, 1,4-addition, 

Schiff-base formation, and radical-mediated reactions (Liebler, 2008; Tornqvist et al., 2002).

Because they are reactive, it is difficult to measure electrophiles directly in blood. However, 

one can measure adducts of electrophiles resulting from reactions with DNA (in nucleated 

cells), reactions with prominent blood proteins, such as hemoglobin (Hb) and human serum 

albumin (HSA), and reactions with the ubiquitous tripeptide antioxidant, glutathione 

[reviewed by Blair, 2006; Rubino et al., 2009; Tornqvist et al., 2002]. Reactions of 

electrophiles with DNA occur primarily at nucleophilic nitrogen atoms of particular bases 

(especially guanine); reactions with Hb and HSA are observed primarily at the free thiol 

groups of Cys and amine groups of His, Trp, Lys and the N-termini; and reactions with 

glutathione occur primarily at the free Cys thiol. Since protein adducts are not repaired and 

are much more abundant than DNA adducts in blood (1 ml of blood contains about 150 mg 

Hb, 30 mg of HSA, and 0.003–0.008 mg of DNA) (Tornqvist et al., 2002), they are more 

useful measures of internal dose than DNA adducts, which have paradoxically received far 

more attention in this regard. And because protein adducts are also much longer lived than 

glutathione adducts—mean residence times are 28 d and 63 d for adducts of HSA and Hb, 

respectively, in humans (Furne et al., 2003; Granath et al., 1992; Troester et al., 2002), 

compared to hours for glutathione adducts (Wagner et al., 2007)—they provide more stable 

measures of exposure to electrophilic precursors. Archived blood and serum or plasma, 

which are biospecimens of choice in cohort studies such as NHANES or the U.K. Biobank 

(Ollier et al., 2005) are important sources of Hb and/or HSA for investigating adducts.

2.1. Targeted protein adducts

As indicated in Section 2, adducts of Hb and HSA are the most promising candidates for 

investigating exposures to reactive electrophiles in human populations. Levels of targeted 

Hb and/or HSA adducts have been studied in humans for several toxicants, notably 

acrylamide, aflatoxin B1, aldehydes, aminobiphenyl and other aromatic amines, benzene, 

1,3-butadiene, ethylene oxide, and polycyclic aromatic hydrocarbons (reviewed in Rubino et 

al., 2009). Most of these studies relied upon older gas chromatography–mass spectrometry 

techniques to selectively cleave adducts from Cys residues of Hb and HSA or from the N-

terminal Val residue of Hb, while newer studies have employed liquid-chromatography 

tandem mass spectrometry (LC–MS/MS) to investigate adducted peptides in protein digests.

Some human studies showed strong correlations between levels of Hb and/or HSA adducts 

and the corresponding environmental exposures. For example, Fig. 1 depicts log-scale 

scatter plots of levels of cysteinyl HSA adducts of two electrophilic metabolites of benzene, 

i.e. benzene oxide and 1,4-benzoquinone (designated BO-Alb and 1,4-BQ-Alb), versus 

benzene exposure, combined from three studies of Chinese workers conducted in our 

laboratory (Lin et al., 2007; Rappaport et al., 2002; Yeowell-O’Connell et al., 1998). 

Because background levels of these adducts differed across the three populations, adduct 
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concentrations are shown as relative adduct levels (RALs), representing ratios of the 

individual adduct concentrations to median values in concurrent controls. Both plots show 

increasing mean trends of adduct levels with increasing benzene exposure. At a given 

benzene exposure, the 5-fold to 10-fold ranges in adduct levels represent the combined 

effects of assay errors and interindividual differences in physiological, genetic, and lifestyle 

factors (including diet), that might have influenced production and elimination of adducts. 

Also, mean values of RALs were close to unity for subjects exposed to less than 1 ppm 

benzene, indicating that workers exposed at lower benzene concentrations had adduct levels 

similar to those of control subjects.

3. The adductome

Although relationships from adduct-specific studies, such as those shown in Fig. 1, reinforce 

the idea that protein adducts can be useful measures of exposure to particular electrophiles, 

they provide little information about the universe of electrophiles to which humans are 

exposed. Also, such adduct-specific approaches tend to employ methods that cannot be 

easily multiplexed for detection of large numbers of unknown adducts.

Recently, the concept of an ‘adductome’, representing the totality of covalent adducts bound 

to tissue nucleophiles, has been offered as an avenue for characterizing essentially all 

reactive electrophiles in biospecimens (Kanaly et al., 2006; Merrick, 2008; Rappaport, 2011; 

Rubino et al., 2009). Kanaly et al. (2006, 2007) considered the ‘DNA adductome’ as the set 

of all adducts detectable in digests of DNA from lung and esophageal tissues. Similarly, 

Vöelkel et al. (Scholz et al., 2005; Wagner et al., 2006, 2007) and Blair (2006, 2010) 

described the universe of urinary glutathione adducts as a subset of the metabolome, an 

entity equivalent to the ‘glutathione adductome’. Merrick (2008) and Rubino et al. (2009) 

defined the ‘protein adductome’ in terms of all adducts or post-translational modifications 

(PTMs) involving a relevant subset of the human proteome. Since conventional proteomic 

investigations of PTMs focus upon discrete classes of modifications, such as 

phosphorylation of serine, threonine and tyrosine (Olsen et al., 2006), lysine acetylation 

(Zhang et al., 2009), arginine methylation (Ong et al., 2004), and tyrosine nitration (Zhan 

and Desiderio, 2006), they cover only a small portion of the protein adductome in much the 

same way that targeted adducts in exposure-specific studies represent small fractions of all 

adducts bound to a given nucleophile. Indeed, the protein adductome is staggeringly 

complex and cannot be fully characterized with current adduct- or PTM-focused methods.

Given the inherent advantages of Hb and HSA as measures of internal dose (abundance, lack 

of repair, relatively long residence times, simple kinetics as discussed in Section 2), it makes 

sense to focus on these two blood proteins for adductomic experiments. Thus, an 

incremental approach for characterizing the protein adductome would be to consider the 

totality of adducts bound to a nucleophilic hotspot on Hb or HSA. In describing such an 

approach, we will use the term ‘subadductome’ to refer to the set of modifications present at 

a given nucleophilic locus on a protein.
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3.1. The HSA-Cys34 subadductome

Of the many loci available for substitution reactions with electrophiles, free thiols in Cys 

residues are attractive candidates because of their strong nucleophilicity. Since Cys 

subadductomes also offer the opportunity for selective enrichment via thiol-affinity 

chromatography (discussed in Section 3.2), they are particularly well suited for adductomic 

experiments. Interestingly, human Hb and HSA each have only one free thiol available for 

adduction, i.e. Hb-Cys93β and HSA-Cys34; all other Cys residues are either joined together 

by disulfide bonds (in HSA) or are buried so deep within the protein as to be inaccessible for 

adduction (in Hb). Binding of electrophiles to Cys residues is enhanced when the thiol exists 

in thiolate (–S−) form (Tornqvist et al., 2002). Thus, it is relevant that HSA-Cys34 has an 

unusually low pKa value (6.55 compared to about 8.0–8.5 for thiols in most other proteins 

and peptides) (Aldini et al., 2008; Stewart et al., 2005), and therefore contains about 88% –

S− at physiological pH (7.4) compared to 20% –S− for a Cys with pKa = 8.0. The low pKa 

for HSA-Cys34 probably explains the 30-fold greater reactivity of HSA-Cys34 towards 

benzene oxide in human blood at 37 °C compared to Hb-Cys93β (0.684 M−1 s−1 versus 1.93 

× 10−2 M−1 s−1) (Lindstrom et al., 1998). Thus, even though HSA has a shorter mean 

residence time (28 d versus 63 d) and is present at about 1/5 the blood concentration of Hb 

(30 versus150 mg/ml), HSA-Cys34 accumulates about 14 times more benzene oxide adducts 

in human blood than Hb-Cys93β at steady state. For comparison, Aldini et al. (2008) reported 

a rate constant for the reaction between HNE and HSA-Cys34 at 37 °C of 29.37 M−1 s−1 

which is 52 times greater than that observed for benzene oxide. This indicates that HSA-

Cys34 should bind to electrophilic species exhibiting a wide range of reactivities.

X-ray crystallography and NMR studies have shown that HSA-Cys34 resides in a small cleft 

of the HSA molecule (Christodoulou et al., 1995; He and Carter, 1992) and, thus, might not 

be accessible to some bulky electrophiles. However, the thiolate form of HSA-Cys34 exists 

in equilibrium between buried and exposed states, the latter of which is less prone to steric 

effects in forming adducts (Sengupta et al., 2001; Stewart et al., 2005). In any case, HSA-

Cys34 adducts have been unambiguously detected from reactions with aldehydes, nitrogen 

mustards, oxiranes, quinones, metal ions, and a host of drugs (reviewed in Rubino et al., 

2009) and can be oxidized to sulfenic-, sulfinic-, and sulfonic acids (Carballal et al., 2007, 

2003; Turell et al., 2008). In fact, HSA-Cys34 is a well known scavenger of electrophiles 

that accounts for about 80% of all free thiols in human serum (Aldini et al., 2006, 2008). 

This indicates that a wide range of electrophiles binds to HSA-Cys34. The notion that the 

HSA-Cys34 subadductome can be used to characterize adducts of circulating electrophiles is 

illustrated in Fig. 2, which shows the location of the Cys34 hotspot on the HSA protein, and 

lists several classes of exogenous and endogenous toxicants that are known or expected to 

form adducts at this locus.

3.2. Enrichment of HSA-Cys34 adducts

Despite its high reactivity with metals, thiols, and electrophilic species, most freshly isolated 

HSA remains in the free thiol form (mercaptalbumin), while the bulk of bound thiols (about 

20–30%) is represented by disulfides with cysteine, glutathione, and other small Cys-

containing peptides (Beck et al., 2004; Carballal et al., 2003). While these HSA-Cys34 

Rappaport et al. Page 6

Toxicol Lett. Author manuscript; available in PMC 2016 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disulfides are readily reduced with dithiothreitol (DTT), the remaining HSA-Cys34 covalent 

adducts are not reducible with DTT (Carballal et al., 2003).

Although the fraction of HSA-Cys34 represented by covalent adducts has not been 

extensively studied, Aldini et al. (2008) reported that a fresh sample of fully reduced HSA 

contained 96% mercaptalbumin, suggesting that about 4% of HSA-Cys34 was covalently 

modified with unknown adducts. Since this pool of covalent modifications to HSA-Cys34 is 

rather small, and probably contains hundreds of individual adducts, it is beneficial to remove 

mercaptalbumin prior to adductomic experiments. To accomplish this, Funk et al. (2010) 

incubated DTT-reduced samples of fresh and archived HSA with a thiol-affinity resin to 

remove mercaptalbumin. After removal of free thiols, a mass corresponding to 

mercaptalbumin (66,436 Da) was not observed in the enriched samples. Comparing HSA 

concentrations before and after enrichment, the mass fraction of modified HSA-Cys34 in a 

sample of fresh HSA was 2.9%, a value similar to the estimate of 4% derived from Aldini’s 

experiment with fresh HSA (Aldini et al., 2008). In contrast, the mean fraction of HSA-

Cys34 adducts in 8 samples of archived HSA was 32.3% (SD = 5.9%), suggesting that the 

adduct fraction had been increased due to either isolation of HSA or storage for 11 years at 

−80 °C.

4. Profiling adducts by fixed-step selected reaction monitoring

Investigators have recently used triple-quadrupole MS to obtain profiles of unknown adducts 

of glutathione (mercapturic acids) in urine (Scholz et al., 2005; Wagner et al., 2006, 2007), 

DNA adducts in autopsy tissues (Kanaly et al., 2006, 2007), and HSA-Cys34 adducts in 

archived samples of HSA (Li et al., 2011). We refer to this general methodology as ‘fixed-

step selected reaction monitoring’ or FS-SRM (Li et al., 2011). Unlike conventional SRM, 

which searches MS/MS spectra for parent and product ions with masses corresponding to 

those of targeted analytes, FS-SRM employs sequential lists of theoretical parent and 

product ions, each separated by a fixed m/z, and thereby detects essentially all modifications 

of the targeted nucleophile within a specified range of mass increases (adduct masses). 

Although each of the cited applications of FS-SRM employed triple quadrupole MS/MS for 

analysis, the characteristics of the biospecimens, adducts, and methodology varied across 

studies.

4.1. FS-SRM of glutathione and DNA adducts

Experiments which profiled glutathione and DNA adducts employed LC–MS/MS with 

electrospray ionization (ESI) to detect mass spectra displaying constant neutral losses, 

characteristic of the parent nucleophiles. The human studies of glutathione adducts by 

Vöelkel’s laboratory (Wagner et al., 2006, 2007) employed 1 ml of urine that had been 

acidified and then purified by solid-phase extraction as part of on-line LC–MS/MS. 

Glutathione adducts were detected as mercapturic acids by LC–ESI-MS/MS in SRM mode 

by monitoring a constant neutral loss of glutamate [m/z → (m/z – 129)]− Da, using a fixed-

step m/z of 1 Da over a range of parent ion m/z between 200 and 450 (251 theoretical 

transitions), corresponding to added masses between 52 and 302 Da. Quantitation employed 

isotopic internal standards of synthetic adducts. Principal components of adduct profiles 

were distinguishable between male and female subjects (Wagner et al., 2007). Adducts of a 
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metabolite of the drug acetaminophen were also unambiguously detected in volunteer 

subjects following a single administration of either 50 or 500 mg acetaminophen (Wagner et 

al., 2006).

Kanaly et al. (2007) enzymatically digested 100 μg portions of purified DNA in post mortem 

samples of lung and esophageal tissues from a female subject. Adducts were detected as 

modified DNA nucleosides by LC–ESI-MS/MS in SRM mode via a constant neutral loss of 

2′-deoxyribose – corresponding to [M+H]+ → [M+H–116]+ Da – using a fixed-step m/z of 1 

Da over a range→of parent ion m/z between 228.8 and 602.8 (374 theoretical transitions). 

Twelve repeated LC–MS/MS runs were required to obtain sufficient data for analysis of the 

full transition list. Quantitation employed isotopic internal standards of synthetic adducts. 

Adduct profiles were compared across tissue samples obtained at different locations in the 

lung, the esophagus, and calf-thymus DNA (control samples). Of the hundreds of putative 

adducts detected, 7 DNA adducts representing addition of ethyl-, etheno-, and propano-

moieties to guanosine and adenosine were tentatively identified by comparison of masses 

and retention times with synthetic standards.

4.2. FS-SRM of HSA-Cys34 adducts

After tryptic digestion of HSA, all HSA-Cys34 adducts are represented by modifications to a 

21-mer peptide, designated as the T3 peptide (the 3rd largest tryptic peptide of HSA with 

sequence ALVLIAFAQYLQQC34PFEDHVK and a mass of 2432 Da). Fig. 3 shows the 

analytical scheme used in our laboratory to profile HSA-Cys34 adducts as modified T3 

peptides (Li et al., 2011). After removing mercaptalbumin from HSA (see Section 3.2), 

adduct-enriched HSA is digested with trypsin, and an isotopically labeled T3 adduct of 

iodoacetamide (IAA) is added as internal standard (IAA-iT3) for quantification of putative 

adducts. Modified T3 peptides are then purified by off-line high performance liquid 

chromatography (HPLC) and analyzed by FS-SRM. Results of FS-SRM are displayed in 

profiles of putative adduct concentrations vs. adduct masses.

To perform FS-SRM, purified T3-adduct fractions are statically infused into the nano-ESI 

source of the MS, and sequential lists of 312 theoretical triply charged parent ions and four 

production transitions (b4 +, y15 2+ , y16 2+ and y17 2+ for each parent ion) are scanned 200 

times over a range of parent ion m/z between 815 and 929 (Li et al., 2011). In parallel, FS-

SRM is performed with a negative control consisting of the analogous T3 peptide from 

bovine serum albumin which also contains a Cys34 but with a different amino acid sequence 

(GLVLIAFSQYLQQC34FFDEHVK). With a fixed-step m/z of 1.5, each triply-charged 

parent ion represents an adduct-mass bin of 4.6 Da between 9.1 Da and 351.1 Da (77 total 

bins) and a single bin can contain multiple adducts of similar mass. Quantitation of putative 

adducts is performed by comparing the y16 2+ production response with the corresponding 

response for IAA-iT3 (internal standard). To minimize false positives, a set of structured 

screening rules, based upon synthetic T3 adducts, is applied to classify putative adducts.

Adduct profiles from FS-SRM of 6 archived specimens of pooled HSA are shown in Fig. 4, 

which uses the same heat-map format that is commonly employed for gene-expression 

profiling. Each of the 6 pooled specimens in Fig. 4 is identified at the top of a column 

representing 77 possible HSA-Cys34 adduct-mass bins with midpoints shown at the left (Li 
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et al., 2011). The intensity of each adduct hit is indicated by its color. An average of 66 

adduct hits (out of 77 possible) were observed in these samples, with smokers having 

somewhat more hits (median = 71) than nonsmokers (median = 63). The adduct-mass range 

of the putative adducts extended from 9.1 to 351.1 Da, with more abundant adducts 

concentrated below 100 Da. (Note that the term ‘adduct mass’ refers to any chemical 

modification of HSA-Cys34 which results in a net mass increase and not necessarily to a 

simple addition product).

Although the results shown in Fig. 4 could have been influenced by artifacts due to isolation 

and storage of HSA, as well as modifications arising during processing, the observed 

concentrations appear reasonable. Levels of 398 total adduct hits in these samples ranged 

from 0.2 to 785 pmol/mg HSA, with median and mean values of 0.61 and 14.6 pmol/mg 

HSA, respectively (Li et al., 2011). These putative adduct concentrations are comparable to 

mean values between <0.01 and 313 pmol/mg HSA that were reported for 9 targeted HSA-

Cys34 adducts measured in control populations (Rubino et al., 2009). Smokers had between 

17% and 34% higher cumulative concentrations of putative adducts than nonsmokers, which 

is also consistent with results from the 9 control populations summarized by Rubino et al. 

(2009).

5. Comparing adduct profiles across populations

Returning now to the motivation for characterizing exposures to reactive electrophiles, we 

will consider potential epidemiologic applications of adductomics. The basic idea is to 

compare adduct profiles across populations of interest. Using HSA-Cys34 adducts as an 

example, samples of serum or plasma would be obtained from two or more populations 

representing different categories of disease or exposure status. For example, samples could 

be derived from a case control study of a particular cancer or from smokers and nonsmokers. 

After processing the HSA from the samples, adduct profiles would be compared within and 

between the populations to determine the approximate masses of abundant and discordant 

adducts. Using statistical tools, which have been developed for performing multiple 

comparisons in GWAS and metabolomics studies, adduct profiles would be compared and 

discordant adducts pinpointed. Then follow-up experiments would be conducted to 

chemically identify these important adducts (and their precursors), using a combination of 

high resolution MS, to obtain accurate masses and elemental compositions, and synthesis of 

reference compounds. Finally, validation studies would be performed to accurately and 

precisely measure targeted adducts, preferably with repeated serum or plasma samples 

obtained from subjects at different times or stages of life. Such studies would address 

questions about measurement errors, adduct variability and possible formation of artifacts. 

Archived specimens from prospective cohort studies would be well suited for such 

validation exercises.

6. Conclusions

Although environmental rather than genetic factors are the primary contributors to chronic 

diseases, investigations of ‘the environment’ have focused upon air and water pollutants of 

limited importance to the overall disease burden. To investigate the environmental causes of 
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chronic diseases, unbiased methods are needed for charactering human exposures to the 

myriad toxicants arising from exogenous (air, water, diet, tobacco use, etc.) and endogenous 

(inflammation, stress, lipid peroxidation, infection, etc.) sources, which collectively 

comprise the human exposome. Exposures to reactive electrophiles are of particular concern 

because of the inherent toxicity of these substances, due to their ability to modify DNA and 

important proteins. Levels of reactive electrophiles in the body can be inferred from the 

concentrations of adducts, which arise from reactions between these electrophiles and blood 

nucleophiles. We define the totality of such adducts with a given nucleophilic target (e.g., 

DNA, protein, or glutathione) as its ‘adductome’. The subadductome of HSA-Cys34, which 

is the strongest and most abundant nucleophile in serum with a residence time of 28 days, is 

an appealing candidate for adductomic studies of human populations. Although HSA-Cys34 

adducts of targeted electrophiles have been investigated for many years, an unbiased method 

for detecting all such adducts has only recently been reported (Li et al., 2011). As with 

previous human studies of glutathione and DNA adductomes (Kanaly et al., 2006, 2007; 

Wagner et al., 2006, 2007), this method relies upon a novel application of mass 

spectrometry called FS-SRM to generate adduct profiles over a given mass range. Putative 

HSA-Cys34 adducts in human samples covered a wide range of concentrations, were most 

abundant in the mass range below 100 Da (see Fig. 3), and were more abundant in smokers 

than nonsmokers. By comparing adduct profiles across populations representing different 

categories of health or exposure status, it should be possible to zero in upon particular 

adducts and precursor molecules of importance.
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Fig. 1. 
Levels of HSA adducts of benzene oxide (BO-Alb) and 1,4-benzoquinone (1,4-BQ-Alb) 

versus exposure to benzene for 439 Chinese workers (Lin et al., 2007; Rappaport et al., 

2002; Yeowell-O’Connell et al., 1998). Relative adduct levels (RALs) represent ratios of 

individual adduct levels to median levels in concurrent controls.
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Fig. 2. 
Humans are exposed to reactive and potentially toxic electrophiles from both exogenous and 

endogenous sources. The HSA molecule contains a nucleophilic hotspot (HSA-Cys34) that 

forms adducts with electrophiles in the blood and can be used to characterize human 

exposures to reactive electrophiles (or their precursors) during the month prior to blood 

collection.
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Fig. 3. 
Scheme for profiling HSA-Cys34 adducts (Li et al., 2011). Thiol-affinity resins are used to 

remove mercaptalbumin (i.e. HSA containing free Cys34). Enriched HSA-Cys34 adducts are 

purified by high-performance liquid chromatography (HPLC), detected as modified T3 

peptides by fixed-step selected reaction monitoring (FS-SRM), and displayed as a profile of 

adduct concentration vs. added mass.
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Fig. 4. 
HSA-Cys34 adducts detected in archived HSA from subjects stratified by race, gender and 

smoking status (Li et al., 2011). Each HSA sample was pooled from 5 subjects stratified by 

race (B = black, W = white), gender (F = female, M = male, and smoking status (N = 

nonsmoker, S = smoker). Adduct-mass hits in each HSA sample are shown with estimated 

concentrations expressed as pmol/mg of HSA (represented by colors). Each adduct mass 

represents the midpoint of a mass bin ±2.3 Da.
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