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Abstract

Metabolism of chemicals from the diet, exposures to xenobiotics, the microbiome, and lifestyle 

factors (e.g., smoking, alcohol intake) produce electrophiles that react with nucleophilic sites in 

circulating proteins, notably Cys34 of human serum albumin (HSA). To discover potential risk 

factors resulting from in utero exposures, we are investigating HSA-Cys34 adducts in archived 

newborn dried blood spots (DBS) that reflect systemic exposures during the last month of 

gestation. The workflow includes extraction of proteins from DBS, measurement of hemoglobin 

(Hb) to normalize for blood volume, addition of methanol to enrich HSA by precipitation of Hb 

and other interfering proteins, digestion with trypsin, and detection of HSA-Cys34 adducts via 

nanoflow liquid chromatography-high resolution mass spectrometry. As proof-of-principle, we 

applied the method to 49 archived DBS collected from newborns whose mothers either actively 

smoked during pregnancy or were nonsmokers. Twenty-six HSA-Cys34 adducts were detected, 

including Cys34 oxidation products, mixed disulfides with low-molecular-weight thiols (e.g., 
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cysteine, homocysteine, glutathione, cysteinylglycine, etc.), and other modifications. Data were 

normalized with a novel method (‘scone’) to remove unwanted technical variation arising from: 

HSA digestion, blood volume, DBS age, mass spectrometry analysis, and batch effects. Using an 

ensemble of linear and nonlinear models, the Cys34 adduct of cyanide was found to consistently 

discriminate between newborns of smoking and nonsmoking mothers with a mean fold change 

(smoking/nonsmoking) of 1.31. These results indicate that DBS-adductomics is suitable for 

investigating in utero exposures to reactive chemicals and metabolites that may influence disease 

risks later in life.
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adductomics; human serum albumin; dried blood spots; in utero exposures

Introduction

Many carcinogens are reactive electrophiles that are generated through metabolism of 

chemicals from the diet, environmental exposures, the microbiome, and lifestyle factors such 

as smoking and alcohol consumption. Although these reactive intermediates are short-lived 

in vivo, they can be quantified by measuring their reaction products (adducts) with 

circulating proteins, such as hemoglobin (Hb) and human serum albumin (HSA).[1, 2] We 

have focused on HSA adducts bound to the highly nucleophilic sulfhydryl group at Cys34, 

which is a powerful antioxidant and scavenger of reactive electrophiles in the interstitial 

space.[3] Whereas targeted assays are limited to measurement of particular HSA-Cys34 

adducts known a priori, our adductomics methodology motivates discovery and quantitation 

of unknown HSA modifications of potential health significance.[4]

In our Cys34 adductomics pipeline, HSA is isolated from plasma/serum, digested with 

trypsin, and analyzed via nanoflow liquid chromatography-high resolution mass 

spectrometry (nLC-HRMS) to find and quantitate modifications at the third largest tryptic 

peptide (T3) (21ALVLIAFAQYLQQC34PFEDHVK41).[5] In four previous studies, we 

applied this adductomics pipeline to plasma/serum from healthy smokers and nonsmokers in 

the U.S.,[5] nonsmoking women in China exposed to indoor combustion products and local 

controls,[6] nonsmoking British patients with lung & heart disease and local controls,[7] and 

nonsmoking Chinese workers exposed to benzene and local controls.[8] Here, we extended 

the adductomics assay to measure Cys34 adducts in newborn dried blood spots (DBS).

Because newborn DBS have been routinely collected at birth to screen for inborn errors of 

metabolism in the U.S. and worldwide,[9] analysis of archived newborn DBS provides an 

avenue for investigating the etiologies of diseases initiated in utero. Retrospective 

investigations of chromosomal translocations in DNA from newborn DBS provide direct 

evidence of the prenatal origin of childhood leukemia, the most common childhood cancer.

[10–12] Chronic diseases in adult life, such as type 2 diabetes mellitus, cardiovascular 

disease, and the metabolic syndrome, can also have fetal origins.[13] Since HSA has a 

residence time of 28 days,[4] measuring Cys34 adducts in newborn DBS would allow us to 

Yano et al. Page 2

Anal Bioanal Chem. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



investigate exposures to reactive and potentially carcinogenic electrophiles during the last 

month of gestation.

Here, we describe untargeted measurements of HSA-Cys34 adducts in newborn DBS. A 

major challenge involved interfering species from the sample matrix, particularly lysed red 

blood cells and Hb that are not abundant in serum or plasma.[14, 15] Indeed, Hb is present at 

a 7-fold higher concentration than HSA in whole blood[16] and interferes with tryptic 

digestion that releases the T3 peptide and its modifications for analysis.[17] Using 

controlled addition of methanol, we effectively removed Hb from DBS extracts prior to 

digestion and detected HSA-Cys34 adducts via nLC-HRMS in archived DBS from 49 

newborns with mothers who either actively smoked during pregnancy or were nonsmokers. 

After using a novel method to normalize the data, we applied an ensemble of statistical 

methods to select adducts that discriminated between newborns of smoking and nonsmoking 

mothers.

Materials and methods

Chemicals and reagents

Acetonitrile (Ultra Chromasolv, LCMS grade), triethylammonium bicarbonate (TEAB) 

buffer (1 M), ethylenediamine-tetraacetic acid (EDTA, anhydrous), HSA (lyophilized 

powder, 97–99%), and porcine trypsin were from Sigma-Aldrich (St. Louis, MO). Methanol 

(Optima, LCMS grade), formic acid (Optima, LCMS grade), and iodoacetamide (IAA) were 

from Fisher Scientific (Pittsburgh, PA). Purified human Hb was purchased from MP 

Biomedicals, LLC (Santa Ana, CA). Isotopically labeled T3 (iT3) with sequence AL-[15N,
13C-Val]-LIAFAQYLQQCPFEDH-[15N,13C-Val]-K was custom-made (>95%, BioMer 

Technology, Pleasanton, CA), and the carbamidomethylated iT3 (IAA-iT3)[18] was used as 

an internal standard to monitor retention time and mass drifts. Water was prepared with a 

PureLab purification system (18.2 mΩ cm resistivity at 25 °C; Elga LabWater, Woodridge, 

IL).

Preparation of capillary DBS for method development

For method development, capillary DBS were collected with informed consent from adult 

volunteers by finger prick with a sterile safety lancet (Fisher HealthCare, Houston, TX). The 

first drop of blood was discarded and subsequent drops were collected on Whatman 903 

Protein Saver cards (GE Healthcare, Cardiff, UK). Blood spots were air dried for a minimum 

of 4 days and stored at −20 °C in glassine envelopes (GE Healthcare, Cardiff, UK) prior to 

use. Punches of 5 and 6-mm diameter were obtained from these DBS with a Biopunch (Ted 

Pella Inc., Redding, CA).

Archived newborn DBS

Newborn DBS were obtained with informed consent for 49 healthy control children from the 

California Childhood Leukemia Study (CCLS).[19] These newborn DBS had been archived 

by the California Department of Public Health[20] at −20 °C for 14 to 32 y prior to analysis 

in the current investigation. Twenty-three of these participants had mothers who actively 

smoked during pregnancy and the remaining 26 had nonsmoking mothers. Interviews with 
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the biological mother were conducted to collect data on the child’s sex, race, and mother’s 

smoking status during pregnancy. A total of 23 smoking/nonsmoking pairs were matched on 

sex and child’s birth year. Smoking/nonsmoking pairs of newborn samples were analyzed 

together to minimize technical variation. Our methodology was developed for 4.7-mm 

punches from DBS. Because the archived newborn DBS for the present investigation were 

remnants from previous analyses, they consisted of areas of filter media equivalent to 4.7-

mm punches based on size and weight.

Extraction of proteins and measurements of Hb and total protein

DBS punches were placed in microcentrifuge tubes and extracted with 55 μL of water at 

room temperature for 15 min with constant agitation at 1400 rpm (Thermomixer, Eppendorf, 

Hamburg, Germany). Samples were then centrifuged for 10 s and 5-μL aliquots were diluted 

with 45 μL of water to measure Hb concentrations (for normalization of blood volumes) 

with a Cytation 5 microplate spectrophotometer (BioTek Instruments, Winooski, VT) at 

room temperature. The absorbance of duplicate 2.5-μL sample aliquots was measured at 407 

nm, which was the experimentally-determined absorbance maximum corresponding to heme 

in the ex vivo oxidation state of Hb.[21, 22] Absorbance readings were converted into Hb 

concentrations with five-point linear calibration curves using Hb standard solutions ranging 

from 0.5 to 5.0 mg/mL.

Absorbance measurements at 280 nm were used to calculate total protein concentrations in 

DBS extracts with correction for nucleic acid interferences at 260 nm and background 

correction at 320 nm.[23]

Sample preparation for adductomics

Various extraction protocols were tested and the method described below was found to be 

optimal for isolating HSA from DBS while removing Hb and other proteins from the extract 

(Results and Discussion provides further details). After Hb measurement, 41 μL of methanol 

was added to the remaining 50 μL of DBS extract (resulting in 45% methanol), vortexed, 

and mixed at 37 °C for 30 min with agitation at 1400 rpm (Thermomixer, Eppendorf, 

Hamburg, Germany). Samples were then stored at 4 °C for 30 min and centrifuged at 

14,000×g for 10 min to remove precipitates and cellulose fibers. A 55-μL aliquot of the 

supernatant was diluted with 95 μL of digestion buffer (50 mM TEAB, 1 mM EDTA, pH 

8.0), and the solution was loaded into a Costar Spin-X centrifuge tube filter (0.22 μm 

cellulose acetate, Corning Incorporated, Corning, NY) and centrifuged at 10,000×g for 10 

min. A 130-μL aliquot of the filtered solution (containing ~17% methanol to enhance trypsin 

activity)[5] was transferred into BaroFlex 8-well strips (Pressure Biosciences Inc., South 

Easton, MA) to which 1 μL of 10-μg/μL trypsin was added (~1:10 enzyme-to-protein ratio). 

Pressure-assisted proteolytic digestion was performed with a Barozyme HT48 (Pressure 

Biosciences Inc., South Easton, MA) instrument, which cycled between ambient pressure 

(30 s) and 1,380 bar (20 kpsi, 90 s) for 32 min. After digestion, 3 μL of 10% formic acid was 

added to denature trypsin. Digests were transferred to new tubes and centrifuged for 2 min at 

10,000×g. A 100-μL aliquot of the digest was transferred to a 300-μL silanized glass vial 

(Micosolv Technology Corporation, Leland, NC), and 1 μL of the isotopically labeled 

internal standard (IAA-iT3, 20 pmol/μL) was added. Samples were stored in liquid nitrogen 
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prior to nLC-HRMS. The 49 newborn DBS were processed daily in four batches of 12 or 13 

samples.

nLC-HRMS analysis

Digests were analyzed by an Orbitrap Elite HRMS coupled to a Dionex Ultimate 3000 

nanoflow LC system via a Flex Ion nanoelectrospray ionization source (Thermo Fisher 

Scientific, Waltham, MA), as described previously.[5] A Dionex PepSwitft monolithic 

column (100 μm i.d. × 25 cm) (Thermo Scientific, Sunnyvale, CA) was used with mobile 

phases consisting of 0.1% formic acid in water (solvent A) and 0.1% formic acid in 

acetonitrile (solvent B), with gradient elution (2–35 % B, 26 min) at a flow rate of 750 nL/

min. Two 1- μL aliquots were injected for each sample. Full scan mass spectra were 

acquired in the positive ion mode with a resolution of 120,000 at m/z 400 in the m/z = 350 – 

1500 mass range using the Orbitrap. The MS was operated in data-dependent mode to 

collect tandem MS (MS2) spectra in the linear ion trap. Additional details of nLC-HRMS 

analysis are available in the Electronic Supplementary Material (ESM).

Identification, quantitation, and annotation of putative adducts

HSA adducts were pinpointed using the adductomics pipeline, as described previously.[5] 

Adducts were grouped by monoisotopic mass (MIM) within 10 ppm and retention time (RT) 

within 1.5 min. The means of MIMs and RTs were calculated for each adduct across all 

samples. Masses added to the thiolate ion of the triply charged T3 peptide (Cys34-S−) were 

calculated and annotated as described previously[5] (see ESM for details). Mass accuracies 

were estimated by the difference between theoretical and observed MIMs.

Peak picking and integration were performed using the Xcalibur Processing Method (version 

3.0, Thermo Fisher Scientific, Waltham, MA) based on the average MIMs (5 ppm mass 

accuracy) and RTs of the putative adducts. Peaks were integrated with the Genesis algorithm 

after normalizing the RTs using the internal standard (iT3-IAA) and using a RT window of 

60 s.

Statistical analysis

All statistical analyses were performed using the R statistical programming environment.

[24] Peak areas were log-transformed and the means of duplicate measurements were used 

after removal of four obvious outliers. Missing values were imputed using k-nearest-

neighbor imputation (see ESM for details).[25]

Data normalization was optimized using the Bioconductor R package ‘scone,’[26] which 

explored different scaling methods and used a regression-based strategy to adjust for 

unwanted factors of variation.[27] Normalization workflows were ranked by a variety of 

metrics to reduce unwanted technical variation while preserving the biological variation of 

interest.[28] The top-ranking normalization scheme according to ‘scone’ used DESeq 

scaling and removed unwanted variation due to the following factors: digested HSA, blood 

volume, DBS age, instrument performance, and batch effects. Here, ‘digested HSA’ was 

quantified by the abundance of the tryptic housekeeping peptide adjacent to T3 with 

sequence 42LVNEVTEFAK51 (doubly charged precursor ion at m/z = 575.3111).[5] ‘Blood 
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volume’ was indicated by measurement of Hb in DBS extracts. ‘DBS age’ (i.e., 2017 – child 

birth year) was used to adjust for differences in the extraction efficiency due to the age of the 

DBS.[29] ‘Instrument performance’ was indicated by the drift in the abundance of the 

internal standard over time. ‘Batch effect’ was used to adjust for differences in the four 

subsets of samples that were prepared on different days.

To ensure robust associations with mothers’ smoking status, a combination of linear and 

nonlinear models were used to identify discriminating adducts. First, the following 

multivariable regression model was applied:

Y i = β0 + β1XSmoke + β2XSex + β3XRace + β4XBatch + β5XHK + β6XIS + β3XHb
+ β3XDBS Age + εi,

(1)

where Yi is a vector of logged, DESeq scaled abundances of the ith adduct, XSex, and XRace 

(0 = other, 1 = white) are binary vectors, XBatch is a four-level categorical variable indicating 

batch, XHK is the vector of housekeeping peptide abundances, XIS is the vector of internal 

standard abundances, XHb is the vector of Hb measurements, and XDBS Age is a vector of 

DBS sample ages. The coefficient β1 and estimated p-values were used to rank adducts by 

their associations with mothers’ smoking status. Significance levels were adjusted for 

multiple testing with the Benjamini-Hochberg method to control the false discovery rate 

(FDR) at α = 0.05.[30] The mean fold change (smoking/nonsmoking) in adduct intensities 

between newborns of smoking and nonsmoking mothers was calculated as exp(β1).

Next, a logistic least absolute shrinkage and selection operator (lasso)[31] model was fitted 

to the logged, scaled, and normalized adduct abundances from ‘scone’ along with the 

matching variables (i.e., sex, birth year), to select a subset of adducts that best predicted the 

mothers’ smoking status. To increase stability, the logistic lasso regression was performed 

on 500 bootstrapped data sets.[32] The percentage of times each adduct was selected by the 

lasso model out of the 500 iterations was used as a measure of variable importance. This 

process was performed for a range of values of the lasso penalty parameter (lambda range: 

0.12 ~ 0.20) to ensure that the final variable selections were robust.

Finally, adducts were also ranked by their associations with the mothers’ smoking status 

using random forest variable importance.[33] A random forest with 500 trees was used to 

predict mothers’ smoking status with the logged, scaled, and normalized adduct abundances 

in addition to matching variables. Adducts were ranked by the mean decrease in Gini index, 

which indicates the total decrease in node impurity (as measured by the Gini index when 

splitting on the adducts within the decision tree averaged over all trees).[34]

To evaluate the importance of selected adducts that discriminated between the smoking and 

nonsmoking mothers based on all three statistical approaches, we obtained 10-fold cross-

validated area under the estimated receiver operating characteristic (ROC) curve (AUC) by 

fitting a logistic regression model on smoking status with discriminating adducts as 

predictors. Cross-validated AUC estimates were obtained with the ‘cvAUC’ R package.[35]
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Results and discussion

Measurement of Hb in archived DBS

Our analysis was performed exclusively with newborn DBS that had been maintained in 

freezers at −20 °C for 14 to 32 y prior to analysis. Quantitative analysis of Hb in DBS stored 

at room temperature can be problematic because of oxidation of Hb.[36] Indeed, when DBS 

were stored at room temperature for several months compared to storage at −20 °C, we 

observed that the color changed from deep red to dark brown indicating oxidation of Hb,[37] 

and decreased water solubility of Hb (data not shown). The absorption spectra in the 250 – 

750 nm range for the Hb calibration curve (ESM Fig. S1A) and Hb measured from extracts 

of 10 randomly selected 4.7-mm punches from archived newborn DBS (ESM Fig. S1B) both 

showed maximum absorbance at 407 nm. The Hb calibration curves measured for each of 

the four batches of newborn DBS showed a strong linear relationship between Hb 

concentrations and absorbance measurements at 407 nm (r2 > 0.99, ESM Fig. S1C). Details 

on oxidation of Hb is provided in Supporting Information.

Adductomics analysis of DBS

In preparing DBS for adductomics, HSA must first be extracted from the filter paper and 

isolated from whole blood. Previous analyses of proteins extracted from DBS have used 

mixed aqueous-organic solutions to selectively precipitate proteins in solution.[38, 39] Since 

Hb is one of the most prominent interfering proteins in whole blood, we tested various 

mixtures of organic solvents (ethanol, methanol, acetonitrile, and 1-propanol) to precipitate 

Hb while retaining HSA in solution (data not shown), and found ethanol and methanol to be 

most effective. When the concentration of ethanol and methanol were gradually increased 

from 30 to 60% (v/v), HSA remained in solution at concentrations less than 40% ethanol or 

45% methanol and increasingly precipitated at concentrations up to 60% for both ethanol 

and methanol (ESM Fig. S2). Methanol was more effective at precipitating Hb with a ~95% 

decrease in concentration at 45% methanol when compared to DBS extracted with water 

(ESM Fig. S2).

The recovery of HSA was also influenced by the total protein concentration of the DBS 

extract, where higher total protein concentrations led to a lower recovery of HSA after 

precipitation (ESM Fig. S3). Based on preliminary analysis of ten 4.7-mm punches from 

archived newborn DBS, we found that the average total protein concentration for newborns 

(4.98 mg/mL) was approximately equivalent to a 6-mm punch from an adult DBS. The 

observed higher total protein concentration of newborn blood reflects the higher Hb 

concentrations in newborns compared to adults.[40] Therefore, we used 6-mm punches from 

adult DBS to find the optimal concentration of methanol in the extraction mixture to isolate 

HSA. In addition, the isoelectric points (pI) of fetal and adult Hb differ (fetal Hb: pI 6.98, 

adult Hb: pI 6.87),[41] and fetal Hb precipitates more readily at neutral pH. When 

comparing 40, 45, 48, and 50% methanol, we observed that Hb did not precipitate with 40% 

methanol and that there was a ~40% loss of HSA when the methanol concentration was 

increased to 50% (ESM Fig. S4). Based on this result, we chose 45% methanol to isolate 

HSA in the DBS extract. We also found that incubating the samples at 37 °C (as opposed to 

room temperature) after addition of methanol to the aqueous DBS extract was essential for 
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denaturing and precipitating Hb. When we tested extraction with 45% methanol on four 4.7-

mm punches from archived newborn DBS, there was no loss of HSA and the residual Hb 

concentration was ~0.02 mg/mL (1.2% of the initial concentration) (ESM Fig. S5).

Digestion of HSA was optimized by testing various digestion programs using the pressure-

cycling technology and by adjusting the proteolytic enzyme-to-protein ratio (E:P). While 

conventional proteomics approaches perform reduction and alkylation of proteins prior to 

digestion,[42] we did not apply these techniques in order to preserve Cys34 disulfides and to 

prevent the formation of artifacts. The digestion time was tested at 16, 32 and 64 min to 

determine the optimal time needed for a high yield of digestion. Both the total ion 

chromatogram and base peak chromatogram were examined for the presence of undigested 

proteins and yield of peptides.[17] While chromatograms from 32 and 64 min digests were 

comparable, there were fewer peptides and a more prominent peak for undigested proteins 

with the 16 min digestion, suggesting that 32 min was sufficient (ESM Fig. S6). Undigested 

protein was observed despite longer digestions, and probably reflects the lack of 

denaturation and reduction of disulfide bonds. It may also be due to the presence of residual 

non-HSA proteins, including Hb, which increase competition for trypsin cleavage sites and 

thereby interfere with the digestion of HSA.[42] We tested various 30 min digestion 

programs consisting of shorter and longer cycles at high pressure, but there was little 

difference in the resulting chromatograms (data not shown). The E:P was optimized to 

ensure an amount of trypsin that was sufficient for digestion while preventing autolysis.[43] 

When the E:P was increased from 1:18 to 1:3, trypsin activity showed a plateau at about 

1:10, after which a further increase in trypsin did not improve the digestion (ESM Fig. S7). 

Increasing trypsin to a ratio of 1:5 resulted in incomplete digestion and more trypsin 

autolysis products, which could lead to ion suppression during MS detection.[44]

Analysis of archived newborn DBS

Normalization of blood volumes based on Hb measurements proved to be effective in 

removing unwanted variation in adduct abundances as indicated by ‘scone.’ In addition, 

there was a relatively strong negative correlation (Pearson’s r = −0.56) between Hb 

concentrations and the second estimated factor of unwanted variation (ESM Fig. S8) using 

the RUVg method of Risso et al., a factor analysis method that estimates factors of unwanted 

variation via decomposition of a subset of the data consisting of negative control adducts.

[27] This shows that Hb is indeed a factor of unwanted variation in DBS analysis. 

Furthermore, the weights of the DBS and Hb concentrations were highly correlated 

(Pearson’s r = 0.93), suggesting that Hb is a good predictor of blood volume in newborn 

DBS.

Relative log abundance (RLA) plots,[45] which were obtained by standardizing each adduct 

by the median abundance across samples and logging the resulting ratio, were used to 

visually inspect the reproducibility of replicate measurements and to assess the 

normalization scheme. Two subjects (of nonsmoking mothers) were removed from the 

analysis and only one measurement was used for one subject due to high variation in adduct 

abundances based on the RLA plot of duplicate measurements (ESM Fig. S9). Three adducts 
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were removed from the analysis since they were missing in over half of the samples (ESM 

Fig. S10). This left 47 subjects and 26 putative Cys34 adducts for analysis.

Newborns of smoking and nonsmoking mothers, matched by sex and birth year, were similar 

with respect to race, DBS weight, and Hb concentrations (ESM Table S1). The distribution 

of adduct peak areas in each sample before and after normalization for unwanted factors of 

variation (i.e., Hb concentration, DBS age, housekeeping peptide, internal standard, and 

batch effects) is shown in Fig. 1. By comparing the RLA plots from before (Fig. 1A) and 

after (Fig. 1B) normalization, it can be seen that this scheme effectively removed unwanted 

variation.

Table 1 summarizes the 26 adducts that were detected in the DBS of newborns from 

smoking and nonsmoking mothers. Representative MS2 spectra of the adducts are shown in 

ESM Fig. S11. Nineteen of the 26 adducts have been previously reported, including 

truncations, unmodified T3, methylated T3, Cys34 sulfoxidation products (e.g., sulfinic and 

sulfonic acids), a cyanide adduct, and Cys34 disulfides of low-molecular-weight thiols.[5, 6, 

8] Only three of the remaining 7 adducts had putative annotations, i.e., the Cys34 

sulfenamide (811.09), a CH2 crosslink (815.76), and the sodium adduct (819.09). Aside 

from the unmodified T3 peptide (811.76), the Cys34 sulfinic acid (822.42) and the S-

glutathione (GSH) disulfide (913.45) were the most abundant adducts across all samples 

(ESM Fig. S12).

In studying reaction pathways leading to Cys34 sulfoxidation products, Grigoryan et al. 

reported an intramolecular cyclic sulfinamide adduct (816.42) with the added mass (+O, 

−H2), which results from the formation of a cross-link between Cys34 and the amide group 

of the adjacent Gln33.[18] Two different pathways were proposed for the formation of the 

sulfinamide adduct: (1) from dehydration of Cys34 sulfenic acid (Cys34-SOH) resulting in 

the sulfenamide adduct (mass difference [−H2]) with the Cys34-Gln33 cross-link, which is 

then oxidized to the sulfinamide adduct; (2) from oxidation of the sulfenic acid to the 

sulfinic acid (822.42, Cys34-SO2H), from which loss of water results in the sulfinamide 

adduct (Fig. 2). The second reaction pathway appeared to be more likely because the 

intermediate sulfenamide adduct had not been detected in plasma/serum samples.[5, 6, 18] 

However, in newborn DBS we detected both the sulfenamide (811.09) and sulfinamide 

(816.42) adducts, suggesting that formation of the sulfinamide adduct is possible via both 

pathways. In addition, we detected the sulfonamide adduct (821.75, added mass [+O2, 

−H2]), which results from oxidation of the sulfinamide adduct (Fig. 2).[46] The formation of 

these intramolecular cyclic adducts may have been promoted by the drying of DBS with 

subsequent dehydration of sulfenic, sulfinic, and sulfonic acids to produce the sulfenamide, 

sulfinamide, and sulfonamide adducts, respectively (Fig. 2). It is also possible that these 

intramolecular cyclic adducts (particularly sulfenamide) were detected in the present 

analysis due to an increased stability of these analytes in DBS compared to plasma and 

serum. Analytes in DBS are typically less reactive than in liquid blood because they are 

stabilized through adsorption onto a solid cellulose matrix (i.e., the filter paper).[47] Proteins 

commonly degrade in aqueous solutions due to aggregation, oxidation, and hydrolysis[48] 

that appear to be minimized during long-term storage of DBS in a freezer. In fact, we did not 

observe the T3 dimer in our analysis of newborn DBS although this dimer is routinely 
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detected in plasma/serum samples.[5–8] Furthermore, adducts in DBS may be less 

susceptible to formation of artifacts because HSA is immobilized by the filter paper and less 

likely to interact with other molecules during storage.

Adducts that discriminated newborns of smoking and nonsmoking mothers

We had anticipated that Cys34 adducts of two toxic contaminants of cigarette smoke, i.e., 
ethylene oxide and acrylonitrile, might be more abundant in newborns of smoking mothers 

given our previous detection of these adducts in plasma from adult smokers and their 

absence in plasma from nonsmokers.[5] However, these adducts were not detected in the 

newborn DBS, possibly due to low concentrations of the precursor molecules in newborn 

blood. Mothers may have stopped smoking during the third trimester or before the last 

month of pregnancy, and this may explain why we did not see all of the expected adducts in 

the present analysis. It would be interesting to determine whether Hb adducts of ethylene 

oxide and acrylonitrile, which have been reported in smokers’ blood,[49, 50] could be 

detected in newborn DBS from smoking mothers.

We used three different statistical approaches to select adducts that discriminated newborns 

of smoking and nonsmoking mothers. The volcano plot (Fig. 3A) shows the relationship 

between the smoker/nonsmoker fold change of a given adduct and the statistical significance 

of the difference in adduct abundance obtained from Equation 1. Discriminating adducts 

were also identified using lasso on bootstrapped data, which ranked adducts by the 

percentage of times each adduct was introduced into the model out of 500 iterations (Fig. 

3B) and by random forest (Fig. 3C).

Of the 26 adducts that were tested, the Cys34 adduct of cyanide (820.09) was ranked highest 

by all three statistical methods. As seen from the volcano plot (Fig. 3A), the cyanide adduct 

showed a marked difference between newborns of smoking and nonsmoking mothers, with a 

smoker/nonsmoker mean fold change of 1.31 (nominal p-value = 0.0017; FDR-adjusted p-

value = 0.044). The cyanide adduct was also top-ranked by both the lasso model (Fig. 3B) 

and random forest (Fig. 3C). The elevated levels of the cyanide adduct among newborns of 

smoking mothers are consistent with inhalation of hydrogen cyanide from tobacco smoke.

[51]

Adduct 830.43 was ranked second, based on its fold change of 0.82 (nominal p-value = 

0.049, Fig. 3A) and by lasso (Fig. 3B), and was ranked fourth by random forest (Fig. 3C). 

We suspect that adduct 830.43 represents S-addition of acrolein to Cys34 given an added 

mass that corresponds to +C3H5O[52] within 0.7 ppm (Table 1). This accurate mass and the 

corresponding MS2 spectrum (ESM Fig. S11) of 830.43 match those attributed by Colombo 

et al. to a T3 adduct of acrolein that had been derived from HSA after incubation with a 

cigarette smoke extract.[53] Although acrolein is a prominent constituent of cigarette smoke,

[54] in our samples abundances of 840.43 were lower in newborns of smoking mothers. 

Since acrolein is also a normal product of lipid peroxidation,[52] our results cannot elucidate 

the potential utility of adduct 830.43 as a potential biomarker of acrolein in neonatal DBS.

Because the cyanide adduct was unambiguously more abundant in newborns of smoking 

mothers, we performed a ROC analysis using logistic regression with the cyanide adduct as 
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the predictor and estimated a cross-validated AUC of 0.79 (95% CI: 0.65, 0.93). Although 

this AUC estimate is likely to be optimistic, because we did not have an independent test set 

for the ROC analysis, this indicates good discrimination between newborns of smoking and 

nonsmoking mothers.

The half-life of cyanide in blood is less than one hour, which makes it difficult to obtain 

accurate measurements of cyanide exposure from the direct analysis of blood from smokers.

[55] While more stable metabolites of cyanide, such as thiocyanate, are often used as 

surrogate measures of cyanide exposure, pairwise correlations are small between such 

metabolites and cyanide exposures.[55, 56] Since the residence time of HSA is ~1 month,[4] 

the cyanide adduct of Cys34 arguably represents a more accurate measure of chronic low-

level exposure to cyanide.[57]

Using adductomics to discover biomarkers of in utero exposures

Adducts of HSA represent biomarkers of in utero exposures during the last month of 

gestation. A good example of such exposures is maternal smoking during pregnancy, which 

has been consistently associated with increased risks of adverse birth outcomes (e.g., low 

birth weight, preterm birth)[58] and has also been suggested to increase the risk of diseases 

later in life, including various types of cancer.[59–62] However, the long term effects of in 
utero tobacco-smoke exposures on the risk of childhood cancer have been inconsistent, with 

many studies reporting null associations.[63] One limitation of these epidemiological 

investigations has been reliance on maternal self-reports to retrospectively characterize fetal 

exposures to tobacco smoke.[63, 64] Exposure misclassification due to recall and reporting 

bias is a particular concern among pregnant women, who may feel uncomfortable discussing 

their smoking histories during pregnancy, and can result in underestimation of fetal health 

effects from smoking mothers.[65]

Biomarkers complement interview-based exposure assessment by providing objective 

measures of exposure that are not susceptible to recall bias. Nicotine and its metabolite 

cotinine are commonly measured in biological fluids (e.g., urine, blood, saliva) to assess 

tobacco smoke exposures.[65] For retrospective analyses of fetal exposures, archived 

newborn DBS are particularly attractive because they are readily available in California’s 

repository that is maintained at −20 °C. In addition, newborn DBS enable direct 

measurement of fetal exposures that can accumulate in the placenta and exceed those of the 

mother.[66] Metabolites of nicotine, mainly cotinine, have been measured in newborn DBS 

to improve smoking surveillance among pregnant women.[67, 68] However, the half-life of 

cotinine is only about 28 h in infants, and cotinine may only be detected in newborns of 

heavy smokers who smoke throughout pregnancy.[69] Likewise, the half-lives of cyanide 

and its metabolites, such as thiocyanate, vary greatly in a given subject even within a single 

day, and are, therefore, imprecise measures of cyanide exposure in blood from smokers.[55, 

56]

Since the residence time of HSA is 28 days,[4] stable Cys34 adducts detected in newborn 

DBS theoretically represent exposures received during the last month of gestation and 

should be only marginally affected by the day-to-day variability in exposure to the adducting 

species.[70] Using time-course experiments, Fasco et al. showed that the cyanide adduct of 
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Cys34 was stable after formation in human blood and encouraged its measurement for 

evaluating cyanide exposures in populations at risk.[57] In our study of newborn DBS, the 

Cys34 cyanide adduct effectively discriminated between mothers who reported smoking 

during pregnancy vs. those who did not, adding further validity to use of this adduct as a 

biomarker of prenatal exposures to toxicants from smoking.

It is possible that some HSA modifications may be artefacts of sample processing or storage. 

However, the purpose of our study was to identify adducts that discriminated between 

newborns of smoking and nonsmoking mothers. All blood spots from the two groups were 

sampled, stored, and treated identically, were matched by birth year and sex, and were 

randomized for analysis. This ensures that the differences we observed in the HSA 

modifications between the two groups were not artefacts.

Conclusion

By substantially modifying an untargeted HSA-Cys34 adductomics pipeline,[5] we were 

able to analyze Cys34 adducts extracted from newborn DBS. We then validated the 

methodology with archived DBS from newborns of smoking and nonsmoking mothers. 

Despite the small sample size and limited blood volume derived from 4.7-mm DBS punches, 

we were able to detect significantly higher levels of the Cys34 cyanide adduct among 

newborns whose mothers smoked during pregnancy. Since archived newborn DBS represent 

snapshots of in utero exposures, our adductomics method can be applied to investigate early-

life exposures associated with childhood diseases. We are currently applying this 

methodology to archived newborn DBS from the CCLS to discover HSACys34 adducts 

associated with childhood leukemia.
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Fig. 1. 
Relative log abundance (RLA) plots from (A) before and (B) after normalization with 

‘scone.’ Colors represent sample batches
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Fig. 2. 
Reaction pathways proposed for the formation of Cys34 oxidation products (Adapted from 

Grigoryan et al. 2012).[18] Observed monoisotopic masses are shown
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Fig. 3. 
Selection of adducts that discriminate newborns by maternal smoking status. Points 

represent adducts and the two highest-ranked adducts are shown in red (820.09 is the 

cyanide adduct and 830.43 is an unknown adduct, possibly S-addition of acrolein). (A) 

Volcano plot showing the mean fold change for each adduct between newborns with 

smoking/nonsmoking mothers, and the corresponding statistical significance). The dashed 

line represents a nominal p-value of 0.05. (B) Proportion of times each adduct was selected 

into the lasso model out of 500 iterations. (C) The top 20 adducts ranked by random forest 

variable importance
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Table 1

Adducts detected in 47 archived DBS from newborns whose mothers smoked during pregnancy and those who 

did not

Adduct RT (min) MIM 
observed 
(m/z, 3+)

MIM 
theoretical 
(m/z, 3+)

ΔMass (ppm) Mass 
added to 
Cys34-S− 

(Da)

Elemental 
composition of 
added mass

Annotation

796.43
b,c,d 27.08 796.4304 796.4301 0.39 −45.9854 −CH2S Cys34→Gly

805.76
b,c,d 26.73 805.7616 805.7618 −0.22 −17.9919 −SH2, +O Cys34→Oxoalanine

810.43 26.85 810.4335 −3.9761 Unknown

811.09 26.60 811.0915 811.0875 4.98 −2.0020 −H2 Cys34 Sulfenamide

811.76
a,b,c,d 27.67 811.7589 811.7594 −0.61 1.0078 +H

Unmodified T3
e

815.76 27.26 815.7593 815.7594 −0.07 12.0013 +CH2O, −H2O CH2 crosslink

816.42
a,b,c,d 25.43 816.4197 816.4191 0.72 13.9825 −H2, +O

Cys34 Sulfinamide
e

816.43
a,b,c,d 27.53 816.4312 816.4312 −0.05 15.0248 +CH3 Methylation (not at Cys34)

819.09 27.59 819.0865 819.0867 −0.23 22.9907 +Na S-Sodiation

820.09
a,b,d 27.72 820.0914 820.0911 0.31 26.0053 +CN S-Cyanylation

821.75
a 27.33 821.7506 821.7507 −0.08 30.9831 −H2, O2 Cys34 Sulfonamide

822.42
a,b,c,d 26.70 822.4224 822.4226 −0.28 32.9984 +HO2 Cys34 Sulfinic acid

e

827.09
a,b 27.25 827.0947 827.0945 0.24 47.0153 +CH3O2 S-(O)-O-CH3

827.75
a,b,c,d 27.00 827.7542 827.7543 −0.08 48.9938 +HO3 Cys34 Sulfonic acid

e

830.43
b 27.20 830.4342 830.4348 −0.74 57.0337 +C3H5O Unknown (possible S-addition of 

acrolein)

832.43 27.43 832.4260 832.4262 −0.24 63.0091 +CH3O3 Unknown

835.11
b,d 27.29 835.1064 835.1066 −0.35 71.0503 +C4H7O

S-Addition of crotonaldehyde
e

839.78
b 27.58 839.7777 839.7785 −0.99 85.0643 +C5H9O

S-Addition of tiglic aldehyde
e

845.11 27.16 845.1110 845.1102 0.98 101.0642 +C5H9O2 Unknown

850.10
b,c,d 27.51 850.0950 850.0958 −0.88 116.0162 +C4H6NOS S-Addition of hCys (−H2O)

851.42
a,b,c,d 26.12 851.4249 851.4274 −2.90 120.0060 +C3H6NO2S

S-Addition of Cys
e

856.10
a,b,c,d 26.46 856.0990 856.0993 −0.32 134.0282 +C4H8NO2S

S-Addition of hCys
e

857.44 27.67 857.4418 857.4419 −0.10 138.0567 +C7H8NO2 Unknown

870.43
a,b,c,d 25.75 870.4346 870.4345 0.11 177.0351 +C5H9N2O3S

S-Addition of CysGly
e

913.45
a,b,c,d 26.06 913.4487 913.4487 −0.06 306.0773 +C10H16N3O6S

S-Addition of GSH
e

918.12
a 26.39 918.1205 918.1206 −0.16 320.0926 +C11H18N3O6S Unknown (likely S-addition of 

GSH and CH2 crosslink)

Cys, cysteine; hCys, homocysteine; CysGly, cysteinylglycine; GSH, glutathione; MIM, monoisotopic mass; RT, retention time.

a
Also detected by Liu et al. 2018.[7]

b
Also detected by Grigoryan et al. 2018.[8]
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c
Also detected by Lu et al. 2017.[6]

d
Also detected by Grigoryan et al. 2016.[5]

e
Annotation confirmed with a synthetic standard
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