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Abstract

Humans are exposed to a wide range of electrophilic compounds present in our diet and 

environment or formed endogenously as part of normal physiological processes. These 

electrophiles can modify nucleophilic sites of proteins and DNA to form covalent adducts. 

Recently, powerful untargeted adductomic approaches have been developed for systematic 

screening of these adducts in human blood. Our earlier untargeted adductomics study detected 19 

unknown adducts to N-terminal valine in hemoglobin (Hb) in human blood. We now describe a 

full characterization of one of these adducts, which corresponds to the addition of a 4-

hydroxybenzyl (4-OHBn) group to N-terminal valine in Hb to form N-(4-hydroxybenzyl)valine 

(4-OHBn-Val). The adduct structure was determined by comparison of its accurate mass, HPLC 

retention time, and MS/MS fragmentation to that of authentic standards prepared by chemical 

synthesis. Average 4-OHBn-Val adduct concentrations in 12 human blood samples were estimated 

to 380 ± 160 pmol/g Hb. Two possible routes of 4-OHBnVal adduct formation are proposed using 

two different precursor electrophiles: 4-quinone methide (4-QM) and 4-hydroxybenzaldehyde (4-

OHBA). We found that 4-QM reacts rapidly with valine to form the 4-OHBn-Val adduct; however, 

the quinone methide is unstable under physiological conditions due to hydrolysis. It was shown 

that 4-OHBA forms reversible Schiff base adducts with valine, which can be stabilized via 

reduction in blood generating the 4-OHBn-Val adduct. In addition, trace amounts of isomeric 2-

hydroxybenzyl-valine (2-OHBn-Val) adducts were detected in 12 human blood samples (estimated 

mean adduct level, 5.0 ± 1.4 pmol/g Hb). Further studies are needed to quantify the contributions 

from identified possible precursor electrophiles to the observed hydroxybenzyl adducts in humans.
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INTRODUCTION

DNA and protein adducts are formed when endogenous and exogenous electrophilic 

compounds react with nucleophilic sites of cellular biomolecules.1 Levels of formed adducts 

increase with the dose of electrophiles in vivo, which is associated with an increased risk of 

health effects, as has been demonstrated for genotoxic compounds/metabolites in animal 

cancer tests.2,3 The formation of covalent adducts, especially with DNA, is associated with 

an increased risk of cancer4−6 and other chronic diseases. As such, there is increasing 

evidence that endogenous and exogenous exposures, which also includes electrophilic 

compounds/intermediates, are equally important to disease development as genetic factors.
7−9 Since many electrophilic compounds that form adducts with nucleophilic sites in DNA 

can also form adducts with hemoglobin (Hb), which is highly abundant and more available, 

electrophile-induced Hb adducts have been used as biomarkers for electrophile-induced 

DNA adduct formation.1,10,11

In previous studies, sensitive mass spectrometry (MS)-based targeted screening methods 

have been developed to detect structurally defined albumin and Hb adducts in human blood, 

making it possible to characterize and measure human exposures to known electrophiles.
1,10,11 In recent years, such methodology has been expanded to allow for screening of 

unknown adducts to human serum albumin and Hb via liquid chromatography–tandem mass 

spectrometry (LC-MS/MS)-based untargeted adductomics, making it possible to 

characterize the part of the human exposome containing electrophilic species.12,13 Unlike 

targeted analyses, untargeted screening does not require a priori knowledge of adduct 

structures, allowing for the detection and identification of unknown exposures.

The screening methodology developed by us is based on the FIRE procedure, which 

employs modified Edman degradation with fluorescein isothiocyanate (FITC) to selectively 

detach and derivatize the adducted N-terminal amino acid of Hb.14 The resulting fluorescein 

isothiohydantoin (FTH)-Val derivatives are analyzed by LC-MS/MS. In our first untargeted 

adductomic screening of Hb adducts in human blood, in addition to known adducts, 19 

unknown adducts were detected, which initiated the challenging work of structurally 

identifying these adducts and their precursors. We have previously reported the identification 
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of six of these adducts with human Hb and their probable precursors: ethylation, ethyl-vinyl 

ketone, acrylic acid, glyoxal, methylglyoxal, and 1-octen-3-one.13,15,16 The most abundant 

N-terminal Hb adduct in human blood measured was the previously identified methyl 

modification, followed by carboxymethylation.17 High levels of protein methylation in 

human blood can be explained by the endogenous methylating agent S-adenosylmethionine.
18 The carboxymethyl adducts are formed as a result of degradation of glycated Hb 

(HbA1c),19,20 or from reaction with glyoxal, which comes mostly from dietary sources.21 

However, many of the unknown adducts have yet to be identified.

The third most abundant N-terminal Hb adduct in human blood samples was an unknown 

adduct with m/z of 595.153 of the FTH derivative, which corresponds to an added mass of 

106.042 Da from the adduct to Val,13,16 that is, an elemental composition of C7H6O. To 

accommodate this molecular formula, the only option is an aromatic adduct (see ref 13 ) for 

the strategy used to generate hypotheses on adduct identities using adductome LC-MS/MS 

data). Considering all possible molecular structures available, we hypothesized that the most 

likely precursors of this adduct were 2- or 4-quinone methide (2-QM and 4-QM, 

respectively, Scheme 1A). QMs are conjugated organic compounds that contain a 

cyclohexadiene moiety with a carbonyl and a conjugated exocyclic methylene group. QMs 

have been implicated as intermediates in a variety of biological processes22 and are 

responsible for the toxicity of many drugs. They are highly electrophilic Michael acceptors 

containing α,β-unsaturated carbonyls, which readily react with nucleophiles such as amino 

acid side chains of proteins15,23 and thus are anticipated to readily form adducts to N-

terminal amino groups of Hb. Alternative precursors of the unknown adduct with added 

mass of m/z 106.042 include hydroxybenzaldehydes, which may form reversible Schiff base 

conjugates with the N-terminal amino group, followed by reduction to produce structurally 

identical hydroxybenzyl adducts (Scheme 1B).

In the present work, we describe complete structural identification of the unknown Hb 

adduct with an added mass of 106.042 Da as N-(4-hydroxybenzyl)valine (4-OHBn). This 

structural assignment was made using liquid chromatography (LC) - high-resolution mass 

spectrometry (HRMS) on an Orbitrap mass spectrometer and comparisons with authentic 

reference adducts synthesized in our laboratory. The adduct was quantified in blood of 

smokers and nonsmokers, with no significant differences between the two groups. Possible 

precursors of the novel adduct in humans are discussed.

MATERIALS AND METHODS

Caution:

Fluorescein isothiocyanate (FITC) is toxic and should be handled with care.

Chemicals.

Fluorescein-5-isothiocyanate (isomer I, Reagent grade, FITC) was obtained from Karl 

Industries (Aurora, OH, USA). L-Valine p-nitroanilide hydrochloride (H-ValpNA) was 

obtained from Bachem (Bubendorf, Switzerland). D,L-Valine, sodium cyanoborohydride, 

benzaldehyde (BA), 2-hydroxybenzaldehyde (2-OHBA), 3-hydroxybenzaldehyde (3-
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OHBA), and 4-hydroxybenzaldehyde (4-OHBA) were purchased from Sigma-Aldrich 

Sweden AB. ortho-Quinone methide precursor (2-QMP, compound 5, see Scheme 2) was 

generously provided by Professor Steven Rokita (John Hopkins University).24−26 

Acetonitrile (ACN), dimethylformamide (DMF), methanol, water and formic acid were 

obtained from VWR Chemicals. All solvents were of HPLC grade. All other chemicals and 

solvents were of analytical grade or higher.

Instruments and Equipment

NMR Instrumentation and Mode of Analysis.—1H and HSQC spectroscopy 

characterization and quantification studies were performed on either a Bruker 500-MHz or a 

Bruker 700-MHz spectrometer using CDCl3, D2O, CD3OD, or DMSO-d6 as solvent.

Equipment for Incubation, Derivatization and Cleanup of Blood Samples.—A 

thermomixer comfort and a 5804 R centrifuge with rotor F-45–30-11 (Eppendorf Nordic, 

Denmark) were used for incubations and derivatization of blood samples. Oasis Max solid-

phase extraction (SPE) cartridges (3 cc, 60 mg, 60 μm; mixed mode anion exchange) were 

obtained from Waters (Milford, MA, USA). The Hb analyzer (Hb 201+) was obtained from 

HemoCue (Ängelholm, Sweden).

Analytical HPLC System A.—Our analytical HPLC system A consisted of an Agilent 

Technologies HPLC System (1100 model) equipped with a UV detector and an autosampler. 

Chromatographic separation was performed using a Luna C18 (2) column (150 × 4.6 mm, 5 

μm) and a gradient of 0.1% formic acid in water (A) and ACN (B) at a flow rate of 1 mL/

min. Solvent composition was initially held at 10% B for 5 min, followed by a linear 

increase to 56% B in 13 min, followed by an increase to 95% B in 3 min, which was held for 

another 2 min before re-equilibration of the column for 6 min. UV absorbance was 

monitored at 254 nm.

Analytical HPLC System B.—The analytical HPLC system B consisted of a Shimadzu 

LC-system with two pumps (LC 10AD), an auto injector (SIL HTC), and a UV detector 

(SPD 10A). The column was a C18 reversed-phase column (Ace 5 C18, 250 × 2.1 mm, 5 μm 

particles) from Advanced Chromatography Technologies, and the detection wavelength was 

set at 274 nm. The HPLC mobile phases consisted of ACN and water containing 0.1% 

formic acid, and the flow rate was 0.3 mL/min. The program was isocratic for 0.5 min with 

5% ACN, followed by a linear increase to 90% ACN over 18 min, after which it was 

lowered back to 5% ACN in 2 min and kept at 5% ACN until the program was stopped after 

25 min.

Semipreparative HPLC.—The analytical HPLC system B, with exception of the column, 

was also used for the semipreparative purifications. The column used was a semipreparative 

Hichrom column (KR100–5C18–25098). The compounds were eluted isocratically with 

35% ACN in water with 0.2% formic acid at a flow rate of 4 mL/min.

HPLC-MS.—The HPLC-ESI-HRMS system consisted of a Dionex UltiMate 3000 LC 

system interfaced to an Orbitrap Q Exactive HF mass spectrometer (Thermo Fisher 
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Scientific, MA, USA). Mobile phase A consisted of 0.1% formic acid in H2O/ACN (95:5) 

and mobile phase B consisted of 0.1% formic acid in H2O/ACN (5:95). The MS instrument 

settings were the same as described previously,27 except that the m/z range of 550–600 was 

used in the data-independent acquisition DIA mode instead of the full 500–700 m/z range 

used previously.27 The target compounds (m/z 595) were further studied using the parallel 

reaction monitoring (PRM) mode.

Method 1.: Chromatographic separation was performed using a Discovery HS C18 column 

(3.0 μm, 2.1 × 150 mm) with a Discovery HS C18 guard column (3.0 μm, 2.1 × 20 mm) from 

Supelco Analytical. The gradient used started at 20% B and increased to 100% B in 25 min. 

It was thereafter held at 100% B for another 5 min, followed by re-equilibration at 20% B 

for 5 min. The flow rate used was 120 μL/min, and the injection volume was 20 μL.

Method 2.: To improve the chromatographic separation and at the same time decrease the 

analysis time, a new method was developed using an Aquity UPLC HSS C18 column (2.1 × 

100 mm, 1.8 μm) from Waters. The gradient started at 20% B for 0.5 min, proceeded with an 

increase to 50% B in 3.5 min, then by an increase to 70% B in 3.5 min, and finally increased 

to 100% B in 1.5 min. Solvent composition was held at 100% B for 1 min before re-

equilibration for 2.5 min. The flow rate used was 300 μL/min, and the injection volume was 

20 μL.

Syntheses of QM Precursors, Authentic OHBn-valine Adducts, and FTH Derivatives

tert-Butyldimethyl(p-tolyloxy)silane (Compound 2 in Scheme 2A).—4-Cresol 

(compound 1, 2.0 g, 18.5 mmol) was dissolved in DMF (10 mL) under nitrogen. tert-
Butyldimethylsilyl chloride (6.9 g, 46.2 mmol) and imidazole (6.2 g, 92.4 mmol) were 

added, and the reaction mixture was stirred at room temperature overnight. After completion 

of the reaction (as monitored by TLC), the reaction mixture was quenched by addition of 

H2O (50 mL). The mixture was extracted with ethyl acetate (3 × 40 mL), and the combined 

organic phases were washed with brine, dried over Na2SO4, and concentrated under reduced 

pressure to yield a crude product as a colorless oil. The desired compound (2) was purified 

by silica gel flash column chromatography (hexane/ethyl acetate step gradient of 99:1, 49:1, 

and finally 19:1) and isolated as a colorless oil (3.97 g, 96%). 1H NMR (CDCl3, 500 MHz): 

δ 0.00 (s, 6H), 0.80 (s, 9H), 2.09 (s, 3H), 6.54–6.55 (d, J = 5.0 Hz, 2H), 6.82–6.84 (d, J = 

10.0 Hz, 2H).

(4-(Bromomethyl)phenoxy)(tert-butyl)dimethylsilane (Compound 3 in Scheme 
2A).—N N-bromosuccinimide (0.80 g, 4.5 mmol) was added to a silyl ether-4-methyl-O-

tert-butyldimethylsilylphenol (compound 2, 1.0 g, 4.5 mmol) solution in CCl4 (10 mL). The 

solution was heated to reflux for 10 min, and 2,2′-azobis(2-methylpropionitrile) (AIBN) 

(0.026 g, 0.04 mmol) was added. The reaction mixture was further refluxed for 35 min, 

cooled to room temperature, and filtered. The filtrate was washed with water, dried with 

Na2SO4, and concentrated under reduced pressure to yield compound 3 as a colorless oil 

(0.72 g, 53%). The purity of this compound was confirmed by MS infusion and 1H NMR 

(Supplemental Figure 1). 1H NMR (CDCl3, 500 MHz): δ 0.01 (s, 6H), 0.75 (s, 9H), 4.49 (s, 

2H), 6.62–6.64 (d, J = 10 Hz, 2H), 7.14–7.15 (d, J = 5 Hz, 2H).
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2-OHBn-ValpNA (Compound 7 in Scheme 3).—Stock solutions of ValpNA (Scheme 

3, 183 μM), 2-QMP (compound 5 in Scheme 2B, 83 mM), and KF (33 mM) were made in 

water. A solution of 50 μL of 183 μM ValpNA, 50 μL of 33 mM KF, 50 μL of 100 mM 

phosphate buffer (pH 8.4), and 300 μL water was prepared. To start the reaction, 50 μL of 83 

mM 2-QMP was added, and the solution was incubated at 37 °C for 30 min with continuous 

mixing. The presence of the 2-OHBn-ValpNA adduct was confirmed by LC-MS (full scan in 

positive mode).

4-OHBn-ValpNA (Compound 9 in Scheme 3).—To synthesize the 4-OHBn-ValpNA, 

two different synthetic procedures were used, one small scale and one larger scale. For the 

small scale reaction, ValpNA (Scheme 3, 33.2 nmol) and KF (33.2 nmol) were dissolved in 

78 μL of phosphate buffer (pH 7.4) and added to 622 μL of ACN. To start the reaction, 0.1 

mg of 4-QMP (compound 3, 332 nmol) dissolved in 800 μL of ACN was added to this 

solution. The presence of the 4-OHBn-ValpNA adduct was confirmed by LC-MS (full scan 

in positive mode).

For the larger scale reaction, the amount of H2O in the reaction mixture was greatly reduced 

in order to minimize hydrolysis of the activated quinone methide. 4-QMP (compound 3 in 

Scheme 2A, 46.5 μmol, 10 μL) and ValpNA (4.6 μmol) were dissolved in anhydrous DMSO 

(77 μL). To start the reaction, 18 μL of KF (4.6 μmol) in H2O was added to this solution. 

The reaction was allowed to proceed for 1 h, after which the presence of the 4-OHBn-

ValpNA adduct was confirmed by LC-MS (full scan in positive mode). The reaction mixture 

was diluted with H2O, filtered using a Costar Spin-X filter, and separated using HPLC 

system A. The 4-OHBn-ValpNA adduct eluted as a small peak at ∼12.0 min, which was 

collected and solvent evaporated to dryness. The purity of this peak was confirmed by MS 

infusion and 1H and HSQC NMR (Supplemental Figure 2). 4-OHBn-ValpNA: 1H NMR 

(DMSO-d6, 700 MHz): δ 0.96–0.97 (m, 3H), 0.99–1.0 (m, 3H), 2.26 (br s, 1H), 3.73 (s, 

1H), 4.00 (br s, 1H), 4.10 (br s, 1H), 6.75 (d, 2H), 7.26 (d, 2H), 7.81 (d, 2H), 8.26 (d, 2H), 

9.13–9.27 (m, 2H), 9.72 (br s, 1H), 11.03 (s, 1H).

N-Benzylvaline, N-(2-hydroxybenzyl)valine, N-(3-hydroxybenzyl)valine and N-
(4-Hydroxybenzyl)valine (Compounds 11–14 in Scheme 4).—Approximately 2.0 

mmol of the respective benzaldehydes (BA, 2-, 3- and 4-OHBA, respectively), 2.2 mmol 

valine, and 2.5 mmol of sodium cyanoborohydride together with 100 mL methanol were 

placed in a 250 mL round-bottom flask. The reaction solution was kept at a temperature of 

40 °C with stirring, and the progress of the respective reaction was followed by HPLC 

system B. When all benzaldehyde had reacted (after 4–48 h), the methanol in the reaction 

solution was removed with a rotary evaporator. Recrystallization from an ethanol–water 

mixture produced the N-benzylvalines as white crystals in yields ranging from 50 to 60%. 

The purity and structures of these compounds were confirmed by 1H and HSQC NMR 

(Supplemental Figures 3–6).

N-Benzylvaline (Bn-Val):  1H NMR (D2O, 500 MHz): δ 7.40–7.43 (m, 5H), 4.22 (d, J = 13 

Hz, 1H), 4.08 (d, J = 13 Hz, 2H), 3.34 (d, J = 4.5 Hz, 1H), 2.06–2.13 (m, 1H), 0.93 (d, J = 7 

Hz, 3H), 0.87 (d, J = 7 Hz, 3H).
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N-(2-Hydroxybenzyl)valine (2-OHBn-Val):  1H NMR (CD3OD, 500 MHz): δ 0.25–0.31 

(m, 6H), 1.50–1.53 (m, 1H), 2.52–2.57 (m, 1H), 3.41 (d, J = 13 Hz, 1H), 3.48 (d, J = 13 Hz, 

1H), 6.15–6.19 (m, 2H), 6.54–6.59 (m, 2H).

N-(3-Hydroxybenzyl)valine (3-OHBn-Val):  1H NMR (DMSO-d6, 500 MHz): δ 0.88–

0.92 (m, 6H), 1.90–1.94 (m, 1H), 2.86 (d, J = 5 Hz, 1H), 3.57 (d, J = 13.5 Hz, 1H), 3.80 (d, J 
= 13.5 Hz, 1H), 6.66 (d, J = 8 Hz, 1H), 6.75–6.79 (m, 2H), 7.10–7.13 (m, 1H).

N-(4-Hydroxybenzyl)valine (4-OHBn-Val):  1H NMR (D2O, 500 MHz): δ 0.74 (d, J = 7 

Hz, 3H), 0.79 (d, J = 7 Hz, 3H), 1.76–1.80 (m, 1H), 2.91 (d, J = 5 Hz, 1H), 3.47 (d, J = 13 

Hz, 1H), 3.67 (d, J = 12.5 Hz, 1H), 6.56 (d, J = 8 Hz, 2H), 7.02 (d, J = 8 Hz, 2H).

FTH derivatives of N-benzylvalines.—Approximately 0.12 mmol of the respective N-

benzylvalines and 0.10 mmol of FITC were dissolved in 20 mL of phosphate buffer (0.1 M, 

pH 7.4). The solutions were kept at 60 °C, and the progress of the reactions was followed by 

HPLC system B. When all FITC had reacted, the reaction mixtures were evaporated to 

dryness in a rotary evaporator. Thereafter, the crude products were dissolved in methanol 

and purified by semipreparative HPLC, which afforded the FTH of the N-benzylvalines as 

orange-brown powders in yields of 30–40%.

N-Benzylvaline FTH (Bn-Val-FTH):  HRMS (Orbitrap ESI) calculated for C33H27N2O6S
+ 579.1584, found 579.1585.

N-(2-Hydroxybenzyl)valine FTH (2-OHBn-Val-FTH):  HRMS (Orbitrap ESI) calculated 

for C33H27N2O7S+ 595.1534, found 595.1538.

N-(3-Hydroxybenzyl)valine FTH (3-OHBn-Val-FTH):  HRMS (Orbitrap ESI) calculated 

for C33H27N2O7S+ 595.1534, found 595.1536.

N-(4-Hydroxybenzyl)valine FTH (4-OHBn-Val-FTH):  HRMS (Orbitrap ESI) calculated 

for C33H27N2O7S+ 595.1534, found 595.1535.

Qualitative and Quantitative Analysis of Hb Adducts in Human Blood

Blood Samples and Study Population: Commercial human blood used for incubation 

experiments was obtained from Komponentlab at Karolinska University Hospital Huddinge 

(Stockholm, Sweden). Bovine blood (with citrate) was obtained from Håtunalab AB (Bro, 

Sweden). Blood samples from six smokers and six nonsmokers, collected with approval 

from the Regional Ethical Review Board in Stockholm, Sweden (no 96–312), were also 

analyzed. Upon arrival blood samples were separated into red blood cells (RBCs) and 

plasma (except the samples used as whole blood for incubation). The RBCs were washed 

with 0.9% (w/v) sodium chloride and lysed with distilled water. The hemolyzed RBC 

samples were stored at −20 °C until the day of analysis.

FIRE Method for Derivatization and Cleanup of Blood Samples: According to the 

FIRE procedure,14,28 blood samples (250 μL each) were derivatized by addition of KHCO3 

(1M, 15 μL) and FITC (5 mg) to each sample, followed by incubation overnight in a 
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Thermomixer (37 °C, 750 rpm). Thereafter, ACN (1.4 mL) was added to precipitate out the 

proteins, and the samples were centrifuged (10 min at 11,000 rpm). The SPE columns were 

conditioned with ACN (one column volume) and 0.01 M ammonium hydroxide (1/3 column 

volume). Next, 25 μL of 1 M ammonium hydroxide was added to the supernatant before 

transferring to the conditioned SPE columns. After loading, columns were washed with 

ACN and H2O (one column volume each) followed by 0.25% (w/v) cyanoacetic acid in H2O 

(1/2 column volume). Analytes were then eluted with 1.2 mL of 0.25% (w/v) cyanoacetic 

acid in ACN. Samples were dried under nitrogen and then reconstituted in 100 μL of 

H2O/ACN (3:2, v/v) in preparation for HPLC-ESI-HRMS analysis.

Spiking of Blood Samples with 4-OHBn-ValpNA and 2-OHBn-ValpNA: Aliquots 

of the 4-OHBn-ValpNA (compound 9) reaction mixture were added (4.4, 22, and 88 μL, 

respectively) to three human whole blood samples. Aliquots of the 2-OHBn-ValpNA 

reaction mixture (compound 7, 100 and 200 μL) were added to another two human whole 

blood samples. Three additional human whole blood samples and one bovine RBC sample 

were used as controls. All seven samples were treated according to the FIRE procedure and 

analyzed with LC-HRMS according to Method 1.

Incubation of Fresh Whole Blood with BA, 2-OHBA, 3-OHBA, and 4-
OHBA: Aliquots of stock solutions of BA, 2-OHBA, 3-OHBA, and 4-OHBA (50 mM in 

ethanol (95%), 10 μL) were added to fresh human whole blood (990 μL), resulting in final 

concentrations of 0.50 mM. Two control whole blood human samples (990 μL), to which 

ethanol only was added (95%, 10 μL), were prepared. The samples were incubated overnight 

in a Thermomixer (37 °C, 500 rpm). The following day, the tubes were centrifuged (2000 × 

g, 4 °C, 15 min) and the top-layers, containing plasma, were removed. The remaining RBC 

fractions were washed with 0.9% (w/v) sodium chloride by gentle mixing followed by 

centrifugation (2000 × g, 4 °C, 10 min). The wash procedure was repeated twice. Thereafter, 

all six samples (incubated samples and controls) were derivatized according to the FIRE 

procedure described above with the exception that all volumes and amounts were scaled up 

to accommodate the larger blood volume used. The samples were analyzed with LC-HRMS 

according to Method 2.

Analysis of 2-OHBn-Val and 4-OHBn-Val in Blood Samples from Smokers and 
Nonsmokers: The levels of 2-OHBn and 4-OHBn adducts to N-terminal valine in Hb 

were measured in blood samples from six smokers and six nonsmokers using the FIRE 

procedure. Prior to derivatization with FITC, Hb contents were measured in the samples. 

After incubations with FITC but before cleanup, 3-OHBn-Val-FTH (3.5 pmol) was added as 

an internal standard in order to allow for quantification of 2- and 4-OHBn-Val-FTH. For 

quantification, calibration curves were established from synthesized standards of 2- and 4-

OHBn-Val-FTH in eluent H2O/ACN (3:2, v/v). The samples were analyzed with LC-HRMS 

according to Method 2.
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RESULTS

Structural Identification of the Unknown Hb Adduct

The unknown N-terminal Val Hb adduct derivative with molecular ion [M + H]+ at m/z 
595.153 was detected in untargeted adductomics screening of N-terminal valine adducts in 

Hb using the FIRE procedure.13,27 In our HPLC-ESI-MS/MS experiments, this unknown 

eluted at 17.75 min (Figure 1A) and exhibited major MS/MS fragments at m/z 489.1121, 

445.0492, 390.0433, 373.0821 (Figure 2A). Based on the accurate mass of 595.154 

(corresponding to a mass addition of 106.042 Da to N-terminal valine) and HPLC retention 

time, the adduct was proposed to be N-(hydroxybenzyl)valine (OHBn-Val) derived from 2- 

or 4-QM (Scheme 1).

2- and 4-QM are extremely reactive molecules that are readily hydrolyzed at ambient 

conditions.25,29 Our initial efforts to generate 2-QM in situ through oxidation of o-cresol 

using a previously published method30 failed, with no adduct formation seen by LC-MS 

infusion. Therefore, we employed an elegant strategy developed by the Rokita lab to 

generate chemically stable QM precursors (QMPs).25 QMP activation to quinone methides 

is achieved by the addition of KF.25

Authentic 2- or 4-QM Val adducts, that is, 2- and 4-OHBn-ValpNA, were generated using 

the p-nitrophenyl derivative of Val (ValpNA, Scheme 3), as a model of N-terminal valine in 

Hb, as described in our previous publications.15 ValpNA is cleaved to reveal free Val during 

the FIRE procedure (Scheme 3). The standards of 2-OHBn-ValpNA and 4-OHBn-ValpNA 

(compounds 7 and 9 in Scheme 3, respectively) were prepared using 2-QM (compound 6) 

and 4-QM (compound 4) and ValpNA (Scheme 3). QMs were generated in situ from QMP 

precursors in the presence of ValpNA, where they immediately reacted to form the adducts. 

2-OHBn-ValpNA (compound 7) and 4-OHBn-ValpNA (compound 9) were isolated by 

HPLC, and their structures were verified by LC-MS/MS and 1H and HSQC NMR 

(Supplemental Figure 2).

To examine potential formation of QM-Val adducts in human blood, authentic 2-OHBn-

ValpNA (compound 7, derived from 2-QM) and 4-OHBn-ValpNA (compound 9, derived 

from 4-QM) (Scheme 3) were spiked into human blood. These, along with unspiked human 

blood samples, underwent derivatization with FITC, followed by LC-HRMS analysis. The 

accurate mass, retention times, and fragmentation patterns of 2-OHBn-Val-FTH and 4-

OHBn-Val-FTH from the spiked blood samples were compared to the unknown adduct seen 

in the unspiked blood samples. While the accurate mass of the 2-OHBn-Val-FTH adduct 

(compound 8, m/z 595.1524) matched the unknown (m/z 595.1540), the retention times 

differed (17.75 vs 18.58 min, see Figure 1A,C). Furthermore, the fragmentation patterns of 

the unknown adduct at m/z 595.1540 and authentic 2-OHBn-Val-FTH differ significantly, 

with fragments at m/z 445.0492 and 373.0821 not observed for 2-OHBn-Val-FTH (Figures 

2A,C). Authentic 4-OHBn-Val-FTH (compound 10) eluted at the same retention time as the 

unknown adduct (17.78 min, Figure 1A,B) and displayed the same accurate mass (m/z 
595.1537) and MS/MS fragmentation pattern (Figure 2A,B). Proposed structures of the 

highest abundance fragments can be found in the Supplemental Figure 7. Based on this 
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evidence, the unknown adduct was identified as N-(4-hydroxybenzyl)valine (4-OHBn-Val) 

(Figure 1).

Alternative Formation of N-(4-hydroxybenzyl)valine Adducts from 4-OH-benzaldehyde

In addition to the 4-QM-mediated mechanism shown in Scheme 1A, the N-(4-

hydroxybenzyl)valine adduct may also originate from reaction with 4-OH-benzaldehyde, 

followed by reduction (Scheme 1B). To explore this possibility, valine was reacted with 

benzaldehyde (BA), 2-OHBA, 3-OHBA, and 4-OHBA, followed by reduction with sodium 

cyanoborohydride and derivatization with FITC. The structures of these standard compounds 

were confirmed by 1H and HSQC NMR (Supplemental Figures 3–6). As expected, NMR 

spectrum, accurate mass, and MS/MS fragmentation of the FTH derivative of 4-OHBA-Val 

adduct matched those of 4-OHBn-Val-FTH derived from 4-QM, suggesting that 4-OHBA 

could be another potential precursor to the identified 4-OHBn-Val-FTH adduct (Scheme 1).

To determine whether the Schiff base formed between 4-OHBA and the N-terminal valine of 

Hb can be reduced in blood, fresh human blood was incubated with BA, 2-OHBA, 3-OHBA, 

and 4-OHBA, followed by incubation with FITC and LC-HRMS analysis. The valine 

adducts from all four benzaldehydes (Scheme 4) were detected (as their FTH derivatives), 

and the adducts were the same as those produced synthetically using reduction with sodium 

cyanoborohydride. Therefore, the reductive capacity of blood appears to be sufficient for 4-

OHBn-Val to be formed from the Schiff base of 4-OHBA to N-terminal valine (Scheme 1B). 

By comparison of the spiked blood with the unspiked blood, relatively large amounts of the 

4-OHBn-Val-FTH and minor amounts of 2-OHBn-Val-FTH could be detected in the 

unspiked blood, whereas 3-OHBn-Val-FTH and Bn-Val-FTH could not be detected in the 

unspiked blood.

Quantification of N-(4-hydroxybenzyl)valine Adduct Levels in Human Blood

The 4-OHBn-Val adduct was quantified in Hb samples from six nonsmoker and six smoker 

blood samples. As no background levels of 3-OHBn-Val-FTH (Scheme 4) were detected, 

this compound was used as an internal standard. For quantification, calibration curves were 

established from synthesized standards of 3-OHBn-Val-FTH (R2 = 0.984, five 

concentrations (0.001–0.005 pmol/μL) in duplicate) and 4-OHBn-Val-FTH (R2 = 0.987, five 

concentrations (0.01–0.05 pmol/μL) in duplicate). The 4-OHBn-Val adduct levels in human 

samples ranged from 140 to 650 pmol/g Hb, with an average adduct level of 380 ± 160 

pmol/g Hb (Table 2). There were no significant differences between the smoker and 

nonsmoker samples (p value for two-sided t test was 0.48).

Quantification of 2-OHBn-Val isomer was also attempted in the same blood samples with 

the use of a calibration curve established by synthesized 2-OHBn-Val-FTH (R2 = 0.983, five 

concentrations (0.001–0.005 pmol/μL) in duplicate). The estimated level of 2-OHBn-Val 

adducts was much lower than 4-OHBn-Val, ranging from 2.0 to 6.7 pmol/g Hb, with an 

average adduct level of 5.0 ± 1.4 pmol/g Hb (Table 2). The levels are below the lowest point 

in the calibration curve used so they are rough estimations only.
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DISCUSSION

Identification and Quantification of the 4-OHBn Adduct in Human Blood.

The FTH-derivative of the unknown adduct with [M + H]+ m/z 595.154 found in human 

blood samples was identified as 4-OHBn-Val-FTH using authentic standards prepared 

independently. Both the retention times and the accurate mass for synthetic 4-OHBn-Val-

FTH and the FTH-derivative of the unknown adduct present in human samples matched 

(Figure 1, Figure 2, Table 1). Adduct identity was further confirmed by comparing MS/MS 

fragmentation patterns. In contrast, HPLC retention time and fragmentation of the unknown 

adduct differed from that of the synthetic 2-OHBn-Val-FTH isomer, despite having the same 

exact mass.

Using a calibration curve generated from the synthesized standard matching the FTH 

derivative of the unknown adduct, 4-OHBn-Val-FTH, and synthesized 3-OHBn-Val-FTH as 

an internal standard, we quantified the levels of the background adduct at m/z 595.154 in 

human blood as approximately 380 pmol/g Hb. This adduct level corresponds to 

approximately seven OHBn-Val adducts per 106 Hb molecules, indicating the importance of 

the FIRE procedure to enrich these adducts. The mean adduct level and the large range in 

adduct level (143–651 pmol/g Hb) is similar to that of our previous studies with 

quantification without synthesized standard and a less suitable internal (surrogate) standard 

of this unknown adduct.13,27

Potential Sources for the Formation of the 4-OHBn Adduct.

Once the identity of this unknown adduct was confirmed, we sought to identify its possible 

sources. In addition to the human blood sample controls that were investigated, a bovine 

blood sample was also analyzed. While the level of the 4-OHBn adduct detected in the 

bovine sample was far lower than the level found in human samples, its presence shows that 

this adduct is not unique to humans (as indicated earlier).13 The adduct levels quantified in 

smokers and nonsmokers were not significantly different, thus the source of the adduct is 

highly unlikely to come from smoking. Additionally, this adduct was present in all blood 

samples analyzed in this study and in our previous studies using the FIRE procedure, 

indicating that the source may be endogenous or present in common foods. Independently, 

Rappaport’s research group has observed an adduct of the same added mass to Cys34 in 

human serum albumin in adductomics screening of different sample materials. It has been 

suggested to correspond to an adduct from benzaldehyde,31 and just recently quinone 

methide was also suggested as a precursor.32 These suggestions were not verified through 

comparison with reference compounds, but indicate that the same adduct has been observed 

to another nucleophilic site in serum albumin. Considering the relatively high abundance of 

this adduct observed to Hb and the nucleophilic strength of the respective nucleophilic sites, 

modification of serum albumin by the same precursor seems likely.

QMs can be formed in vivo through two electron oxidation reactions of 4-alkyl-substituted 

phenols catalyzed by cytochrome P450 enzymes or peroxidases.33 Substitutions, especially 

at the 2- and 6-positions of the phenol ring, strongly influence the reactivity of the QM. In 

general, the larger the substitutions, the lower the reactivity of the QM, due to steric effects.
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30,34 This would imply that a completely unsubstituted QM would have the highest 

reactivity.35 However, due to this high reactivity, unsubstituted QMs have been more 

difficult to study than more substituted ones. The Rokita lab has previously shown that 

unsubstituted ortho-quinone methides can form adducts at nucleophilic positions in DNA, 

including the N1 and N6 position of dA, N3 position of dC, and N1, N2, and N7 positions of 

dG.26 They also found that these adducts are reversible,36,37 though the stability of these 

adducts was highly dependent on the substituents on the quinone methide.38 Additionally, 

Bolton et al. found that substituted para-quinone methides of differing reactivity all formed 

adducts with the α-amino groups of lysine, histidine, tyrosine, and serine, and with the thiol 

of cysteine.39 The most electrophilic of these substituted quinone methides was also able to 

alkylate the side chain nitrogens of lysine and histidine.39 Due to the high electrophilicity of 

the unsubstituted 4-QM, it is likely capable of not only alkylating proteins at positions other 

than N-terminal valine but also nucleophilic positions in DNA.

This high reactivity of QMs was supported by our experiments examining ValpNA reactivity 

toward 4-QM, as the reaction was complete within an hour. However, para-quinone methides 

are also rapidly hydrolyzed, making it unlikely that the observed Hb adduct is formed by 

free 4-QM in human blood. In order to form a large enough amount of 4-OHBn-ValpNA 

adduct to be quantified by LC-MS, the reactions had to be carried out in DMSO in order to 

limit the hydrolysis of 4-QM. Reactions performed under physiological conditions only 

produced barely detectable amounts of Val adducts (results not shown). Thus, we 

hypothesize that there must be an alternative origin of the adduct.

One hypothesis is that this adduct is formed as a byproduct of tyrosine degradation by the 

[FeFe] hydrogenase maturase, HydG.40 HydG degrades tyrosine in order to form CO and 

CN– ligands for the enzyme’s [FeFe] cluster, resulting in the generation of 4-oxidobenzyl 

radical as a byproduct. While this radical is usually further degraded to form 4-cresol as the 

end product, it is possible that it could instead react to form the 4-OHBn adduct we 

observed.

Another possible source of this adduct is 4-OHBA. NMR of the synthesized reaction product 

between 4-OHBA and valine showed that the same 4-OHBn-Val adduct was formed as for 4-

QM and valine. However, in order to form the 4-OHBn-Val adduct from 4-OHBA, the 

(reversible) Schiff base adduct, which is formed first, must be reduced (and stabilized). To 

explore if this may happen in vivo, 4-OHBA was incubated with fresh whole blood 

overnight, and indeed the reduced Schiff base adduct (4-OHBn-Val adduct) was detected 

(after derivatization to FTH with the FIRE procedure). Thus, it appears as if 4-OHBA could 

be a possible precursor for the detected 4-OHBn-Val adduct. 4-OHBA has previously been 

shown to be formed naturally. For instance, it is an active component of Gastrodia elata, a 

Chinese herbal medicine used to treat headaches and migraines, and of Dendrocalamus asper 
bamboo shoots.41,42 In addition, 4-OHBA could be formed in natural processes from 

tyrosine,43 including in the Maillard reaction that occurs during cooking of food.44 It is also 

a precursor to vanillin that is produced in vanilla beans45 and is an important volatile 

component of vanilla aroma and flavor.46,47 To be able to make a quantitative conclusion 

about the precursor of this adduct in humans, further studies must be done.

Degner et al. Page 12

Chem Res Toxicol. Author manuscript; available in PMC 2019 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2-Hydroxybenzaldehyde (salicylaldehyde, 2-OHBA), which can form an adduct with the 

same structure as the adduct from 2-QM (2-OHBn-Val), is a naturally occurring component 

in buckwheat,48 cinnamon, and tea and is found in many foods. It is also structurally related 

to salicylic acid, one of the most commonly ingested analgesics and anti-inflammatory 

agents. Low levels of 2-OHBn-Val adduct were detected in both smokers and nonsmokers in 

this study (estimated levels: 5.0 ± 1.4 pmol/g Hb).

Conclusions

The unknown human adduct with m/z 595.154 was identified as an adduct corresponding to 

the addition of a 4-hydroxybenzyl group to N-terminal valine in Hb. By reaction with FITC, 

according to the FIRE procedure, N-(4-hydroxybenzyl)valine FTH (4-OHBn-Val-FTH) is 

formed. Two probable precursors have been identified: one being para-quinone methide (4-

QM), which can form the 4-OHBn-Val adduct via a Michael addition with the N-terminal 

valine, and the second possible precursor is 4-hydroxybenzaldehyde (4-OHBA), which can 

form the same adduct via a Schiff base formation with the N-terminal valine followed by 

reduction. It is essential to establish which of the two probable precursors is the main 

contributor to the observed adduct to assess its toxicological relevance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

2-OHBA 2-hydroxybenzaldehyde

2-OHBn 2-hydroxybenzyl

2-QM ortho-quinone methide

3-OHBA 3-hydroxybenzaldehyde

4-OHBA 4-hydroxybenzaldehyde

4-OHBn 4-hydroxybenzyl

4-QM para-quinone methide

ACN acetonitrile
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AIBN azobisisobutyronitrile

BA benzaldehyde

DIA data-independent acquisition

DMF dimethylformamide

DMSO dimethyl sulfoxide

FITC fluorescein isothiocyanate

FTH fluorescein isothiohydantoin

Hb hemoglobin

HPLC-ESI+-MS/MS high-pressure liquid chromatography tandem mass 

spectrometry

HRMS high-resolution mass spectrometry

PRM parallel reaction monitoring

QM quinone methide

QMP quinone methide precursor

RBC red blood cell

SPE solid-phase extraction

TBS-Cl tert-butyldimethylsilyl chloride

TLC thin-layer chromatography

Val valine

ValpNA L-valine p-nitroanilide
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Figure 1. 
HPLC chromatograms showing the exact mass (m/z = 595.15181–595.15539) of the FTH 

derivative of the identified adduct in (A) an unspiked sample of human blood, (B) a human 

blood sample spiked with 4-OHBn-ValpNA (compound 9), and (C) a human blood sample 

spiked with 2-OHBn-ValpNA (compound 7).
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Figure 2. 
MS2 spectra of (A) unknown adduct in human blood sample, (B) authentic standard 4-

OHBn-Val-FTH (compound 10), and (C) authentic s tandard 2-OHBn-Val-FTH (compound 

8).
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Scheme 1. Proposed Formation of N-Terminal Valine-Quinone Methide Adducts in Hb Followed 
by Derivatization via FIRE Procedure13 and Cleavage during Acid Workup.
(A) 4-Quinone methide forms an adduct at the N-terminal valine in Hb. Derivatization with 

FITC cleaves the adducted valine from Hb, forming the FTH-analyte. FTH-analytes are 

enriched by MAX SPE and cyclized by acid work-up. (B) 4-OHBA forms an adduct at the 

N-terminal valine in Hb, resulting in a Schiff base. Reduction of this adduct forms the stable 

4-OHBn-Val-Hb adduct. This then undergoes FITC derivatization, SPE, and acid work-up as 

shown in (A).
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Scheme 2. (A) Synthesis of 4-QM Precursor and Its Activation in the Presence of KF and (B) 
Activation of 2-QM Precursor in the Presence of KF.
(A) (a) TBS-Cl, imidazole, in DMF, under nitrogen, at room temperature overnight; (b) 

NBS, AIBN, in CCl4, 85°C, 35 min; (c) KF, in phosphate buffer (pH 7.4) and ACN, room 

temperature, 30 min. (B) (a) KF, in phosphate buffer (pH 8.4) and water, 37°C, 30 min.
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Scheme 3. Synthesis of ortho-Quinone Methide-ValpNA Adduct (7) and para-Quinone Methide-
ValpNA Adduct (9) and Their Corresponding FTH Derivatives (compounds 8 and 10) from 
Their Respective Precursor Quinone Methides, 2-QM (6) and 4-QM (4).
(a) FIRE derivatization: 15 μL of 1M KHCO3 and 5 mg of FITC added to 250 μL human 

whole blood samples spiked with compound 7 or 9, incubated overnight in a Thermomixer 

(37°C, 750 rpm).
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Scheme 4. 
Structures of Valine Adducts Formed from Benzaldehyde and Hydroxybenzaldehydes.
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Table 1.

Comparison of Fragmentation Patterns of Adduct 595 for (A) the Unknown Analyte, (B) the Synthesized 4-

OHBn-Val in an Incubated Blood Sample, and (C) the Synthesized 2-OHBn-Val in an Incubated Blood 

Sample.

Relative Intensity of Fragments m/z (%)

Sample RT (min) 358 373 390 417 445 489

A 17.75 16 65 100 13 98 21

B 17.78 17 48 100 9 73 16

C 18.58 2 0 59 0 6 100
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Table 2.

Quantified Adduct Levels of 4-OHBn-Val and 2-OHBn-Val Adducts in Nonsmokers and Smokers.

Nonsmokers (pmol/g Hb)
(n = 6)

Smokers (pmol/g Hb)
(n = 6)

Adduct Range Mean ± SD Range Mean ± SD

4-OHBA 143–618 374 ± 179 247–651 379 ± 149

2-OHBA 2.0–6.7 4.7 ± 1.6 3.6–6.1 5.3 ± 1.3
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