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ABSTRACT 
 

The modification of proteins by xenobiotic and endogenous electrophilic species 

produced in cells undergoing oxidative stress contributes to cellular toxicity and disease 

processes. Many xenobiotics are themselves reactive electrophiles; however non-reactive 

compounds may become reactive towards proteins and DNA following metabolism.  

Identifying actual sites of adduction on target proteins is critical for determining the 

structural and functional consequences associated with the modification.  1,4-

benzoquinone (BQ) is a reactive quinone and environmental toxicant, formed from 

oxidative metabolism of benzene, an aromatic hydrocarbon found in gasoline and other 

fuels. Although environmental and occupational exposure to benzene is associated with 

the development of aplastic anemia and leukemia, the mechanism of toxicity remains 

elusive. 

 Due to the electrophilic nature of BQ, it reacts with glutathione to form quinol-

thioether (QT) conjugates that retain the ability to redox cycle between the reduced (HQ) 

and oxidized (BQ) forms. BQ and its QT metabolites are reactive, and can produce 

cellular necrosis through oxidative stress and protein modification. One further 

consequence of oxidative stress is the elevation of cellular membrane lipid peroxidation, 

resulting in the formation of reactive lipid-aldehydes such as 4-hydroxynonenal (4HNE).  

Adduction of critical amino acid residues in target bone marrow proteins by 4HNE and 

QTs following exposure to benzene could contribute to its hematotoxic effects.  

Following administration of benzene metabolites HQ and phenol to Sprague 

Dawley rats, specific sites of QT and 4HNE protein adducts were identified on a number 

of proteins. Following single- and two-dimensional gel electrophoresis, immunopositive 
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bone marrow protein bands were isolated, trypsin digested, and analyzed by LC-MS/MS. 

Following the identification of site-specific adducts, 3D protein modeling of these adducts 

on the target protein was performed to assess the potential structural and functional 

changes induced by adduction. Many of the protein targets identified have been previously 

identified as targets of other electrophiles in other tissues, which provides evidence that 

protein adduction is selective and not random. 

No QT adducts were identified on cysteine residues in our in vivo analysis. 

However, in vitro experimentation using a cysteine-containing model peptide confirmed 

that cysteine is a target of QT adduction. By mimicking a standard digestion protocol (100 

mM ammonium bicarbonate pH 8.0, or Tris-HCl pH 7.5), we demonstrated that the 

cysteine-BQ adducts are unstable.  BQ-adduct formation on cysteine residues within target 

proteins may be a transient interaction, where physiological conditions may control adduct 

stability. 

Inhibition of bone marrow DNA topoisomerase II by benzene metabolites is 

implicated as a potential mechanism of benzene-induced hematotoxicity and acute-

myeloid leukemia. In our in vivo analysis, topoisomerase II was identified in a bone 

marrow protein band immunopositive for 4HNE adduction. Using an in vitro assay of 

activity with purified topoisomerase II protein, 4HNE and QTs caused significant 

inhibition of enzymatic activity at relatively low concentrations. LC-MS/MS analysis of 

topoisomerase II confirmed multiple site-specific amino acid targets of these reactive 

compounds, in areas critical for protein function. 

This dissertation builds upon the foundation of proteins targeted by electrophilic 

adduction by outlining techniques to pinpoint the specific amino acids targeted and 
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furthermore predict the functional releavance of adduction. For the first time, protein 

targets of reactive endogenous lipid aldehydes are reported in the bone marrow of 

chemically treated rats. Furthermore, novel sites of adduction by aldehydes and benzene-

glutathione conjugates are reported within functional regions of topoisomerase II. The 

strong inhibitory effect of these compounds on topoisomerase II activity suggests that 

their presence in the bone marrow may play a role in benzene-induced myelotoxicity.  
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CHAPTER 1: INTRODUCTION 

1.1.  GENERAL COMMENTS 

 Hydroquinone-glutathione conjugates are hematotoxic and are believed to 

contribute to the hematological disorders associated with benzene exposure. These 

quinone-thioether metabolites are elevated in the bone marrow of mice and rats treated 

with the benzene metabolites phenol and hydroquinone (PHE/HQ), and have the potential 

to induce toxicity through redox cycling and arylation of tissue macromolecules. This 

dissertation presents an investigation of potential bone marrow protein targets of the 

reactive quinone-thioether (QT) metabolites and the endogenous lipid electrophiles 

generated as a result of elevated oxidative stress. The identity and nature of these post-

translational modifications (PTMs) mediated by these reactive electrophiles is evaluated 

through the use of mass spectrometry, 3D modeling, and in-vitro assays of protein 

function. 

 Due to their reactive nature, electrophiles generated as a result of chemical 

exposure will indeed target nucelophilic sites on more than one protein. The toxic 

outcome of exposure will likely result from a combination of multiple protein adducts, 

rather than the targeting of one particular protein. Furthermore, a protein adduct may not 

confer any structural/functional alterations, and thus will not contribute to the toxic 

response. It is therefore important that in addition to identifying protein-targets of reactive 

electrophiles, the amino acid sites of adduction must also be identified. Such information 

can then be used to predict the structural/functional consequence of adduction either 

through the use of 3D computer modeling of the modified protein, or through site-specific 
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mutation of the targeted amino acid residues and in-vitro assessment of consequent 

functional changes.  

 Identification of proteins targeted by reactive intermediates has been aided greatly 

by the development of advanced protein separation techniques, such as 2-dimensional gel 

electrophoresis (2DGE), coupled with antibody immunodetection of modified proteins. 

Although the detection of low-abundant protein targets in cellular lysate remains 

challenging, recent advances in mass spectrometry technology, including the LTQ 

Orbitrap hybrid mass spectrometer, have further enabled detection of these adducts, as 

well as enhanced the ability to confidently identify specific amino acid residues modified 

within targeted proteins. The main focus of this dissertation is to identify and characterize 

bone marrow protein PTMs associated with exposure to benzene metabolites 

hydroquinone and phenol. Knowledge of these PTMs and their potential 

structural/functional consequences can enhance our understanding of benzene induced 

hematotoxicity.  

 

1.2.  BONE MARROW PHYSIOLOGY AND TOXICITY   

 The bone marrow is the principle site of hematopoiesis in humans, where 

hematopoietic stem cells residing within the marrow give rise to the predominant cell 

types in circulation: erythrocytes, platelets, and leukocytes. Leukocytes can be further 

classified as either granulocytes (neutrophils, eosinophils, and basophils) or mononuclear 

cells (monocytes and lymphocytes). Together, these blood cells constitute 45% of the 

blood tissue by volume, with the remaining 55% composed of plasma. The hematopoietic 
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stem cell precursors must proliferate and differentiate to meet the constant needs of 

oxygen transport, host defense and repair, hemostasis, and other vital functions within the 

human body. A simplified scheme for the differentiation of hematopoietic stem cells to the 

various blood cell lineages is presented in Figure 1-1. 

Once a hematopoietic stem cell generates a cell committed to a particular lineage, 

growth factors direct them to maturation. This regulation of blood cell production involves 

a complex interplay of developing cells with bone marrow stromal cells, extracellular 

matrix components, and cytokines that make up what is known as the hematopoietic 

inductive microenvironment (Bloom & Brandt, 2001; K. Young M & Weiss, 1997). 

Erythropoietin, colony-stimulating factors, interleukins and related cytokine mediators are 

all products of this hematopoietic microenvironment that play key roles in the maturation 

of the primitive blood cells (Chatterjee & Snyder, 1991).  To assure the level of mature 

cells is constant, despite their regular destruction, these blood cells are each produced at a 

rate of approximately 1 to 3 million cells per second in a healthy adult (Bloom & Brandt, 

2001). Circulating erythrocytes are sustained at approximately 5 million cells/µL in 

humans, with a survival time of 120 days. Megakaryocyte production sustains a platelet 

count at approximately 250,000 cells/µL, with a survival time of 10 days. Leukocytes are 

produced less, maintaining an average count of 8,000 cells/µL in humans (Snyder et al., 

1993).  

Many factors can affect the proliferation of the hematopoietic tissue.  Iron is 

critical for hemoglobin synthesis, which is the major constituent of erythrocyte  
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Figure 1-1.  Simplified scheme of hematopoiesis from hematopoietic stem cells 

within the bone marrow. 
 
This scheme includes the cell surface markers used to identify B-lymphocyte, myeloid, 
monocyte, and neutrophil populations. HSC, hematopoietic stem cells; CLPs, common 
lymphoid progenitors; CMPs, common myeloid progenitors; MEPs, megakaryocyte/ 
erythrocyte progenitors; GMPS, granulocyte/monocyte progenitors.  
(Galvan et al., 2006) 
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cytoplasm (Bunn & Forget, 1986).  Active DNA synthesis is essential for all of the rapidly 

proliferating bone marrow cells. Therefore, bone marrow concentrations of folate and 

vitamin B12, two nutrients required for thymidine synthesis, are critical for maintaining 

adequate nucleotides for incorporation into DNA (Wickramasinghe & Fida, 1994).  

Erythropoietin, a cytokine produced in the kidney, also plays a direct role in modulating 

the production of erythrocytes, as red blood cell precursors express erythropoietin 

receptors that require activation before the cells can differentiate further (Middleton et al., 

1999).  Moreover, the highly proliferative nature of bone marrow cells also makes this 

hematopoietic tissue a sensitive target for cytoreductive and antimitotic drug therapies 

used to treat cancer and immune-mediated disorders (Bloom & Brandt, 2001) 

Exposure to certain xenobiotic drugs and environmental toxicants can lead to the 

development of aplastic anemia. This disorder is characterized by damage to the 

hematopoietic stem cells themselves, resulting in the deficiency of all peripheral blood 

cells (pancytopenia) (N. S. Young, 1999). Chloramphenicol, carbamazepine, felbamate, 

cimetidine, and phenylbutazone are just a few of the xenobiotic drugs that have been 

shown to cause idiosyncratic aplastic anemia in patients (Werner, 2007). Additionally, 

agents such as benzene and radiation are known to cause damage to the hematopoietic 

progenitor cells, and the resulting aplastic anemia reflects the magnitude of exposure to 

these agents (Bloom & Brandt, 2001). Aplastic anemia is idiopathic in about half of the 

recorded patient cases, and the mechanism of aplasia in patients exposed to these agents 

remains unknown (Lichtin, 2013; N. S. Young, 2000). 
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Another toxic response of the bone marrow is the development of acute and 

chronic leukemias. These are proliferative disorders of the hematopoietic tissue that stem 

from individual bone marrow cells (Bloom & Brandt, 2001). Leukemias are typically 

grouped into two classifications: myeloid leukemias that refer to abnormal proliferation of 

erythrocytes/granulocytes/thrombocytes, and lymphoid leukemias that refer to abnormal 

proliferation of lymphocytes. Leukemias are further classified as either acute or chronic to 

correlate the degree of leukemic cell differentiation with the rate of disease progression. 

Based on these distinctions, the leukemias observed in patients are diagnosed as acute 

myelogenous leukemia (AML), chronic myelogenous leukemia (CML), acute 

lymphoblastic leukemia (ALL), or chronic lymphocytic leukemia (CLL) (Bennett et al., 

1982; Bennett et al., 1985).  

AML is the predominant leukemia associated with exposure to chemicals or drugs 

(Anderson et al., 1981; Irons, 1997). Many of the alkylating neoplastic agents used in 

cancer treatment, including busulfan, chlorambucil, cyclophosphamide, and melphalan 

have been shown to cause AML. The incidence of leukemia following exposure to these 

alkylating agents, which attach an alkyl group to DNA, is reportedly 1-17 percent (Bitter 

et al., 1987). Treatment with the topoisomerase II inhibitors etoposide and teniposide can 

also induce AML (Murphy, 1993). Furthermore, in addition to its association with the 

development of aplastic anemia, workers exposed to benzene have developed AML with 

similar characteristics to the leukemias caused by alkylating agents and topoisomerase II 

inhibitors (Irons, 1997). This toxicant will be the focus of the remainder of this 

dissertation. 
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1.3. BENZENE 

Benzene is an environmental toxicant with known potential to induce aplastic 

anemia, AML, and other hematological disorders (Snyder et al., 1993). It is a colorless, 

sweet smelling chemical used in the manufacture of a variety of consumer goods, and 

despite its known toxicity, it remains one of the top 20 in production volume for chemicals 

in the United States (ATSDR, 2007). Benzene is a natural component of crude oil, and is 

predominantly used as a chemical-precursor in a variety of industries, including the 

production of styrene for plastics, cumene for resins, and cyclohexane for nylon. It is also 

a major component in the manufacture of rubbers, lubricants, dyes, detergents, drugs, and 

pesticides. Exposure to benzene poses an occupational risk to workers in the 

aforementioned industries, and most human exposure to benzene will be through contact 

with either gasoline or cigarette smoke. Inhalation is the most common route of human 

exposure to benzene, however it can be rapidly absorbed through the skin, or ingested by 

consuming contaminated food and water (Weisel, 2010).      

While the association of benzene with damage to the bone marrow has been known 

for more than a century, the mechanism by which it elicits its anemia- and leukemia-

inducing effects remains unclear (Snyder, 2012). Benzene cannot be characterized as a 

“classic” carcinogen in the way textbooks often discuss such compounds as benzo-(a)-

pyrene, aromatic amines, and aflatoxin, which are activated to a single, ultimate 

carcinogenic metabolite that covalently binds to DNA (Scatena et al., 2008). Being 

directly toxic to cellular DNA, the mutagenicity of these carcinogens can be confirmed 

using the traditional Ames Salmonella test. Benzene, however, is not mutagenic in the 
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Ames Salmonella test (Dean, 1985).  It is now generally accepted that biotransformation 

of benzene is essential for its toxicity (Andrews et al., 1977; Ikeda & Otsuji, 1971), where 

metabolism leads to the generation of reactive metabolites that covalently bind to cellular 

nucleic acids or proteins (Snyder, 2007a). 

Hepatic cytochrome P450 enzymes, namely CYP2E1, convert benzene to various 

phenolic metabolites, including HQ, phenol, catechol, 1,2,4-benzenetriol, and trans,trans-

muconaldehyde (Kalf, 1987; Parke & Williams, 1953; Snyder & Kocsis, 1975). Though 

none of these metabolites alone can reproduce the myelotoxic effects of benzene (Tunek et 

al., 1981) a combination of metabolites phenol and hydroquinone have proven successful 

in rodents (Bratton et al., 1997; Eastmond et al., 1987; Subrahmanyam et al., 1990a). 

Competition of phenol and HQ for conjugating enzymes and/or depletion of liver uridine 

disphosphate glucuronic acid and/or phosphoadenosine phosphosulfate could result in 

higher levels of both metabolites in the bone marrow (Legathe et al., 1994). Once in the 

marrow, myeloperoxidase and/or phenoxy-radical mediated oxidation of HQ then initiates 

redox cycling and formation of the reactive electrophile BQ, which is considered to be one 

of the ultimate hematoxic metabolites of benzene (Irons, 1985; Schlosser et al., 1989).  

BQ is an electrophile, and covalent interactions of quinones with nucleophilic sites 

within cellular macromolecules may contribute to the toxic effects of benzene (Greenlee et 

al., 1981; M. T. Smith, 1996a; Thomas et al., 1990). Indeed, the combined treatment of 

rodents with phenol and [14C]-HQ increases myelotoxicity with concomitant increases in 

covalently bound radiolabelled compound to proteins in blood and bone marrow 

(Subrahmanyam et al., 1990a). Moreover, elevated levels of benzene oxide and 
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hydroquinone-derived adducts of hemoglobin and albumin have been observed in workers 

subjected to benzene exposure (Yeowell-O'Connell et al., 1998a; Yeowell-O'Connell et 

al., 2001).  

Focusing on cysteine-targeted protein adducts, McDonald et al. (McDonald et al., 

1994) reported that BQ protein binding was favored over benzene oxide in mouse bone 

marrow. Although modification on selective target proteins occurs in bone marrow of 

mice following treatment with [14C]-benzene (Williams et al., 2002), the exact nature of 

the adducted metabolite(s) and/or the specific site of adduction on target proteins are not 

known. Of particular relevance to the ability of benzene to induce aneuploidy, and other 

forms of chromosomal aberrations, histones were identified as potential protein targets of 

unknown reactive benzene metabolites (Williams et al., 2002).  

BQ readily conjugates with glutathione (GSH) to give 2-GS-HQ, 2,3-GS-HQ, 2,5-

GSH-HQ, 2,6-GS-HQ, and 2,3,5-GS-HQ (Lau et al., 1988a). These HQ-GSH conjugates 

are present in the bone marrow of rats and mice following co-administration of phenol/HQ 

(Bratton et al., 1997) and are metabolized to more reactive cysteinylglycine and cysteine 

conjugates via the mercapturic acid pathway in bone marrow. Figure 1-2 illustrates 

benzene metabolism to HQ-GSH, and the subsequent mercaptuic acid metabolism 

pathway shown to exist within the bone marrow. 

 While depletion of cofactors for glucuronidation and sulfation increases the 

amount of free HQ and phenol in the bone marrow, it will also increase the fraction 

available for oxidation and GSH conjugation. Elevation of HQ-GSH conjugates in the 

bone marrow would be critical as 2,6-GS-HQ and 2,3,5-GS-HQ are potent hematoxicants 
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in vivo, capable of inhibiting erythrocyte [59Fe] incorporation to the same degree as 

benzene at lower doses (Bratton et al., 1997). The half-wave oxidation potentials of the 

HQ-GSH conjugates are considerably lower than the half-wave oxidation potential of HQ, 

making these compounds far more efficient at catalyzing O2
•- formation than HQ (Hill et 

al., 1993a). Furthermore, the conjugates are more readily oxidized by cytochrome(s) P450 

to the corresponding reactive electrophilic quinones than HQ, and generate more 

superoxide anions (Monks et al., 2010a). These HQ-GSH conjugates may thus play a role 

in benzene-mediated hematotoxicity through their direct arylation of nucleophilic protein 

residues and/or production of reactive oxygen species within the bone marrow. An overall 

scheme for the myelotoxicity of benzene and its associated metabolites is presented in 

Figure 1-3. 
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Figure 1-2.  Metabolism of benzene and its quinol-thioether metabolites. 
 
(A) Benzene is metabolized by hepatic cytochrome P450 (CYP) enzymes to phenol and 
HQ, and further oxidized to BQ by CYP in the liver, or myeloperoxidase in the bone 
marrow. BQ readily conjugates with GSH to give 2-(glutathion-S-yl)HQ (MGHQ). 
Subsequent quinone oxidation and GSH conjugation can further give rise to bis, tris, and 
tetra-GSH conjugates.  
(B) In bone marrow, (1) γ-GT cleaves MGHQ conjugates to yield the HQ-
cysteinylglycine (CSHQ) dipeptide. (2) Dipeptidase cleaves the CGHQ dipeptide to yield 
2-(cystein-S-yl)HQ (CSHQ) conjugate. (3) N-acetyl-transferase acetylates CSHQ, forming 
2-(N-actylcystein-S-yl)HQ (NACHQ). (4) Oxidation of CSHQ, or any of the other quinol-
thioether metabolites, results in BQ formation. Illustrated here, the toxic potential of these 
quinol-thioether metabolites lies in their ability to redox cycle and/or adduct cellular 
macromolecules, particularly nucleophilic amino acids on proteins. 
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Figure 1-3.  A proposed overview of benzene induced myelotoxicity. 
 
MPO,  myeloperoxidase; PH, phenol; HQ, hydroquinone; BQ, benzoquinone; GSH, 
glutathione; QT, quinol-thioethers; 4HNE, 4-hydroxynonenal; MDA, malondialdehyde 
NQO1, NAD(P)H dehydrogenase, quinone 1. 
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1.4.  REACTIVE OXYGEN SPECIES (ROS) AND LIPID PEROXIDATION 

The term ROS refers to a category of reactive molecules derived from molecular 

oxygen. ROS contain one or more unpaired electrons in their outer orbital, and are formed 

by either accepting an electron, losing an electron, or through the homolytic fission of a 

covalent bond. ROS molecules include superoxide anions, hydrogen peroxide, hydroxyl 

radicals, lipid hydroperoxides, and hypochlorous acids. ROS can be generated 

endogenously by the mitrochondrial electron transport chain, and by NAD(P)H oxidase in 

activated macrophages and granulocytes during a “respiratory burst” defense against 

bacteria or fungi (Babior, 1994). Xenobiotics such as doxorubicin and nitrofurantoin can 

be a source of ROS, as they can accept an electron from reductases and become radicals 

themselves. When these radicals then transfer their extra electron to molecular oxygen 

(forming a superoxide anion radical), they are free again to accept another electron and 

repeat the process (Kappus, 1986). This “redox cycling” can allow one electron accepting 

xenobiotic molecule to generate many superoxide anions.  

HQ can undergo two sequential one-electron oxidations, creating first a semi-

quinone radical followed by BQ (Aust et al., 1993). Although such oxidations can be 

catalyzed by peroxidases, HQ-GSH conjugates have the potential to spontaneously oxidize 

to their respective quinone moieties (Hill et al., 1993a). Quinones are reactive 

electrophiles, but are also electron acceptors that have the ability to initiate redox cycling 

and generate superoxide. The significance of superoxide is that it represents the first step 

in the generation of hydrogren peroxide by superoxide dismutase. Cleavage of hydrogen 
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peroxide to hydroxyl radical and hydroxyl ion is catalyzed by transition metals through 

Fenton reactions (Gregus & Klaassen, 2001). Hydroxyl radicals are the most reactive and 

damaging radical produced by redox cycling, and are capable of modifying and damaging 

cellular proteins and DNA. Due to its extremely short half-life, no enzyme can eliminate 

hydroxyl radicals; however there are a number of enzymes capable of scavenging and 

detoxifying other ROS, including superoxide dismutase, catalase, thioredoxins, 

peroxiredoxins, the GSH system, and a variety of vitamins and other small molecule 

antioxidants (Sies, 1993). If these antioxidant mechanisms are overwhelmed during 

instances of elevated oxidative stress, the redox balance of the cell can then shift to an 

oxidative state, where elevated hydrogen peroxide generation leads to accumulation of 

hydroxyl radicals and subsequent modifications of protein residues and DNA. 

Free hydroxyl radicals are also capable of initiating the peroxidative 

decomposition of lipids through hydrogen abstraction from fatty acids (Recknagel et al., 

1989). This ROS-induced lipid peroxidation can lead to the generation of reactive lipid 

aldehydes such as 4-hydroxynonenal (4HNE) and malondialdehyde. 4HNE is a reactive 

electrophile with known reactivity towards protein nucleophiles, particularly cysteine 

thiols, histidine imidazoles, and lysine amines (Doorn 2002), and the longevity of these 

lipid aldehydes compared to other ROS gives them the potential to migrate beyond the site 

of lipid peroxidation, thus propagating ROS-mediated toxicity (Esterbauer et al., 1991a). 

Michael addition of 4HNE to critical active sites of cellular proteins can consequently 

alter or inhibit protein function (Petersen & Doorn, 2004).  Thus, the adduction of proteins 

by 4HNE is thought to be associated with the pathophysiology of diseases involving 
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inflammation and oxidative stress, including atherosclerosis, diabetes, alcoholic liver 

disease, and cancer (Liebler, 2008a). 

 

1.5.  ANALYSIS OF PROTEINS/PEPTIDES BY MASS SPECTROMETRY 

Mass spectrometry is an analytical technique that uses ionization methods to 

generate mass-to-charge spectra of the atoms and molecules within a given. In 1958, a 

Swedish biochemist named Carl-Ove Andersson reported the first use of mass 

spectrometry to analyze amino acids and proteins (Andersson et al., 1958). However the 

1990s brought advancements in ionization techniques and software analysis tools that 

moved mass spectrometric protein analysis into mass popularity (Griffin et al., 2001). 

Such ionization techniques included matrix assisted laser desorption ionization (MALDI) 

time-of-flight (TOF) mass spectrometry (MS), electrospray ionization (ESI) MS, and 

tandem mass spectrometry (MS/MS). To determine the mass to charge ratio (m/z) of a 

sample, it must be ionized and in a gas phase state. MALDI MS entails first mixing the 

sample with a matrix material and spotting both on a target plate. When a nitrogen laser is 

applied to the matrix/sample spot, the matrix absorbs the energy from the pulse, causing 

the compounds within the sample to enter the gas phase and acquire a positive charge. The 

hot plume produced then travels along the TOF mass analyzer, which then determines the 

m/z of the ions generated. This technique was used in the studies described in Chapter 3 of 

this dissertation to analyze the formation and stability of a chemically modified amino 

acid on a model peptide. The matrix used in these studies was α-cyano-4-hydroxycinnamic 
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acid, which is an effective matrix for MALDI analysis of peptides and glycopeptides in 

the MW range of 500-5000 Da (Beavis & Chait, 1996). 

ESI poses an advantage over MALDI in that its ionization produces multiply 

charged ions (smaller m/z ratios), effectively increasing the mass range of parent ions that 

can be detected by the mass analyzer. This ionization technique involves applying high 

voltage to liquid flowing through a narrow capillary, which creates very small charged 

droplets that evaporate and allow charged sample analytes to enter the MS. ESI is useful 

for MS analysis of single proteins and peptides, in addition to the analysis of complex 

peptide mixtures. When analyzing more complex mixtures, peptides are eluted from a 

small C18 precolumn onto another analytical C18 column before they enter the ESI 

source. Much of the proteomic work in this dissertation was performed using ESI 

ionization with a quadrupole ion trap (LTQ)-coupled Orbitrap mass analyzer. 

Commercially available since 2005, the LTQ-Orbitrap possesses wide mass range 

detection with high resolving power, mass accuracy, and dynamic range (Makarov et al., 

2006). 

If investigating a whole-protein, MALDI-TOF MS analysis of purified protein 

would provide a peak corresponding to the m/z of that protein. Thus when studying 

chemical modifications of proteins, MALDI-TOF analysis of chemical-protein reactions 

could identify if a protein is targeted by the chemical, how many chemical-protein adducts 

may form, and provide insight in the stability of these chemical-protein adducts. Single 

MS via MALDI-TOF analysis will not reveal the structural information of chemical-

protein adducts, including which amino acid was targeted by the adducted chemical.  
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To characterize chemically-adducted proteins, it is useful to perform tandem MS 

analysis (MS/MS) on peptides generated from a trypsin-digested protein. Proteins 

analyzed may be from cell/tissue lysate or from a gel sample containing 

electrophoretically-purified protein. In brief, the digested proteins are loaded onto a C18 

column before entering the ESI source of the mass spectrometer. Once ionized, the 

peptides enter the Orbitrap analyzer which performs a survey m/z scan and selects the 

fourteen most intense ions for collision-induced dissociation (CID) mass spectrometry 

within the linear ion trap analyzer. Typically, the fragment ions formed following CID are 

“b” and “y” ions, where a b ion has a charge retained on the N-terminal fragment of the 

peptide, and a y ion has a charge retained on the C-terminal fragment (Figure 1-3). The 

resulting b/y ion spectra are searched with software against a protein database to identify 

the peptides these MS/MS spectra are generated from and the ultimately determine the 

identity of the analyzed protein. During the software analysis of MS/MS spectra, including 

variable modification values that corresponding to the mass of a chemical adduct of 

interest on target amino acids can then reveal the location of any post translational 

modifications (PTMs) contained within a protein. 
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Figure 1-4.  Peptide fragmentation ions generated following collision induced 

dissociation. 
 
The types of fragment ions observed in an MS/MS spectra depend on factors such as the 
instrument used, the collision energy applied to fragment the peptide, and the sequence of 
the peptide. The fragment types listed above are the most common fragments observed 
with the ion trap mass spectrometers used in this dissertation. Typically, b and y ions are 
commonly analyzed, where a b ion (red) has a charge retained on the N-terminal fragment, 
and a y ion (blue) has a charge retained on the C-terminal fragment. The R groups 
represent amino acid side chains that comprise the peptide sequence.  
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1.6.  ELECTROPHILIC PROTEIN ADDUCTION 

 In the early 1970s, an idea developed that the toxicity of drugs and other chemicals 

may be a result of their covalent adduction to cellular proteins (Brodie et al., 1971; Jollow 

et al., 1973a; Reynolds, 1967). These early studies applied radiolabels to known 

hepatotoxicants, and observed elevated radioactivity in the hepatic protein fractions of 

mice and rats treated with these compounds. In particular, a group of studies showed that 

acetaminophen could be metabolized to a reactive intermediate that covalently adducts 

liver microsomal proteins, and that the metabolism and covalent binding were correlated 

with the extent of toxicity (Jollow et al., 1973b; Mitchell, Jollow, Potter, Davis et al., 

1973; Mitchell, Jollow, Potter, Gillette et al., 1973; Potter et al., 1973). Similarly, when 

radiolabelled benzene metabolites HQ and phenol were administered to mice, elevated 

radioactivity was observed in the protein fractions of the liver, kidney, and bone marrow 

(Subrahmanyam et al., 1990b). 

Today, protein adduction refers to the covalent modification of protein 

nucleophilic amino acid residues by a reactive chemical, typically an electrophile. These 

chemicals may be either inherently reactive or metabolized to a reactive intermediate. 

Once presumed to be a random event, recent studies recognize that certain proteins are 

reproducibly targeted by reactive metabolites that are both structurally similar and 

dissimilar (Hanzlik et al., 2007a; Liebler, 2008b).  

It is hypothesized that subsets of proteins have solvent-exposed nucleophilic amino 

acid residues (e.g., cysteine, lysine, arginine, histidine) that are available for reactions with 

reactive electrophilic compounds (Liebler, 2008b). As mentioned above, radiolabelling 
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xenobiotics has been an excellent tool in identifying the target organ of toxicity, and 

coupling this with gel electrophoresis and proteomic analysis has been useful in 

identifying the specific proteins targeted. However, it has become clear that recognizing 

the target protein is only the first step in understanding the significance of chemical-

protein adduction. Using current LC-MS/MS techniques to identify the actual amino acid 

sites modified on suspected target proteins not only confirms the target but also allows 

subsequent modeling of these adducts, which will further assist in understanding the 

structural consequences of adduction.  

Several interesting studies have linked amino-acid site-specific adducts to 

functional changes in proteins. For example, NACHQ modifications were detected on 

Lys25 and Lys27 of cytochrome C, that when applied to a structural model of the protein 

caused significant structural alterations. In particular, the adducts on Lys25 and Lys27 

appeared to cause a spatial rearrangement of cytochrome C residues that interact with 

Apaf-1 (Fisher et al., 2007a). Interaction of cytochrome C with Apaf-1 is required for 

apoptosome formation. When activity of this adducted cytochrome C was subsequently 

assessed, the adduction led to a decrease in activity compared to control (Fisher et al., 

2007a). Protein adduction also encompasses modifications by endogenously generated 

reactive electrophiles that are formed as a result of elevated oxidative stress. The lipid 

peroxidation product 4HNE has been reported to adduct heat shock proteins Hsp72 and 

Hsp90 in rat models of alcoholic liver disease (Carbone et al., 2004a; Carbone, Doorn, 

Kiebler, Ickes et al., 2005). Subsequent in vitro studies identified Cys267 as a targeted 

residue of adduction by 4HNE on Hsp72, and that this modification could inhibit the 
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ATPase activity of the protein (Carbone et al., 2004a). These examples illustrate the 

importance of identifying the specific amino acid modifications of reactive electrophiles, 

as they may elucidate the consequence, if any, of adduct formation by these reactive 

metabolites. The chemical structure of quinone-protein adducts on nucleophilic amino 

acid residues is shown in Figure 1-4, using MGHQ as an example electrophilic adduct.  
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Figure 1-5.  Nucleophilic amino acid residues as targets of electrophilic adduction 
 
Nucleophilic amino acids arginine, cysteine, and lysine have been shown to form adducts 
with electrophilic intermediates, including endogenous lipid aldehydes such as 4HNE and 
exogenous xenobiotic toxicants, such as the quinone-thioether metabolites of benzene. 
Shown here are these nucleophilic residues adducted by MGHQ, the glutathione-conjugate 
of HQ shown elevated in the bone marrow of mice/rats treated with benzene metabolites 
HQ/Phenol. 
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1.7. DISSERTATION AIMS 

 Identifying protein targets of reactive electrophiles associated with in vivo 

exposure to benzene metabolites HQ and phenol is the predominant focus of this 

dissertation. Western-blotting using agent-specific antibodies coupled with state-of-the-art 

mass spectrometry techniques were key resources in identifying these targets. A rabbit 

polyclonal antibody raised against 2-BrHQ-NAC-KLH by Kleiner et al. 1998 allowed 

visualization of QT-adducted proteins in the bone marrow of rats treated with HQ and 

phenol.  This antibody has been used previously to identify protein adducts in the outer 

stripe of the outer renal medulla (OSOM) and urine of rats treated with HQ and other 

major QT metabolites (Kleiner et al., 1998a; Labenski et al., 2011). Rabbit polyclonal 

antibodies against lipid-derived 4HNE-protein adducts (Calbiochem) allowed 

visualization of these particular adducts in the bone marrow of rats following their 

exposure to HQ and phenol. In previous investigations of diseases involving oxidative 

stress, this antibody has revealed protein targets of 4HNE in the retina, liver, lungs, and 

other tissues (J. Y. Hong et al., 2009; Lupachyk et al., 2011; Stevenson et al., 2007).  

 Co-administration of HQ and phenol produces myelotoxic effects in rats and mice 

similar to that observed following exposure to benzene. Dosing of radiolabelled HQ and 

phenol to mice demonstrated the covalent adduction of radiolabelled metabolites to bone 

marrow proteins in vivo (Subrahmanyam et al., 1990a). Furthermore, HQ-GSH conjugates 

are detected in the bone marrow of rats treated with HQ and phenol (Bratton et al., 1997). 

These conjugates are potent arylators and redox cyclers, therefore it is possible that a 

combination of protein adduction by HQ-GSH and reactive 4HNE may contribute to the 
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observed myelotoxic effects associated with HQ and phenol exposure. Identifying not 

only the proteins targeted, but the specific amino acids modified by these reactive 

compounds are essential for assessing their significance in benzene-mediated 

myelotoxicity. 

 Administration of HQ (0.9 mmol/kg, ip) and phenol (1.1 mmol/kg, ip) is shown to 

cause the elevated protein covalent binding and detectable HQ-GSH levels described 

above. Upon a similar co-administration of these compounds to rats, we observed a drastic 

reduction in circulating peripheral blood lymphocytes. In Chapters 2 and 4, approaches 

used to prepare protein sample and to subsequently separate and identify bone marrow 

protein targets of HQ-GSH and 4HNE are outlined. These approaches utilized gel 

electrophoresis to separate bone marrow proteins by their relative molecular weights, 

followed by the excision and digestion of protein gel bands that were immunopositve for 

adduction in a corresponding western blot probed with anti-BrHQ-NAC or anti-4HNE 

antibodies. To improve the resolution of western blot analysis, and to limit the number of 

proteins identified in each of the analyzed immunopositive samples, we utilized 2-

dimensional gel electrophoresis (2DGE) techniques to add an extra dimension of 

separation based on the relative isoelectric points of bone marrow proteins. In both 

chapters, identification of amino acid site-specific modifications is reported. In Chapter 4, 

many of the site-specific 4HNE modifications detected were found to occur on amino 

acids with known functional relevance or within functional regions critical for enzymatic 

activity. Applying these 4HNE adducts to available 3D models of the target protein 

allowed inferences to be made about the potential effect of adduction on protein structure. 
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  Despite the large body of literature describing the covalent modification of 

cysteine residues by reactive electrophiles, our laboratory has been unable to detect any 

HQ- or QT-adducts on cysteines, including the analysis of QT-adducts in bone marrow we 

have described in Chapter 2, which identified quinone-adducts on lysine, histidine, and 

arginine residues. In Chapter 3 we performed comprehensive in vitro analysis on a model 

peptide containing a single-available nucleophilic cysteine residue. Proteomic analysis of 

a reaction of this peptide with BQ confirmed that cysteine is clearly a target of 

electrophilic adduction; however factors including pH and salt concentration proved to 

render this adduct unstable. Though cysteine residues are viable targets of quinone 

adduction, and these adducts could indeed be of a functional relevance in benzene-

mediated toxicity, their detection by common proteomic analysis methods may prove 

difficult.  

Topoisomerase II inhibition by benzene metabolites has been implicated as a 

mechanism of benzene-induced hematotoxicity and AML (Bender et al., 2007; Bender & 

Osheroff, 2007b; Eastmond et al., 2005a; Frantz et al., 1996; Mondrala & Eastmond, 

2010a). In our in-vivo analysis presented in Chapter 4, topoisomerase II was 

identified in a 4HNE-immunopositive bone marrow protein band isolated from a 

HQ/phenol-treated rat. In Chapter 5, we utilized purified topoisomerase II enzyme to 

perform extensive in vitro analysis of the effect of multiple HQ-GSH metabolites and 

4HNE on topoisomerase II activity. Furthermore, proteomic analysis of MGHQ- and 

4HNE-reacted topoisomerase II enzyme revealed amino acid residues adducted by these 

compounds, in areas with potential functional consequence. 
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The research presented in this dissertation builds upon the foundation of 

understanding the protein damage caused by reactive electrophiles following exposure to 

toxic xenobiotics. The methodologies outlined here are those commonly utilized by 

investigators searching for protein targets. It is our creative use of a unique model of bone 

marrow toxicity, coupled with the strength of recent technological advancements in both 

mass spectrometry analysis of proteins and software that enabled us to progress the 

research in this field. 
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CHAPTER 2: LC-MS/MS ANALYSIS IDENTIFIES BONE MARROW PROTEIN 

TARGETS ASSOCIATED WITH PHENOL/HYDROQUINONE EXPOSURE 

2.1. INTRODUCTION 

Benzene is a component of gasoline, an environmental pollutant, and an important 

industrial chemical, ranking in the top 20 in production volume for chemicals produced in 

the US (ATSDR, 2007). Human occupational exposure to benzene can lead to a variety of 

hematological disorders including leukopenia, anemia, thrombocytopenia, pancytopenia, 

aplastic anemia, and leukemia (Goldstein, 1977; Rinsky et al., 1981; Yin et al., 1987a).   

Despite extensive research, the mechanism of benzene-induced myelotoxicity and 

leukemogenesis is not clear. However it is generally accepted that biotransformation of 

benzene metabolites is essential for its toxicity (Andrews et al., 1977; Ikeda & Otsuji, 

1971), where metabolism could lead to the generation of reactive metabolites that 

covalently bind to cellular nucleic acids or proteins and/or metabolites that generate 

oxidative stress (Snyder, 2007a).  

Hepatic cytochrome P450 enzymes convert benzene to various phenolic 

metabolites, including HQ, phenol, catechol, 1,2,4-benzenetriol, and trans,trans-

muconaldehyde (Kalf, 1987; Parke & Williams, 1953; Snyder & Kocsis, 1975). Although 

none of these metabolites alone can reproduce the myelotoxic effects of benzene (Tunek et 

al., 1981) a combination of metabolites phenol and HQ have proven successful in rodents 

(Eastmond et al., 1987; Subrahmanyam et al., 1990a). Competition of phenol and HQ for 

conjugating enzymes and/or depletion of liver uridine disphosphate glucuronic acid and/or 
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phosphoadenosine phosphosulfate could result in higher levels of both metabolites in the 

bone marrow (Legathe et al., 1994). Consequently, myeloperoxidase and/or phenoxy-

radical mediated oxidation of HQ then initiates redox cycling and formation of the 

reactive electrophile BQ, which is considered to be one of the ultimate hematoxic 

metabolites of benzene (Irons, 1985; Schlosser et al., 1989).  

BQ is an electrophile, and covalent interactions of quinones with nucleophilic sites 

within cellular macromolecules may contribute to the toxic effects of benzene (Greenlee et 

al., 1981; M. T. Smith, 1996a; Thomas et al., 1990). Indeed, the combined treatment of 

rodents with phenol and [14C]-HQ increases myelotoxicity with concomitant increases in 

covalently bound radiolabel in blood and bone marrow (Subrahmanyam et al., 1990a). 

Moreover, elevated levels of benzene oxide and HQ-derived adducts of hemoglobin and 

albumin have been observed in workers subjected to benzene exposure (Yeowell-

O'Connell et al., 1998a; Yeowell-O'Connell et al., 2001).  

Focusing on cysteine-targeted protein adducts, (McDonald et al., 1994) reported 

that BQ protein binding was favored over benzene oxide in mouse bone marrow. 

Although modification on selective target proteins occurs in bone marrow of mice 

following treatment with [14C]-benzene (Williams et al., 2002), the exact nature of the 

adducted metabolite(s) and/or the specific site of adduction on target proteins are not 

known. Of particular relevance to the ability of benzene to induce aneuploidy, and other 

forms of chromosomal aberrations, histones were identified as potential targets of 

unidentified benzene metabolites (Williams et al., 2002).  
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BQ readily conjugates with GSH to give 2-GS-HQ, 2,3-GS-HQ, 2,5-GSH-HQ, 

2,6-GS-HQ, and 2,3,5-GS-HQ (Lau et al., 1988a). Moreover, HQ-GSH conjugates are 

present in the bone marrow of rats and mice following co-administration of phenol/HQ 

(Bratton et al., 1997) and metabolized to more reactive cysteinylglycine and cysteine 

conjugates via the mercapturic acid pathway in bone marrow. While depletion of cofactors 

for glucuronidation and sulfation increases the amount of free HQ and phenol in the bone 

marrow, it will also increase the fraction available for oxidation and GSH conjugation. 

Elevation of HQ-GSH conjugates in the bone marrow would be critical as 2,6-GS-HQ and 

2,3,5-GS-HQ are potent hematoxicants in vivo, capable of inhibiting erythrocyte [59Fe] 

incorporation to the same degree as benzene at lower doses (Bratton et al., 1997). The 

half-wave oxidation potentials of the HQ-GSH conjugates are considerably lower than the 

half-wave oxidation potential of HQ, making these compounds far more efficient at 

catalyzing O2
•- formation than HQ (Hill et al., 1993a). Furthermore, the conjugates are 

more readily oxidized by cytochrome(s) P450 to the corresponding reactive quinones than 

HQ and generate more superoxide anions (Monks et al., 2010a). 

Because HQ-GSH metabolites have an enhanced capacity to both redox cycle and 

arylate tissue macromolecules (Kleiner et al., 1998b; Labenski et al., 2009a), we suggest 

that they play an important role in benzene-mediated toxicity via a mechanism involving 

the production of ROS and/or macromolecular arylation. Interestingly, lysine residues 

appear to be a preferred target of QT adduction (Fisher et al., 2007b; Labenski et al., 

2009a). ROS produced as a result of HQ-thioether redox cycling are also capable of 

oxidatively modifying both proteins and DNA thereby producing toxicity. In this present 
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study we report the presence of HQ-thioether derived protein adducts following in vivo 

administration of phenol/hydroquinone to rats. Such protein modifications may contribute 

to benzene induced myelotoxicity. 
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2.2. MATERIALS AND METHODS 

2.2.1.  Chemicals 

 HQ and phenol were purchased from Sigma-Aldrich (St. Louis, MO). Cell Lysis 

Buffer (10×) was obtained from Cell Signaling Technology (Danvers, MA). Complete 

Protease Inhibitor Cocktail Tablets were available from Roche (Madison, WI). Antibody 

sources were as follows: rabbit anti-2-Br-6-(N-acetylcystein-S-yl)hydroquinone (anti-2-

BrHQ-NAC) was generated in-house as previously described (Kleiner et al., 1998b); 

peroxidase labeled goat anti-rabbit IgG, Vector Laboratories (Burlingame, CA). Enhanced 

chemi-luminescent reagent (ECL) and Hyperfilm ECL were purchased from Amersham 

Life Science (Arlington Heights, IL).  

 

2.2.2  Animals 

Male and female SD rats (n = 2–4@ 2–5 months) were purchased from Harlan 

Sprague–Dawley (Houston, TX) and used for all experiments. All animals were housed on 

a 12 h light/dark cycle and allowed food and water ad libitum. Blood samples were 

collected in EDTA coated micro-cuvettes via the retro-orbital sinus and cardiocentesis. 

Consistent with humane practices, animals were anesthetized via pentobarbital injection 

prior to blood collection. Blood samples were submitted to University Animal Care 

Pathology Services (Tucson, AZ) for complete blood count analysis. These pathology 

services use the Hemavet 950 Multispecies Hematology Analyser, Drew Scientific 

(Waterbury, CT), for blood cell count and blood chemistry analysis. 
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2.2.3  Treatment protocols and isolation of bone marrow protein 

Male and female Sprague-Dawley rats were co-administered phenol (1.1 mmol/kg) 

and HQ (0.9 mmol/kg) dissolved in a vehicle consisting of 0.85% phosphate-buffered 

saline (PBS):ethanol (60:40). Protective clothing was used and proper ventilation ensured 

to limit exposure to HQ, a potential carcinogen. After 18 h animals were euthanized by 

pentobarbital overdose, and each femur was quickly removed, cleansed of muscle, and 

placed on ice. The epiphyseal plates of each femur were then removed, and the marrow 

was flushed with 5 mL of ice cold 0.85% PBS, pelleted under centrifugation (Eppendorf, 

Model 5804R) for 10 min at 13,500 rpm, and suspended in Cell Lysis Buffer with protease 

inhibitor. The cell suspensions were quickly probe sonicated for 30 s on ice, freeze–

thawed three times, and centrifuged (Eppendorf, Model 5415R) for 10 min at 13,500 rpm. 

The supernatant was then removed and stored at −80 °C.  

 

2.2.4  1D electrophoresis and western analysis 

Bone marrow protein lysate (40 μg) and protein standards were loaded at 120 V 

(constant) through a 3% (w/v) acrylamide stacking gel and resolved at 140 V through the 

10% (w/v) acrylamide resolving gel. Proteins were transferred to PVDF 

electrophoretically in 0.015 M Tris and 0.12M glycine buffer (pH 8.3) containing 20% 

(v/v) reagent grade methanol at 400 mA constant current for 1.5 h using a Biorad Trans-

Blot cell. (Towbin et al., 1992). Duplicate gels were stained with Imperial Blue total 

protein stain (Pierce, Rockford, IL). Transferred gels were stained with Imperial Blue to 
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ensure efficiency of transfer. Only blots with efficient transfer were used for 

immunodetection.  

The blotted PVDF membrane was rinsed with TBS and blocked overnight in 5% 

milk (w/v) in TBS. Blots were incubated overnight at 4 °C with affinity-purified rabbit 

anti-BrHQ-NAC antibodies diluted 1:20 in TBS. We have previously demonstrated that 

anti-2-BrHQ-NAC antibodies detect in vivo covalent protein adducts of 2-BrHQ, HQ, and 

their corresponding GSH conjugates (Kleiner et al., 1998b). Blots were incubated with 

goat anti-rabbit IgG (HRP-labeled) diluted 1:3000 in TBST for 1 h at room temperature, 

washed and then incubated for 1 min in ECL solution. Finally blots were exposed to 

Hyperfilm ECL for 1–5 min, and the stained duplicate gels were aligned with the western 

blot. The immunopositive bands from the parallel Imperial Blue stained gel were then 

subjected to in-gel digestion followed by LC–MS/MS for protein identification (see 

below). 

 

2.2.4  LC-MS/MS analysis of 1D Samples 

Excised immunopositive/coomasie-stained protein bands following 1D SDS-

PAGE were digested in trypsin (10 μg/mL) at 37˚C overnight (Hunt et al., 1986; 

Shevchenko et al., 1996).  LC-MS/MS analyses of in-gel trypsin digested protein bands 

were carried out using a linear quadrupole ion trap ThermoFinnigan LTQ mass 

spectrometer (San Jose, CA) equipped with a Michrom Paradigm MS4 HPLC, a 

SpectraSystems AS3000 autosampler, and a nanoelectrospray source (Shevchenko et al., 

1996). Peptides were eluted from a 15 cm pulled tip capillary column (100 m I.D. x 360 
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m O.D; 3-5 um tip opening) packed with 7 cm Vydac C18 (Hesperia, CA) material (5 

m, 300Å pore size), using a gradient of 0-65% solvent B (98% methanol/ 2% water/ 

0.5% formic acid/ 0.01% triflouroacetic acid) over a 60 min period at a flow rate of 350 

nl/min. The LTQ electrospray positive mode spray voltage was set at 1.6 kV, and the 

capillary temperature at 180˚C. Dependent data scanning was performed by the Xcalibur v 

1.4 software (Andon et al., 2002) with a default charge of two, an isolation width of 1.5 

amu, an activation amplitude of 35%, activation time of 30 msec, and a minimal signal of 

100 ion counts. Global dependent data settings were as follows, reject mass width of 1.5 

amu, dynamic exclusion enabled, exclusion mass width of 1.5 amu, repeat count of 1, 

repeat duration of 1 min, and exclusion duration of 5 min.  Scan event series included one 

full scan with mass range 350 - 2000 Da, followed by 3 dependent MS/MS scans of the 

most intense ion.   

 

2.2.5. Database searching  

Tandem MS spectra of peptides were analyzed with TurboSEQUEST, a program 

that allows the correlation of experimental tandem MS data with theoretical spectra 

generated from known protein sequences (Yates et al., 1995a).  The peak list (dta files) for 

the search were generated by Bioworks 3.1. Parent peptide mass error tolerance was set at 

1.5 amu and fragment ion mass tolerance was set at 0.5 amu during the search. The criteria 

that were used for a preliminary positive peptide identification are the same as previously 

described, namely peptide precursor ions with a +1 charge having a Xcorr >1.0, +2  Xcorr 

> 1.5 and +3 Xcorr > 2.0. A dCn score > 0.08 and a fragment ion ratio of 
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experimental/theorical  >50% were also used as filtering criteria for reliable matched 

peptide identification (Cooper et al., 2003).  All matched peptides were confirmed by 

visual examination of the spectra. All spectra were searched against the ipiRAT v3.31 

database from EMBL downloaded October 06, 2006. At the time of the search the ipiRAT 

protein database from EMBL contained 41,336 proteins. Tandem MS spectra of peptides 

were also analyzed with X! Tandem (www.thegpm.org; version 2007.01.01.1). X! 

Tandem was programmed to search the ipi.RAT.v3.61 database. Sequest was programmed 

to search the ipi.RAT.v3.61.fasta database (39,876 protein entries) assuming the digestion 

enzyme trypsin. Sequest and X! Tandem were searched with a fragment ion mass 

tolerance of 0.50 Da and a parent ion tolerance of 1.5 Da. Oxidation of methionine, 

iodoacetamide derivative of cysteine, +BQ/HQ (+106 Da, +108 Da), +MGBQ/MGHQ 

(+411, +413 Da), +NACBQ/NACHQ (+267, +269 Da), and +CSBQ/CSHQ (+225, +227) 

at Lys, Arg, Cys, and Glu were specified in X! Tandem as variable modifications.  

 

2.2.6. Criteria for protein identification  

Scaffold (version Scaffold-01_07_00, Proteome Software Inc., Portland, OR) was 

used to validate MS/MS based peptide and protein identifications. Peptide identifications 

were accepted if they could be established at greater than 90.0% probability as specified 

by the Peptide Prophet algorithm (Keller et al., 2002).  Protein identifications were 

accepted if they could be established at greater than 90.0% probability and contained at 

least 1 identified peptide.  Protein probabilities were assigned by the Protein Prophet 

algorithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and which 
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could not be differentiated based on MS/MS analysis alone were grouped to satisfy the 

principles of parsimony. 

 

2.2.7. Identification of potential motif for quinol-thioether adduction of 

immunopositive proteins. 

 Electrophile binding motifs were identified using Motif_Hunter (trademarked to 

Serrine S. Lau, University of Arizona, Tucson, AZ). FASTA sequences of proteins 

obtained from the UniProt database and input into Motif_Hunter and searched for the 

motifs KK and KXK. The outputs from this software were visually verified for accuracy, 

and data were compiled. Lysine occurrence (%) was also calculated by this program. 

 

2.2.8. 2D gel electrophoresis 

 To purify protein sample in preparation for 2D gel electrophoresis (2DGE), 

homogenized bone marrow lysate (600 ug protein) was diluted to 2.5 mL with ddH2O and 

added to a PD-10 (GE Healthcare) disposable desalting column, eluted with 3.5 mL of 

ddH2O, then immediately frozen and lyophilized to dryness using a Labconoco Freeze 

zone 6 freeze dry system.  

Dried, purified proteins from bone marrow lysate were resolubilized in isoelectric 

focusing (IEF) rehydration buffer [6M urea, 2M thiourea, 2% Chaps (w/v), trace 

bromophenol blue, 100 mMdithiothreitol, 0.2% 3-10 Biolytes (Biorad)]. Protein (200µg) 

was aliquoted for Western blotting and 400 µg of protein was used for the stained gel. 

Proteins were separated by their relative IEF points using a linear pH 3-10 
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immobilineDryStrip (GE Healthcare) and a PROTEAN IEF Cell (Biorad). The IEF gel 

strip was rehydrated with the sample for 18 hours and the strips were then focused as 

described in the product short instructions. Briefly, 500 V was held for one hour then 

increased linearly to 1000 V over one hour, then 1000 V to 8000 V rapidly for 45000 

V/hrs. The protein in the IEF strips was then equilibrated in 5 mL of equilibration solution 

(150 mMTris-HCl, pH 8.8, 6M Urea, 30% v/v glycerol, 2% SDS with 2.5% DTT added 

for the first 15 minutes and 2% iodoacetamide for the last 15 min). SDS-PAGE was 

carried out using a Hoeffer apparatus with a self-poured 10% acrylamide gel run at 30 mA 

until the dye  front passed through the stacking gel, then at 60 mA through the remainder 

of the gel. One gel (400 µg protein loaded) was stained with Imperial Blue protein stain 

per manufacturer’s instructions (Thermo Pierce) and imaged with a ChemiDoc XRS 

System (BioRad). 

 

2.2.9. 2D Western Blot 

 The gel containing 200 µg of loaded bone marrow protein lysate was transferred to 

a PVDF membrane following 2-dimensional separation. The transfer was performed at 20 

V for 45 min. and 100 V for 90 min.. Following completion of the transfer, the membrane 

was rinsed with TBS and blocked overnight in 5% milk (w/v) in TBS. The blocked 

membrane was washed and probed with affinity-purified rabbit anti-BrHQ-NAC 

antibodies diluted 1:20 in TBS. Blots were incubated with goat anti-rabbit IgG (HRP-

labeled) diluted 1:3000 in TBST for 1 h at room temperature, washed and then incubated 

for 1 min in ECL solution. Lastly, blots were exposed to Hyperfilm ECL for 1–5 min, and 
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the stained duplicate gels were aligned with the western blot. The immunopositive bands 

from the parallel Imperial Blue stained gel were then subjected to in-gel digestion 

followed by LC–MS/MS for protein identification. 

 

2.2.10. Orbitrap LC-MS/MS analysis of 2D Samples 

Excised coomassie-stained protein gel spots following 1D/2D SDS-PAGE were 

digested with trypsin (10 μg/mL) at 37oC overnight.  LC-MS/MS analysis of in-gel trypsin 

digested-proteins (Shevchenko et al., 1996) was carried out using a LTQ OrbitrapVelos 

mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an 

Advionnanomate ESI source (Advion, Ithaca, NY), following ZipTip (Millipore, Billerica, 

MA) C18 sample clean-up according to the manufacturer’s instructions. Peptides were 

eluted from a C18 precolumn (100-μm id × 2 cm, Thermo Fisher Scientific) onto an 

analytical column (75-μm ID × 10 cm, C18, Thermo Fisher Scientific) using a 5-20% 

gradient of solvent B (acetonitrile, 0.1% formic acid) over 65 minutes, followed by a 20-

35% gradient of solvent B over 25 minutes, all at a flow rate of 400 nl/min. Solvent A 

consisted of water and 0.1% formic acid.  

Data dependent scanning was performed by the Xcalibur v 2.1.0 software (Andon 

et al., 2002) using a survey mass scan at 60,000 resolution in the Orbitrap analyzer 

scanning m/z 350-1600, followed by collision-induced dissociation (CID) tandem mass 

spectrometry (MS/MS) of the fourteen most intense ions in the linear ion trap analyzer. 

Precursor ions were selected by the monoisotopic precursor selection (MIPS) setting with 
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selection or rejection of ions held to a +/- 10 ppm window.  Dynamic exclusion was set to 

place any selected m/z on an exclusion list for 45 seconds after a single MS/MS.  

All MS/MS spectra were searched against the ipiRat v 3.79 protein database 

downloaded on September 27, 2012 (http://www.ebi.ac.uk/IPI/IPImouse.html) using 

Thermo Proteome Discoverer 1.3 (Thermo Fisher Scientific). Variable modifications 

considered during the search included methionine oxidation (15.995 Da), cysteine 

carbamidomethylation (57.021 Da), as well as adduction of lysine, cysteine, arginine, 

glutamic acid, or histidine residues by BQ/HQ(+106 Da, +108 Da), MGBQ/MGHQ 

(+411, +413 Da), NACBQ/NACHQ (+267, +269 Da), and CSBQ/CSHQ (+225, +227). At 

the time of the search, the ipiRat protein database contained 39,474 entries. Proteins were 

identified at 95% confidence with XCorr scores (Qian et al., 2005) as determined by a 

reversed database search using the Percolator algorithm (http://per-colator.com) (Spivak et 

al., 2009). Identified modified peptides were considered with a q-value < 0.01 (Kall et al., 

2008).  
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2.3. RESULTS 

2.3.1. Effect of phenol/HQ exposure peripheral blood counts 

 Complete blood counts of rats 18 h following co-administration of 

phenol/hydroquinone (1.1/0.9 mmol/kg, ip) to Sprague Dawley rats revealed significant 

reduction (58-89%) of lymphocyte counts when compared to control rats (Table 2-1). All 

other leukocyte and erythrocyte counts were within their normal ranges following 

treatment. 
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Table 2-1.  Effect of phenol/HQ co-administration on peripheral blood lymphocyte 
counts 

 
Blood was drawn 18 h following co-administration of phenol/HQ via cardiocentesis 
immediately after euthanasia and dispensed into an EDTA coated tube.  
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2.3.2.  1D/2D separation of bone marrow proteins and identification of QT protein 

targets  

 Unique QT immunopositive protein bands (at 26, 35, 43, and 140 kD) were 

detected in bone marrow protein of rats co-administered phenol/HQ. QT immunopositive 

bands at 50 and 65 kD were detected in bone marrow protein from both treated and 

untreated control rats (Figure 2-1A). Immunopositive bands were aligned with their 

corresponding coomassie-blue stained gel bands in a parallel gel. These stained bands 

were excised for trypsin digestion and LC-MS/MS analysis, followed by Sequest database 

searching, which identified numerous proteins by matching the MS/MS spectra of 

identified peptides against the rat IPI database. Table 2-2 shows proteins identified in each 

band analyzed.  

 Additionally, proteins from the bone marrow of a phenol/HQ treated rat were 

separated by 2DGE using a 13 cm IEF strip (pH 3-10) and a large 10% acrylamide gel as 

described in the methods. Proteins from this gel were transferred to a PVDF membrane for 

Western blotting. Protein spots immunopositive for QT adduction were aligned with a 

parallel-run, coomassie-blue stained gel and excised for trypsin digestion and LC-MS/MS 

analysis. The gel and western blot segments showing immunopositive spots excised are 

labeled in Figure 2-1B. Proteins identified in each of these immunopositive spots are 

included in Table 2-2.  

Because the proteins listed in Table 2-2 were identified in immunopositive protein 

bands, they represent a list of potential protein targets of QT adduction in the bone 

marrow. Many of these proteins were found in immunopositive bands from multiple 
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treated rats. However, as more than one protein was identified in each immunopositive 

band excised, and without identification of a specific amino acid adduct on every 

identified protein, it is unclear if a QT adduct is present on all or just one of these proteins. 
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Figure 2-1.  1D/2DGE immunochemical detection of quinol-thioether adducted 
proteins in bone marrow 18 h after co-administration of 
phenol/hydroquinone 

 
(A) HQ-GSH adducts in rat bone marrow following co-administration of phenol/HQ. 
Lanes 1,2 and 3,4 are treated male and female rats. C is a control, vehicle treated rat. 
Numbered immunopositive bands were excised, digested, and analyzed via LC-MS/MS. 
(B) Bone marrow proteins from a phenol/hydroquinone treated rat were focused using pH 
3-10 13 cm IEF strips and resolved in the second dimension by molecular weight with a 
10% SDS-PAGE gel, transferred to a PVDF membrane and probed with anti-2-BrHQ-
NAC rabbit antibodies. Coomassie stained gel and the corresponding western blot are 
labeled accordingly. The numbered immunopositive spots were excised, digested, and 
analyzed via LC-MS/MS, and ‘C’ represents a spot also seen in the control. 
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Table 2-2. Potential protein targets of QT identified in immunopositive 1D/2DGE 
spots. 
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2.3.3. Identification of electrophile-binding motifs in proteins identified in QT-
immunopositive bands 
 
 Common binding motifs within MGHQ-adducted proteins have been identified 

previously (Fisher et al., 2007c; Labenski et al., 2009a; Person et al., 2005a). For example, 

the cytochrome C sequences 23GGKHKTG29 and 84GIKKK88 were identified by LC-

MS/MS analysis as binding sites for BQ, MGHQ, and NAC-HQ (Person et al., 2003a; 

Person et al., 2005b). The observed trend is that adducted proteins contain lysine residues 

that either flank a nucleophilic amino acid (KXK) or contain two lysine residues preceded 

or followed by a nucleophilic amino acid (XKK or KKX). It is believed that the 

neighboring lysine residues on these proteins can participate in forming a cyclized 

diquinone adduct (Person et al., 2003a). We therefore searched the primary sequences 

(obtained via the UniProt database) of the identified proteins for the presence of basic 

amino acid run-ons. Of the 24 proteins found potentially immunopositive for QT 

adduction, 20 possess an elevated lysine content (16 are >8%, 20 are >7%) when 

compared to the average protein lysine content within the entire proteome (5.5%). 

Identified QT-protein targets in Table 2-2 that contain more than six XKK or KKX 

sequences are listed in Table 2-3.  
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Table 2-3.  Occurrence of electrophile binding motifs KXK, KK in target proteins 
of QT adduction.  

 
Proteins identified in QT-immunopositive bands were searched for the presence of lysine 
residues that either flank a nucleophilic amino acid (KXK) or two lysine residues preceded 
or followed by a nucleophilic amino acid (XKK or KKX). Proteins with six or more of 
these electrophile binding motifs are listed here. The total lysine % content of each of 
these proteins is listed beneath the corresponding protein ID. 
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2.3.4.  Identification of specific amino acid adduction sites in QT-immunopositive  

protein bands from rats treated with phenol/hydroquinone 

  Spectra generated from the LC-MS/MS analysis of QT-immunopositive protein 

bands were analyzed for the presence of site-specific amino acid QT-modifications. Of the 

24 proteins identified in QT-immunopositive protein bands from HQ/phenol treated rats 

(Table 2-2), adducts were detected on 8 of these proteins. Adducts were identified on Lys, 

Arg, His, and Glu amino acid residues within individual peptides, shown in Table 2-4. To 

summarize, BQ adducts (+106 Da MW shift) were detected on 27K of 14-3-3 protein 

zeta/delta, on 29K of annexin A1, and on 18K of hemoglobin subunit beta. A CSBQ adduct 

(+225 Da MW shift) was identified on 238K on actin cytoplasmic 1, and a reduced CSHQ 

adduct (+227 Da MW shift) was seen on 324R of ATP synthase subunit beta. NAC-HQ 

adducts (+269 Da MW shift) were identified on 128K of hemoglobin subunit alpha ½, on 

21K of ribose-5-phosphate isomerase A, and on 361E of actin cytoplasmic 1. MGBQ 

adducts (+411 Da MW shift) were identified on 27R of carbonic anhydrase 2, and on 290R 

and 291K of actin cytoplasmic 1. The spectra of each of these identified site-specific amino 

acid modifications, including peptide sequence coverage by the corresponding b/y ions, 

are shown in Figure 2-2 and Figure 2-3.  Four unique QT adducts were identified on three 

peptides of actin cytoplasmic 1 (Figure 2-3). All adducts presented here were seen in 

immunopositive bands excised from the 1D separation of bone marrow proteins of 

phenol/HQ treated rats (Figure 2-1B). No site-specific QT adducts were detected on 

proteins identified in immunopositive 2D spots submitted for LC-MS/MS analysis. 
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Table 2-4.  Summary of site-specific amino acid adducts by QTs found in 

immunopositive gel bands. 
 
The above table shows all peptides and corresponding proteins that contain a modification 
of either a +106 (BQ), +269 (NAC-HQ), +255 (CSBQ), +227 (CSHQ), or +411 (MGBQ). 
A modification of +16 is an oxidation on methionine. The band # column lists the 
immunopositive protein bands in Figure 2-1 that were excised and digested for LC-
MS/MS analysis. Bold case letters in the peptide sequence represent amino acids that 
contain a modification. The modified residue and the corresponding adduct mass shift are 
shown in the modification column. Scores for Sequest (Xcorr) and X!Tandem (log(I)) are 
shown. All peptides identified were triply charged. 
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Figure 2-2.  ESI-MS/MS spectra for HQ-GSH adducted tryptic peptides. 
 
The corresponding b and y ions are labeled within the MS/MS spectra and single and 
doubly charged ions were accounted for, as were the loss of H2O or NH3 from certain 
ions. The (*) above the peptide denotes a matched b ion, and the (*) below the peptide 
denotes a matched y ion. (A) A single BQ (+106) adduct was identified on 27K and an 
oxidation on 22M on 14-3-3 protein zeta/delta identified from gel band 2 from Figure 2-1. 
(B) A single BQ (+106) adduct was identified on 26K on Annexin A1 identified from gel 
band 8 from Figure 2-1. (C) A single CSHQ (+227) adduct was identified on 323R and an 
oxidation on 339M of ATP synthase subunit beta from gel band XX from Figure 2-1. (D) A 
single MGBQ (+411) adduct was detected on 27R of Carbonic Anhydrase 2 identified from 
gel band 2 from Figure 2-1. (E) A single NACHQ (+269) adduct was detected on 128K of 
Hemoglobin subunit alpha ½ from gel band 16 from Figure 2-1. (F) A single BQ (+106) 
adduct was detected on 18K of Hemoglobin subunit beta identified from gel band 2 and 9 
from Figure 2-1. (G) A single NACHQ (+269) adduct was detected on 21K of Ribose-5-
phosphate isomerase A from gel band 9 from Figure 2-1. Peptides identified were triply 
charged. 
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Figure 2-3.  ESI-MS/MS spectra for HQ-GSH adducted Actin protein 
 
The corresponding b and y ions are labeled within the MS/MS spectra and single and 
doubly charged ions were accounted for, as were the loss of H2O or NH3 from certain 
ions. The (*) above the peptide denotes a matched b ion, and the (*) below the peptide 
denotes a matched y ion. (A) A single NACHQ (+269) adduct was identified on 361E and a 
loss of ammonia on 360Q on Actin cytoplasmic 1 from gel band 6 from Figure 2-1. (B) A 
single CSBQ (+225) adduct was identified on 238K on Actin cytoplasmic 1 from gel band 
6 from Figure 2-1. (C) Two MGBQ (+411) adducts were identified, one on 290R and the 
second one on 291K, on Actin cytoplasmic 1 from gel band 6 from Figure 2-1. All peptides 
identified were triply charged.  
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2.4. DISCUSSION 

 HQ-thioethers are present in the bone marrow of rats following co-administration 

of phenol/HQ, the majority of which appear to be generated in situ and further 

metabolized via the mercapturic acid pathway (Bratton et al., 1997). This pathway is 

important in modulating the reactivity of HQ-GSH conjugates. Based on the reactivity of 

HQ-GSH conjugates, it can be speculated that some of the hematotoxic effected attributed 

to HQ (or 1,4-BQ) may, in fact, be mediated by their thiol conjugates. In fact, HQ-GSH 

conjugates are far more efficient generators of superoxide anion than the HQ/1,4-BQ 

redox couple (Monks et al., 2010a). Furthermore, HQ-GSH conjugates are toxic to 

developing erythrocytes in vivo (Bratton et al., 1997). Whether this is a direct effect of 

these conjugates in the bone marrow, or whether additional tissues/organs contribute to the 

observed hematotoxicity is not known. The hematopoietic microenvironment is regulated 

by stromal cells which secrete a variety of cytokines, including interleukin 1 (IL-1), tumor 

necrosis factor α, granulocyte-macrophage colony stimulating factor (GM-CSF), 

granulocyte colony-stimulating factor (G-CSF), and macrophage colony stimulating factor 

(M-CSF). These growth factors interact with various hematopoietic stem/progenitor cells 

to control cellular proliferation and differentiation. In the present study we have shown 

that QTs induced a reduction in circulating lymphocytes (Table 2-1), which is consistent 

with bone marrow toxicity as previously reported (Bratton et al., 1997; Lan et al., 2005).  

Redistribution of lymphocytes from peripheral blood into tissues cannot be ruled out, 

however. 
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In this chapter I have analyzed 25 immunopositive bands from 1D/2D western 

analysis of bone marrow proteins from phenol/HQ treated rats, and identified 24 potential 

targets of QT-protein adduction. Of these 24 proteins, amino acid site specific 

modifications were found on 8 proteins. Some immunopositive protein bands did not have 

a corresponding adducted peptide identified, possibly because of the very low abundance 

of an adduct in the sample, or protein coverage obtained after LC-MS/MS analysis was 

insufficient to observe the adducted peptide. Conversely, post-adduction chemistry could 

have generated QT adducts with an unpredicted mass, or sample preparation could have 

resulted in the reversible dissociation of the protein adduct. Consistent with the latter 

hypothesis, in Chapter 3 of this dissertation, we demonstrate that QT-cysteine adducts are 

unstable during standard sample preparation conditions for trypsin digestion, resulting in 

elimination of the QT adduct. It is possible that QT-cysteine adducts generated in the 

present in-vivo study are similarly unstable under normal trypsin digestion conditions. QT 

adducts were successfully identified on Lys, Glu, and Arg residues, but none were found 

on Cys. As the antibody used has been demonstrated to detect QT adducts in vivo (Kleiner 

et al., 1998c; Labenski et al., 2011), and with the knowledge that QT-cysteine adducts are 

unstable during trypsin digestion conditions, it is reasonable to suggest that Cys adducts 

are indeed occurring but are eliminated prior to MS analysis, which may account in part 

for the limited site-specific modifications detected in immunopositive protein bands.  

The adduction of proteins by reactive electrophiles is not random, but rather 

specific proteins appear to be targeted. We compared the 24 proteins identified as potential 

targets for QT adduction with a pre-existing database that catalogs proteins targeted by 
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reactive electrophiles, known as the reactive metabolite target protein database (TPDB) 

(Hanzlik et al., 2007b).   Of the 24 QT-targeted proteins identified in our analysis, 16 of 

these proteins have been found as targets of other electrophiles (Table 2-5). Protein targets 

that matched our identified QT-targets were identified in rat, mouse, and human species, 

and from tissues that include kidney, lung, liver, and blood. Of the electrophiles with 

overlapping adductomes, some have structures similar to HQ, including bromobenzene, 

acetaminophen, naphthalene, 1,4 napthoquinone, butylated hydroxytoluene (BHT), and 

thiobenzamide, in addition to compounds structurally dissimilar to HQ such as halothane, 

1,2-dichlorovinyl-cysteine sulfoxide, and 1,1-dichloroethylene. Furthermore, of the 8 

proteins we identified with amino acid site-specific QT adducts (Table 2-4), 6 have been 

documented as targets of other electrophiles.  Interestingly, the studies that identified these 

targets were unable to identify specific sites modified by the reactive electrophile. 
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Table 2-5.  Common protein targets of QTs with other electrophilic chemicals 
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The proteins identified as targets or actually modified by QTs (Table 2-2) have a 

wide range of cellular functions (Table 2-6). This makes it challenging to suggest exactly 

how subsequent hematotoxicity is occurring following co-administration of phenol and 

HQ. It seems unlikely that a single protein modification could result in the observed bone 

marrow suppression seen after phenol/HQ co-administration. Despite the identification of 

site-specific modifications on 8 proteins, it is likely that these adducts are in lower 

abundance then their native form (Koen et al., 2007). However it is possible that the 

combined structural/functional modifications of some or all of the QT adductome could 

result in the observed toxicity.  

In this study, a BQ adduct was detected on annexin A1. This protein has anti-

inflammatory properties, where loss of function is known to result in elevated neutrophil 

extravasation that could worsen the inflammatory response in damaged tissues (Hannon et 

al., 2003).  Two heat shock proteins (HSP70 and HSP71) were identified as targets of QT 

adduction. This family of proteins is involved in a variety of cellular functions including 

folding/unfolding of proteins, protein transport, and cell signaling (Evans et al., 2004a). 

HSPs are critical for defending against elevated cellular stress, including ROS, and are 

known targets of other electrophiles in the liver, lung, and kidney (Table 2-5). Peptides 

from hemoglobin subunits alpha ½, and beta 1 were found adducted by NAC-HQ and BQ. 

Hemoglobin is a known target of electrophilic adduction by benzene metabolites, and 

elevated levels of hemoglobin adducts have been detected in the blood of workers exposed 

to elevated concentrations of benzene (Yeowell-O'Connell et al., 1998b). ATP Synthase, a 

mitochondrial enzyme critical for generating cellular energy, was found adducted by 
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CSHQ. Impaired ATP synthesis is associated with various human diseases, including 

Leigh syndrome and Alzheimers (S. Hong & Pedersen, 2008).  Additionally, multiple site-

specific QT adducts were detected on actin, the consequence of which could be the 

disruption of cellular cytoskeleton stability or the prevention of cell division. In 

combination, this data suggests that phenol/HQ derived electrophiles are capable of 

adducting numerous proteins with a diverse range of functions. Most of these protein 

targets overlap with other electrophilic adductomes, and the combined consequence of 

some/all of these modifications could be necrotic cell death. 
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Table 2-6.  Protein functions associated with QT targeted proteins 
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Multiple factors likely govern which proteins are targeted by a given reactive 

electrophile, including the electrophile’s chemical structure, reactivity, and ability to 

localize within the various sub-cellular compartments (Labenski et al., 2009b). 

Additionally, it was reported that “electrophilic binding motifs” (EBMs) may exist on 

proteins that are selectively adducted by reactive electrophiles following  exposure to HQ-

GSH (Labenski et al., 2009a). With respect to the reactive metabolites derived from HQ-

GSH, they appear to selectively target (i) proteins with a high lysine (basic amino acid) 

content, and specifically (ii) proteins that contain lysine residues either flanking or 

adjacent to a potentially nucleophilic amino acid (KXK, XK), or containing two lysine 

residues preceded or followed by a nucleophilic amino acid (XKK or KKX) (Labenski et 

al., 2009a).  Of the 24 proteins identified in QT-immunopositive protein bands from 

phenol/hydroquinone treated rats, 16 possess an elevated lysine content (>8%) compared 

to the average content in the entire proteome (5.5%). Furthermore, 9 of these proteins 

contain six or greater EBM sites (Table 2-3). Of the ten QT-adducted peptides identified, 

only the 290K and 291R adducts on actin correlate with the EBM criteria. Though the other 

adducts occur on peptides that are at variance with the EBM, it is possible that basic 

amino acid residues exist in close spatial proximity to the site of adduction.  
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CHAPTER 3: INSTABILITY OF QUINONE ELECTROPHILE ADDUCTS ON 

CYSTEINE RESIDUES: A BASIS FOR THE PREFERENTIAL DETECTION OF 

COVALENT MODIFICATION OF LYSINES AND ARGININES 

3.1. INTRODUCTION 

In cells undergoing oxidative stress, the adduction of proteins by lipid aldehydes 

and other endogenously generated electrophilic species contributes to cellular toxicity and 

disease processes (Carbone, Doorn, Kiebler, & Petersen, 2005a; Go et al., 2007).  In 

addition, xenobiotics and/or their reactive electrophilic metabolites may bind proteins in a 

similar fashion, also eliciting a toxic response and disrupting normal cellular processes 

(Lopachin & Decaprio, 2005; Ragunathan et al., 2008).  Not only can xenobiotic-derived 

electrophiles form protein adducts directly, but they can also generate cellular oxidative 

stress that can indirectly cause protein covalent modification via endogenously generated 

aldehydes and ROS (Bolton et al., 2000; Sallustio et al., 2000).  Most of these reactive 

electrophiles can covalently modify protein nucleophiles, typically at protein cysteines 

(Dooley et al., 2007; Stewart et al., 2007a) which are commonly located in critical active 

sites of proteins, or participate in, for example, critical protein:protein interactions. 

Covalent modification of these critical residues could therefore interfere with normal 

protein function (Ragunathan et al., 2008).  

Quinones are a class of electrophilic xenobiotics that are known to elicit toxicity 

via oxidative stress (Habib et al., 2003; Lau et al., 1990a; Peters et al., 1997) and protein 

modification (Fisher et al., 2007d; Kleiner et al., 1998c; Person et al., 2005a).  Quinones 

ubiquitous in the pharmaceutical industry, and many quinones further exist as 



 
 
 

83 
 

 

environmental toxicants, including 1,4-benzoquinone (BQ).  BQ is an oxidative metabolite 

of benzene, an aromatic hydrocarbon found in gasoline and used in the manufacturing of 

plastics, detergents, pesticides, and other chemicals (Ahmad Khan, 2007).   Due to the 

electrophilic nature of BQ, cellular glutathione (GSH), the major cellular non-protein 

thiol, forms conjugates with BQ, producing quinol-thioether conjugates of BQ, including 

mono-substituted GSH conjugate of HQ, 2-(glutathion-S-yl)HQ (MGHQ), which retains 

the capacity to redox cycle (Bolton et al., 2000).  BQ and its QT metabolites are very 

reactive, producing cellular necrosis through oxidative stress and protein modification 

(Fisher et al., 2007d; Person et al., 2003a).  

Previously we have identified site-specific BQ and QT metabolite modifications 

on lysine, histidine, arginine, and glutamic acid residues of important cellular proteins 

(Fisher et al., 2007d; Person et al., 2003a; Person et al., 2005a).  However, despite the 

large body of literature that describes covalent modification of cysteine residues by 

reactive electrophiles, our laboratory has been unable to detect any BQ- or QT-mediated 

protein adducts on cysteine residues.  We speculate that the thioether adduct between the 

BQ and the cysteine residue is potentially labile and its stability influenced by 

physiological and experimental conditions (eg., digestion protocols for proteomic 

analyses).  The protein microenvironment, and the surrounding macro-environment, of 

BQ-quinol-thioether protein adducts contributes to post-adduction chemistry with these 

quinones, including elimination of the thioether bond between the BQ ring and the GSH 

conjugate (Fisher et al., 2007d).  We therefore extrapolate that physiological conditions 

recapitulate an analogous elimination reaction for BQ adducts on cysteine residues in 
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proteins.  Cysteine residues are also modified by α, β-unsaturated aldehydes, such as 4-

hydroxynonenal (4-HNE), but in contrast to cysteinyl-BQ adducts, the aldehyde adducts 

appear very stable under physiological conditions.   

BQ adducts have been identified on cysteine containing model peptides that do not 

require digestion prior to MS analysis (Mason & Liebler, 2000).  In contrast, physiological 

buffers used to assess the biological relevance of BQ-cysteine adducts may promote 

instability of the quinone-cysteine bond.  Such conditions will decrease the likelihood of 

identifying site-specific BQ or BQ-quinol-thioether modifications on cysteine residues.   

Through applying this peptide model along with mass spectral and biochemical 

techniques, we have confirmed that BQ adduction does in fact occur on cysteine residues.  

However, prolonged exposure of these adducts to physiological conditions results in 

subsequent elimination of BQ adducts from the cysteine residues within the peptide 

model.  Knowledge of this sensitive and potentially transient and reversible interaction 

between these quinones and cysteine residues can provide crucial insight and guidance in 

identification of critical targets of protein adduction. 
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3.2.  MATERIALS AND METHODS 

3.2.1. Chemicals 

1,4-Benzoquinone (BQ) was purchased from Aldrich (Milwaukee, WI); 2-

(glutathion-S-yl)HQ (MGHQ) was synthesized and purified as described previously (21). 

HPLC-grade solvents were purchased from EMD Chemicals. Ellman’s reagent (5,5’-

Dithio-bis-[2-nitrobenzoic acid]) was a product of Thermo-Pierce (Rockford, IL).  C18 

prepacked columns (ZipTip) and Microcon 3000-Da molecular weight cut off centrifugal 

filters were purchased from Millipore (Bedford, MA). Horse heart cytochrome c, 

guanidine HCl, dithiothreitol (DTT), iodoacetamide (IAA), silver sulfate, ammonium 

sulfate, and all other reagents were from Sigma (St. Louis, MO). 

 

3.2.2. Quinol-thioether Compound Stability 

MGHQ was incubated in deionized, distilled water, or in 100 mM ammonium 

bicarbonate (pH 8.0) at room temperature.  Samples were analyzed by MS and HPLC 

every 1 h for 12 h.   Samples were delivered to the mass spectrometer via flow injection 

using an HP/Agilent 1050 pumping system (Hewlett Packard/Agilent Technologies, 

Germany).  Samples (10 µL) were injected via an HP 1050 autosampler.  MS analysis was 

performed with a Finnigan MAT TSQ 7000 triple quadrupole mass spectrometer (Thermo 

Scientific, San Jose, CA) using electrospray ionization (ESI) at an ESI source spray 

voltage of +4.5 kV.  Ions were introduced into the mass spectrometer through a heated 

metal capillary maintained at 250 °C.  Screening of the samples was performed in positive 

mode in the first quadrupole based on full MS measurements between 50-700 m/z only 
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(Q1 MS mode). Additionally, samples were injected from 0-12 hours on HPLC using a 

Shimadzu CBM-20A system controller connected to a Shimadzu SPD-10A UV-VIS 

detector with 2 LC-10AS pumps (Shimadzu, Columbia, MD) with absorbances measured 

at 280 nm.  The entire sample was loaded onto the column with mobile phase A (0.1% 

TFA) and mobile phase B (0.1% TFA acetonitrile) pumping at 1.5 mL/min at 1% B.  The 

mobile phase gradient was increased to 40%B over 35 min. The Shimadzu HPLC was 

outfitted with a Beckman Coulter Ultrasphere ODS 5 µ 4.6 mm x 25 cm analytical column 

(22). Injections (50 ul) were used at each one hour time point, and the retention time of 

MGHQ was 13 min. 

 

3.2.3. Peptide Reaction 

The peptide ac-AQGSCGPNLS-OH (Global Peptide, Fort Collins, CO) was 

diluted in water.  BQ was reconstituted in methanol to a final concentration of 2.22 

mg/mL and reacted with the peptide at a 1:10 molar excess for 30 min at room 

temperature. 

 

3.2.4. Peptide Purification and HPLC Analysis   

In order to remove excess BQ, the peptide was purified by HPLC using a Shimadzu CBM-

20A system controller connected to a Shimadzu SPD-10A UV-VIS detector with 2 LC-

10AS pumps (Shimadzu, Columbia, MD).  Reacted peptide and excess BQ were separated 

using a Beckman Coulter Ultrasphere ODS 5 µ 4.6 mm  25 cm analytical column.  The 

entire sample was loaded onto the column with mobile phase A (0.1% TFA) and mobile 
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phase B (0.1% TFA acetonitrile) pumping at 1.5 mL/min at 1%B.  The mobile phase 

gradient was increased to 40%B over 35 min.  The UV-VIS detector was set to 220 nm 

and 280 nm to ensure visualization of both peptide and excess BQ.  The entire peptide-BQ 

adduct peak at retention time 22 min was collected and lyophilized to dryness using a 

LABCONCO freeze dry system (Kansas City, MO). The peptide was reconstituted in 100 

mM ammonium bicarbonate or 50 mM Tris-HCl, or at a pH of 6.0, 7.0, or 8.0. Additional 

peptide was reconstituted in water or 5 mM Tris-HCl at a pH of 8.0. The first sample was 

collected immediately after reconstitution, and additional aliquots were removed at 

various time points out to 1 h.  Each sample was acidified with 10% acetic acid to quench 

the reaction, then immediately frozen at -80oC. These samples were later thawed and 

subsequently loaded onto an analytical HPLC column using the method described above. 

The absorbance and peak area of the acAQGSCGPNLSOH -BQ adduct peak at 220 nm was 

recorded for each time point taken. 

 

3.2.5. MALDI-TOF MS Peptide Analysis  

acAQGSCGPNLSOH -BQ, lyophilized, was reconstituted in 100 mM ammonium 

bicarbonate (pH 8.0). Samples (1 µL) were then spotted on a MALDI target plate at 0 h, 1 

h, and 20 h time points and mixed with 1 µL of 20 mg/mL α-cyano-4-hydroxycinnamic 

acid matrix.  As a control, unmodified acAQGSCGPNLSOH was also spotted on the 

MALDI target plate. Once the sample spots had dried, MALDI-TOF spectra were 

recorded on an Applied Biosystems Voyager DE-STR instrument with a 2 m flight path 

operating in the positive ion mode. The instrument was equipped with a nitrogen laser 
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operating at 337 nm.  Whole peptide spectra were acquired in reflectron mode over the 

mass range of 500-5000 Da with a laser intensity of 1400 and a low mass gate of 500.  

 

3.2.6. QTRAP LC-MS/MS Peptide Analysis 

MS/MS analysis of acAQGSCGPNLSOH was performed on an ABI/Sciex 4000 

QTRAP hybrid triple quadrupole linear ion trap mass spectrometer (Applied Biosystems, 

Foster City, CA, USA) interfaced with a nanospray source and operated via Analyst 1.4.1 

software.  Source temperature was set at 150°C, and source voltage was set at 2000 V. 

Collision energy (CE) was based on the results from the preliminary runs and was set at 

45 V for Peptide-IAA, 50 V for Peptide and 60 V for Peptide-BQ. The declustering 

potential (DP) was set at 20V. Analytes in 1:30:69 (v/v/v) acetic acid/water/methanol were 

introduced into the instrument at 2 uL/min using a syringe infusion pump Model 22 

(Harvard Apparatus, Holliston, MA, USA).  The analysis was performed in the EMS (full 

scan) in positive mode, and fragmentation was performed using both Enhanced Product 

Ion (EPI) and MS/MS scan modes.  Peptide was directly infused into the mass 

spectrometer and data was analyzed after HPLC purification following a 30 min 

incubation with a 1:10 M ratio of BQ, IAA, or unreacted peptide. 

 

3.2.7. Protein Free Thiol Quantitation 

Ellman’s reagent (5,5’-Dithio-bis-(2-nitrobenzoic acid), DTNB, assay was used to 

quantitate free cysteine residues in control and BQ-treated acAQGSCGPNLSOH samples 

(24, 25).  Aliquots (125 µL) of either control or BQ-treated samples were used, as 
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prepared above.  These aliquots were dissolved in 1.25 mL, 0.1 M sodium phosphate 

buffer, pH 7, 1 mM ETDA and assayed for thiol content by the addition of 25 µL of 10 

mM Ellman’s reagent in 0.1 M sodium phosphate buffer, pH 7, 1 mM ETDA and by 

measurement of absorbance at 412 nm on a 160 U Shimadzu UV-Visible 

Spectrophotometer.  The concentration of free thiols in the control and treated samples 

were calculated from the molar extinction coefficient of 2-nitro-5-thiobenzoic acid (TNB), 

which is released from reaction of DTNB with free thiols, more specifically, the conjugate 

base (R-S-) of a free thiol group (Ellman, 1959).     
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3.3.  RESULTS 

3.3.1. Aqueous Stability of MGHQ 

MGHQ was stable when incubated overnight in distilled, deionized water.  

Additionally, MGHQ dissolved in 100 mM ammonium bicarbonate (pH 8.0) and analyzed 

by MS within 1 h also revealed that MGHQ was stable (Figure 3-1A).  However, HPLC 

analysis of the MGHQ incubation showed an 87% reduction in MGHQ peak area over 12 

h (Figure 3-1B). MS analysis of the 100 mM ammonium bicarbonate incubation at 12 h 

could not detect any remaining MGHQ (Figure 3-1C), while MS peaks corresponding to 

the masses of GSH and GSSG were detected. These experiments demonstrate that the 

thioether bond in MGHQ is likely unstable under physiological conditions, and 

particularly under those necessary for tryptic digestion.  Similar results would be expected 

for any other thioether conjugates of HQ or BQ (e.g. cysteinylglycine, cysteine, N-

acetylcysteine). 
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Figure 3-1.  Stability of 2-(glutathion-S-yl)HQ (MGHQ) determined by MS analysis.  

(A) MGHQ was incubated in 100 mM ammonium bicarbonate and analyzed within 1 h.  
(B) MGHQ was incubated in 100 mM ammonium bicarbonate pH 8.0 for 12 h.  This 
compound was subjected to HPLC analysis every 1 h from 0 h to 12 h: a slow decrease in 
absorbance area under the curve (AUC) was observed, with the peak area decreasing by 
87% after a 12 h incubation in 100 mM ammonium bicarbonate. MGHQ instability has 
been determined to be temperature-independent.  (C) MS of MGHQ following 12 h 
incubation in 100 mM ammonium bicarbonate. Inset is a magnified region to show 
MGHQ degradation products. 
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3.3.2. LC-MS/MS Validation of BQ and IAA Adducted acAQGSCGPNLSOH   

The peptide (acAQGSCGPNLSOH) at m/z 975.0 was selected for MS/MS during 

direct infusion into the mass spectrometer.  Peptide fragmentation upon collision induced 

dissociation (CID) is seen in Figure 3-2A.  The peptide was reacted with BQ for 30 min at 

room temperature prior to HPLC purification and lyophilization.  Following reconstitution 

in ddH2O, the adducted peptide at m/z 1081 and 1083, corresponding to addition of either 

one BQ (106 Da) or one HQ (108 Da), was analyzed by MS/MS using direct infusion.  

CID showed the y4 and y5 ions as expected from the native sequences; with the y6, y8, 

y9, and b9 ions containing the modification of interest (i.e. mass is shifted by 106 or 108 

amu) confirming that the adduct is occurring on the cysteine residue, as predicted (Figure 

3-2B/3-2C).  Another electrophile with strong affinity for the thiol of cysteine residues is 

iodoacetamide (IAA).  The peptide was reacted with IAA under identical conditions to 

that of BQ, followed by HPLC purification and lyophilization.  CID of the IAA-adducted 

peptide at 1032.1 confirmed the adduction as predicted (Figure 3-2D).  Taken together, the 

matched ions show the IAA adduct occurring on the cysteine residue.   
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Figure 3-2.  MS/MS for native and modified peptide ac-AQGSCGPNLS. 
 
(A) MS/MS for the native peptide directly infused into the mass spectrometer.    (B) 
MS/MS of infused peptide after a 30 min incubation with a 1:10 M ratio of BQ the 
peptide, here showing the formation of a BQ-cysteine adduct. (C) MS/MS of the BQ-
incubated peptide also identified a HQ-cysteine adduct.  (D) MS/MS of infused peptide 
following a 30 min incubation with a 1:10 M ratio of IAA.  All spectra show identified b 
and y ions.  Ion coverage of modified cysteine was achieved in all spectra. 
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3.3.3. Stability of BQ or IAA Adducted acAQGSCGPNLSOH in 100 mM 

Ammonium Bicarbonate    

Ammonium bicarbonate (100 mM) is used as a buffer in most commonly used 

protein digestion protocols, with a pH of approximately 8.0 (Yates et al., 1995b).  

acAQGSCGPNLSOH was reacted with a 1:10 molar excess of BQ for 30 min at room 

temperature, followed by HPLC purification to remove excess BQ, then lyophilized to 

dryness. Control unmodified peptide eluted from the HPLC at 18 min and the BQ-

adducted peptide eluted at 22 min. The identities of the control peptide and the BQ-

adducted peptide were confirmed via MS/MS analysis (Figure 3-2). The remaining dried 

peptide was then reconstituted in 100 mM ammonium bicarbonate at either pH 6.0, 7.0, or 

8.0 and aliquots were then removed every five minutes for 1 h, acidified, and frozen at -

80°C. These samples were later thawed and immediately analyzed via HPLC. The 

absorbance and peak area of the acAQGSCGPNLSOH -BQ adduct peak at 220 nm was 

recorded for each time point taken. After 20 min of incubation in 100 mM ammonium 

bicarbonate at various pH, it is apparent that the BQ adducted acAQGSCGPNLSOH (as 

shown to occur on a thiol in Figure 3-2) is more stable at lower pH (Figure 3-3).  

Subsequently, a rapid decrease in the absorbance peak of acAQGSCGPNLSOH -BQ occurs 

at pH 7.0 and 8.0 values during the next 40 minutes.  At 60 minutes, adduct levels at pH 

7.0 were reduced to 55% of their original levels, while adduct levels at pH 8.0 were 

reduced to 17%.  The same experiment described above was also performed with 

acAQGSCGPNLSOH and IAA.  The IAA-adducted peptide showed no decrease in 

cysteinyl-IAA adduct peak area over the 20 h incubation (data not shown). 
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Figure 3-3.  Stability of BQ-cysteine adducts in acAQGSCGPNLSOH in 100 mM 
ammonium bicarbonate.   

 
acAQGSCGPNLSOH was reacted with BQ at a ratio of 1:10 for 30 min at room 
temperature while rotating.  At the end of the 30 min incubation the sample was then 
HPLC purified to remove excess BQ and lyophilized to dryness.  The sample was then 
reconstituted in 100 mM ammonium bicarbonate (Ambic) at pH 6.0, 7.0, or 8.0.  The first 
sample was collected immediately after reconstitution, and additional aliquots were 
removed and frozen at various time points.  These samples were later thawed and analyzed 
via HPLC, with the absorbance area under the curve (AUC) of the acAQGSCGPNLSOH -
BQ adduct peak at 220 nm recorded for each time point taken.  The experiment was 
repeated 3 times and the data represent mean ± SD. 
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At 0 min, 1 h, and 20 h time points, BQ-adducted acAQGSCGPNLSOH in 100 mM 

ammonium bicarbonate (pH 8.0) was immediately spotted on a MALDI target plate with 

an equal volume of MALDI matrix (see methods). MS data at 0 min showed the presence 

of the adducted peptide at m/z 1105, corresponding to the adduction of HQ (+108 Da) and 

sodium (+22 da) (Figure 3-4B). An oxidized (+16 Da) adduct peak was seen at m/z 1121. 

At 1 h the m/z 1105 adducted peptide peak was no longer detected, while an unadducted 

peptide peak became visible at m/z 997 (Figure 3-4C). An oxidized adduct peak at m/z 

1121 remained detectable at 1 h.  At 20 h, the only remaining peaks corresponded to the 

unadducted peptide peak at m/z 997 and an m/z 963 peak that may reflect the conversion 

of the unadducted peptide’s cysteine residue to dehydroalanine (-34 Da) (Figure 3-4D). 

Cysteine to dehydroalanine conversion has been reported to occur under conditions of 

tryptic digestion, i.e. 100 mM ammonium bicarbonate (Z. Wang et al., 2010). 
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Figure 3-4. Stability of BQ-cysteine adducts in acAQGSCGPNLSOH determined by 
MALDI-MS analysis.  

 
Lyophilized acAQGSCGPNLSOH -BQ was reconstituted in 100 mM ammonium 
bicarbonate  (pH 8.0). Samples were removed at 0 h, 1h, and 20 h and spotted on a 
MALDI target plate with an equal volume of MALDI matrix. (A) Native, unreacted 
acAQGSCGPNLSOH peptide at time shows a predominant peak at 997 Da, corresponding 
to the mass of the peptide plus sodium (+22 Da). (B) MS analysis of BQ-reacted 
acAQGSCGPNLSOH at time 0 h. Peaks at 1105 Da and 1121 Da correspond to the masses 
of HQ-adducted peptide (+108 Da) and oxidized (+16 Da) HQ-adducted peptide. (C) MS 
analysis of BQ-reacted acAQGSCGPNLSOH after 1 h incubation in 100mM ammonium 
bicarbonate. The 997 Da peak corresponds to unmodified acAQGSCGPNLSOH. The 1105 
Da HQ-adducted peptide peak is no longer significant, though the 1121 Da oxidized HQ-
adducted peptide peak remains detected. The 963 Da peak may be acAQGSCGPNLSOH  
with a cysteine to dehydroalanine conversion (-34 Da). (D) MS analysis of BQ-reacted 
acAQGSCGPNLSOH after 20 h incubation in 100 mM ammonium bicarbonate. Peaks at 
997 Da and 963 Da both correspond to unmodified peptide. No 1105 or 1121 HQ-
adducted peptide peaks were detected at 20 h. 
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3.3.4. Influence of Buffer, pH, and Salt Concentration on the Stability of BQ-
adducted acAQGSCGPNLSOH   

Tris-HCl (50 mM) is another common buffer used for protein digestion (Yates et 

al., 1995b). The effect of 50 mM Tris-HCl at pH 6.0, 7.0, or 8.0 on cysteinyl-BQ adduct 

stability in acAQGSCGPNLSOH was similarly explored (Figure 3-5).  Samples and data 

were processed as described above. At pH 7.0 and 8.0, the cysteinyl-BQ 

acAQGSCGPNLSOH adduct peak exhibits a rapid decrease in stability within 60 min.  In 

an effort to further elucidate the stability dynamics occurring with the cysteinyl-BQ 

adduct, a sample incubated in 5 mM Tris-HCl pH 8.0 was also studied.  This sample, with 

a 10-fold reduction in salt content but at a pH conducive to creating unstable cysteinyl-BQ 

adducts, was considerably more stable than samples maintained at higher salt 

concentrations at the equivalent pH (Figure 3-5).  These findings imply that stability of the 

thioether bond is dependent on both pH and salt content.   
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Figure 3-5.  Thioether stability in Tris-HCl.   
 
Lyophilized acAQGSCGPNLSOH -BQ was reconstituted in either 5 mM Tris-HCl (pH 8.0) 
or 50 mM Tris-HCl at pH 6.0, 7.0, or 8.0.  Aliquots were taken and frozen at 0 min, 20 
min, 40 min, and 60 min. These samples were later thawed and analyzed via HPLC, with 
the absorbance area under the curve (AUC) of the acAQGSCGPNLSOH -BQ adduct peak at 
220nm recorded for each time point taken.  The experiment was repeated 3 times and the 
data represent mean ± SD. 
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3.3.5. Quantitation of Free Cysteine Residues Following 1,4-BQ Modification 

 To confirm that cysteine residues are indeed targets of BQ, free cysteine residues 

were measured biochemically.  acAQGSCGPNLSOH was reacted with BQ as above in 

ddH2O and then buffered in 100 mM ammonium bicarbonate (pH 8.0).  The free cysteine 

content of the samples was measured using the Ellman’s reagent assay on the control and 

BQ-treated model peptide at 1 h and 20 h time points.  The results indicate that the 

cysteine residues are free in the control acAQGSCGPNLSOH samples. At 0 h the BQ-

adducted model peptide samples possessed few biochemically reactive thiols, indicative of 

cysteinyl-BQ adduct formation (Figure 3-6).  At 1 h incubation in 100 mM ammonium 

bicarbonate (pH 8.0), the BQ-adducted acAQGSCGPNLSOH contained free thiol values at 

53% of the 1 h control sample. At 20 h incubation, the BQ-adducted acAQGSCGPNLSOH 

free thiol values increased to 59% of the 20 h control sample.  Elimination of BQ from the 

cysteine residues leaves the cysteine sulfhydryl groups available for reaction with the 

Ellman’s reagent (Figure 3-6).  
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Figure 3-6.  Quantitation of free cysteine residues in acAQGSCGPNLSOH following 
1,4-benzoquinone (BQ) modification in 100 mM AmBic, pH 8.0.   

 
acAQGSCGPNLSOH (PepC) was reacted with a 1:10 molar excess of BQ in ddH2O for 30 
min and then buffered in 100 mM ammonium bicarbonate (pH 8.0)  Time points were 
taken at 0 h, 1 h and 20 h and free cysteine residues were quantitated using Ellman’s 
reagent analysis.  The data represents mean ± SD. 
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3.4.  DISCUSSION 

In the field of toxicology it is often asserted that reactive electrophilic adduction 

occurs primarily on nucleophilic cysteine residues and that these chemical:protein adducts 

inhibit protein function (Chodavarapu et al., 2007; Codreanu et al., 2006; Stewart et al., 

2007b).  Studies have shown that basic amino acids such as lysine, arginine, and histidine 

are also targets for reactive electrophiles, and that protein function can be impaired as a 

result of adduction at these sites (Kaminskas et al., 2005).  Indeed, histidine was identified 

as a target of bromobenzene-3,4-oxide more than 30 years ago (Lau & Zannoni, 1981). 

We have previously identified several BQ-adducts on target proteins, including 

modifications on lysines, arginines, histidines, and glutamic acid residues (Fisher et al., 

2007d; Person et al., 2003b; Person et al., 2005a).    However, these studies did not 

identify any in vivo proteins containing cysteinyl-BQ adducts, although BQ adducts have 

been identified on cysteine-containing model peptides/proteins (Hanzlik et al., 1994; 

Mason & Liebler, 2000).  In this instance, model peptides were reacted with BQ for 3 h 

and the samples were acidified prior to MS analysis (Mason & Liebler, 2000).  

Additionally, when proteins have been used to identify BQ-cysteine adducts, the proteins 

were first digested to separate individual peptides and adjusted to pH 6 prior to reaction 

with BQ (Mason & Liebler, 2000).  Thus, although this approach reveals that BQ adducts 

can occur on cysteine residues, the physiological relevance of such adduction requires 

investigation of model peptides and proteins under conditions that more closely mimic a 

physiological environment.   
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In this chapter, we have shown that cysteinyl-BQ adducts are unstable.  Using an 

N-terminal protected, cysteine-containing peptide (acAQGSCGPNLSOH) we clearly 

identified cysteinyl-BQ adduct formation via mass spectrometric analysis.  Thus, 

proteomic sequencing of both the adducted and native peptide identified the site of BQ 

adduction as cysteine (Figure 3-2).   To determine the effect of common sample 

preparation techniques on the stability of the thioether bond of the BQ-cysteine adduct, 

acAQGSCGPNLSOH was reacted with BQ and incubated in two common physiological 

buffering systems used for enzymatic protein digestion.  When monitored by HPLC, the 

BQ-adducted peptide peak was eliminated in a pH dependent manner, with increasing 

elimination occurring at higher pH (Figure 3-3).  MALDI-MS analysis of the incubation 

confirmed the disappearance of the adducted peptide peak (Figure 3-4), while an observed 

increase in free thiol content demonstrated elimination of the thioether bond between 

cysteinyl sulfur and quinone (Figure 3-6). Salt concentration also influenced the stability 

of the thioether bond (Figure 3-5).  Thus, a combination of both salt concentration and pH 

influences the stability of the cysteinyl-BQ adduct within acAQGSCGPNLSOH.  

Consequently, conditions commonly employed in the processing of samples for mass 

spectral analyses of proteins facilitate elimination of the BQ-thioether bond, 

reemphasizing the need to fully understand post-adduction chemistry.  

Our findings are consistent with earlier observations on the reactivity of quinol-

thioether metabolites of HQ (Kleiner et al., 1998d; Monks et al., 2010b; Person et al., 

2003b; Person et al., 2005a).  Such metabolites include both GSH and N-acetylcysteine 

conjugates of BQ.  These studies revealed that many site-specific quinol-thioether adducts 
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located on basic amino acids exhibit a mass addition of 106 Da (Fisher et al., 2007d; 

Person et al., 2005a). This suggests post-adduction elimination of the thiol-containing 

moiety within either GSH or N-acetylcysteine conjugates of BQ via cleavage of the 

thioether bond.  Elimination of the GSH or N-acetylcysteine from the BQ ring is dictated 

by the protein microenvironment, where the BQ-thioether adduct is formed in a region of 

the protein exhibiting a high pKa, thus creating instability of the thioether bond (Fisher et 

al., 2007d). Thiols and thiolates are good leaving groups and it is likely that when BQ 

reacts with cysteine residues on proteins, its quinol-thioether bond is also unstable and can 

be cleaved by first Michael-type nucleophilic addition into the BQ ring, followed by 

elimination of sulfur.  In this case, a neighboring nucleophilic residue, or even increased 

amounts of hydroxide ion (OH-) could serve as the nucleophile. Following attack of the 

nucleophile on the BQ ring of the cysteinyl-BQ adduct, the newly created enolate anion is 

relatively stable, as its resonance form is a sulfur-stabilized carbanion.  This carbanion can 

eliminate the cysteine residue from its -position by two alternative mechanisms (Figure 

3-7).  Subsequent elimination of the attacking nucleophilic group can lead to restoration of 

the stable quinone structure.  This creates a set of conditions where the sulfur of cysteine 

in the α-position to the carbonyl group of the BQ ring becomes extremely labile.  

Subsequent to cysteine residue elimination from the BQ ring, it is likely that the BQ or 

BQ-nucleophile adduct are now free and diffuse away from the site and the cysteine 

residues are now free to participate in disulfide formation with neighboring, available 

cysteine residues. 
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A similar scenario was observed following in vivo dosing of rats with MGHQ, 

where again 106 Da BQ adducts were identified on basic amino acid residues.  Based on 

the studies presented herein, we can now interpret these findings as being a consequence 

of either sample preparation, or due to instability of the thioether bond in situ, a result of 

facile elimination of the sulfur-containing moiety via the cleavage of thioether bond.  

Taken together, the data indicate that although quinone adducts form on cysteine residues, 

these adducts are transient and/or extremely labile.  α, β-Unsaturated aldehydes and 

ketones, including acrolein and curcumin reversibly inhibit human glutathione S-

transferase P1-1 (GSTP1-1) via reversible interactions with cysteine residues (van Iersel et 

al., 1997).  The lipid peroxidation product 4-HNE also binds protein nucleophiles 

reversibly at low concentrations (Doorn et al., 2006).   Thus, although multiple 

electrophiles can form reversible protein adducts, these transient interactions can still 

result in adverse biological consequences, including inhibition of enzyme activity.  

The unstable nature of BQ-cysteine adducts does not negate their ability to alter 

protein function.  In addition to direct inhibition of protein function, BQ-cysteine adducts 

retain the ability to redox cycle and generate the localized formation of ROS, resulting in 

oxidative modification of other protein residues.  Indeed, reversible oxidative 

modifications play an important role in cell signaling (Monteiro et al., 2008; Sethuraman 

et al., 2007).  For example cysteine residues in Nrf-2 behave as a type of sensor for 

oxidative and electrophilic stress pathways to stimulate cytoprotective responses.  Thus, 

under basal conditions Nrf-2 forms a complex with Keap1, but following oxidative insult, 

Nrf-2 dissociates from Keap1 and translocates into the nucleus where it can elicit 
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cytoprotective effects (Osburn & Kensler, 2008).  This dissociation is initiated by the 

interaction of oxidants and/or electrophiles with key cysteine residues within Keap 1 

(Wakabayashi et al., 2004). Therefore, electrophilic adduction of cysteine residues can 

influence cellular signaling. 

To summarize, we have confirmed that BQ is capable of adducting available 

cysteine residues within peptides.   Formation and stability of these adducts is largely 

dependent upon the protein micro-environment, including factors such as physiological 

salt concentrations and pH.  Under physiological conditions it would appear that basic 

residues like lysine and arginine are more suitable and stable targets of electrophilic 

quinone adduction. This may in part be due to the fact that lysine, arginine, and glutamic 

acid residues exist in greater abundance than cysteine residues within the proteome, with 

glutamic acid shown to be more abundant (6.66%), followed by lysine (5.92%), arginine 

(5.42%), and cysteine (1.50%) (Flikka et al., 2007). These nucleophilic amino acids thus 

are potentially more available for stable BQ adduct formation.  Therefore, in the absence 

of stable BQ adducts on cysteine residues of proteins, electrophilic modifications on lysine 

and arginine residues provide more stable adducts for mass spectral analysis and 

biomarker identification under normal physiological conditions. However, cysteine 

modification plays a fundamental role in disruption of cellular signaling pathways and 

disease progression, and although cysteine modifications with BQ appears to be transient, 

it may still play a critical role in disruptions of normal cellular processes, which can 

ultimately contribute to BQ-mediated toxicity. 
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Figure 3-7. Proposed mechanism for observed nucleophile-assisted sulfur 
elimination.  

 
Increased amount of OH- or neighboring nucleophilic residues, including lysine amines or 
deprotonated imidazoles of histidine, could serve as the nucleophilic species necessary to 
promote the observed sulfur elimination. (A) The OH- group or the neighboring 
nucleophilic residue could add to the BQ ring of 1, creating enolate 2 with its resonance 
form being sulfur-stabilized carbanion 3.  Subsequent protonation of 3 leads to an unstable 
intermediate 4, which could decompose by two alternative mechanisms, as depicted in 
panels B and C. (B) Deprotonation of 4 leads to enolate anion 5, that undergoes 
elimination of the thiolate group of the protein residue, resulting in the formation of the 
BQ-nucleophile adduct.  The resulting thiolate group could then become protonated or 
form a disulfide bridge with other cysteine residues.  (C) Increased amounts of the thiolate 
ion could result in direct nucleophilic attack on sulfur of the intermediate 4, resulting in 
the formation of enolate ion 7. Further elimination of the nucleophile, via fragmentation of 
the enolate ion 7, results in the restoration of a free BQ. 
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CHAPTER 4: ORBITRAP LC-MS/MS ANALYSIS IDENTIFIES 4HNE- PROTEIN 

TARGETS IN BONE MARROW OF PHENOL/HYDROQUINONE TREATED 

RATS 

4.1. INTRODUCTION 

Under conditions of elevated oxidative stress, an imbalance in pro-oxidant and 

antioxidant molecules within a cell can induce peroxidative decomposition of 

polyunsaturated lipid components, yielding reactive lipid aldehydes capable of modifying 

cellular macromolecules (proteins, DNA) (Klassen, 1996). 4-Hydroxy-2-nonenal (4HNE) 

and 4-Oxo-2-nonenal (4ONE, Figure 4-1) are the predominant cytotoxic products of lipid 

peroxidation (Benedetti 1980). 4HNE/4ONE are reactive electrophiles with known 

reactivity towards protein nucleophiles, particularly cysteine thiols, histidine imidazoles, 

and lysine amines (Doorn 2002), and the longevity of these lipid aldehydes, compared to 

other reactive oxygen species (ROS), enabls them to migrate beyond the site of lipid 

peroxidation, thus propagating ROS-mediated toxicity (Esterbauer et al., 1991a). Michael 

addition of 4HNE to critical active sites of cellular proteins can consequently alter or 

inhibit protein function (Petersen & Doorn, 2004).  Thus, the adduction of proteins by 

4HNE/4ONE is thought to be associated with the pathophysiology of diseases involving 

inflammation and oxidative stress, including atherosclerosis, diabetes, alcoholic liver 

disease, and cancer (Liebler, 2008a). 

 Quinones are a class of electrophilic xenobiotics that are known to elicit toxicity 

via oxidative stress and protein arylation (Habib et al., 2003; Lau et al., 1990b; Peters et 

al., 1997). The quinone functionality is a constituent of common  
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drugs, and many quinones exist as environmental toxicants, including 1,4-benzoquinone 

(BQ). BQ is an oxidative metabolite of benzene, and is considered to be one of the 

ultimate hemotoxic metabolites associated with benzene-induced bone marrow 

suppression and leukemogenesis (Irons, 1985; Schattenberg et al., 1994; Schlosser et al., 

1989; Smart & Zannoni, 1984). BQ readily conjugates with glutathione (GSH) to give 2-

GS-HQ, 2-3-GS-HQ, 2-5-GS-HQ, 2-6-GS-HQ, and 2,3,5-GS-HQ (Lau et al., 1988a). 

These HQ-GSH conjugates are present in the bone marrow of rats following co-

administration of the benzene metabolites HQ and phenol (PHE) (Bratton et al., 1997).  

Because HQ-GSH metabolites have an enhanced capacity to redox cycle (Monks 

et al., 2010b) we suggest they play an important role in benzene-mediated hematotoxicity, 

via mechanisms involving the production of ROS and/or macromolecular arylation. ROS 

produced as a result of HQ-GSH redox cycling could enhance lipid peroxidation in the 

bone marrow and subsequently generate elevated levels of reactive 4HNE. Benzene 

exposure elevates ROS generation and lipid peroxidation in both the bone marrow and 

liver of rodents (Gaido & Wierda, 1987; S. Khan et al., 1990; W. A. Khan et al., 1984; 
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Subrahmanyam et al., 1991). HL60 cells treated with benzene metabolites, including BQ 

and 1,2,4-benzenetriol, exhibit increased levels of lipid peroxidation (Shen et al., 1996). 

Furthermore, PHE/HQ co-administration to rats results in the formation of 4HNE-protein 

adducts, as detected by western analysis with a 4HNE antibody (Lau et al., 2010).  

Herein we describe the use of high-resolution Orbitrap mass spectrometry, coupled 

with 1D/2D western blot analysis, to identify bone marrow protein targets of 

4HNE/4ONE, following co-administration of PHE/HQ to rats. Amino acid site specific 

protein adducts, identified near functional domains on these protein targets, were 3D 

modeled to assess potential structural alterations that may occur proximal or distal to the 

adduction sites, which could be of biological significance. Proteins adducted by 4HNE 

have been identified in other tissues previously (Carbone et al., 2004a; Carbone, Doorn, 

Kiebler, & Petersen, 2005b; Doorn & Petersen, 2002; Sampey et al., 2007; Smathers et al., 

2012; Stevens et al., 2007). Identifying 4HNE-adducted proteins in the bone marrow, and 

more importantly the specific amino acid site of electrophilic adduction, may be an 

important step in understanding additional hematotoxic mechanisms attributed to benzene 

and its reactive metabolites.   
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4.2.  MATERIALS AND METHODS 

4.2.1. Chemicals 

HQ and PHE were purchased from Sigma-Aldrich (St. Louis, MO). Cell Lysis 

Buffer (10×) was obtained from Cell Signaling Technology (Danvers, MA). Complete 

Protease Inhibitor Cocktail Tablets were a product of Roche USA (Madison, WI). 

Antibody sources were as follows: rabbit anti-4-hydroxy-2-nonenal (anti-4HNE), EMD 

Millipore (Billerica, MA); peroxidase labeled goat anti-rabbit IgG, Vector Laboratories 

(Burlingame, CA). Enhanced chemi-luminescent reagent (ECL) and Hyperfilm ECL were 

purchased from Amersham Life Science (Arlington Heights, IL).  

 

4.2.2  Animals 

Male and female SD rats (2 months old) were purchased from Harlan Sprague–

Dawley (Houston, TX) and used for experiments. All animals were housed on a 12 h 

light/dark cycle and allowed food and water ad libitum. Blood samples were collected in 

EDTA coated micro-cuvettes, BD Biosciences (Franklin Lakes, NJ), via the retro-orbital 

sinus and cardiocentesis. Consistent with humane practices, animals were anesthetized via 

pentobarbital injection prior to blood collection. Blood samples were submitted to 

University Animal Care Pathology Services (Tucson, AZ) for complete blood count and 

blood chemistry analysis. These pathology services use the Hemavet 950 Multispecies 

Hematology Analyser, Drew Scientific (Waterbury, CT), for blood cell count and blood 

chemistry analysis. 
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4.2.3  Treatment protocols and isolation of bone marrow protein 

Male Sprague-Dawley rats were co-administered PHE (1.1 mmol/kg) and HQ (0.9 

mmol/kg) dissolved in a vehicle consisting of 0.85% phosphate-buffered saline 

(PBS):ethanol (60:40). Protective clothing was used and proper ventilation ensured to 

limit exposure to HQ, a potential carcinogen. After 18 h animals were euthanized by 

pentobarbital overdose, and each femur was quickly removed, cleansed of muscle, and 

placed on ice. The epiphyseal plates of each femur were then removed, and the marrow 

was flushed with 5 mL of ice cold 0.85% PBS, pelleted under centrifugation (Eppendorf, 

Model 5804R) for 10 min at 13,500 rpm, and suspended in Cell Lysis Buffer with protease 

inhibitor. The cell suspensions were quickly probe sonicated for 30 s on ice, freeze–

thawed three times, and centrifuged (Eppendorf, Model 5415R) for 10 min at 13,500 rpm. 

The supernatant was then removed and stored at −80 °C. 

 

4.2.4.  Measurement of lipoperoxide levels (TBARS)  

 Lipid peroxide levels were determined using Cayman Chemical’s thiobarbituric 

acid reactive substances (TBARS) assay kit. The product of membrane lipid peroxidation, 

malondialdehyde (MDA), reacts with thiobarbituric acid (TBA), yielding a product that 

can be measured spectrophotometrically. Bone marrow lysate (50mg protein) was 

centrifuged at 3000 g following a 15 min addition of ice-cold 30% trichloroacetic acid, 

and 100 µl of the resulting supernatant was mixed with 100 µl of 10% SDS, followed by 

the addition of 4 mL of TBA Color Reagent (0.67% TBA diluted in equal volumes of 

sodium hydroxide and acetic acid). The mixture was heated for 60 min in vigorously 
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boiling water, then removed and incubated on ice for 10 min. After 10 min the mixture 

was centrifuged for 10 min at 1600 g, and 150 µl from the mixture was loaded to a 96 well 

plate and the absorbance was read at 535 nm. Lipid peroxide levels were expressed in 

terms of MDA content (µM) using 1,1’,3,3’-tetramethoxypropane as a standard. 

 

4.2.5.  1D electrophoresis and western analysis 

Bone marrow protein lysate (40 μg) and protein standards were loaded at 120 V 

(constant) through a 3% (w/v) acrylamide stacking gel and resolved at 140 V through the 

10% (w/v) acrylamide resolving gel. Proteins were transferred to PVDF 

electrophoretically in 0.015 M Tris and 0.12 M glycine buffer (pH 8.3) containing 20% 

(v/v) reagent grade methanol at 400 mA constant current for 1.5 h using a Biorad Trans-

Blot cell. (Towbin et al., 1992). Duplicate gels were stained with Imperial Blue total 

protein stain (Pierce, Rockford, IL). Transferred gels were stained with Imperial Blue to 

ensure efficiency of transfer. Only blots with efficient transfer were used for 

immunodetection.  

The blotted PVDF membrane was rinsed with TBS and blocked overnight in 5% 

milk (w/v) in TBS. Blots were incubated overnight at 4 °C with affinity-purified rabbit 

anti-BrHQ-NAC antibodies diluted 1:20 in TBS. Anti-2-BrHQ-NAC antibodies detect in 

vivo covalent protein adducts of 2-BrHQ, HQ, BQ, and their corresponding GSH 

conjugates (Kleiner et al., 1998b). Blots were incubated with goat anti-rabbit IgG (HRP-

labeled) diluted 1:3000 in TBST for 1 h at room temperature, washed and then incubated 

for 1 min in ECL solution. Finally blots were exposed to Hyperfilm ECL for 1–5 min, and 
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the stained duplicate gels were aligned with the western blot. The immunopositive bands 

from the parallel Imperial Blue stained gel were then subjected to in-gel digestion 

followed by LC–MS/MS for protein identification (see below). 

 

4.2.6.  2D gel electrophoresis 

 To purify protein samples in preparation for 2D gel electrophoresis (2DGE), 

homogenized bone marrow lysates (600 ug protein) were diluted to 2.5 mL with ddH2O 

and added to a PD-10 (GE Healthcare) disposable desalting column, eluted with 3.5 mL of 

ddH2O, then immediately frozen and lyophilized to dryness using a Labconoco Freeze 

zone 6 freeze dry system.  

Dried, purified proteins from bone marrow lysate were resolubilized in isoelectric 

focusing (IEF) rehydration buffer [6M urea, 2M thiourea, 2% Chaps (w/v), trace 

bromophenol blue, 100 mM dithiothreitol, 0.2% 3-10 Biolytes (Biorad)]. Protein (200µg) 

was aliquoted for Western blotting and 400 µg of protein was used for the stained gel. 

Proteins were separated by their relative IEF points using a linear pH 3-10 immobiline 

DryStrip (GE Healthcare) and a PROTEAN IEF Cell (Biorad). The IEF gel strip was 

rehydrated with the sample for 18 hours and the strips were then focused as described in 

the product short instructions. Briefly, 500 V was held for one hour then increased linearly 

to 1000 V over one hour, then 1000 V to 8000 V rapidly for 45000 V/hrs. The protein in 

the IEF strips was then equilibrated in 5 mL of equilibration solution (150 mM Tris-HCl, 

pH 8.8, 6M Urea, 30% v/v glycerol, 2% SDS with 2.5% DTT added for the first 15 

minutes and 2% iodoacetamide for the last 15 min). SDS-PAGE was carried out using a 
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Hoeffer apparatus with a self-poured 10% acrylamide gel run at 30 mA until the dye  front 

passed through the stacking gel, then at 60 mA through the remainder of the gel. One gel 

(400 µg protein loaded) was stained with Imperial Blue protein stain per manufacturer’s 

instructions (Thermo Pierce) and imaged with a ChemiDoc XRS System (BioRad). 

 

4.2.7. 2D Western Blot 

 The gel, containing 200 µg of loaded bone marrow protein lysate, was transferred 

to a PVDF membrane following 2-dimensional separation. The transfer was performed at 

20 V for 45 min. and 100 V for 90 min. Following completion of the transfer, the 

membrane was rinsed with TBS and blocked overnight in 5% milk (w/v) in TBS. The 

blocked membrane was washed and probed with anti-4HNE antibody (EMD Millipore) 

diluted 1:800 in TBST. Blots were incubated with goat anti-rabbit IgG (HRP-labeled) 

diluted 1:3000 in TBST for 1 h at room temperature, washed and then incubated for 1 min 

in ECL solution. Lastly, blots were exposed to Hyperfilm ECL for 1–5 min, and the 

stained duplicate gels were aligned with the western blot. The immunopositive bands from 

the parallel Imperial Blue stained gel were then subjected to in-gel digestion followed by 

LC–MS/MS for protein identification. 

 

4.2.8. Orbitrap LC-MS/MS analysis of 2D Samples 

Excised coomassie-stained protein gel spots, following 2D SDS-PAGE, were 

digested with trypsin (10 μg/mL) at 37oC overnight.  LC-MS/MS analysis of in-gel trypsin 

digested-proteins (Shevchenko et al., 1996) was carried out using a LTQ OrbitrapVelos 
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mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an 

Advionnanomate ESI source (Advion, Ithaca, NY), following ZipTip (Millipore, Billerica, 

MA) C18 sample clean-up according to the manufacturer’s instructions. Peptides were 

eluted from a C18 precolumn (100 μm id × 2 cm, Thermo Fisher Scientific) onto an 

analytical column (75 μm ID × 10 cm, C18, Thermo Fisher Scientific) using a 5-20% 

gradient of solvent B (acetonitrile, 0.1% formic acid) over 65 minutes, followed by a 20-

35% gradient of solvent B over 25 minutes, all at a flow rate of 400 nl/min. Solvent A 

consisted of water and 0.1% formic acid.  

Data dependent scanning was performed by the Xcalibur v 2.1.0 software (Andon 

et al., 2002) using a survey mass scan at 60,000 resolution in the Orbitrap analyzer 

scanning m/z 350-1600, followed by collision-induced dissociation (CID) tandem mass 

spectrometry (MS/MS) of the fourteen most intense ions in the linear ion trap analyzer. 

Precursor ions were selected by the monoisotopic precursor selection (MIPS) setting with 

selection or rejection of ions held to a +/- 10 ppm window.  Dynamic exclusion was set to 

place any selected m/z on an exclusion list for 45 seconds after a single MS/MS.  

All MS/MS spectra were searched against the ipiRat v 3.31 protein database 

downloaded on September 27, 2012 (http://www.ebi.ac.uk/IPI/IPImouse.html) using 

Thermo Proteome Discoverer 1.3 (Thermo Fisher Scientific). Variable modifications 

considered during the search included methionine oxidation (15.995 Da), cysteine 

carbamidomethylation (57.021 Da), as well as adduction of lysine, cysteine, or histidine 

residues by 4HNE (+156 Da) or 4ONE (+154), or adduction of lysine by 4HNE as a Schiff 

base adduct (+138 Da). At the time of the search, the ipiRat protein database contained 
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59,534 entries. Proteins were identified at 95% confidence with XCorr scores (Qian et al., 

2005) as determined by a reversed database search using the Percolator algorithm 

(http://per-colator.com) (Spivak et al., 2009). Identified modified peptides were 

considered with a q-value < 0.01 (Kall et al., 2008). 

 

4.2.9.  Molecular modeling of 4HNE modified proteins: 

The protein x-ray structures used for modeling amino acid modifications are 

available from protein databank (www.rcsb.org). Adducts were manually built using 

Sybyl 8.0 modeling software (Tripos Inc.). Charges were assigned using Gasteiger-Huckel 

method (Gasteiger & Marsili, 1980). Protein and adduct complexes were refined using 

5000 steps of Powell minimization method within Sybyl program. The refined complexes 

were then used to analyze the effects of adduct formation on proteins. 
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4.3. RESULTS 

4.3.1. Effect of PHE/HQ on peripheral blood counts and blood chemistry  

 Complete blood counts 18 h following co-administration of PHE/HQ (1.1/0.9 

mmol/kg, ip) to Sprague Dawley rats revealed significant reductions (85%) of peripheral 

blood lymphocyte counts when compared to normal values (Figure 4-2A). All other 

leukocyte and erythrocyte counts were within the normal range following exposure. 

Peripheral blood chemistry analysis revealed elevations in blood urea nitrogen (BUN) and 

creatinine content, both factors indicative of impaired renal function when elevated above 

normal ranges (Figure 4-2B).   
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Figure 4-2.  Effect of phenol/hydroquinone co-administration on peripheral blood 

lymphocyte counts and renal function parameters 
 
18 h following co-administration of phenol/hydroquinone, blood was drawn via 
cardiocentesis immediately after euthanasia and dispensed into an EDTA coated tube. (A) 
Lymphocyte cell counts were significantly reduced following PHE/HQ exposure. (B) 
Blood urea nitrogen and creatinine content, both measures of kidney health, were elevated 
in peripheral blood following PHE/HQ exposure.   
*N = 8, (p < 0.03) 
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4.3.2. Changes in MDA levels in bone marrow following exposure to PHE/HQ 

 We examined the extent of lipid peroxidation in the bone marrow of rats treated 

with PHE/HQ using the thiobarbituric acid reactive substances (TBARS) assay. This assay 

measures malondialdehyde (MDA) content, the primary aldehyde formed as a 

consequence of lipid peroxidation. Compared to control rat values, the levels of MDA 

were increased by 43% in the bone marrow of rats 18 h following co-administration of 

phenol/hydroquinone (Figure 4-3).  

 

 

 
Figure 4-3.  TBARS assay of bone marrow MDA content as a measure of lipid 

peroxidation following co-administration of PHE/HQ 
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4.3.3. 1D separation of bone marrow proteins and identification of 4HNE protein 

targets. 

 Rat femurs were excised 18 h following PHE/HQ co-administration and bone 

marrow tissue was flushed from the femurs and used to generate protein lysate. 1D 

western analysis confirmed 4HNE adducted proteins present in homogenized bone 

marrow of a phenol/hydroquinone treated rats, with fewer bands identified in the bone 

marrow of a control rats (Figure 4-4). The immunopositive bands present in the treated rat 

bone marrow displayed a wide range of molecular weights, and there existed some overlap 

of immunopositive bands between treated animals, at 25 kDa and at 65 kDa, suggesting 

that similar or identical proteins are being targeted by 4HNE following treatment of 

PHE/HQ. Control bone marrow showed an overlapping immunopositive band at 50 kDa in 

western (Figure 4-4a) and at 200 kDa and 70 kDa in another (Figure 4-4b). The 

immunopositive bands in the treated bone marrow, shown in numbered boxes in Figure 4-

4, were aligned with a corresponding Imperial Blue coomassie-stained gel and excised for 

LC-MS/MS analysis. Table 4-1 shows proteins identified in these immunopositive protein 

bands.  
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Figure 4-4.  1D western analysis of 4HNE adducted proteins in bone marrow of a 

PHE/HQ treated and a control, vehicle treated rat.  
 
Detection of 4HNE adducted proteins 18 h after co-administration of PHE/HQ. Bone 
marrow proteins from control and a treated rats were loaded into each lane and separated 
with a 10% SDS-PAGE gel, transferred to a PVDF membrane, and probed with anti-
4HNE rabbit antibodies. (A) Bone marrow protein from 4 PHE/HQ treated rats and one 
control was blotted with an anti-4HNE antibody donated by Dr. Dennis R. Petersen 
(University of Colorado Health Sciences Center). (B) Bone marrow protein from a 
PHE/HQ treated rat and a control were blotted with an anti-4HNE antibody purchased 
from EMD-Millipore.  The boxed, numbered immunopositive bands in the western blots 
(A) and (B) were excised from a corresponding coomassie-stained gel, digested with 
trypsin, and submitted for LC-MS/MS analysis.  
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4.3.4. 2D separation of bone marrow proteins and identification of 4HNE protein 

targets. 

 Protein lysate generated from the bone marrow of PHE/HQ treated rats was 

applied to a disposable size exclusion desalting column (GE Healthcare) to clean up the 

samples prior to first-dimension separation in duplicate on 13 cm IEF strips, with a non-

linear pH gradient of 3-10. Focused IEF strips were then separated in the second-

dimension by molecular weight in a 10% acrylamide gel as described above, transferred to 

a PVDF membrane, and blotted with an anti-4HNE antibody (EMD Millipore). Protein 

spots that were immunopositive for 4HNE in PHE/HQ treated rats were aligned with a 

parallel Imperial Blue coomassie-stained gel and excised for trypsin digestion and LC-

MS/MS analysis (Figure 4-5a). The proteins identified within these numbered spots can be 

seen in Table 4-1. As these proteins were identified in 4HNE-immunopositive western 

spots, they represent a list of proteins likely targeted by 4HNE following elevated lipid 

peroxidation in the bone marrow of treated rats. In some instances multiple proteins were 

identified in a single excised immunopositive spot, therefore without identification of the 

exact site of modification by 4HNE it is difficult to conclude if the adduct is present on 

one or all of these proteins. Similar protein targets were identified across the multiple 

westerns and animals analyzed (Table 4-1). Protein lysate from control animals was 

further analyzed by 2D Western and showed fewer 4HNE-immunopositive proteins than 

in PHE/HQ treated lysate (Figure 4-5b).  
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Figure 4-5.  2DGE immunochemical detection of 4HNE adducted proteins in bone 

marrow of PHE/HQ treated and control, vehicle treated rats.  
 
Bone marrow proteins from control and treated rats were focused within a pH 3-10 (non-
linear) IEF strip and resolved in the second dimension by molecular weight with a SDS-
PAGE gel, transferred to a PVDF membrane, and probed with anti-4HNE rabbit 
antibodies. (A) Represents coomassie-stained gels and the corresponding western blots for 
two PHE/HQ treated rats. Circled and numbered are the most intense immunopositive 
bands that could be matched to a corresponding coomassie-stained protein spot. These 
were excised, digested, and analyzed via LC-MS/MS. (B) Represents coomassie-stained 
gels and the corresponding anti-4HNE western blots for two control, vehicle treated rats. 
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Table 4-1.  Potential protein targets of 4HNE identified in immunopositive 
1D/2DGE spots. 

Protein 
Accession 
Number 

Protein Band/ 
Spot # 

Number of  
Unique Peptides 

% Amino Acid 
Coverage 

Molecular 
Mass (kDa) 

40S ribosomal protein SA P38983  4, 35 5, 14 17, 49 32,824 

78 kDa glucose-regulated protein P06761 10, 28 24, 11 41, 22 72,349 

Aconitate hydratase, 
mitochondrial 

Q9ER34 10, 16                17, 67 28, 53 85,436 

Actin, cytoplasmic 1 P60711  13, 27 22, 44 55, 79 41,738 

Adenosylhomocysteinase P10760  13, 22                8, 29 17, 58 47,539 

Aldehyde dehydrogenase, 
mitochondrial 

P11884  14 16 28 56,488 

Alpha Enolase P04764  12, 21 64, 8 74, 26 47,129 

Annexin A2 Q07936  14 4 18 38,680 

Annexin A5 P14668 31 9 36 35,746 

ATP Synthase subunit beta, 
mitochondrial 

P10719  6, 13 15, 43 42, 69 56,354 

Biliverdin reductase A Q6AZ33  23                11 36 33,566 

Calreticulin P18418  12, 37                23, 24 53, 36 47,997 

Carbonic Anhydrase 1 B0BNN3  1, 3, 24 12, 7, 29 68, 41, 84 28,300 

Carbonic Anhydrase 2 P27139  1, 3, 24 10, 6, 57 43, 24, 83 29,114 

Catalase P04762 11 49 62 59,758 

Cathepsin D P24268  13, 30                10, 4 30, 13 44,624 

Elongation factor 1-alpha 1 P62630  13 56 63 50,114 

Elongation factor 2 P05197  13, 21                16, 9 18, 13 95,286 

Eukaryotic translation initiation 
factor 3 

Q4G061 14 31 57 52,223 

Fibrinogen gamma chain, 
isoform gamma-B 

P02680 32 11 25 50,633 

Heat shock 70 kDa protein 
1A/1B 

Q07439 11, 18 7, 58 12, 61 70,187 

Hemoglobin alpha 2 chain B1H216  1, 7, 24, 33 6, 8, 9, 10 58, 58, 66, 51 15,284 

Hemoglobin subunit beta-1 P02091  1, 4, 7, 24, 34 10, 5, 11, 8, 11 84, 37, 73, 50, 54 15,979 

Lamin B-1 P70615 11, 29 13, 7 26, 16 66,608 

Lymphocyte cytosolic protein 1 Q5XI38  19 32 53 70,125 

Myosin-9 Q62812  8 173 57 226,344 

Peroxiredoxin-2 P35704  36 9 26 21,784 

Protein disulfide isomerase A1 P04785 6 18 39 56,953 

Protein disulfide isomerase A3 P11598  12, 26 13, 14 26, 34 56,625 

Protein disulfide isomerase A6 Q63081  12 29 58 48,761 

Serotransferrin P12346 10, 17              100, 76 71, 57 76,395 

Serum Albumin P02770 2, 5, 19, 25 25, 36, 27, 30 44, 47, 48, 41 68,731 

Stress induced phosphoprotein 1 O35814  11, 20 33, 78 48, 74 62,572 

Topoisomerase 2-alpha P41516  9 14 10 173,227 

Vinculin P85972 15 90 70 116,617 
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4.3.5. Identification of site specific amino acid modifications by 4HNE on bone 

marrow proteins from PHE/HQ treated rats. 

 The antibodies used in our proteomic investigation have previously been shown to 

detect 4HNE bound to lysine, histidine, and cysteine amino acid residues.  Spectra 

generated from the LC-MS/MS analysis of 4HNE-immunopositive protein 1D bands and 

2D spots were analyzed using Thermo Proteome Discover 1.3 for the presence of site-

specific amino acid 4HNE-modifications.  Of the 35 proteins identified in 4HNE-

immunopositive protein bands from PHE/HQ treated rats (Table 4-1), adducts were 

detected on 11 of these proteins. 4HNE adducts were identified on Lys, His, and Cys 

residues within individual peptides, shown in Table 4-2. To summarize, 4HNE adducts 

(+156 Da MW shift) were detected on 429H of adenosylhomocysteinase, on 417H of ATP 

synthase subunit beta, on 137C and 377K of calreticulin, on 63H of catalase, on 121C of 

eukaryotic translation initiation factor 1-alpha 1, on 603C of heat Shock 70 kDa protein 

1A/1B, on 85K and 216K of protein disulfide isomerase A6, and on 236K and 604H of 

serotransferrin. On elongation factor 1 alpha, 5K, 7H, 244K, and 273K were found modified 

by 4HNE. On myosin-9, 102K, 1373K, 26C, 1868K, 99H, and 102K were found modified by 

4HNE. 4ONE adducts (+154 MW shift) were detected on 279H of bilverdin reductase A 

and on 26C of myosin 9. The spectra of each of these identified site-specific amino acid 

modifications, including peptide sequence coverage by the corresponding b/y ions, are 

shown in Figures 4-6 through 4-9. 

 It should be noted that some of the site specific modifications identified were seen 

on more than one unique peptide. This includes the 4HNE-modified 417H of ATP synthase 
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subunit beta, 63H of catalase, and 236K of serotransferrin. On myosin-9, 26C was found 

modified by 4ONE in two unique peptides. In all, 27 unique 4HNE/4ONE modified 

peptides were identified in the excised protein samples submitted for LC-MS/MS analysis. 

The adducts presented here were seen in immunopositive bands excised from the 1D 

separation of bone marrow proteins of PHE/HQ treated rats in Figure 4-4B, and from 

bands excised from the 2Ds shown in Figure 4-5A. No site-specific adducts were detected 

in the immunopositive bone marrow protein samples from treated rats analyzed in Figure 

4-4A. 
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Table 4-2. Summary of site-specific amino acid adducts by 4HNE found in 

immunopositive gel bands.  
 
The above table shows all peptides and corresponding proteins that contain a modification 
of either a +156 (4HNE) or +154 (4ONE). A modification of +16 is an oxidation on 
methionine, and a modification of +57 represents the carbamidomethylation of cysteine. 
The ID # column lists the immunopositive protein bands/spots in Figure 4-4 and Figure 4-
5 that were excised and digested for LC-MS/MS analysis. Bold case letters in the peptide 
sequence represent amino acids that contain a modification. The modified residue and 
corresponding adduct mass shift are shown in the modification column. Scores for Sequest 
(XCorr) and q-values for the modified peptides are shown. All peptides identified were 
triply charged. 
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Figure 4-6.  LC-MS/MS spectra for 4HNE-adducted tryptic peptides from 
adenosylhomocysteinase, ATP synthase subunit beta, biliverdin 
reductase A, and calreticulin.  

 
Above each MS/MS spectra is the amino acid sequence for the adducted peptide 
identified. The adducted residues are identified in lower-case, and the adduct mass is 
shown in parentheses. The brackets flanking the amino acids illustrate sequence coverage 
by b/y fragment ions whose masses were matched to peaks within the observed spectra. 
The colored horizontal bars in the spectra indicate the mass difference that confirms the 
presence of amino acids. The vertical lines represent matches between theoretical and 
experimental fragment ion masses. Both horizontal and vertical lines are color-coded to 
indicate the ion type (b ions are orange, y ions are blue). (A) A 4HNE (+156) adduct was 
identified on 429H of adenosylhomocysteinase. (B) A 4HNE (+156) adduct was identified 
on 417H of ATP synthase subunit beta, in addition to an oxidation (+16) on 409M. (C) 
Another unique 4HNE (+156) adduct was identified on 417H of ATP synthase subunit beta.  
(D) A 4HNE (+156) adduct was identified on 279H of biliverdin reductase A, with an 
oxidation (+16) on 278M. (E)  A 4HNE (+156) adduct was identified on 377K of 
calreticulin. (F) A 4HNE (+156) adduct was identified on 137C of calreticulin, with an 
oxidation (+16) on 131M. 
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Figure 4-7.  LC-MS/MS spectra for 4HNE-adducted tryptic peptides from catalase, 

elongation factor 1 alpha 1, eukaryotic translation initiation factor 3, 
and heat shock 70 kDa 1A/1B.  

 
Above each MS/MS spectra is the amino acid sequence for the adducted peptide 
identified. The adducted residues are identified in lower-case, and the adduct mass is 
shown in parentheses. The brackets flanking the amino acids illustrate sequence coverage 
by b/y fragment ions whose masses were matched to peaks within the observed spectra. 
The colored horizontal bars in the spectra indicate the mass difference that confirms the 
presence of amino acids. The vertical lines represent matches between theoretical and 
experimental fragment ion masses. Both horizontal and vertical lines are color-coded to 
indicate the ion type (b ions are orange, y ions are blue). (A) A 4HNE (+156) adduct was 
identified on 63H of catalase, with an oxidation (+16) on 61M. (B) Another unique 4HNE 
(+156) adduct was identified on 63H of catalase. (C) A 4HNE (+156) adduct was identified 
on 5K of elongation factor 1 alpha 1.  (D) A 4HNE (+156) adduct was identified on 244K of 
elongation factor 1 alpha 1, with a carbamidomethyl group (+57) on 234C. (E)  A 4HNE 
(+156) adduct was identified on 273K of elongation factor 1 alpha 1, with an oxidation 
(+16) on 276M. (F) A 4HNE (+156) adduct was identified on 121C of eukaryotic translation 
initiation factor 3, subunit M. (G) A 4HNE (+156) adduct was identified on 603C of heat 
shock 70 kDa protein 1A/1B. 
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Figure 4-8.  LC-MS/MS spectra for 4HNE-adducted tryptic peptides from myosin-
9  

 
Above each MS/MS spectra is the amino acid sequence for the adducted peptide 
identified. The adducted residues are identified in lower-case, and the adduct mass is 
shown in parentheses. The brackets flanking the amino acids illustrate sequence coverage 
by b/y fragment ions whose masses were matched to peaks within the observed spectra. 
The colored horizontal bars in the spectra indicate the mass difference that confirms the 
presence of amino acids. The vertical lines represent matches between theoretical and 
experimental fragment ion masses. Both horizontal and vertical lines are color-coded to 
indicate the ion type (b ions are orange, y ions are blue). (A) A 4ONE (+154) adduct was 
identified on 26C. (B) Another unique 4ONE (+154) adduct was identified on 26C. (C) 
4HNE (+156) adducts were identified on 91C and 99H of the same peptide. (D) A 4HNE 
(+156) adduct was identified on 102K, with an oxidation (+16) on 86M and a 
carbamidomethyl group (+57) on 91C. (E) Another unique 4HNE (+156) adduct was 
identified on 102K, also with an oxidation (+16) on 86M and a carbamidomethyl group 
(+57) on 91C. (F) A 4ONE (+154) adduct was identified on 1024K, with an oxidation (+16) 
on 1028M. (G) A 4HNE (+156) adduct was identified on 1373K, with an oxidation (+16) on 
1374M and a carbamidomethyl group (+57) on 1380C. (H) A 4HNE (+156) adduct was 
identified on 1868K.  
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Figure 4-9.  LC-MS/MS spectra for 4HNE-adducted tryptic peptides from protein 
disulfide isomerase A6 and serotransferrin.  

 
Above each MS/MS spectra is the amino acid sequence for the adducted peptide 
identified. The adducted residues are identified in lower-case, and the adduct mass is 
shown in parentheses. The brackets flanking the amino acids illustrate sequence coverage 
by b/y fragment ions whose masses were matched to peaks within the observed spectra. 
The colored horizontal bars in the spectra indicate the mass difference that confirms the 
presence of amino acids. The vertical lines represent matches between theoretical and 
experimental fragment ion masses. Both horizontal and vertical lines are color-coded to 
indicate the ion type (b ions are orange, y ions are blue). (A) A 4HNE (+156) adduct was 
identified on 85K of protein disulfide isomerase A6. (B) A 4HNE (+156) adduct was 
identified on 216K of protein disulfide isomerase A6. (C) A 4HNE (+156) adduct was 
identified on 236K of serotransferrin.  (D) Another unique 4HNE (+156) adduct was 
identified on 236K of serotransferrin. (E)  A 4HNE (+156) adduct was identified on 604H of 
serotransferrin, with a carbamidomethyl group (+57) on 596C. 
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4.4. DISCUSSION 

 Co-administration of PHE/HQ to rats resulted in an elevation of bone marrow lipid 

peroxidation, evidenced by the detected rise in MDA content (Figure 4-3) and increased 

number of 4HNE-immunopositive proteins in the bone marrow of treated rats (Figures 4-

4, 4-5). We have analyzed 37 immunopositive protein bands/spots using high resolution 

Orbitrap LC-MS/MS and identified 35 potential targets of 4HNE adduction (Table 4-1). 

Within these targeted proteins, 4HNE adducted amino acid sites were observed on 11 

unique proteins, some having multiple individual sites modified (Table 4-2). Site-specific 

adducts were identified by both 4HNE and 4ONE, occurring on nucleophilic Lys, His, and 

Cys residues via a Michael addition mechanism (+156/+154).  

Lys adducts were most abundant, accounting for 11 of the unique adduction sites 

observed, followed by His with 7 identified adduction sites, and Cys with 5.  The general 

reactivity of the nucleophilic side chain of Cys towards 4HNE is known to be greater than 

that of His and Lys (Esterbauer et al., 1991a). The higher relative frequency of His and 

Lys residues in the global proteome and/or the inaccessibility of Cys residues in solvent 

un-exposed regions of proteins could account for the comparatively lower number of Cys 

modifications detected. Other mass spectrometric analyses of 4HNE-protein targets have 

also identified predominantly His and Lys adducts (Smathers et al., 2012; Stevens et al., 

2007; Szapacs et al., 2006). No Schiff base Lys adducts (+138) were observed in the 

protein samples analyzed. 

Proteins with a broad range of functions were identified as potential targets of 

4HNE/4ONE (Tables 4-1, 4-2).   It is therefore difficult to suggest exactly how these 
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4HNE-modifications would lead to subsequent bone marrow toxicity, especially when the 

adducted form of a protein is typically in lower abundance than its native form (Koen et 

al., 2007). It is likely that 4HNE’s contribution to the observed hematotoxicity following 

PHE/HQ exposure involves the cumulative effect of the some or all of the lipid 

electrophile’s protein adductome.  

Mitochondrial proteins, including aconitate hydratase, aldehyde dehydrogenase, 

and ATP synthase subunit β, were identified as 4HNE targets, suggesting that the 

mitochondria itself is a target of reactive lipid electrophiles. Additionally, a site specific 

4HNE modification was detected on 417H of ATP synthase subunit β. Damage to 

mitochondrial function could impair cellular energy generation, and trigger events leading 

to the onset of necrotic cell death. Aldehyde dehydrogenase in particular plays a major 

role in mitochondrial aldehyde detoxication, and inhibition of this enzyme by 4HNE 

adduction could further predispose the mitochondria to additional damage (Endo et al., 

2009). Aconitate hydratase catalyzes the conversion of citrate to isocitrate in the 

tricarboxylic acid (TCA) cycle, and enzymatic activity has been shown to be inhibited 

following oxidative modifications of its iron-sulfur center (Powell & Jackson, 2003). 

Inhibition of aconitate hydratase following 4HNE adduction could potentially lower the 

rate of ATP synthesis by increasing mitochondrial levels of citrate. 4HNE also targeted 

cytoskeletal proteins, including actin cytoplasmic 1, myosin-9, and vinculin. In cultured 

cardiomyocytes, 4HNE exposure profoundly disrupted several cytoskeletal structures 

including the adduction of vinculin by 4HNE (VanWinkle et al., 1994). 
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Topoisomerase IIα was identified in a 4HNE-immunopositive band from a 

PHE/HQ treated rat. Other than benzene, topoisomerase IIα inhibitors are among the few 

known inducers of acute myeloid leukemia (Felix, 2001). The reactive quinone 

metabolites of benzene are potent inhibitors of topoisomerase II activity, and this 

inhibition is hypothesized to play a role in the induction of cell death and abnormal 

chromosomal translocations seen in benzene-induced hematotoxicity (M. T. Smith, 

1996b). Whether 4HNE-adduction can contribute to the inhibition of topoisomerase II 

activity will be the focus of future studies. 

Multiple endoplasmic reticulum chaperone proteins that participate in the cellular 

stress response and protein folding were also identified as targets of 4HNE, including 78 

kDa glucose-regulated protein, calreticulin, heat shock 70 kDa protein 1A/1B, and three 

protein disulfide isomerase proteins (PDIA1, PDIA3, and PDIA6). Site-specific 4HNE 

adducts were detected in-vivo on 377K and 137C of calreticulin, on 603C of heat shock 70 

kDa protein 1A/1B, and on 85K and 216K of protein disulfide isomerase A6. These proteins 

play vital roles in ensuring cell development, cell cycle progression, and appropriate 

responses to changes in the cellular environment. Modification of these enzymes by 4HNE 

could severely limit the synthesis of new proteins, while misfolded protein aggregation 

would consequently lead to an unfolded-protein response (UPR) and cell death (Bernales 

et al., 2006). Heat shock and protein disulfide isomerase proteins have been previously 

identified as targets of 4HNE in animal models of alcoholic liver disease. Subsequent in 

vitro reactions of 4HNE with purified PDIA1 or HSP72 demonstrated inhibition of their 

respective enzymatic activities. Although an in-vivo 4HNE adduct on an active site Cys 
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was detected on PDIA1, no in-vivo adducts were identified on HSP72 (Carbone et al., 

2004b; Carbone, Doorn, Kiebler, & Petersen, 2005c). 

Of the 35 potential protein targets of 4HNE in this study, 21 have been identified 

as targets of 4HNE in other tissues. Table 4-3 illustrates the overlap of bone marrow 

4HNE protein targets with targets identified in the liver, brain, muscle, blood, and adipose 

tissue. Some of these overlapping targets were identified following in-vitro reactions of 

purified cellular protein with 4HNE. Of the 11 bone marrow protein targets identified with 

amino acid site-specific 4HNE modifications, only adenosylhomocysteinase, biliverdin 

reductase A, and eukaryotic translation initiation factor 3 did not overlap with the 4HNE 

targets seen in other tissues.  

On two unique peptides, 63H of catalase was found modified by 4HNE in the bone 

marrow of a PHE/HQ treated rat. Catalase is a known protein target of 4HNE that may be 

associated with the pathogenesis of systemic lupus erythematosus (SLE) (D'souza et al., 

2008). It also should be noted that the 417H residue of ATP synthase subunit β, found 

adducted in two unique peptides from a PHE/HQ treated rat, was previously observed as a 

target of 4HNE adduction in isolated forebrain cortex and subcortical mitochondria 

incubated ex vivo with 4HNE (Stevens et al., 2007). This residue is not located in the 

nucleotide binding region that spans residues 206 - 213 (J. E. Walker et al., 1982).  

Altogether, the observed overlap of 4HNE targeted proteins between different tissues 

suggests a level of specificity for 4HNE protein adduction in diseases involving elevated 

oxidative stress and lipid peroxidation.   
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Table 4-3.  Common protein targets of 4HNE adduction identified in other tissues 

Protein 
Accession 
Number 

Tissue Species 

78 kDa glucose-regulated protein P06761 Colon cancer (RKO) cells  
Liver 

Human (Vila A et al. 2008) 
Mouse (Rabek JP et al. 2003)  

Aconitate hydratase, 
mitochondrial 

Q9ER34 Ventilatory muscle 
Brain 
Skeletal muscle 

Rat (Hussain et al. 2006) 
Rat (Stevens SM et al. 2007) 
Rat (Meany DL et al. 2007) 

Actin, cytoplasmic 1 P60711  Brain 
Skeletal muscle 
Heart 

Rat (Stevens SM et al. 2007) 
Rat (Barreiro E et al. 2004)  
Rat (Marin-Corral J et al. 2010) 

Aldehyde dehydrogenase, 
mitochondrial 

P11884  Purified liver protein 
Liver 
Recombinant protein 
Skeletal muscle 
Adipose Tissue 
Heart 

Rat (Mitchell DY et al. 1991) 
Rat (Luckey SW et al. 1999) 
Human (Doorn JA et al. 2006) 
Rat (Meany DL et al. 2007) 
Mouse (Grimsrud PA et al. 2007) 
Rat (Marin-Corral J et al. 2010) 

Alpha Enolase P04764  HL60 cells 
Spinal cord 
Monocytic (THP-1) cells 

Human (Gentile F et al. 2009)  
Mouse (Perluigi M et al. 2005) 
Human (Chavez J et al. 2010) 

ATP Synthase subunit beta, 
mitochondrial 

P10719  Brain 
Skeletal muscle 

Rat (Stevens SM et al. 2007) 
Rat (Meany DL et al. 2007) 

Calreticulin P18418  Liver Mouse (Rabek JP et al. 2003) 

Carbonic Anhydrase  B0BNN3/ 
P27139  

Ventilatory muscle 
Quadricep muscle 
Monocytic (THP-1) cells 

Rat (Hussain et al. 2006) 
Human (Barreiro E et al. 2005) 
Human (Chavez J et al. 2010) 

Catalase P04762 Blood Human (D’souza A et al. 2008) 

Elongation factor 1-alpha 1 P62630  Adipose tissue Mouse (Grimsrud PA et al. 2007) 

Heat shock 70 kDa protein 
1A/1B 

Q07439 Colon cancer (RKO) cells 
Liver 
Spinal cord 

Human (Vila A et al. 2008)  
Rat (Carbone DL et al. 2004) 
Mouse (Perluigi M et al. 2005) 

Hemoglobin alpha 2 chain B1H216  Blood 
Blood 

Rat (Madian AG et al. 2011) 
Human (Kautiainen A et al. 1992) 

Hemoglobin subunit beta-1 P02091  Blood 
Blood 

Rat (Madian AG et al. 2011) 
Human (Kautiainen A et al. 1992) 

Myosin-9 Q62812  Adipose tissue 
Heart 

Mouse (Grimsrud PA et al. 2007) 
Rat (Marin-Corral J et al. 2010) 

Peroxiredoxin-2 P35704  Liver 
Colon cancer (RKO) cells 
Skeletal muscle 
Adipose tissue 

Rat (Roede JR et al. 2008) 
Human (Vila A et al. 2008) 
Rat (Meany DL et al. 2007) 
Mouse (Grimsrud PA et al. 2007) 

Protein disulfide isomerase A1 P04785 Liver 
Monocytic (THP-1) cells 

Mouse (Rabek JP et al. 2003) 
Human (Chavez J et al. 2010) 

Protein disulfide isomerase A3 P11598  Colon cancer (RKO) cells 
Monocytic (THP-1) cells  

Human (Vila A et al. 2008)  
Human (Chavez J et al. 2010) 

Serotransferrin P12346 Blood Rat (Kim CH et al. 2006) 

Serum Albumin P02770 Blood 
Blood 
Blood 

Rat (Kim CH et al. 2006) 
Human (Szapacs et al 2006) 
Rat (Madian AG et al. 2011) 

Stress induced phosphoprotein 1 O35814  Monocytic (THP-1) cells Human (Chavez J et al. 2010) 

Vinculin P85972 Cardiac myocytes Rat (VanWinkle BW et al. 1993) 
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Literature analysis of the 24 unique 4HNE-adducted amino sites identified in the 

present study revealed 15 sites of adduction that exist on specific amino acids or within 

peptide regions associated with protein function. These adducted residues are summarized 

in Table 4-4. A 4ONE adduct was identified on 279H of biliverdin reductase A, a Zn-

metalloprotein involved in cellular signal transduction pathways, gene expression, and 

oxidative response.  At the cell surface, this enzyme converts biliverdin to bilirubin, and 

upon the binding of biliverdin it initiates a signaling cascade involving PI3K, activation of 

Akt, and downstream production of IL-10 (Wegiel et al., 2009). 279H is one of four 

residues in the carboxyl terminus of the enzyme involved with Zn binding, providing the 

tertiary folding that is essential for its enzymatic activity (Maines et al., 1996). 

Obstruction of Zn binding at this His residue as a result of 4ONE adduction could prevent 

proper folding of the enzyme and inhibit its ability to trigger an oxidative-stress response.  

A 4HNE adduct was observed on 604H of serotransferrin, a protein responsible for 

maintaining iron homeostasis in erythroid precursors in bone marrow (Macedo & de 

Sousa, 2008). Serotransferrin contains two high-affinity Fe(III) binding sites that each 

contain conserved Tyr, Asp, His, and Arg residues that hexacoordinate a Fe(III) ion 

(Pierce et al., 1991). Based on sequence homology between species, 604H is the histidine 

residue on rat serotransferrin believed to bind Fe(III) in the C-terminal region of the 

protein (www.uniprot.org/uniprot/P12346). 4HNE adduction at this His residue may 

prevent the coordination of Fe(III) to an iron binding site, consequently reducing the 

availability of iron for erythrocyte production in the bone marrow. 
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 To assess potential changes in tertiary structure or substrate binding that may occur 

as a result of 4HNE adduction, relevant structural models from the RCSB Protein Data 

Bank (www.pdb.org) for identified protein targets were modified to include the site 

specific 4HNE adducts observed. Figures 4-10 through 4-18 illustrate the 3D models 

generated. Each figure includes the native protein structure (blue) overlaid with the 

4HNE-modified (green) structure. Each of the 4HNE modifications modeled appears to 

occur on solvent-exposed regions of proteins. Of all the 3D models, only the 216K 4HNE 

adduct on protein disulfide isomerase A6 appears to cause major spatial rearrangement 

compared to the native protein structure. This rearrangement is in the C-terminus spanning 

residues 271-286 (Figure 4-15). The amino acid residues that contribute to the redox 

potential value of the protein disulfide isomerase A6, highlighted in purple on the native 

protein, do not appear to shift following 4HNE adduction.  However, it is still possible 

that the change in C-terminal structure could interfere with protein-protein interaction or 

with the overall activity of this protein.   

 In other 3D models generated, despite a lack of major spatial rearrangement 

following 4HNE adduction, minor structural alterations predicted to occur in substrate 

binding areas appeared to have a noticeable effect on the hydrogen bonding surface 

calculated around the protein’s respective substrate. Noticeable changes in hydrogen 

bonding around the ligands of adenosylhomocysteinase and catalase are predicted in the 

3D models of these proteins following 4HNE adduction (Figure 4-10, Figure 4-13). The 

formation of ligand-protein complexes depends on hydrogen bonding, as these forces 

confer the recognition, orientation, and affinity of a protein towards its substrate (Kubinyi, 



 
 
 

149 
 

 

2007). Unexpected affinity changes for ligand-protein interaction following 4HNE 

adduction could therefore result in altered protein activity.  

The 137C of calreticulin, found adducted by 4HNE, is known to form an 

intramolecular disulfide linkage with 163C (C. Hong et al., 2010). The 3D model of this 

calreticulin adduct in Figure 4-12 reveals that the adducted residue is also in close 

proximity to the substrate binding pocket of the protein. The effect of proximity to the 

substrate combined with the loss in disulfide bonding between 137C and 163C appears to 

alter the predicted hydrogen bonding surface around the substrate (Figure 4-12B and 

Figure 4-12C), which could negatively impact calreticulin’s enzymatic activity.  
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Table 4-4. 4HNE adducts detected on amino acids on sites or within regions with 
potential protein structural/functional implications. 

 
 

Protein Modification(s) Functional Implications 

Adenosylhomocysteinase 429H+156 429H is within a nucleotide (NAD) binding 
region of adenosylhomocysteinase (426 - 430). 

Bilverdin reductase A 278M+16, 279H+156 279H is a zinc-binding amino acid in bilverdin 
reductase A. A C280A mutation causes reduced 
activity of this protein (McCoubrey & Maines, 
1994). 

Calreticulin 377K+156 
131M+16, 137C+156 

377K is in C-domain of calreticulin 
137C is involved in a disulfide bond with 163C 
within the N-domain of the protein. 

Catalase 61M+16, 63H+156 63H is in proximity  to the active site H75 of 
catalase. 

Heat shock 70 kDa protein 1A/1B 603C+156 603C is within the C-terminal molecule 
processing chain of heat shock 70 kDa protein 
1A/1B. The C-terminal domain is rich in alpha-
helical structures, which act as a ‘lid’ for the 
substrate binding domain. Adduction by 4HNE 
within this domain could impair substrate 
binding 

Myosin-9 86M+16, 91C+57, 102K+156  
1373K+156, 1374M+16, 1380C+57  

1024K+154, 1028M+16 
1868K+156 

26C+154  

102K and 1024K are targets for N-acetylation in 
myosin-9. 
1373K, 1024K, and 1868K are within the coiled-coil 
region (841 - 1927) of myosin-9. 
26C is within the myosin head-like region (2 - 
778). 

Protein disulfide isomerase A6 85K+156 
216K+156 

85K is in thioredoxin 1 domain of protein 
disulfide isomerase A6.  
216K is in thioredoxin 2 domain. 

Serotransferrin 236K+156 
596C+57, 604H+156 

236K is in the transferrin-like 1 domain of 
serotransferrin (25 - 347). 
604H is an iron metal binding site in transferrin-
like 2 domain (360 - 683). 

 
Each identified adducted peptide sequence had a “q-value” < 1 
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Figure 4-10.  Molecular model of adenosylhomocysteinase adducted with 4HNE on 

429H. 
 
LC-MS/MS analyses revealed 429H adducted with 4HNE. (A) The modified protein 
(green) is overlaid with the native protein (blue). The 4HNE adduct and adducted side 
chain are in red. Purple regions are known functional sites on adenosylhomocysteinase. 
The protein substrate (NAD) is in yellow. (B) Using Discovery Studio 3.5, a hydrogen-
bonding surface was generated around the NAD ligand of the native protein. (C) The H-
bonding surface around the NAD ligand of the 4HNE modified protein. 
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Figure 4-11.  Molecular model of biliverdin reductase A adducted with 4ONE on 

279H. 
 
LC-MS/MS analyses revealed 279H adducted with 4ONE. The modified protein (green) is 
overlaid with the native protein (blue). The 4ONE adduct and adducted histidine side 
chain are in red. 279H is a predicted zinc-binding amino acid in biliverdin reductase A. 
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Figure 4-12.  Molecular model of calreticulin adducted with 4HNE on 137C. 
 
LC-MS/MS analyses revealed 137C adducted with 4HNE. (A) The modified protein 
(green) is overlaid with the native protein (blue). The 4HNE adduct and adducted cysteine 
side chain are in red. Purple regions are known functional sites on calreticulin. The protein 
carbohydrate substrate is in yellow (B) Using Discovery Studio 3.5, a hydrogen-bonding 
surface was generated around the NAD ligand (green) of the native protein. (C) The H-
bonding surface around the NAD ligand of the 4HNE modified protein. 
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Figure 4-13.  Molecular model of catalase adducted with 4HNE on 63H. 
 
LC-MS/MS analyses revealed 63H adducted with 4HNE. (A) The modified protein (green) 
is overlaid with the native protein (blue). The 4HNE adduct and adducted histidine side 
chain are in red. Purple regions are known functional sites on catalase. The protein ligand 
is in yellow (B) Using Discovery Studio 3.5, a hydrogen-bonding surface was generated 
around the ligand of the native protein. (C) The H-bonding surface around the ligand of 
the 4HNE modified protein. 
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Figure 4-14.  Molecular model of heat shock 70 kDa protein adducted with 4HNE on 

603C. 
 
LC-MS/MS analyses revealed 603C adducted with 4HNE. The modified protein (green) is 
overlaid with the native protein (blue). The 4HNE adduct and adducted cysteine side chain 
are in red.  
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Figure 4-15.  Molecular model of protein disulfide isomerase A6 adducted with 

4HNE on 216K. 
 
LC-MS/MS analyses revealed 216K adducted with 4HNE. 216K is within the thioredoxin 2 
domain of protein disulfide isomerase A6. (A) The modified protein (green) is overlaid 
with the native protein (blue). The 4HNE adduct and adducted lysine side chain are in red. 
Purple regions are known functional sites on protein disulfide isomerase A6. (B) The same 
model as (A), rotated to visualize the functional sites on protein disulfide isomerase A6. 
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Figure 4-16.  Molecular model of protein disulfide isomerase A6 adducted with 

4HNE on 85K. 
 
LC-MS/MS analyses revealed 85K adducted with 4HNE. 85K is within the thioredoxin 1 
domain of protein disulfide isomerase A6. (A) The modified protein (green) is overlaid 
with the native protein (blue). The 4HNE adduct and adducted lysine side chain are in red. 
Purple regions are known functional sites on protein disulfide isomerase A6. 
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Figure 4-17.  Molecular model of serotransferrin adducted with 4HNE on 604H. 
 
LC-MS/MS analyses revealed 604H adducted with 4HNE. 604H is an iron metal binding site 
in the transferrin like 2 domain of serotransferrin. The modified protein (green) is overlaid 
with the native protein (blue). The 4HNE adduct and adducted side chain are in red. 
Purple regions are known functional sites on serotransferrin. The protein substrate (citric 
acid) is in yellow. 
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Figure 4-18.  Molecular model of serotransferrin adducted with 4HNE on 236K. 
 
LC-MS/MS analyses revealed 236H adducted with 4HNE. The modified protein (green) is 
overlaid with the native protein (blue). The 4HNE adduct and adducted side chain are in 
red. Purple regions are known functional sites on serotransferrin. The protein substrates 
citric acid and glycerol are in yellow. 
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 In summary, our proteomic analysis of bone marrow proteins from rats treated 

with phenol/hydroquinone identified 35 potential protein targets of 4HNE and amino acid 

site specific 4HNE modifications on 11 of these proteins. To the best of our knowledge, 

this is the first time targets of 4HNE have been identified in the bone marrow. We 

hypothesize that the adduction of these proteins, particularly those involved with 

mitochondrial function and protein folding will enhance the hematotoxicity of benzene 

metabolites in the bone marrow.   
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CHAPTER 5: THE GSH-CONJUGATED QUINONE METABOLITES OF 

BENZENE ARE POTENT INHIBITORS OF TOPOISOMERSE II 

5.1.  INTRODUCTION 

  Occupational exposure to benzene is associated with the development of acute 

myeloid leukemia (AML) and other hematological disorders (Goldstein, 1977; Infante et 

al., 1977; Rinsky et al., 1981; Yin et al., 1987b). Despite extensive research, the 

mechanism of benzene-induced myelotoxicity and leukemogenesis remains unclear. It is 

generally accepted that biotransformation of benzene is essential for its toxicity (Andrews 

et al., 1977; Ikeda & Otsuji, 1971), where metabolism leads to the generation of 

metabolites with the potential to covalently bind cellular nucleic acids or proteins (Snyder, 

2007b). However, due to the complexity of benzene’s metabolic pathways and the 

numerous species generated, the specific metabolites and the corresponding cellular 

targets responsible for benzene’s carcinogenic effects are not fully elucidated. 

Hepatic cytochrome P450 enzymes oxidize benzene to various phenolic 

compounds, including HQ, phenol, catechol, 1,2,4-benzenetriol, and trans,trans-

muconaldehyde (Kalf, 1987; Parke & Williams, 1953; Snyder & Kocsis, 1975). 

Myeloperoxidase (MPO) and/or phenoxy-radical mediated oxidation of these metabolites 

in the bone marrow theoretically initiates redox cycling and formation of reactive 

electrophiles, notably BQ, which is considered to be one of the ultimate hematotoxic 

metabolites of benzene (Irons, 1985; Schlosser et al., 1989).  

BQ readily conjugates with glutathione (GSH) to give 2-GS-HQ, 2,3-GS-HQ, 2,5-

GS-HQ, 2,6-GS-HQ, and 2,3,5-GS-HQ (Lau et al., 1988a). These HQ-GSH conjugates are 
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present in the bone marrow of rats and mice following co-administration of benzene 

metabolites phenol/HQ (Bratton et al., 1997). While depletion of cofactors for 

glucuronidation and sulfation increases the amount of free HQ and phenol in the bone 

marrow, it will also increase the fraction available for oxidation and GSH conjugation. 

Elevation of HQ-GSH conjugates in the bone marrow would be critical as 2,6-GS-HQ and 

2,3,5-GS-HQ are potent hematoxicants in vivo, capable of inhibiting [59Fe] incorporation 

to the same degree as benzene at lower doses (Bratton et al., 1997). The half-wave 

oxidation potentials of the HQ-GSH conjugates are considerably lower than the half-wave 

oxidation potential of HQ (Hill et al., 1993a). Furthermore, these conjugates are more 

readily oxidized by cytochrome(s) P450 to the corresponding reactive quinones than HQ 

and generate more superoxide anions (Monks et al., 2010a). The enhanced capacity to 

redox cycle and arylate tissue macromolecules (Kleiner et al., 1998b; Labenski et al., 

2009a) suggests that these HQ-GSH metabolites may play a critical role in benzene 

mediated toxicity.  

In recent years, a number of studies have investigated the inhibition of 

topoisomerase II by benzene metabolites as a mechanism of benzene-induced 

hematotoxicity and AML (Bender et al., 2007; Bender & Osheroff, 2007b; Eastmond et 

al., 2005a; Frantz et al., 1996; Mondrala & Eastmond, 2010a). Topoisomerase II is a 

nuclear, ATP-dependent enzyme that facilitates DNA replication by promoting 

chromosome disentanglement (J. C. Wang, 1998). DNA supercoiling is essential for 

genetic packaging within cellular nuclei, but for normal replication and transcription to 
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occur the DNA is unwound in a manner that creates torsional stress on DNA regions distal 

to the site of unwinding (Albert et al., 1996).  

Topoisomerase II facilitates the removal of superhelical twists and knots that can 

impair DNA/RNA synthesis by first creating transient double stand breaks in the DNA 

backbone (Nitiss, 1998; J. C. Wang, 1996; J. C. Wang, 1998), a process that involves 

covalent binding of active-site tyrosine residues to 5’-DNA phosphate groups at the strand 

break. This momentary covalent complex of topoisomerase II and cleaved DNA, referred 

to as the cleavage complex, is followed by the passing of a second DNA duplex through 

the break and relegation of the cut strand. The active role of topoisomerase II in the 

progression of cell-cycle has made it the focus of inhibition by a number of 

chemotherapeutic drugs (Bodley et al., 1989; A. Y. Chen & Liu, 1994; D'Arpa & Liu, 

1989; T. K. Li & Liu, 2001; J. V. Walker & Nitiss, 2002). However inhibition of the 

enzyme at its cleavage complex stage can lead to increased incidences of unligated double 

strand breaks, triggering recombination/repair pathways, mutagenesis, and chromosomal 

translocations that may then lead to the development of leukemia (Baldwin & Osheroff, 

2005).  

Other than benzene, one of the few known inducers of AML are topoisomerase II 

inhibitors. A fraction of patients who receive high dose chemotherapeutic treatment with 

topoisomerase II poisons, including doxorubicin, etoposide, and mitoxantrone, develop 

leukemias with characteristic deletions, duplications, and translocations in the mixed-

lineage leukemia (MLL) locus on chromosomal band 11q23 (DeVore et al., 1989; Felix, 

2001; Leone et al., 2001; Pui & Relling, 2000; Ratain & Rowley, 1992; M. A. Smith et al., 
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1999). Similarly, the induction of AML following benzene exposure has been 

characterized with the formation of numerical and structural chromosomal abberations, 

including sister chromatid exchanges, micronuclei, reciprocal translocations, and 

chromosomal breakage and loss (Y. S. Li et al., 1989; Mitelman et al., 1981; Rothman et 

al., 1996; M. T. Smith et al., 1998; Sole et al., 1990; Zhang et al., 2007). The 

accumulation of BQ and other reactive benzene metabolites in the bone marrow is thus 

believed to contribute to clastogenic properties of benzene, including development of 

leukemias with MLL rearrangements (M. T. Smith, 1996c). 

The effect of a number of benzene metabolites has been tested on purified 

topoisomerase II enzyme, including BQ, HQ, phenol, t,t-muconaldehyde, catechol, and 

4,4’-biphenol, and 2,2’-biphenol (Bender et al., 2007; Eastmond et al., 2005a; Frantz et 

al., 1996; Mondrala & Eastmond, 2010a).  In these studies, BQ and t,t-muconaldehyde 

were shown to be directly inhibitory towards topoisomerase II, whereas other metabolites 

became inhibitory following bioactiviation with a peroxidase enzyme such as horseradish 

peroxidase or MPO.  High levels of MPO exist in the bone marrow to potentially oxidize 

benzene metabolites to reactive quinones or other reactive intermediates (Himmelhoch et 

al., 1969; Kariya et al., 1987).  

In the present study, we evaluated the inhibitory potential of multiple HQ-GSH 

conjugates on topoisomerase II activity. A standard kinetoplast (kDNA) based in-vitro 

assay using isolated topoisomerase II was employed for this analysis. kDNA exists as an 

aggregate of interlocked DNA minicircles that will not migrate into an agarose gel without 

topoisomerase II mediated double-strand breakage and religation, a process known as 
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decatenation (Shapiro & Englund, 1995). Similar to the previous analysis of other benzene 

metabolites, the inhibitory potential of the HQ-GSH conjugates were assessed with and 

without MPO-mediated bioactivation. 

Topoisomerase II activity was also assessed in the presence of the reactive lipid 

electrophile 4-hydroxy-2-nonenal (4HNE). Reactive oxygen species (ROS) generated 

under conditions of oxidative stress can initiate the peroxidative decomposition of 

membrane lipids and generation of reactive 4HNE aldehyde (Esterbauer et al., 1991b). 

4HNE adduction of cellular proteins has been implicated in the progression of many 

diseases, including alcoholic liver disease, atherosclerosis, ischemia-reperfusion injury, 

Parkinson’s disease, and Alzheimer’s disease (Esterbauer et al., 1993; Grune et al., 1993; 

Sayre et al., 1997; Selley, 1998; Smathers et al., 2011).  

Finally, high resolution Orbitrap mass spectrometry was used to identify site 

specific amino acids adduct sites on topoisomerase II following reactions of the purified 

protein with 4HNE and HQ-GSH. A previous study identified 170C, 392C, 405C, and 455C as 

target sites of adduction using plumbagin, a derivative of 1,4-napthoquinone, as a model 

quinone compound (Bender et al., 2007).  In the present study, 4HNE and HQ-GSH amino 

acid adducts identified in functional regions of topoisomerase II were incorporated into 

available 3D protein models to assess any potential structural and functional implications 

that may be associated with the modifications observed. 

  



 
 
 

166 
 

 

5.2. MATERIALS AND METHODS 
 

5.2.1.  Chemicals 

 HQ, BQ, hydrogen peroxide (H2O2, 30%), glutathione (GSH), sequencing grade 

trypsin, nuclease-free agarose, and all other reagents, unless otherwise specified, were 

from were purchased from Sigma-Aldrich (St. Louis, MO). The HQ-GSH conjugates 2-

GS-HQ, 2,5-GS-HQ, 2,6-GS-HQ, and 2,3,5-GS-HQ were synthesized according to 

established methodology and used at greater than 98% purity (Lau et al., 1988b). 

Myeloperoxidase (MPO), isolated from polymorphonuclear leukocytes (200 U/mg), was 

obtained from EMD Millipore (Darmstadt, Germany). 4-Hydroxy-2-nonenal (4HNE, 

≥98% purity) was purchased from Cayman Chemical Company (Ann Arbor, MI). 

Topoisomerase II enzyme, catenated kDNA substrate, and other assay reagents were 

obtained from TopoGEN, Inc. (Columbus, OH).  

 

5.2.2 Myeloperoxidase bioactivation of compounds 

HQ and the HQ-GSH conjugates were bioactivated to their BQ forms in 50 µl 

reactions containing 10 mM quinone, 0.05 U/ml MPO, and 250 µM H2O2 in H2O. The 

bioactivation reactions occurred for 30 minutes at room temperature and were 

subsequently diluted in distilled H2O to 10X their final concentrations for the 

topoisomerase II assays. 
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5.2.3.  Compound treatment and assay of topoisomerase II activity  

Topoisomerase II activity was assessed by the decatenation of kDNA substrate 

using a commercially available topoisomerase II assay kit (TopoGEN). The kit included 

topoisomerase II enzyme (8 U/µl), kDNA (270 ng/µl), decatenated kDNA marker in gel 

loading buffer, 10X assay buffer [0.5 M Tris-HCl, pH 8.0, 1.5 mM MgCl2, 5 mM DTT,  

300 µg BSA/ml), and 10X ATP Buffer [20 mM ATP in H2O]. 5X reaction buffer was 

made fresh before each experiment as a 1:1 mixture of 10X assay buffer and 10X ATP 

buffer. Assay reactions contained 6 U of topoisomerase II enzyme, 0.2 µg kDNA, 2 µl test 

compound, 4 µl of 5X reaction buffer, and H2O for a total assay volume of 20 µl. 4HNE 

or quinone (with or without bioactivation) test compounds were added directly to the 

topoisomerase II enzyme in H2O, followed by addition of 5X reaction buffer and kDNA. 

The incubations were run for 30 min at 37°C and terminated by addition of 4 µl of 5X stop 

buffer containing 5% sarkosyl, 0.125% bromophenol blue, and 25% glycerol in H2O. The 

samples were then loaded directly to a 1% agarose gel in TAE containing 0.5 µg/ ml 

ethidium bromide, and the DNA products were separated by electrophoresis at 150V for 

45 minutes. The gels were photographed using the ultraviolet light box within a Chemidoc 

XRS+ (Bio-Rad) system. DNA bands were quantified using the Bio-Rad Image Lab 3.0.1 

software downloaded online from http://www.bio-rad.com/en-us/product/image-lab-

software. 

 

 

 



 
 
 

168 
 

 

5.2.4  1D gel electrophoresis and western analysis 

Aliquots of 2-GS-HQ- and 4HNE-reacted topoisomerase II protein were loaded at 

120 V (constant) through a 3% (w/v) acrylamide stacking gel and resolved at 140 V 

through the 10% (w/v) acrylamide resolving gel. Proteins were transferred to PVDF 

electrophoretically in 0.015 M Tris and 0.12M glycine buffer (pH 8.3) containing 20% 

(v/v) reagent grade methanol at 400 mA constant current for 1.5 h using a Biorad Trans-

Blot cell. (Towbin et al., 1992). Duplicate gels were stained with Imperial Blue total 

protein stain (Pierce, Rockford, IL). Transferred gels were stained with Imperial Blue to 

ensure efficiency of transfer. Only blots with efficient transfer were used for 

immunodetection.  

The blotted PVDF membrane was rinsed with TBS and blocked overnight in 5% 

milk (w/v) in TBS.Blots were incubated overnight at 4°C with affinity-purified rabbit anti-

BrHQ-NAC antibodies diluted 1:20 in TBS. Anti-2-BrHQ-NAC antibodies detect in vivo 

covalent protein adducts of 2-BrHQ, HQ, and their corresponding GSH 

conjugates (Kleiner et al., 1998b). Blots were incubated with goat anti-rabbit IgG (HRP-

labeled) diluted 1:3000 in TBST for 1 h at room temperature, washed and then incubated 

for 1 min in ECL solution. Finally, blots were exposed to Hyperfilm ECL for 1–5 min, and 

the stained duplicate gels were aligned with the western blot. The immunopositive bands 

from the parallel Imperial Blue stained gel were then subjected to in-gel digestion 

followed by LC–MS/MS for protein identification (see below). 
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5.2.7. Orbitrap LC-MS/MS analysis of HQ-GSH and 4HNE reacted topoisomerase 

II samples 

Excised coomassie-stained protein gel bands following 1D SDS-PAGE were 

digested with trypsin (10 μg/mL) at 37oC overnight.  LC-MS/MS analysis of in-gel trypsin 

digested-proteins (Shevchenko et al., 1996) was carried out using a LTQ OrbitrapVelos 

mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an 

Advionnanomate ESI source (Advion, Ithaca, NY), following ZipTip (Millipore, Billerica, 

MA) C18 sample clean-up according to the manufacturer’s instructions. Peptides were 

eluted from a C18 precolumn (100 μm id × 2 cm, Thermo Fisher Scientific) onto an 

analytical column (75 μm ID × 10 cm, C18, Thermo Fisher Scientific) using a 5-20% 

gradient of solvent B (acetonitrile, 0.1% formic acid) over 65 minutes, followed by a 20-

35% gradient of solvent B over 25 minutes, all at a flow rate of 400 nl/min. Solvent A 

consisted of water and 0.1% formic acid.  

Data dependent scanning was performed by the Xcalibur v 2.1.0 software (Andon 

et al., 2002) using a survey mass scan at 60,000 resolution in the Orbitrap analyzer 

scanning m/z 350-1600, followed by collision-induced dissociation (CID) tandem mass 

spectrometry (MS/MS) of the fourteen most intense ions in the linear ion trap analyzer. 

Precursor ions were selected by the monoisotopic precursor selection (MIPS) setting with 

selection or rejection of ions held to a +/- 10 ppm window.  Dynamic exclusion was set to 

place any selected m/z on an exclusion list for 45 seconds after a single MS/MS.  

All MS/MS spectra were searched against the ipiRat v 3.31 protein database 

downloaded on September 27, 2012 (http://www.ebi.ac.uk/IPI/IPImouse.html) using 
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Thermo Proteome Discoverer 1.3 (Thermo Fisher Scientific). Variable modifications 

considered during the search for 4HNE modifications included methionine oxidation 

(15.995 Da), cysteine carbamidomethylation (57 Da), as well as adduction of lysine, 

cysteine, or histidine residues by 4HNE (+156 Da) or 4ONE (+154), or adduction of 

lysine by 4HNE as a Schiff base adduct (+138 Da). Variable modifications considered 

during the search for HQ-GSH modifications included methionine oxidation (16 Da), 

cysteine carbamidomethylation (57 Da), as well as adduction of lysine, cysteine, or 

histidine residues by MGHQ (+413 Da), MGBQ (+411), HQ (+108), or BQ (+106). At the 

time of the search, the ipiRat protein database contained 59,534 entries. Proteins were 

identified at 95% confidence with XCorr scores (Qian et al., 2005) as determined by a 

reversed database search using the Percolator algorithm (http://per-colator.com) (Spivak et 

al., 2009). Identified modified peptides were considered with a q-value < 0.01 (Kall et al., 

2008). 

 

5.2.8  Molecular modeling of HQ-GSH and 4HNE modified topoisomerase II: 

The protein X-ray structures used for modeling amino acid modifications are 

available from protein databank (www.rcsb.org). The structure of DNA-bound human 

topoisomerase II bound (4FM9) was used to model adducts on residues 498H, 499K, 529K, 

and 723K (Wendorff et al., 2012).  The structure of the human topoisomerase II ATPase 

domain (1ZXM) was used to model the 723K 4HNE adduct observed (Wei et al., 2005). 

Adducts were manually built using Sybyl 8.0 modeling software (Tripos Inc.). Charges 

were assigned using the Gasteiger-Huckel method (Gasteiger & Marsili, 1980). Protein 
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and adduct complexes were refined using 5000 steps of Powell minimization method 

within Sybyl program. The refined complexes were then used to analyze the effects of 

adduct formation on proteins. 

 

5.2.9. Identification of potential motifs for quinol-thioether adduction of 

topoisomerase II. 

 The amino acid sequence of topoisomerase II was searched for electrophile 

binding motifs using Motif_Hunter (trademarked to Serrine S. Lau, University of Arizona, 

Tucson, AZ). The FASTA sequence of human topoisomerase II (P11388) was obtained 

from the UniProt database, input into Motif_Hunter, and searched for the motifs KK and 

KXK. The outputs from this software were visually verified for accuracy, and data were 

compiled. Lysine occurrence (%) in the protein sequence was also calculated by this 

program. 
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5.3. RESULTS 

5.3.1. Inhibition of topoisomerase II activity by 4-hydroxynonenal 

 Redox-active HQ-GSH conjugates are elevated in the bone marrow of mice/rats 

treated with benzene metabolites phenol/HQ (Bratton et al., 1997). Their enhanced 

capacity to generate ROS within compartments of bone marrow cells could lead to 

elevated lipid peroxidation and generation of reactive 4HNE lipid aldehyde. In chapter 4 

of this dissertation, it was demonstrated that phenol/hydroquinone co-administration led to 

an elevation in bone marrow lipid peroxidation that correlated with an increase in 4HNE-

adducted proteins in the bone marrow of treated rats. Furthermore, western analysis of 

bone marrow protein from a phenol/HQ treated rat led to the identification of 

topoisomerase II within a 4HNE-immunopositive protein band at ~170 kDa (Figure 4-2B, 

Table 4-1). In an effort to elucidate potential effects of 4HNE on topoisomerase II, the 

enzyme’s ability to decatenate kDNA was assayed in the presence of increasing 

concentrations of purified 4HNE aldehyde. After separation electrophoretically through an 

agarose gel, the visualization of nicked circular or circular kDNA gave an indication of the 

functional activity of topoisomerase II. If inhibition of enzymatic activity had occurred, 

these circular kDNA bands became faint and an increase in un-migrated kDNA was 

visualized at the top of the gel lane (TopoGEN, 2011).  

 Figure 5-1 illustrates the inhibition of topoisomerase II activity upon incubation 

with increasing concentrations of 4HNE.  Partial inhibition of topoisomerase II mediated 

kDNA decatenation was seen at 500 nM concentration of 4HNE (Table 5-1). Almost 

complete inhibition (~7% decatenated kDNA vs control) of topoisomerase II activity was 
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seen following incubation with 10 μM of 4HNE. Table 5-1 shows the effect of additional 

concentrations of 4HNE on the activity of topoisomerase II.  
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Figure 5-1.  Effect of reactive lipid aldehyde 4HNE on topoisomerase II 
decatenation of kDNA 

 
Topoisomerase II activity was assessed by the decatenation of kDNA. This representative 
agarose gel illustrates the separation of DNA products (nicked and circular kDNA) 
following the decatenation assay. No topoisomerase II enzyme was added to the kDNA 
lane. 
 

 

Table 5-1.  Inhibition of human topoisomerase II activity by 4HNE.  

 



 
 
 

175 
 

 

5.3.2. Inhibition of topoisomerase II activity by HQ and HQ-GSH conjugates in the 

presence and absence of myeloperoxidase-mediated bioactivation. 

 
The effect of single and multi-substituted GSH-conjugation on HQ’s ability to 

inhibit topoisomerase II activity was assessed. These HQ-GSH conjugates were added to 

topoisomerase II with and without prior bioactivation by MPO. Previous studies 

demonstrated that oxidation of benzene metabolites, including HQ, with horseradish 

peroxidase or MPO increased their inhibitory potential towards topoisomerase II 

(Eastmond et al., 2005b; Frantz et al., 1996). In the presence of an MPO activation system, 

each of the four HQ-GSH conjugates tested showed near-complete inhibition of 

topoisomerase activity at a concentration of 500 nM (Figure 5-3B). In contrast, un-

conjugated, MPO bioactivated HQ showed ~50% inhibition of topoisomerase activity at 

500 nM. At this concentration, the rank of inhibitory potential in the presence of MPO-

bioactivation was 2,6-GS-HQ > 2,5-GS-HQ > 2-GS-HQ > 2,3,5-GS-HQ > HQ. The bis-

conjugates 2,5-GS-HQ and 2,6-GS-HQ were  the most potent of the HQ-GSH compounds. 

When bioactivated by MPO, these conjugates showed partial inhibition of topoisomerase 

II activity at 50 nM (60%), and near-complete inhibition of activity at 300 nM.  

In the absence of MPO-bioactivation, the bis- and tri-GSH conjugated HQ 

conjugates retained a strong inhibitory effect towards topoisomerase II (Figure 5-3).  The 

2,5-GS-HQ, 2,6-GS-HQ, and 2,3,5-GS-HQ conjugates showed considerable inhibition 

(60-80%) at 500 nM concentrations, and near-complete inhibition at 1 μM. At 500 nM, 

neither HQ or 2-GS-HQ had any effect on topoisomerase activity without MPO activation. 

The native 2-GS-HQ conjugate showed partial inhibition at 1 μM, while HQ had little to 
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no effect. Figure 5-2 illustrates 2-GS-HQ and 2,5-GS-HQ mediated inhibition of 

topoisomerase II decatenation of kDNA with and without activation by MPO. At 300 nM, 

the nicked/circular kDNA bands can be seen to lose their intensity in the unactivated 2,5-

GS-HQ (Figure 5-2C) while the native 2-GS-HQ remains unchanged (Figure 5-2A). 
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Figure 5-2.  The effect of MPO bioactivation on HQ-GSH mediated inhibition of 
topoisomerase II decatenation of kDNA. 

 
Representative agarose gels illustrating totopoisomerase II activity following reactions 
with 2-GS-HQ (MGHQ) and 2,5-GS-HQ, with and without MPO bioactivation.  
Decatenation of kDNA by topoisomerase II allows the separation of nicked circular and 
circular DNA through the gel during electrophoresis. (A) Effect of MGHQ and (B) MPO 
bioactivated MGHQ on topoisomerase II activity. (C) Effect of 2,5-GS-HQ and (D) MPO 
bioactivated 2,5-GS-HQ on topoisomerase II activity. The kDNA lane in the above gels 
did not contain topoisomerase II enzyme. 
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Figure 5-3.  MPO bioactivation on HQ-GSH mediated inhibition of topoisomerase 

II decatenation of kDNA. 
 
(A) The effect of increasing concentrations of HQ and HQGSH conjugates on 
topoisomerase II activity. (B) The effect of MPO bioactivated HQ and HQGSH conjugates 
on topoisomerase II activity. The means and standard deviations for 3 experiments are 
shown. 
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5.3.3. Identification of site specific amino acid modifications on topoisomerase II 

following reactions with 4HNE and MPO-bioactivated MGHQ. 

 Covalent adduction of topoisomerase II amino acid residues by reactive quinones 

has been implicated as the mechanism by which these compounds inhibit enzymatic 

activity and impair the ability of topoisomerase II to rejoin cleaved DNA (Bender et al., 

2004; Bender et al., 2006; Bender et al., 2007; Lindsey et al., 2004; Lindsey et al., 2005; 

H. Wang et al., 2001).  4HNE adduction of cellular proteins has also been implicated in 

the progression of many diseases (Esterbauer et al., 1993; Grune et al., 1993; Sayre et al., 

1997; Selley, 1998; Smathers et al., 2011). Therefore to identify amino acids on 

topoisomerase II that may be targeted for covalent adduction by 4HNE or HQ-GSH, we 

reacted pure enzyme with these compounds and searched for adducted residues using high 

resolution Orbitrap LC-MS/MS.  Following reactions with 4HNE and MGHQ, protein was 

separated electrophoretically through an acrylamide gel and stained with Imperial Stain 

(Thermo) to visualize the protein (Figure 5-4). At the top of the 1.0 μM MGHQ-reacted 

and 10.0 μM 4HNE-reacted gel lanes, high molecular weight protein aggregates appeared, 

suggesting topoisomerase II protein crosslinking was occurring following reaction with 

MGHQ/4HNE. These high MW aggregates, in addition to the 174 kDa topoisomerase II 

protein bands were excised for trypsin digestion and LC-MS/MS analysis. 

 Spectra generated from the Orbitrap LC-MS/MS analysis of MGHQ- and 4HNE-

reacted topoisomerase II protein was analyzed using Thermo Proteome Discover 1.3 for 

the presence of site specific amino acid modifications. In total, 11 amino acid residues on 

11 unique peptides from topoisomerase II were identified to contain a quinone/4HNE 
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adduct (Table 5-2). Quinone adducts were identified on Cys, His, and Lys amino acid 

residues, while 4HNE adducts were only identified on Lys residues. Adducts identified 

following reaction of topoisomerase II protein with MPO-oxidized MGHQ were MGBQ 

(+411 Da MW shift) adducts on 455C and 1454K, and HQ adducts on 498H, 499K, and 1370K.  

The HQ adducts identified on 498H and 499K were found on the same peptide.  4HNE 

adducts (+156 Da MW shift) were detected on 95K, 529K, 723K, 893K, 1259K, and 1480K. The 

4HNE adduct on 1259K was identified on two unique peptides. The spectra of each of these 

identified site-specific amino acid modifications, including the peptide sequence coverage 

by the corresponding b/y ions are shown in Figure 5-5 and Figure 5-6. 
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Figure 5-4.  1D gel electrophoresis of topoisomerase II protein following incubation 
with MPO bioactivated MGHQ or 4HNE.  

 
Topoisomerase II protein (2.5 µg) was incubated with MPO-bioactivated MGHQ or 
4HNE for 10 minutes followed by electrophoretic separation through an 8% acrylamide 
gel and staining with Imperial stain (Thermo). Note that in the 1.0 µM MGHQ and 10.0 
µM 4HNE lanes, high MW aggregates appear at the top of the gel lane. These high MW 
areas, in addition to the stained 174 kDa bands were excised for trypsin digestion and LC-
MS/MS analysis. 
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Table 5-2.  Site specific amino acid adducts identified following in vitro reactions of 

topoisomerase II protein with HQ-GSH or 4HNE.  
 
The above table lists the topoisomerase II peptides found to contain a modification of HQ 
(+108), MGBQ (+411), or 4HNE (+156). A modification of +16 is an oxidation on 
methionine. Bold case letters in the peptide sequence represent amino acids that contain a 
modification.  The modified residue and corresponding adduct mass shift values are 
shown in the modification column. Scores for Sequest (XCorr) and q-values for the 
modified peptides are shown. All peptides identified were triply/quadruply charged. 
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Figure 5-5.  LC-MS/MS spectra for HQ adducts identified on topoisomerase II 

following incubation of the purified human protein with MPO 
bioactivated MGHQ.  

 
Above each MS/MS spectra is the amino acid sequence for the adducted peptide 
identified. The adducted residues are lower-cased, and the adduct mass is shown in 
parentheses. The brackets flanking the amino acids illustrate sequence coverage by b/y 
fragment ions whose masses were matched to peaks within the observed spectra. The 
colored horizontal bars in the spectra indicate the mass difference that confirms the 
presence of amino acids. The vertical lines represent matches between theoretical and 
experimental fragment ion masses. Both horizontal and vertical lines are color-coded to 
indicate the ion type (b ions are orange, y ions are blue). (A) A single MGBQ (+411) 
adduct was identified on 455C. (B) A HQ (+108) adduct was identified on 498H and on 499K 
of the same peptide. (C) A single HQ (+108) adduct was identified on 1370K. (D) A single 
MGBQ (+411) adduct was identified on 1454K.  
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Figure 5-6.  LC-MS/MS spectra for 4HNE adducts identified on topoisomerase II 

following incubation of the purified human protein with 4HNE.  
 
Above each MS/MS spectra is the amino acid sequence for the adducted peptide 
identified. The adducted residues are lower-cased, and the adduct mass is shown in 
parentheses. The brackets flanking the amino acids illustrate sequence coverage by b/y 
fragment ions whose masses were matched to peaks within the observed spectra. The 
colored horizontal bars in the spectra indicate the mass difference that confirms the 
presence of amino acids. The vertical lines represent matches between theoretical and 
experimental fragment ion masses. Both horizontal and vertical lines are color-coded to 
indicate the ion type (b ions are orange, y ions are blue). (A) A 4HNE adduct was 
identified on 95K. (B) A 4HNE adduct was identified on 529K. (C) A 4HNE adduct was 
identified on 723K. (D) A 4HNE adduct was identified on 893K, and an oxidation (+16) on 
880M and 888M. (E) A 4HNE adduct was identified on 1259K. (F) Another 4HNE adduct 
was identified on 1259K, from a different fragmented parent peptide. (G) A 4HNE adduct 
was identified on 1480K. 
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5.3.4. Molecular modeling of site specific amino acid modifications on functional 
regions of topoisomerase II. 
 

To assess potential changes in tertiary structure or substrate binding that may occur 

as a result of quinone or 4HNE adduction on topoisomerase II, relevant structural models 

from the RCSB Protein Data Bank (www.pdb.org) for topoisomerase II were modified to 

include some of the site specific adducts observed. Figures 5-7 through 5-10 illustrate the 

3D models generated. Each figure includes the native protein structure (blue) overlaid 

with the modified (green) structure. Each of the modifications modeled appeared to occur 

on solvent-exposed regions of topoisomerase II.  
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Figure 5-7.  Molecular model of topoisomerase II adducted with HQ on 498H and 

499K.  
 
LC-MS/MS analyses revealed 498H and 499K adducted with HQ, both residues at the 
entrance of the DNA-binding region of topoisomerase II. The modified protein (green) is 
overlaid with the native protein (blue). The HQ adducts and adducted lysine and histidine 
side chains are in red. The DNA substrate is shown. The inset zooms to the area of the 
adducted lysine and histidine residues to illustrate their proximity to the DNA substrate. 
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Figure 5-8.  Molecular model of topoisomerase II adducted with 4HNE on 96K.  
 
LC-MS/MS analyses revealed 96K adducted with 4HNE. (A) The modified protein (green) 
is overlaid with the native protein (blue). The 4HNE adduct and adducted lysine side chain 
are in red. The ATP substrate is in yellow (B) Using Discovery Studio 3.5, a hydrogen-
bonding surface was generated around the ATP ligand of the native protein. (C) The H-
bonding surface around the ATP ligand of the 4HNE modified protein. 
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Figure 5-9.  Molecular model of topoisomerase II adducted with 4HNE on 529K. 
 
LC-MS/MS analyses revealed 529K adducted with 4HNE. 529K is within the toprim region 
of topoisomerase II. The modified protein (green) is overlaid with the native protein 
(blue). The 4HNE adduct and adducted lysine side chain are in red. The DNA substrate is 
shown. 
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Figure 5-10.  Molecular model of topoisomerase II adducted with 4HNE on 723K. 
 
LC-MS/MS analyses revealed 723K adducted with 4HNE. 723K is a DNA-interaction 
residue of topoisomerase II. The modified protein (green) is overlaid with the native 
protein (blue). The 4HNE adduct and adducted lysine side chain are in red. The DNA 
substrate is shown. (A) Shows the 4HNE adduct without DNA included in the model. (B) 
The same model as (A) but with DNA substrate included, along with a zoomed inset 
illustrating the proximity of the adducted residue to DNA. 
  



 
 
 

193 
 

 

5.4. DISCUSSION 

HQ-GSH conjugates are present in the bone marrow of rats and mice co-treated 

with benzene metabolites phenol and HQ (Bratton et al., 1997). Based on the reactivity of 

the HQ-GSH conjugates, we speculated that some of the myelotoxic effects attributed to 

the quinone metabolites of benzene may be mediated by their GSH conjugates. The half-

wave oxidation potentials of these conjugates are considerably lower than the half-wave 

oxidation potential of HQ, and they are more efficient generators of superoxide anion 

compared to the HQ/1,4-BQ redox pair (Hill et al., 1993b; Monks et al., 2010c). 

Furthermore, these conjugates possess a strong electrophilic reactivity towards cellular 

nucleophiles and are thus capable of adducting proteins (Hill et al., 1993c; Labenski et al., 

2011; Lau et al., 1988a; Monks et al., 2010d). Inhibition of topoisomerase II following 

adduction by reactive benzene metabolites has been implicated as a mechanism by which 

benzene can induce its clastogenic effects (H. Chen & Eastmond, 1995; Eastmond et al., 

2005a; Mondrala & Eastmond, 2010b; M. T. Smith, 1996d). Our present studies extend 

this work by investigating the effects of the HQ-GSH metabolites on topoisomerase II 

function.  

Using an in-vitro assay of topoisomerase II activity, we have demonstrated that the 

single- and multi-GSH substituted HQ metabolites (2-GS-HQ, 2,5-GS-HQ, 2,6-GS-HQ, 

and 2,3,5-GS-HQ) are all potent inhibitors of topoisomerase II mediated decatenation of 

kDNA (Figure 5-3). When bioactivated with MPO, each of the HQ-GSH conjugates 

inhibited kDNA decatenation to a greater degree than unconjugated HQ. The 2,5-GS-HQ 

and 2,6-GS-HQ bis-conjugates were especially potent, decreasing topoisomerase activity 
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at as low as 50 nM, with MPO-activated HQ causing no effect at this same concentration. 

These findings are in agreement with previous work showing that the HQ-GSH conjugates 

are more readily oxidized by cytochrome(s) P450 to the corresponding reactive quinones 

than HQ (Monks et al., 2010c).  In addition, the 2,5-GS-HQ, 2,6-GS-HQ, and 2,3,5-GS-

HQ conjugates required no MPO activation to inhibit topoisomerase II activity at low nM 

concentrations (Figure 5-3A). Previously, we have shown that upon GSH conjugation to 

HQ, increased “autoxidation” of these multi-S-substituted compounds correlates with their 

increased GSH conjugation (Hill et al., 1993c). Therefore it is clear that these bis- and tri-

GSH substituted conjugates are reactive against protein targets even without peroxidase-

mediated oxidation.  

To confirm the inhibition of topoisomerase II by bioactivated quinone was not a 

result of quinone adduction to kDNA substrate, in a separate experiment we incubated 

kDNA with 1 µM MPO-activated HQ for 10 minutes. Excess HQ was removed by 

centrifugation using a 100 kDa MW spin filter. The filtered, reacted kDNA was then used 

as a substrate for assaying topoisomerase II function. Topoisomerase II retained its ability 

to decatenate the HQ-reacted kDNA, while addition of BA-HQ to the enzyme continued 

to cause similar inhibition of decatenation as before (Figure 5-11).  
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Figure 5-11.  Topoisomerase II mediated decatenation of kDNA reacted prior with 
MPO-activated hydroquinone. 

 
kDNA was reacted with 1 µM of MPO-bioactivated HQ for 10 minutes. Excess HQ was 
subsequently separated from the kDNA by centrifugation through a 100 kDA MW spin 
filter. The reacted kDNA was then used as the substrate for a topoisomerase II activity 
assay, with and without the presence of additional 0.5 µM of bioactivated HQ. The kDNA 
lane contained only HQ-reacted kDNA and no topoisomerase II enzyme. 
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Covalent modification of topoisomerase II is the suspected mechanism by which 

reactive quinone metabolites can interfere with enzymatic activity (Bender et al., 2007; 

Lindsey et al., 2005). Mass spectrometric analysis of incubations of topoisomerase II 

protein with MPO-activated MGHQ revealed five amino acid site-specific adducts, on the 

Cys455, His498, Lys499, Lys1370, and Lys1454 residues of topoisomerase II. These 

amino acids residues all exist near or within functional areas of topoisomerase II (Table 5-

3). The Lys1370 and Lys1454 residues that were observed adducted by HQ and MGBQ 

exist near known serine phosphorylation sites on topoisomerase II (Beausoleil et al., 2006; 

Dephoure et al., 2008; Mayya et al., 2009; Olsen et al., 2006; Olsen et al., 2010; Rigbolt et 

al., 2011). Serine phosphorylation of topoisomerase II stimulates the DNA relaxation 

activity of topoisomerase II by three-fold, compared to un-phosphorylated enzyme 

(Ackerman et al., 1985). Quinone adduction near sites of serine phosphorylation could 

therefore have an impact on topoisomerase II-DNA interactions by inhibiting its post-

translational phosphorylation enzymes.   

Cys455, adducted by MGBQ, is the first residue on the toprim domain of 

topoisomerase II. Also referred to as the “Rossman fold”, the toprim domain is within the 

central core of topoisomerase II, and contains three acid amino acid residues (Glu461, 

Asp541, Asp543) that coordinate magnesium ions involved in the DNA cleavage and 

DNA ligation activities of the enzyme (Aravind et al., 1998).  The adducted Cys455 is not 

in close proximity to these magnesium coordinating residues; however this Cys residue 

was shown to form adducts with plumbagin quinone, and site- 
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Table 5-3.  HQ-GSH and 4HNE adducts detected on amino acid sites or within 
protein regions with potential structural/functional implications 

 

  
  



 
 
 

198 
 

 

directed mutation of this residue to Ala increased topoisomerase II’s susceptibility to 

inhibition by BQ (Bender et al., 2007; Bender & Osheroff, 2007a). Cys455 is known to 

exist in a disulfide bridge with Cys427, and disruption of this disulfide linkage following 

adduction to MGBQ could potentially alter topoisomerase II activity, or increase 

susceptibility of the enzyme to further covalent modification by reactive quinone 

metabolites (Hasinoff et al., 2005).  

His498 and Lys499 were both found modified by HQ on the same peptide, both of 

which also exist within the toprim domain of topoisomerase II. Applying HQ structures to 

these residues within a structural model of topoisomerase II revealed that these adducts are 

in close proximity to the DNA binding pocket of the enzyme (Figure 5-7). Adduction at 

these residues could therefore interfere with DNA binding, or if DNA is already 

associated to topoisomerase II prior to adduction, the enzyme + DNA could be stabilized 

in the cleavage-complex state upon adduction. Future studies utilizing site-directed 

mutagenesis can provide further insight to the impact quinone adduction at these residues 

may have on topoisomerase II-DNA interaction. 

Furthermore, we demonstrated that the reactive lipid aldehyde 4HNE can also 

inhibit topoisomerase II activity, though higher concentrations of 4HNE were required to 

cause similar inhibition to that of the HQ-GSH conjugates (Table 5-1). Mass spectrometric 

analysis of 4HNE-reacted topoisomerase II revealed 7 total Lys residues adducted by 

4HNE (Table 5-2). Of the 4HNE adducts observed, four occur on residues near or within 

functional areas of topoisomerase II (Table 5-3). The Lys1480 residue, found modified by 

4HNE, is near two sites of serine phosphorylation on topoisomerase II, which as discussed 
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above, could alter the regulation of enzymatic activity (Dephoure et al., 2008). The toprim 

domain of topoisomerase II was again a target of electrophilic adduction, as a 4HNE 

adduct was identified on Lys529 within this domain. Molecular modeling of this adduct 

showed that no significant structural changes were predicted to occur as a consequence of 

this modification (Figure 5-9). 

A 4HNE adduct occured on Lys96, which is near an ATP binding site of 

topoisomerase II at Asn91. Topoisomerase II is an ATPase, and uses the energy derived 

from ATP hydrolysis to orchestrate the movement of DNA double strands along the 

enzyme (Chene et al., 2009). When the 4HNE adduct was applied to a 3D model of this 

topoisomerase II ATP domain, the modification caused a change in the predicted 

hydrogen-bonding surface around the ATP ligand (Figure 5-8). The formation of ligand-

protein complexes depends on hydrogen bonding, as these forces confer the recognition, 

orientation, and affinity of a protein towards its substrate (Kubinyi, 2007). Unexpected 

affinity changes for ligand-protein interaction following 4HNE adduction could therefore 

result in altered protein activity.  

4HNE was found adducted on Lys723, a residue that is a known DNA-interaction 

site on topoisomerase II (Patil & Thakare, 2012). Figure 5-10 illustrates the location of 

this adduct within the DNA binding pocket of the enzyme, in addition to the close 

proximity of the adduct to DNA substrate when included in the model (Figure 5B). A 

4HNE adduct on this residue could lead to complications in interactions with DNA during 

topoisomerase II-mediated decatenation. Site-directed mutagenesis at this residue can 

elucidate the functional impact of adduction at this site.  
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A recent study evaluating inhibition of topoisomerase II by HQ demonstrated 

~80% reduction of topoisomerase II activity at 250 nM MPO-activated HQ (Eastmond et 

al., 2005b). This is a lower concentration of MPO-activated HQ than we observed to cause 

a similar level of inhibition (~1 µM BA-HQ caused 80% inhibition). This discrepancy can 

be explained by the presence of dithiothreitol (DTT) in the reagents used in our activity 

assay (500 µM DTT in 20 µM assay volume), which was not present in the assay reagents 

in the Eastmond et al. report. DTT is included in the topoisomerase II assay buffer to 

approximate the reducing nature of the physiological environment (Bjornsti & Osheroff, 

1999). The sulfhydryl groups existing on DTT have the potential to react with the 

electrophilic quinone compounds tested, and thus can prevent their interaction with 

topoisomerase II and the subsequent effect on enzymatic activity. In our study, DTT 

inactivation of bioactivated quinone was avoided in part by adding quinone directly to 

topoisomerase II enzyme prior to addition of assay buffer containing DTT. Despite the 

presence of DTT in the assay mixture, the bis- and tri-substituted HQ-GSH conjugates 

retained the ability to inhibit topoisomerase II activity by 65-85% at 500 nM 

concentrations without MPO-activation (Figure 5-3A). Eastmond et al. 2005 reported ~30-

60% inhibition of topoisomerase II at 500 nM HQ without MPO-activation (Eastmond et 

al., 2005b). It is likely that in the absence of DTT, the HQ-GSH conjugates tested would 

possess an even more potent inhibitory effect on topoisomerase II activity, both with and 

without prior MPO-activation. 

 In previous work we provided evidence in support of the existence of “electrophile 

binding motifs” (EBMs) within proteins in the kidney that are selectively adducted by 
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reactive electrophiles following HQ-GSH administration (Labenski et al., 2009c). HQ-

GSH metabolites appeared to target (i) proteins with an elevated lysine content, and 

specifically (ii) proteins that contain lysine amino acid residues that either flank a 

potentially nucleophilic amino acid [KXK] or contain two lysine residues preceded or 

followed by a nucleophilic amino acid [XKK or KKX].    Although the quinone adduct 

sites on topoisomerase II presented in Table 5-2 did not fit the model binding motifs, the 

topoisomerase II amino acid sequence possesses a higher than average lysine content 

(11.69%) compared with the average protein lysine content within the entire proteome 

(5.5%). Furthermore, there is a large abundance of EBMs within the sequence of 

topoisomerase II, illustrated in Table 5-4. The high lysine content and numerous EBMs 

present within the sequence of topoisomerase II suggest that this protein should be a 

preferred target of quinone adduction. 

In conclusion, we have shown that the multi-S-substituted conjugates of HQ are 

potent inhibitors of topoisomerase II. Though these GSH conjugates are not the major 

quantitative metabolites of HQ (<5%) (Hill et al., 1993c), their elevated reactivity towards 

topoisomerase II, their potent reactivity without peroxidase-mediated activation, and their 

known presence within the bone marrow of mice/rats treated with phenol/HQ suggests 

that these conjugates could contribute to the hematotoxic effects related to benzene 

exposure.  

 

 

 



 
 
 

202 
 

 

Table 5-4.  Lysine content and occurrence of electrophile binding motifs (KK, KXK) 
in topoisomerase II. 
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CHAPTER 6: CONCLUDING REMARKS 

6.1.  OVERVIEW 

By the 1970s, the idea developed that the organ-specific toxicity of drugs and other 

chemicals could be a result of their covalent adduction to cellular proteins (Brodie et al., 

1971; Jollow et al., 1973a; Reynolds, 1967). Researchers speculated that identifying the 

protein targets of these reactive compounds would aid in understanding the mechanism of 

their toxicity. Indeed, by the 1990s, improvements in mass spectrometry technology and 

computation systems provided the tools for the rapid identification of protein targets 

associated with exposure to a variety of toxic chemicals, ushering in a new age of 

proteomic research. However, despite these technological advancements, today the most 

widely used assay of protein damage by chemicals continues to be measuring the binding 

of radiolabelled chemical to bulk protein (Evans et al., 2004b; Liebler, 2008b). While 

these studies are useful in recognizing potentially toxic compounds and for identifying the 

sensitive organs/tissues, they provide little information on the specific proteins targeted, 

and how they may relate to the underlying mechanism of toxicity.  

Methods used to further investigate chemically-adducted proteins often involve 

animal models dosed with radiolabelled chemical, homogenizing tissue from the target 

organ, electrophoretically separating the proteins within an acrylamide gel, identifying 

which proteins possess radioactivity, digesting these proteins, and analyzing the digested 

peptides by LC-MS/MS. Such methods have led to the identification of numerous targets 

of reactive electrophilic adduction; however, information on the in vivo detection of 

amino-acid site specific adducts by these reactive compounds is sparse. Knowledge of the 
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exact site of electrophilic adduction is critical in order to understand the structural and 

functional consequences these modifications may have on their protein target. Limiting 

factors in the identification of site-specific adducts may be (i) a lack of understanding of 

the mechanism of adduction, (ii) any subsequent post-adduction chemistry associated with 

targeted amino acids, (iii) the low abundance of modified proteins in tissue lysate 

compared to unmodified, and (iv) the low sensitivity of conventional mass analyzers when 

searching peptide spectra for modified residues. Research presented in this dissertation 

thesis attempted to address these challenges by outlining in vivo and in vitro methods 

coupled with mass spectrometry to identify and characterize protein adducts associated 

with exposure to benzene.  

 

6.2.  HQ-GSH- AND 4HNE-ADDUCTS PRESENT IN THE BONE MARROW OF 

HQ AND PHENOL TREATED RATS  

It is well understood that the toxic effects of benzene are associated with its 

biotransformation to reactive metabolites. BQ is an especially reactive quinone derived 

from benzene, and its conjugation to GSH yields single and multi-substituted HQ-GSH 

conjugates that not only retain reactivity towards protein nucleophiles, but possess an 

elevated ability to generate ROS through redox-cycling. Elevated ROS have the potential 

to induce the peroxidative decomposition of membrane lipids, and the subsequent 

generation of electrophilic 4HNE aldehydes. Thus, we hypothesized that protein adduction 

by HQ-GSH and 4HNE could potentially alter the structure and function of proteins in the 

bone marrow, and contribute to the myeloxic effects of benzene. The co-administration of 
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benzene metabolites HQ and phenol reproduces the myelotoxic effects of benzene. 

Treatments of rats and mice with these compounds causes elevations in HQ-GSH 

conjugates within the bone marrow (Bratton et al., 1997), and when radiolabelled 

compounds are co-administered, elevated protein covalent binding by radioactive 

metabolites is further observed in the bone marrow (Subrahmanyam et al., 1990a).  

Therefore, in our proteomic evaluation of bone marrow proteins targeted by benzene 

metabolites, HQ and phenol co-administration served as a tool to elevate adducts in this 

tissue and improve the detection of amino-acid site specific modifications. 

Chapters 2 and 4 describe the utilization of antibodies specific for HQ-GSH and 

4HNE adducts to identify bone marrow targets of these compounds in rats treated with 

HQ and phenol. Protein from treated animals showed elevated immunostaining for both of 

these adducts compared to vehicle-treated control rats. The similar immuno-staining 

pattern between treated rats in Figures 2-1A (HQ-GSH) and Figure 4-4A (4HNE) 

indicated that equivalent proteins were being targeted by these compounds. Indeed, LC-

MS/MS analysis of these immunopositive bands revealed identical proteins as potential 

targets of adduction. Previous studies have similarly demonstrated that specific 

electrophiles can consistently adduct a subset of proteins within target organs, referred to 

as the “adductome”. This phenomenon can be seen with virtually all reactive electrophiles, 

including those derived from acetaminophen (APAP), naphthalene, and thiobenzamide 

(Koen et al., 2007; Zhou et al., 2005). A growing online compilation of protein targets 

exists in the form of the Reactive Metabolite Target Protein Database (TPDB), which as of 

2013 contains data for 444 non-redundant proteins that are targeted by reactive 



 
 
 

206 
 

 

metabolites of 48 different chemicals in 9 target tissues (Hanzlik et al., 2007c).  

Interestingly, more than 50% of the HQ-GSH protein targets identified herein overlap with 

the adductomes of several other reactive electrophiles, whose targets were identified in 

various tissues (Table 2-5). Furthermore, Labenski et al. 2009 reported that lysine-rich 

proteins are preferential targets of quinones, and this was a characteristic shared with 20 of 

the 24 bone marrow targets of HQ-GSH identified in this dissertation (Table 2-3) 

(Labenski et al., 2009a).  The majority of 4HNE bone marrow protein targets identified 

also overlapped with reported protein targets of 4HNE in other tissues (Table 4-3), and in 

one instance we confirmed a histidine 4HNE adduct on ATP synthase in vivo that had 

been characterized previously in ex vivo reactions with forebrain cortex protein (Stevens et 

al., 2007).  Combined, these findings confirm the assertion that electrophilic adduction is 

not a random event where the protein in closest proximity to the reactive electrophile is 

the preferred target. Proteins that are selectively modified by multiple electrophilic 

compounds may serve as useful biomarkers, toxicity signatures, or provide mechanistic 

insights into the complexity of chemical- and ROS-induced toxicity. 

 

6.3.  INSTABILITY OF QUINONE ADDUCTS ON CYSTEINE RESIDUES 

In Chapter 2 we identified 10 unique peptides from 8 different bone marrow 

proteins that were shown to contain amino acid site-specific HQ-GSH modifications 

(Table 2-4). Residues found adducted included lysine, arginine, and glutamic acid.  No 

cysteine residues were found modified, which is unusual considering cysteines are 

commonly reported targets of many reactive electrophiles, in particular 4HNE. Thus 
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Chapter 3 describes a peptide model containing a single nucleophilic cysteine residue, in 

an attempt to examine quinone adduct formation on cysteine residues, and to monitor the 

stability of these adducts in typical conditions for proteomic analysis. Standard sample 

preparation for MS/MS analysis involves trypsin-digestion in 0.1 M ammonium 

bicarbonate, pH 8, or 0.05 M Tris-HCl, pH 7.5. Typically, the digestion protocol involves 

overnight incubation (~17 h) to allow a robust generation of peptides for spectral analysis. 

MALDI-MS and ESI-MS/MS analysis of in vitro reactions of the model cysteine-

containing peptide with BQ revealed that cysteine residues are indeed targets of 

electrophilic adduction by quinones (Figure 3-2; Figure 3-4). However, the cysteine 

adducts were unstable, and BQ was eliminated in a pH- and salt-dependent manner. 

Quantitating the available free thiols in incubations of the BQ-adducted model peptide 

revealed that 53% of the cysteine residues lost their BQ adduct within 1 hour of incubation 

in ammonium bicarbonate (Figure 3-6). After 20 h of incubation, MALDI-MS could no 

longer detect the presence of BQ-peptide adduct (Figure 3-4D). This instability will pose a 

challenge for identifying quinone-cysteine adducts in vivo, and may apply to other 

electrophiles with respect to cysteine modification. It is likely that protein cysteines are 

indeed targeted for electrophilic adduction by quinones in vivo, however such adducts will 

not be detected after trypsin digestion prior to LC-MS/MS analysis. Cysteine residues 

serve as active sites on many proteins, and they are often sensors for modulating cellular 

signaling cascades. For example, the association of Keap1 with Nrf2 can be modulated 

through electrophilic modification of multiple cysteine residues on Keap1. Adduction of 

Cys273 and Cys288 of Keap1 by reactive electrophiles can disrupt the Keap1-Nrf2 
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interaction, allowing Nrf2 to activate the expression of antioxidant genes (Dinkova-

Kostova et al., 2002; Wakabayashi et al., 2004). HQ-GSH metabolites could possibly 

cause similar cellular responses by alkylating critical thiol groups on target proteins, 

however proteomic detection of these targets may require the use of less conventional 

sample preparation techniques. 

 

6.4. TOPOISOMERASE INHIBITION BY GSH-CONJUGATED QUINONES 

A number of recent studies have investigated the inhibition of bone marrow DNA 

topoisomerase II by benzene metabolites as a potential mechanism of benzene-induced 

hematotoxicity and acute-myeloid leukemia. Topoisomerase II is vital for the uncoiling of 

supercoiled-DNA in order for it to be accessed by cellular machinery for DNA replication. 

Inhibition of this enzyme by reactive electrophiles has been shown to increase the 

incidence of unligated DNA double strand breaks, triggering recombination/repair 

pathways, mutagenesis, and chromosomal translocations that could then lead to the 

development of leukemia. Of the reported benzene metabolites evaluated, HQ possesses 

the most potent inhibitory properties, however prior bioactivation of HQ to BQ by 

peroxidases was essential for its reactivity (Eastmond et al., 2005a; Mondrala & 

Eastmond, 2010a). In biological systems, BQ readily conjugates with cellular GSH, and 

the subsequent single and multi-substituted HQ-GSH conjugates retain the ability to 

arylate cellular proteins and generate ROS. These conjugates are elevated in rats and mice 

treated with benzene metabolites HQ and phenol (Bratton et al., 1997), and thus may 

contribute to the clastogenic effects associated with benzene exposure.  
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Chapter 5 describes the ability of these HQ-GSH conjugates to behave as potent 

inhibitors of topoisomerase II. When activated with MPO, each of the conjugates was 

capable of inhibiting enzymatic activity at lower concentrations than MPO-activated HQ 

(Figure 5-3B). This phenomenon is likely influenced in part by the lower half-wave 

oxidation potential of HQ following GSH conjugation, which enables a more efficient 

MPO activation of these conjugates to their reactive quinone moieties (Monks et al., 

2010e). More importantly, the bis- and tri-GSH substituted HQ-GSH conjugates required 

no MPO bioactivation to inhibit topoisomerase II at nM concentrations (Figure 5-3A). 

These particular conjugates are known to possess an auto-oxidative potential (Hill et al., 

1993d), allowing them to react with protein nucleophiles in the absence of enzymatic 

activation. Thus, in this dissertation we have demonstrated that these benzene-derived 

metabolites have the potential to cause serious protein damage to topoisomerase II and 

likely other targets within the bone marrow.   

It is suggested that the mechanism of quinone-induced inhibition of topoisomerase 

II involves the covalent modification of nucelophilic residues within the protein by 

quinone electrophiles (H. Wang et al., 2001). However, no site-specific amino acid 

modifications on topoisomerase II have been reported following in-vivo treatments, or 

through in-vitro reactions of purified protein with benzene metabolites. One study used 

plumbagin, a napthoquinone derivative with a single reactive site on its quinone ring, to 

identify Cys170, Cys392, Cys405, and Cys455 as potential targets of quinone adduction 

(Bender et al., 2007). Compared to BQ, plumbagin is a 10-fold less potent inhibitor of 

topoisomerase II.  Extending these studies, we used the power and sensitivity of Orbitrap 
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LC-MS/MS analysis to identify amino acid targets on topoisomerase II following 

reactions of purified protein with MPO-activated MGHQ and 4HNE. Of the cysteine-

targets identified by Bender et al., adduction of Cys455 by MGHQ was confirmed in our 

analysis. Site-directed mutation of this particular residue has been shown to enhance BQ’s 

inhibitory effects on topoisomerase II activity (Bender & Osheroff, 2007b). Furthermore, 

we detected additional site-specific adducts on topoisomerase II, that when applied to 3D 

models of the protein’s structure revealed their location in regions critical for DNA- and 

ATP-protein interaction (Table 5-3). Site-directed mutagenesis of these identified amino 

acid targets could further elucidate the functional impact of adduction at these sites. 

 

6.5.  CONSEQUENCES OF HQ-GSH AND 4HNE ADDUCTION 

 Every instance of covalent binding to proteins caused by reactive electrophiles will 

not necessarily lead to toxicity. However, chemical-adduction of a protein could 

potentially inhibit protein activity, enhance its activity, alter the protein’s interaction with 

other proteins or protein-substrates, or could interfere with or elevate protein 

polymerization events. Depending on the cellular functions of targeted proteins, the 

consequences of chemical adductions could affect target tissues in a variety of ways. 

Chapter 2 describes a series of bone marrow proteins identified as potential targets of HQ-

GSH adduction, along with a description of their corresponding functions (Table 2-6), 

which were indeed diverse. The adducted proteins could be grouped into functional tasks 

that include cellular acid/base balance, stress response and chaperoning, energy 
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production, and oxygen transport. Disruption of some or all of these important cellular 

functions would certainly be anticipated to contribute to toxicity. Heat shock proteins, 

protein disulfide isomerases, and calreticulin each play a role in maintaining appropriate 

protein folding that is necessary for cells to recover from prolonged stress. As these 

proteins were identified as targets of HQ-GSH, subsequent alterations in their activities 

would severely limit the cell’s ability to launch a successful unfolded protein response, 

perhaps leading to apoptosis. 

In addition to covalently adducting proteins, the HQ-GSH conjugates can redox 

cycle and elevate the ROS burden within cells, which, as discussed in Chapter 4, is 

associated with an increase in lipid peroxidation and elevation of 4HNE-protein adducts in 

the bone marrow. In addition to the numerous proteins identified as targets of 4HNE 

(Table 4-1), heat shock proteins, protein disulfide isomerase, and calreticulin were also 

identified as targets of 4HNE adduction. Furthermore, site specific amino acid 4HNE 

adducts were detected on these proteins, that when integrated by computational 3D 

modeling revealed a predicted change in structural conformations and/or substrate binding 

properties. It is entirely possible that covalent adduction of a target protein does not 

change protein structure. Indeed, in Chapter 4 we report that the majority of the modeled 

4HNE adducts did not appear to cause any significant spatial rearrangements of the target 

protein. Nonetheless, should these particular adducts occur in regions of protein-protein or 

protein-substrate interaction, 4HNE adduction could still exert an effect on protein activity 

even though the gross structure of the protein is unchanged. This appears be the case with 

4HNE adducts detected on adenosylhomocysteinase, biliverdin reductase, and 
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serotransferrin. Thus, although 4HNE adduction had minimal effect on the predicted 3D 

structures of these proteins, the modified residues identified are critical for NAD binding 

to adenosylhomocysteinase, zinc binding to biliverdin reductase, and for iron interaction 

with serotransferrin.  Adduction of these proteins by 4HNE, in addition to adduction of 

target proteins by HQ-GSH conjugates and elevated ROS generation likely all combine to 

elicit the bone marrow toxicity associated with benzene exposure.  
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CHAPTER 7: FUTURE DIRECTIONS 

7.1.  OVERVIEW 

 Future improvements in the sensitivity and availability of high-resolution mass 

spectrometers, and associated data analysis software, will pave the way for a bright future 

in protein-adduct hunting. In the course of my dissertation studies, the acquiring of the 

LTQ Velos Orbitrap LC-MS/MS by the Arizona Proteomics Consortium led to a drastic 

improvement in not just the detection of site-specific amino acid adducts on protein 

samples, but also in the quality and confidence of the generated spectra. Whereas past 

detection of these adducts on protein samples acquired from in vivo experiments had been 

difficult, the apparent sensitivity of the LTQ Orbitrap enabled detection of adducts in the 

majority of subsequent samples analyzed. Continued use of this instrument will be critical 

in confirming the identity of adducted targets from a mixture of proteins extracted in one 

single immunopositive gel band or 2DGE spot. The success of this dissertation research 

was due in part to the efficiency and accuracy of the Proteomics Consortium’s mass 

spectrometers, in addition to the availability of adduct-specific antibodies that were used 

to identify adducts in the bone marrow of treated rats.  

 

7.2 IMPROVING IN-VIVO ADDUCT DETECTION 

 Antibody-based approaches to adduct hunting proved successful in identifying 

HQ-GSH and 4HNE adducts on bone marrow proteins from rats treated with phenol and 

HQ. In several instances, a site-specific amino acid adduct was detected in the 

immunopositive protein band excised and submitted for MS/MS analysis. These 
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antibodies represent many years of validation and protocol optimization, and will likely 

not be available for every adduct of interest. A method to improve the sensitivity and 

reduce the time spent validating antibodies for new reactive compounds of interest may 

exist in the use of radiolabeled toxicants coupled with 2DGE and LC-MS/MS analysis. 

Radiolabelled toxicants would allow the accurate and confident detection of adducted 

proteins, and the stable isotopes can be distinguished by MS and MS/MS analysis. 

Unfortunately, use of radiolabeled compounds is not recommended for analysis on LC-

MS/MS equipment shared with a variety of investigators. Furthermore, radiolabelling is 

not feasible when investigating the protein targets of endogenous electrophiles, such as 

4HNE. The development of antibodies specific for 4HNE bound to proteins has been 

incredibly useful in identifying protein targets of endogenous aldehyde in various tissues. 

Future research into 4HNE targets will benefit from the development of enrichment 

techniques that involve biotin hydrazide and avidin capture, and anti-4HNE-antibody 

affinity columns to enrich 4HNE-modified proteins prior to LC-MS/MS analysis 

(Spickett, 2013). Additionally, a better understanding of the post-adduction chemistry of 

adducted electrophiles would enable accurate mass measurments when performing MS 

with FTMS instruments.  Ultimately, understanding the complex nature of toxicity related 

to compounds such as benzene will be better understood once the toxic metabolites and 

the combination of signaling related protein targets are identified, the functional 

implications of these adducts are understood, and the combined interplay between these 

intersecting pathways is tested. 
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7.3  IDENITYING FUNCTIONAL CONSEQUENCES 

 In vitro reactions of purified protein with reactive metabolite have been an 

excellent tool in understanding the implications of covalent adduction on enzymatic 

activity. This was demonstrated in our topoisomerase II experiments detailed in Chapter 5 

of this dissertation. Following in vivo co-administration of HQ and phenol to rats, 

topoisomerase II was identified within a protein sample that was immunopositive for 

4HNE adduction. No site-specific adduct was identified in this analysis, however, we 

therefore moved to determine 4HNE’s effect on topoisomerase II activity using an 

available in vitro enzymatic assay. An observed reduction in enzymatic activity of 

topoisomerase II, following incubation with 4HNE, was then correlated with the detection 

of site-specific amino acid 4HNE adducts following LC-MS/MS analysis of reacted 

purified protein. Applying these 4HNE adducts to their amino acid targets in a 3D model 

of topoisomerase II structure revealed they were located within active sites of the protein. 

In all, this approach led to a reasonable hypothesis that the loss of topoisomerase II 

function may occur through the targeting of these specific amino acid residues. The 

ultimate goal of future studies will now be to validate these findings by assaying 

enzymatic activity and identifying these amino acid modifications in vivo following 

treatment with compounds that generate reactive aldehydes.  

 We made preliminary attempts to isolate and assay topoisomerase II activity using 

HL60 cells. To enrich topoisomerase II protein from these cells for functional assays, we 

cultured at 106 cells/ml and 107 cells were used to prepare a cell lysate that was 

fractionated using a nuclear isolation kit (Thermo). A range of nuclear lysate protein 
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aliquots were analyzed for topoisomerase II activity (Figure 7-1). Unfortunately, none of 

the concentrations tested were able to demonstrate efficient enzymatic activity, as none 

could completely decatenate the kDNA topoisomerase II substrate. Robust decatenation of 

kDNA substrate by topoisomerase II enzyme purified from cultured cells or bone marrow 

will be essential as an appropriate control for subsequent assays involving toxicant 

exposure. Despite nuclear fractionation, it is likely that there still exist interfering proteins 

or substances in the nuclear extract, such as DNA binding proteins or positively charged 

proteins, which stick to the kDNA and inhibit enzyme access. A six step protocol exists to 

improve isolation of DNA topoisomerase II from cells (Bergerat et al., 1994). It involves 

(1) ammonium sulfate precipitation, (2) phenyl-sepharose chromatography, (3) 

phosphocellulose chromatography, (4) heparinSepharose chromatography, (5) DNA-

cellulose chromatography, and (6) hydroxyapatite chromatography. This protocol can 

generate fractions of topoisomerase II protein with 300 units/mg of activity. Utilizing 

some or all of these enrichment techniques could improve topoisomerase II detection for 

LC-MS/MS analysis, and will likely improve the assaying of topoisomerase II activity in 

HL60 cells and in bone marrow of treated rats. 
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Figure 7-1.  Assaying topoisomerase II activity in HL60 nuclear lysate  
 
Representative agarose gel illustrating totopoisomerase II activity following incubation of 
kDNA with HL60 nuclear lysate. Decatenation of kDNA by topoisomerase II allows the 
separation of nicked circular and circular DNA through the gel during electrophoresis. 
Cells were harvested at 106 cells/ml, and 107 cells were used for lysate preparation and 
nuclear fractionation. Resulting nuclear lysate protein concentration was 1.7 µg/µl. The 
far-left kDNA lane did not contain topoisomerase II enzyme, while the lane on the far 
right contained kDNA and purified topoisomerase II enzyme (TopoGEN). 
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