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ABSTRACT
Chemical-induced post-translational modifications (PTMs) can alter the structure
of proteins, with consequences that may alter protein function, including interference
with protein-protein interactions, subcellular protein compartmentalization, and
disruption of cellular signaling pathways. To identify the impact of PTMs on the structure
and function of protein targets in vitro and in vivo, electrophiles with known toxicity
were utilized. Hydroquinone, and its thioether metabolites, cause renal proximal tubular
cell necrosis and nephrocarcinogenicity in rats. The adverse effects of these chemicals are
in part a result of their oxidation to 1,4-benzoquinones (BQ). Cytochrome c and caspase7 have been studied as model proteins to identify site-specific adductions and the
resulting structural and functional consequences associated with apoptosis. BQ and 2-(Nacetylcystein-S-yl)benzoquinone (NAC-BQ) preferentially bind to solvent-exposed
lysine-rich regions within cytochrome c, and specific glutamic acid residues within
cytochrome c are novel sites of NAC-BQ adduction. Furthermore, the microenvironment
at the site of adduction governs both the initial specificity and the structure of the final
adduct. Solvent accessibility and local pKa of the adducted and neighboring amino acids
contribute to the selectivity of adduction. Post-adduction chemistry subsequently alters
the nature of the final adduct. BQ induced PTMs in cytochrome c produce changes in the
structure sufficient to inhibit its ability to initiate caspase-3 activation in native lysates,
and its ability to promote Apaf-1 oligomerization into an apoptosome complex, in a
purely reconstituted system.
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Quinone-thioether-protein adduct stability is also dependent upon physiological
conditions. Adduct formation on cysteine residues under physiological conditions may
be transient, whilst remaining capable of impacting cell signaling events, and of thus
contributing to the toxic response elicited by these compounds. Indeed, in vitro analysis
of caspase-7 revealed that cysteine residues within the protein are transiently modified
with BQ, including the active site thiolate anion. In vitro and in vivo analysis of quinonethioether adduction on caspase proteins also provided evidence that these catalytic
proteins may be in vivo quinone-thioether targets, and could contribute to a mechanistic
understanding of the necrotic mode of cell death initiated by quinone-thioether exposure.
In summary, mass spectroscopic, molecular modeling, and biochemical approaches
collectively confirm that electrophile-protein adducts produce structural changes that
influence biological function. Identification of such chemical-induced PTMs on target
proteins can provide critical mechanistic understanding of their role in response to
environmental chemicals and the associated disease progression. Furthermore, because
quinones are a well-known class of electrophilic species and the quinone moiety exits in a
number of chemotherapeutic agents, identification of these PTMs will provide insight
into the field of drug development and the role electrophilic drug metabolite-PTMs may
play in unwanted drug-induced toxicities.
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CHAPTER 1: INTRODUCTION
1.1. General Comments
Quinone-thioether metabolites target the S3 segment of the proximal tubule
located within the outer stripe of the outer medulla (OSOM) of the kidney. These
compounds are metabolized via brush border membrane enzymes within the S3 segment
of the nephron, and subsequently transported into renal epithelial cells where they redox
cycle and adduct target proteins, resulting in necrosis. This work is an investigation on
the nature of the post-translational modifications (PTMs) mediated by these quinol
thioether metabolites through use of model systems to identify and characterize such
PTMs and the resulting structural and functional consequences.
An important caveat of adduct formation is that most drug and environmental
chemical-derived reactive intermediates bind to more than one protein. As a result, the
impact observed on multiple protein targets likely lead to the toxic insult observed with
these chemicals, rather than selective modification of one particular protein.
Furthermore, not all proteins that become modified by reactive intermediates contribute
to the toxic response. Thus, it is important to determine which protein targets of reactive
intermediates do indeed have a change in structure and/or function following adduct
formation. Additionally, it is equally important to determine which features predispose
certain proteins to chemical adduction and to correlate adduct formation with a functional
response. The main focus of this dissertation is to identify and characterize PTMs
mediated by quinone-thioether compounds in vitro, as well as to predict structural
alterations and functional consequences as a result of these modifications. I have utilized

18

cytochrome c and caspase-7 to address these questions, and successful determination of
structural and functional changes to these proteins following chemical-induced PTM
could serve as a model upon which changes to protein structure and function can be
explored in more complex matrices.

1.2. Renal Anatomy and physiology
The kidney is comprised of three anatomical areas: the cortex, medulla, and
papilla. The cortex is the largest portion of the kidney and it receives a higher percentage
of blood flow than either the medulla or papilla. The functional unit of the kidney is the
nephron which is comprised of a vascular component and a tubular component (Casarett
et al. 1996). Each nephron is supplied blood via the renal artery, which is divided into
many small vessels, called afferent arterioles. The afferent arterioles deliver blood to the
glomerulus, which is the main portion of the vascular component and is a complex
network of capillaries through which water and solutes are filtered from the passing
blood. Subsequently, this filtered fluid is then passed through the tubular component of
the nephron. The glomerular capillaries rejoin to form another arteriole, the efferent
arteriole. Blood that was not filtered into the tubular component leaves the glomerulus
via the efferent arteriole (Sherwood 2004). The tubular component of the nephron is
formed by a single layer of epithelial cells. The filtered fluid from the glomerulus is
collected in Bowman’s capsule, followed by passage into the proximal tubule, and then
into the loop of Henle that dips into the renal medulla and returns to the glomerular
region of the nephron (Sherwood 2004). The tubule then becomes highly coiled to form
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the distal tubule in the cortex, which then drains into the collecting duct, and is
subsequently emptied into the renal pelvis (Figure 1.1).
The proximal tubule consists of three segments, S1, S2, and S3. The S1 segment
is the initial portion of the proximal convoluted tubule and contains a tall brush border
and a basolateral membrane containing Na+-transporting epithelia. The S2 segment has a
shorter brush border and fewer mitochondria than S1 segment, and the S3 segment is
found in the distal portion of the proximal segments and extends into the OSOM. The
proximal tubule reabsorbs 60-80 percent of solute and water filtered through the
glomerulus. As a result, injury to the proximal tubule will have major consequences to
water and solute balance. Because the proximal tubule contain many transport systems in
order to transport multiple metabolic components (Casarett et al. 1996), injury to any of
these transport systems could potentially disrupt proximal tubular function and disrupt
normal kidney homeostasis.
The S3 segment of the proximal tubule is the region with the highest apical
transport of glutathione (GSH); this is because the brush border enzyme, gammaglutamyltranspeptidase (γ-GT) is present in highest amounts in this region. The proximal
tubule is most affected by toxicant-mediated injury, due to the accumulation of
xenobiotics and/or their metabolites in this region of the nephron. More specifically, this
toxic response is mainly due to selective transport of GSH conjugates, organic anions and
cations, and low-molecular weight proteins and peptides. Proximal tubular cells are
consequently exposed to higher concentrations of these xenobiotics, resulting in
increased accumulation and toxicity. Tubular injury can become severe if cells are
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exposed to sufficiently high concentrations of toxicants, and intracellular enzymes such
as lactate dehydrogenase and aspartate aminotransferase, then become excreted in the
urine. Injury also results in decreased reabsorption of solutes and water, and increased
excretion of amino acids, glucose, and small molecular weight proteins. Furthermore, a
decrease in glomerular filtration rate (GFR) is observed with proximal tubular injury and
is a characteristic of acute renal failure associated with nephrotoxic damage (Casarett et
al. 1996).
As stated previously, GSH conjugates are formed in the liver both nonenzymatically and by GSH-S-transferases and then transported to the kidney.

This

process is normally considered to be a detoxication process; however any drug or
chemical in the systemic circulation will be delivered to the kidney in high amounts.
Furthermore, because the role of the kidney is to form concentrated urine, this process
will also concentrate toxicants existing in the tubular fluid. As a result, nontoxic plasma
concentrations of chemicals may reach toxic concentrations in the kidney and result in
damage to proximal tubule cells, changes in GFR, and acute renal failure.
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Figure 1.1. Cross section of the kidney showing the nephron.
The nephron is the structural and functional unit of the kidney, which is shown on the left
portion of the diagram. The nephron contains a tubule component necessary for
reabsorption and secretion, containing filtered tubular fluid from the glomerulus. The
tubule component is comprised of the proximal tubule, loop of Henle, and the distal
tubule which delivers its filtrate to a collecting duct for excretion. The proximal tubule
is responsible for a large amount of reabsorption of salts and water from the filtrate, and
also excretion of organic anions. Because the proximal tubule is highly targeted by
toxicants, damage to proximal tubule epithelial cells results in kidney disease
progression.
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1.3. HQ exposure and metabolism
Benzene is a low molecular weight hydrocarbon and an environmental pollutant.
Because of its thermodynamic stability, changes in chemical structure require heat,
acidity, or a catalyst. Cytochrome P450 enzymes, 2E1 and 2B1, are the key enzymes
responsible for benzene structure modification (Snyder et al. 1993). Hydroxylation of the
benzene ring to form phenol is preceded by formation of benzene oxide, an epoxide
intermediate, followed by sequential hydroxylation of the benzene ring resulting in the
formation of hydroquinone (HQ) (Jerina et al. 1974). HQ is also an environmental
contaminant, present in plant products, used as a developer in the photographic industry,
as an anti-oxidant in the rubber industry (Truong et al. 2008), and in cosmetic products as
a skin lightening agent (Lin et al. 2007). HQ is also found as a byproduct of combustion
and is present in cigarette smoke, and is a contaminant following benzene exposure in
petroleum refining (Macedo et al. 2007).
HQ is readily oxidized to p-benzoquinone (BQ), which is a highly reactive
intermediate formed during benzene metabolism. BQ binds to proteins and nucleic acids
and can also undergo redox cycling, leading to the generation of reactive oxygen species
(ROS). Because of the nucleophilicity of cysteinyl sulfhydryls, protein and nonprotein
sulfhydryls are key targets of electrophilic quinone molecules. GSH—the major cellular
non-protein sulfhydryl—generally serves as a cytoprotectant, because reactive
electrophiles can covalently bind to its nucleophilic sulfhydryl, thus sparing the covalent
modification of cellular macromolecules (Person et al. 2005; Bolton et al. 2000). Because
of the electrophilic nature of BQ, several GSH molecules can be sequentially conjugated
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to BQ via the free cysteinyl sulfhydryl present in GSH (Ruiz-Ramos et al. 2005; Ross
2000; Person et al. 2005; Lindsey et al. 2005). This results in the formation of conjugates
with varying degrees of GSH substitution, including mono-, bis-, tris-, and tetrasubstituted GSH conjugates of HQ (Lau et al. 1988). Following conjugation with GSH,
the conjugates are metabolized to the corresponding S-cysteinylglycine conjugate by γGT, located on the brush border membrane of proximal tubule cells. Subsequently, the
S-cysteinylglycine conjugate is metabolized to the cysteine conjugate by a dipeptidase
located on the brush border membrane. The cysteine conjugate can then be transported
into the renal proximal tubular cells via an amino acid transporter.

The cysteine

conjugate then undergoes N-acetylation, β-elimination via cysteine conjugate β-lyase or
oxidation. Subsequent metabolism of these conjugates via the mercapturic acid pathway
ultimately yields the corresponding N-acetylcysteine conjugates, such as 2-(Nacetylcystein-S-yl)hydroquinone (NAC-HQ) (Figure 1.2) (Murty et al. 1992).
HQ is both nephrotoxic and nephrocarcinogenic in male Fischer 344 rats (Kari et
al. 1992; Kleiner et al. 1998a). Treatment of male Fischer 344 rats with HQ causes
significant increases in urinary excretion of γ-GT. Pretreatment of rats with acivicin
prevents HQ-mediated nephrotoxicity, indicating that formation of GSH conjugates that
require γ-GT processing is necessary for toxicity (Peters et al. 1997). These quinonethioether metabolites cause extensive renal proximal tubular cell necrosis, effects
mediated via their ability to generate ROS and their protein-arylation capabilities (Peters
et al. 1997; Yoon et al. 2001; Kleiner et al. 1998a).
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Although the compounds studied represent metabolites of known environmental
toxicants, the quinone moiety also exists as the pharmacophore in many
chemotherapeutic drugs (Pettit et al. 2008; Sethi et al. 2008) and in many natural
products. Oftentimes, in this instance, the ability of these drugs to covalently bind to
tissue macromolecules is a desired property of these cytotoxicants. Moreover, many of
these drugs form reactive intermediates that are not toxic at efficacious doses, including
biological reactive intermediate (BRI) formation from acetaminophen, clozapine, and a
thiophene anticancer drug (OSI-930) (Matthews et al. 1996; Williams et al. 2003;
Medower et al. 2008). In contrast, the covalent binding of electrophilic drug metabolites
is of great importance to the pharmaceutical industry because some reactive drug
metabolites contribute to unwanted drug-induced toxicities (Kang et al. 2008). Thus, the
pharmaceutical industry often assays for the ability of candidate drugs to undergo protein
covalent binding as an index of reactive intermediate formation, which can ultimately
assist in the further development of drug candidates (Baillie 2006).
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Figure 1.2. Metabolism of benzoquinone and its quinol-thioether metabolites.
(A) γ-GT cleaves MGHQ conjugates to yield the HQ-cysteinylglycine dipeptide. (B)
Dipeptidase cleaves the HQ-cysteinylglycine dipeptide to yield 2-(cystein-S-yl)HQ
(CSHQ) conjugate. (C) N-acetyl-transferase transforms CSHQ to 2-(N-acetylcystein-Syl)hydroquinone (NAC-HQ). (D) Oxidation of NAC-HQ results in 2-(N-acetylcystein-Syl)benzoquinone (NAC-BQ).
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1.4. Reactive oxygen species
ROS are free radicals formed that contain one or more unpaired electrons in their
outer orbital. Typically an extra electron is transferred to molecular oxygen, forming
superoxide anion radical. This can then be converted to hydrogen peroxide by superoxide
dismutase and cleavage of hydrogen peroxide to hydroxyl radical and hydroxyl ion is
catalyzed by transition metals, the Fenton reaction (Casarett et al. 1996). Hydroxyl
radical is the most reactive and damaging radical produced via this redox cycling process.
Post-translational modifications (PTMs) are important for the regulation of
protein function, and as a result, are tightly regulated. Oxidative modification of proteins
can modulate cellular function (Landar et al. 2006), and varying degrees of oxidative
modifications are possible, including both reversible and irreversible reactions. High
levels of ROS that generate oxidative stress typically produce irreversible modifications
including, protein-protein cross-links, lysine and arginine carbonylation, and oxidation of
thiols to sulfinic (X-SO2H) and cysteic acids (X-SO3H). Additionally, ROS are capable
of reacting with lipids and producing lipid peroxidation, generating 4-hydroxynonenal (4HNE) which is capable of covalently binding to proteins. These covalent modifications
can also be a result of faulty antioxidant enzymatic systems, such as depleted GSH levels,
that would typically protect the cell from ROS. Reversible modifications include the
oxidation of thiols to nitrosothiols (X-SNO), sulfenic acids (X-SOH), and thiyl radical
(X-S),

which are thought to have a role in redox regulation (Ghezzi et al. 2003).

Oxidative stress can disrupt the overall cellular redox balance, thus leading to an
oxidizing environment and a high oxidative potential (Moran et al. 2001). Many proteins
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involved in signaling and repair contain these thiol groups in important functional
domains, and these thiols are targets of modification when exposed to changes in redox
state (Moran et al. 2001; Forman et al. 2004).
Quinone-thioether metabolites have been shown to cause necrotic cell death in
renal proximal tubule epithelial cells (LLC-PK1) and to induce oxidative DNA damage
in the form of 8-oxo-deoxyguanine (8-oxo-dG) (Habib et al. 2003).

Furthermore,

quinone-thioethers induce ROS-mediated activation of extracellular signal-regulated
kinase (ERK) and p38 mitogen-activated protein kinase (MAPK) pathways, leading to
histone H3 phosphorylation and Hsp27 phosphorylation, both of which appear to
contribute to oncotic cell death (Dong et al. 2004). It is likely that a combination of
ROS-mediated events contribute to the necrotic cell death associated with quinonethioether exposure, including GSH depletion, activation of energy consuming processes,
and disruption of cellular redox balance.
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1.5. Mass spectrometry for peptide and protein analysis
A large number of chemical modifications can occur on individual amino acids
within proteins, altering their physiochemical properties and ultimately changing their
functional properties. Identification and characterization of chemically induced protein
PTMs has been challenging for a number of years (Meri et al. 2001).

Recent

advancements in ionization methods for biomolecules has greatly enhanced the growing
field of proteomics, in particular the identification of chemically modified peptides and
proteins (Bennett et al. 2000; Fenn et al. 1989).
The basic scope of this research is to determine an electrophile-specific adduction
profile using matrix-assisted laser desorption ionization-time of flight analysis (MALDITOF). By using quinones as a model electrophiles and multiple in vitro reaction targets,
including peptides and proteins, we began identification of the resulting quinone
adduction profile on whole proteins, as well as determining the potential amino acid
targets of these compounds by using small peptides. Such an approach will also assist in
identifying quinone-specific post adduction chemistry. Furthermore, we are interested in
determining site-specific identification of electrophilic adduction on target proteins using
liquid chromatography tandem mass spectrometery (LC-MSMS) with electrospray
ionization (ESI). In order to obtain this structural information on target proteins, it is
necessary to perform MSMS analysis on peptides from an enzymatic digestion of the
target protein or protein(s), which facilitate the subsequent identification of amino acid
targets of these electrophiles. Both of these MS methods are discussed in detail below.
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MALDI ionization is used for the analysis of biomolecules, including peptides
and proteins, where the matrix assists in desorption and ionization of the analyte. After
the peptide or protein is mixed with the appropriate matrix, either α-cyano-4hydroxycinnamic acid (CHCA) or 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic
acid), respectively, are spotted on the sample plate, and the spot on the MALDI target
plate is subsequently hit with a pulsed ultraviolet (UV) laser. The matrix absorbs the
light, causing the matrix to vaporize, and the peptides or proteins are carried into the gas
phase. The peptide or protein then acquires a positive charge in the MALDI flight tube,
and the ions are then separated based upon the time required for them to traverse the
flight tube to the TOF mass analyzer, which calculates the m/z of the parent ion.
(Kussmann et al. 1997; Voyager 2004). By using MALDI-TOF analysis as our primary
tool, we can achieve a projected quinone adduction profile on specified proteins and
peptides, as well as determine accurate mass modifications of these compounds.
LC-MSMS analysis provides information on type and location of chemical
modification on single proteins or protein mixtures. Proteolytic digestion yields peptide
mixtures that are first separated by a C18 packed capillary column before entering the
ESI source.

ESI is an ionization process carried out at atmospheric pressure, and

involves spraying a solution of sample in a suitable solvent out of a small needle to which
a high voltage is applied. This process results in production of charged droplets, and
following evaporation of the solvent, the charged analytes are left in the gas phase and
are able to enter the mass analyzer. In MSMS analysis the first mass spectrometer (MS1) contains a quadrupole mass filter, allowing only the parent ion to enter. The parent ion
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is then introduced into a collision cell where argon is used to fragment the analyte. Upon
collision-induced dissociation (CID) of the peptides, b- and y-ion fragments are
generated: the b-ion series represents cleavage of the peptide bond with charge retention
on the N-terminal fragment, and y-ions result from cleavage of the amide bonds with
charge retention on the C-terminal fragment (Standing 2003). The b and y ions are then
released into a second mass analyzer (MS-2) where the m/z is determined and intensity
calculated (Figure 1.3). Multiple software algorithms are employed to analyze the raw
data generated from mass spectral analysis. Tandem MS spectra of peptides can be
analyzed with TurboSEQUEST v3.1, a program that allows the correlation of
experimental tandem MS data with theoretical spectra generated from known protein
sequences (Yates et al. 1995). Tandem MS spectra of peptides are also analyzed with
X!Tandem, which is similar to Sequest, and correlates the MSMS spectra with amino
acid sequences in a user-specified NCBI database (Craig et al. 2003; Craig et al. 2004).
P-Mod software is used to confirm X!Tandem and Sequest data, including the
identification of spectra displaying characteristics of quinone-thioether adduction. This
program is extremely beneficial when using pure proteins and can provide reliable data
without use of additional programs. However having access to multiple programs to find
the same data is preferred.

P-Mod is an algorithm that screens data files for MSMS

spectra corresponding to peptide sequences in a search list. Modification of the primary
peptide sequence shifts the peptide mass, which may be experimentally observed as a
difference between the measured mass of the modified peptide precursor ion (adjusted for
charge state) and the predicted mass of the unmodified peptide. The mass shift will also
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be observed in the m/z values of fragment ions containing the modified amino acid.
Scores with P-values greater than 0.01 are discarded as false positives (Hansen et al.
2005). Manual validation of MSMS spectra is then used to confirm peptide sequence and
adduct mass location. Peptides identified as being adducted by both X!Tandem, Sequest,
and P-Mod are then manually validated using the program IonGen (Fisher et al. 2007).
IonGen generates theoretical b- and y-ions for user-specified peptides containing an
adduct. This program facilitates faster, more accurate validation of adducted peptides.
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Figure 1.3. Peptide cleavage results in b and y ions during mass spectral
acquisition.
(A) Fragmentation patterns during MSMS analysis result in b and y ions, where a b ion
corresponds to the charge retained on the N-terminal portion of the fragment and a y ion
corresponds to the charge remaining on the C-terminal portion of the fragment. The R
groups indicate amino acids that comprise the primary peptide sequence. (B) A tryptic
peptide from cytochrome c containing amino acids 80-86 indicating b and y ion
fragmentation patterns. The individual amino acids within this stretch of peptide are
color-coordinated to correspond to the R groups above to indicate peptide bond cleavage
patterns for the b and y ions shown in this portion of the figure.
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1.6. Electrophilic xenobiotic protein adduction
Protein adduction, or chemical-mediated PTMs, typically refers to protein
covalent binding by electrophilic xenobiotics and/or their metabolites. Such reactive
electrophilic intermediates are frequently formed during the process of chemical
metabolism, from such xenobiotics as therapeutic drugs and environmental contaminants.
Since many xenobiotics are lipophilic in nature, the body seeks ways in which to convert
them into more water soluble metabolites to facilitate renal excretion. It is during this
metabolic conversion that reactive intermediates are inadvertently generated. Because
these reactive intermediates tend to be electrophilic in nature, they can interact with a
variety of tissue macromolecules, initiating processes that may produce acute tissue
injury or chronic disease (Monks 2006). Because these reactive intermediates have low
electron density, they are capable of reacting with molecular centers of high electron
density.

Proteins that are targets for adduction by these reactive electrophilic

intermediates typically have strong nucleophilic sites such as cysteine thiols, lysine
amines, and histidine imidazoles, and may also possess less nucleophilic sites including
arginine guanidinium, tyrosine phenols, and glutamate carboxyls (Figure 1.4).
Biological reactive intermediates can also be formed during normal cellular
metabolism (Monks 2006). For example, advanced glycation endproducts (AGEs) are
formed from the reaction of reducing sugars with amino groups of proteins, resulting in
the formation of reactive dicarbonyl compounds, such as methylglyoxal (Brouwers et al.
2007; Kankova 2008). Additionally, reactive intermediates formed as by products of
cellular metabolism include superoxide anion, hydroxyl radical, and nitric oxide. The
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generation of these reactive intermediates can result in the subsequent formation of
additional endogenous electrophiles, including several α,β-unsaturated aldehydes such as
4-hydroxynonenal (4-HNE) (Carini et al. 2004; Sampey et al. 2007; Carbone et al.
2005b). Many of these reactive intermediates are known to modify specific thiols on
sensor proteins, such as glutathione S-transferase zeta and thioredoxin, and thus
inactivate the proteins (Anderson et al. 2004; Go et al. 2007). However other reactive
intermediates can modify proteins on amino acid residues distant from their catalytic site,
thereby promoting a toxicological response by interfering with critical protein-protein
interactions and disrupting cellular signaling pathways (Luo et al. 2007; Baillie 2006).
Other reactive electrophiles, such as quinones, produce toxic effects as a result of
covalent protein adduction and the generation of ROS. It is important to note that these
two effects of quinones are not mutually exclusive, since protein-bound quinones can
remain redox active. Quinones form protein adducts with nucleophilic residues within
target proteins, including lysine, cysteine, and histidine residues (Fisher et al. 2007; Koen
et al. 2006; Meier et al. 2005; Person et al. 2005). Because reactive electrophiles are
capable of forming covalent adducts with proteins, they may subsequently alter the
structure and function of target proteins. Such functional alterations may include
interference with protein-protein interactions and subcellular protein localization, and
disruption of cellular signaling pathways.
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Figure 1.4. Nucleophilic residues as targets for electrophilic intermediates.
Cysteine, lysine, and arginine are nucleophilic amino acids that form reversible and
irreversible adducts with electrophilic intermediates, including endogenous metabolites,
such as 4-HNE, as well as chemical toxicants, such as HQ quinone-thioether metabolites.
Shown here are these nucleophilic residues bound to NAC-HQ, which is a mercapturic
acid metabolite of HQ and a potent nephrotoxicant.
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1.7. Structural and functional consequences of protein adduct formation
1.7.1. Quinones and apoptosis
Cells death occurs via two major pathways, specifically apoptosis and necrosis,
both of which have distinct biochemical and morphological features (Los et al. 2002).
Apoptosis is a biological process that maintains cellular homeostasis through controlled
cell death and accounts for most of physiological cell death, whereas necrosis is induced
by acute cellular damage (Los et al. 2002; Cohen 1997a). Cellular swelling and
disruption of the cell membrane are characteristics of necrosis and these generally result
in an inflammatory response (Los et al. 2002). Apoptosis is a highly regulated form of
cell death and is controlled by ordered activation of certain proteins and molecules
(Kaufmann et al. 2000). Two possible pathways exist for the controlled cell death
process, the extrinsic and the intrinsic apoptotic pathways. The extrinsic pathway uses
external signaling molecules that bind to transmembrane receptors, also called death
receptors, for activation of apoptosis. This pathway is primarily utilized for programmed
cell death in the immune system and developmental processes. The intrinsic pathway is
activated within the cell as a result of stresses, such as oxidative stress and DNA damage,
which signal the release of apoptogenic proteins from mitochondria (Cain et al. 1999).
Caspase proteins are crucial mediators of both pathways, with signals conversing to
activate these enzymes, leading to the catalytic activation of downstream proteins that are
involved in the execution of the cell death pathway.
Cytochrome c is an integral component in the intrinsic, or stress-induced
apoptotic pathway (Figure 1.5). Following cellular stress, cytochrome c is released from
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the mitochondrial intermembrane space and interacts with the adaptor protein Apaf-1
(apoptosis activating factor-1) (MacFarlane et al. 2004). Apaf-1 contains an N-terminal
CARD domain which is necessary for caspase-9 binding, a CED-4 domain needed for
Apaf-1 self-oligomerization, and multiple C-terminal WD-40 domains required for
protein-protein interactions (Cain et al. 2002; Bratton et al. 2001b). Mutational studies
have provided some insight into the binding interaction between cytochrome c and Apaf1, and have indicated that Apaf-1 wraps itself around cytochrome c, binding to multiple
faces of the protein, and which is potentially the reason for the tight interaction between
cytochrome c and Apaf-1. These studies have also revealed that cytochrome c residues
K7, K25, K39, and ETLM62-65, and K72 are all important for its interaction with Apaf-1
(Figure 1.6) (Yu et al. 2001). The interaction of cytochrome c with Apaf-1 facilitates
binding of dATP to Apaf-1, and initiates oligomerization of Apaf-1 into the multimeric
apoptosome. This complex then recruits and activates procaspase-9. The activated
complex is then able to cleave downstream effector caspase proteins, such as caspase-3
and caspase-7 (Jiang et al. 2000). Cleavage of these caspase proteins is indicative of
apoptotic cell death.
Quinone-thioether metabolites produce cellular necrosis in mini-pig renal
epithelial cells (LLC-PK1) (Jia et al. 2004). Additionally, renal proximal tubular necrosis
occurs following quinone-thioether metabolite dosing in male Fischer 344 rats with
tubular necrosis being observed in the S3 segment of the proximal tubule within the
OSOM (Kleiner et al. 1998a; Kleiner et al. 1998b). Not only are quinone-thioethers
capable of producing damage through protein arylation, they are also redox active,
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producing ROS and creating an oxidative stress. Cellular mechanisms are in place to
rescue the cell from overt damage, such as cellular GSH and antioxidant response
proteins. In situations when the reactive species and cellular damage overcome the repair
mechanisms in the cell, oxidative stress occurs. Atherosclerosis and diabetes are two
such diseases that stem from oxidative stress. Cellular proteins become targets for these
reactive intermediates, thus impacting the structure and function of these key proteins,
and, as a result, a disruption in cellular signaling pathways occurs. Apoptotic cell death
is one necessary pathway needed to remove the most heavily damaged cells from the
tissue. When the apoptosis pathway is inhibited, survival of mutated cells occurs and
cellular genomic integrity is compromised.
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Figure 1.5. Stress-induced apoptosis pathway.
Following stress induction, cytochrome c is released from the mitochondria and binds
Apaf-1 to form the multi-protein apoptosome complex, resulting in subsequent caspase
activation and apoptotic cell death (MacFarlane et al. 2004).
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Figure 1.6. Three-dimensional structure of cytochrome c showing critical residues
for Apaf-1 binding.
Cytochrome c is released from the mitochondrial intermembrane space following
initiation of the stress-induced apoptosis pathway. Following release, it binds to
apoptosis activating factor-1 (Apaf-1) via several critical residues within cytochrome c
highlighted here, including K7, K25, K39, K72, and ETLM62-65 (Yu et al. 2001). These
residues are located on multiple surfaces of cytochrome c, resulting in Apaf-1
surrounding cytochrome c during binding, in addition to a high-affinity interaction
between the two proteins.
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1.8. Dissertation Aims
Electrophiles generated endogenously, or via the metabolic bioactivation of
drugs and other environmental chemicals, are capable of binding to a variety of
nucleophilic sites within proteins. These chemical-induced PTMs are subsequently
capable of altering the structure and/or function of proteins as well as possibly altering
cellular signaling pathways.

Factors that determine site selective susceptibility to

electrophile-mediated PTMs, and the consequences of such alterations, remain largely
unknown. As a result, efforts to understand the topological and physiochemical features,
or motifs (electrophile binding motifs, EBM) that predispose certain proteins to chemicalinduced PTMs are necessary to elucidate mechanisms of such toxicities. Additionally,
determining the biological significance and/or toxicological consequences of chemicalinduced PTMs on critical proteins based on toxicant selectivity will be useful in the
understanding of chemical-induced toxicity. These mechanistic aspects will be examined
using cytochrome c and caspase-7 as in vitro model proteins.

To identify and

characterize chemical-mediated protein adducts, electrophiles with known toxicity were
utilized. HQ, and its mercapturic acid pathway metabolites, cause renal proximal tubular
cell necrosis and nephrocarcinogenicity in rats.

The adverse effects of HQ and its

thioether metabolites are in part a consequence of their oxidation to the corresponding
electrophilic 1,4-benzoquinones (BQ).
We now report that BQ and NAC-BQ preferentially bind to solvent-exposed
lysine-rich regions within cytochrome c. Additionally, specific glutamic acid residues
within cytochrome c have been identified as novel sites of NAC-BQ adduction. The
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microenvironment at the site of adduction governs both the initial specificity and the
structure of the final adduct. Regions of the protein containing runs of lysine residues,
such as KXK or KKK, are shown to be preferential sites for quinone binding. However,
local pKa of the adducted and neighboring amino acids not only contribute to the
selectivity of adduction, they also dictate post-adduction chemistry which subsequently
alters the nature of the final adduct. Using molecular modeling, the impact of BQ and
NAC-BQ adduction on cytochrome c was visualized, revealing spatial rearrangement of
critical residues necessary for protein-protein interactions. Consequently, BQ-adducted
cytochrome c fails to initiate caspase-3 activation in native lysates and also inhibits Apaf1 oligomerization into an apoptosome complex in a purely reconstituted system.
To further characterize the structural and functional impact of these BQ-mediated
PTMs, the original mixture of BQ-cytochrome c was fractionated using a MicroRotofor
liquid isolectric focusing system to separate the various BQ-adducted cytochrome c
species. Because this fractionation process separates samples based on their isoelectric
point (pI), and because BQ adducts predominantly form on lysine residues within
cytochrome c, increasing numbers of BQ adducts on cytochrome c correlate with a lower
protein pI.

Following this fractionation, each individual fraction was analyzed for

structural changes and each was also individually assayed for apoptosome formation,
conducted in the absence of native cytochrome c interference. Circular dichroism (CD)
analysis indicated that following fractionation and removal of native cytochrome c
contamination, several of the BQ-adducted cytochrome c species maintained a slightly
more rigid structure in comparison to native cytochrome c.

Furthermore, these same
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samples showed inhibition of apoptosome formation and of subsequent decrease of
caspase activity. Moreover, this data indicates that the more BQ adducts modifying
cytochrome c, the greater the suppression of caspase-3 activity.

Largely, this data

indicates that the site-specificity of these BQ adducts and their final adduct formation are
indeed important for overall structural stability, necessary protein-protein interactions,
and thus normal biological function of cytochrome c.
Quinone-thioether instability occurs following protein adduction, where final
adduct formation is governed by surrounding protein residues. In particular, the thioether
bond between the GSH moiety of quinone-thioethers is eliminated from the HQ ring
under conditions of high pH or potentially physiological pH over time, and as a result,
may affect in vivo adduct stability. Furthermore, our in vitro and in vivo studies show
lysine, arginine, and glutamic acid residues to be targets of quinone-thioether adduction.
In contrast we have been unable to identify similar adducts on cysteine residues in vivo,
which are the more commonly reported site of electrophilic chemical adduction.
Consequently, we performed extensive in vitro investigations on model peptides and
protein apocytochrome c, both of which contain free thiol groups, to investigate quinonethioether adduct stability on cysteine residues. Taken together, the results indicate that
BQ-adduct formation on cysteine residues may be a transient interaction, where
physiological conditions may play a role in adduct stability.

Although BQ-adduct

formation on cysteine residues may be transient, the ability of these adducts to impact
cellular signaling events producing toxicity may still persist. However detection of these
adducts in vivo remains challenging. Lysine, arginine, and glutamic acid residues may
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also be preferential targets for quinone covalent adduction under physiological
conditions, and these types of electrophilic modifications provide more stable adducts for
mass spectral analysis and biomarker identification in normal physiological conditions.
These in vitro studies have provided us with critical tools necessary for successful in vivo
identification of quinone-thioether protein adducts.
For further investigation of functional consequences of quinone-thioethermediated PTM on important proteins involved in critical cellular pathways needed for
normal cell survival, we investigated the effect of quinone-thioether adduction on
caspase-7 and cytochrome c from in vitro and in vivo samples. First, we investigated the
effect these compounds had on the effector caspase protein, caspase-7 in vitro. We
determined via MALDI-TOF and LC-MSMS analysis that BQ adducts do form on
cysteine and lysine residues within recombinant caspase-7, however the cysteine-BQ
adducts are not stable during an overnight trypsin digestion and were only identified in
shortened, 3h, trypsin digestion conditions. Additionally, we identified the active site
cysteine residue of caspase-7 to be a target for in vitro BQ adduct formation. This data
indicates that BQ modification could certainly affect caspase-dependent signal
transduction, even in the absence of covalent modification by these compounds. Next,
we investigated the impact of MGHQ on caspase-7 following in vivo analysis.
Administration of a dose i.v. of 400 µmol/kg 2-(glutathion-S-yl)HQ (MGHQ) results in
necrosis in the OSOM of the kidney. As a result, we utilized OSOM from these treated
animals to determine the effects on caspase-7 and cytochrome c within these in vivo
samples. We determined via Western blotting that quinone-thioethers prevented caspase
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cleavage, as well as introduced potential modifications, as evidenced by increases in the
molecular weight of caspase-7 in the MGHQ-treated sample in comparison to caspase-7
in the control samples. Furthermore, we attempted to identify adducted cytochrome c
from these in vivo samples. Immunopositive bands from a corresponding Western blot
probed with anti-cytochrome c were excised and analyzed for quinone-thioether adducted
cytochrome c. Although we were able to identify cytochrome c from control and treated
animals, we were unable to determine any adduct formation. The combined data indicate
that multiple proteins are likely targets of quinone-thioether-mediated protein adduction
and are involved in the resulting necrotic response.
In summary, a combination of mass spectroscopic, molecular modeling, and
biochemical approaches confirm that electrophile-protein adducts produce structural
alterations that influence biological function.

The work presented herein provides

evidence for the importance of in vitro models for structural and functional analysis
following electrophile-mediated protein adduction. Chemical characterization and
structural features of target proteins shown in this work can be expanded in the future
investigation of in vivo protein adducts as targets of similar electrophilic intermediates,
and hopefully provide critical insight into potential mechanisms underlying these
chemical-induced toxicities. Additionally, identification and characterization of
chemical-PTMs could lend valuable insight into reactive drug metabolite PTMs that
contribute to unwanted drug-mediated toxicities, increasing our ability to identify
reactive metabolite-mediated PTMs in early stages of drug development.
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CHAPTER 2: QUINONE ELECTROPHILES SELECTIVELY
ADDUCT “ELECTROPHILE BINDING MOTIFS” WITHIN
CYTOCHROME C
2.1. Introduction
Cells are exposed to reactive electrophiles generated from a variety of sources,
including by products of oxidative metabolism. Peroxidation of lipid membranes results
in the formation of electrophilic aldehydes. Reactive carbonyl species such as glyoxal
and 3-methylglyoxal are products of such glycolysis.

The ability of electrophilic

carbonyl species to form protein adducts has been implicated in a number of disease
processes, including diabetes, atherosclerosis, and neurodegenerative diseases.

In a

similar fashion, naturally occurring electrophiles present in the environment, and those
formed via the metabolism of xenobiotics, can form covalent adducts with proteins. The
technical challenges involved in the identification of such xenobiotic-derived protein
adducts have limited the ability to determine their biological/toxicological significance.
Nonetheless, such chemical-induced PTMs can alter the structure of proteins, with
consequences that may alter protein function. These functional alterations may include
interference with protein-protein interactions and subcellular protein localization, and
disruption of cellular signaling pathways (Zhou et al. 2005; Cohen et al. 1997b).
Characterization of chemical-induced PTMs has been accomplished previously by
detection techniques such as western blotting analysis and radiolabeling, and more
currently by utilizing mass spectrometry analysis (Person et al. 2005; Person et al. 2003).
This latter mode of analysis has typically occurred at the amino acid level of proteins, in
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order to characterize the chemically reactive species, and to locate the exact amino acids
which are modified on the protein (Person et al. 2005).
Quinones represent an extensive class of electrophilic molecules that can form
covalent adducts with proteins, and can produce toxicological effects via such adduction.
Quinones are also capable of redox cycling, and consequently of producing ROS and a
subsequent oxidative stress (Pagano 2002; Bolton et al. 2000; Verrax et al. 2005). 1,4Benzoquinone (BQ) is an example of a reactive quinone that is an environmental
toxicant.

BQ is formed through oxidation of benzene, a low molecular weight

hydrocarbon and an environmental pollutant. Subsequent conjugation with GSH results
in the formation of multi-substituted GSH conjugates of BQ (Lau et al. 1988). BQ and its
quinol-thioether metabolites cause renal proximal tubular cell necrosis, and 2,3,5-tris(glutathion-S-yl)hydroquinone (TGHQ) is nephrocarcinogenic in the Eker rat. These
effects are mediated by their ability to generate ROS and their protein-arylation
capabilities (Peters et al. 1997; Yoon et al. 2001; Kleiner et al. 1998a).
Although full characterization of chemically-induced PTMs represents a
significant challenge, recent advances in mass spectrometry and bioinformatics have
increased the success of detecting such PTMs. We have used cytochrome c as a model
protein for in vitro adduction with BQ and 2-(N-acetylcystein-S-yl)BQ (NAC-BQ)
(selected in order to minimize the metabolic complexity of utilizing TGHQ), to
characterize the covalent protein binding of these compounds and to demonstrate the
influence of such chemical-induced PTMs on protein structure and function.
Modification of cytochrome c by BQ has been previously demonstrated in our laboratory,
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where this electrophilic toxicant binds to solvent-exposed lysine-rich regions of the
protein (Person et al. 2003). Cytochrome c has been previously shown to be a target of
1,4-BQ. MALDI-MS analysis, in addition to LC-MSMS analysis validated the formation
of multiple 106-Da modifications on solvent-exposed lysine residues, as well as
formation of a 196-Da adduct. This latter adduct is the result of one lysine residue
adding to the ortho position of BQ, followed by the neighboring lysine residue forming a
Schiff base with a second BQ molecule. The two BQ molecules then form a cyclic
product and oxidize to form a stable diquinone ring structure (Figure 2.1) (Person et al.
2003). This structure has a mass of 196 Da. Additionally, site-specific modification was
determined on cytochrome c following reaction with BQ.

The 196-Da adduct was

observed to form on K25-K27 and also on K86-K87 of cytochrome c. Both sequences
are solvent exposed and have multiple basic residues in the vicinity of adduct location.
We will be using BQ-adduction on cytochrome c to gain an understanding of the role this
chemical adduction plays in potential protein structural and functional changes.
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Figure 2.1. Cyclic diquinone BQ structure formed on neighboring lysine residues
within cytochrome c.
BQ binds to solvent-exposed lysine residues within cytochrome c. Following binding of
BQ to two adjacent lysine residues, post-adduction chemistry occurs to dictate final
adduct formation. One lysine residue adds to the ortho position of BQ, followed by the
neighboring lysine residue forming a Schiff base with a second BQ molecule. The two
BQ molecules then form a cyclic product and oxidize to form a stable diquinone ring
structure. The adducting mass of the BQ-modifying diquinone is 196-Da (Person et al.
2003).
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Cytochrome c was selected as a model protein to map the interaction between
proteins and the electrophilic toxicants because it is structurally well characterized by
nuclear magnetic resonance (NMR) and X-ray crystallography.

Additionally,

cytochrome c contains no free sulfhydryls, so the adduction of the electrophilic toxicants
to nonsulfhydryl nucleophiles can be analyzed (Person et al. 2005).

Furthermore,

because cytochrome c is an integral component in the apoptosis pathway, the selective
adduction of certain residues on the protein may influence its biological function.
Following quinone-thioether exposure in vitro and in vivo, necrotic cell death is observed,
indicating selective adduction of cytochrome c may inhibit apoptosis in these systems.
One necessary pathway for the induction of apopotosis involves formation of the multiprotein apoptosome complex.

During apoptosis, cytochrome c is released from

mitochondria and binds to cytosolic Apaf-1, with subsequent recruitment and activation
of initiator caspase-9 and effector caspase-3 and -7, thus forming the apoptosome
(Bratton et al. 2001a; Bratton et al. 2001b).
Subsequent to chemical adduction, cytochrome c was analyzed by MALDI-TOF
and LC-MSMS, followed by database mining algorithms and manual validation to
identify the site specificity and types of adduction. Molecular modeling was then utilized
to predict the structural modifications imposed upon the protein following the BQ and
NAC-BQ adductions. We demonstrate that the chemical adduction of cytochrome c is
site-specific, and that post-adduction chemistry dictates final adduct formation.
Knowledge of this post-adduction chemistry is critical in identifying site-specific PTMs.
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Additionally, we demonstrate that these PTMs cause a change in structure that leads to
changes in protein function.
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2.2. Materials and Methods
2.2.1. Chemicals
1,4-Benzoquinone (BQ), trifluoroacetic acid (TFA), and silver oxide were
purchased from Aldrich (Milwaukee, WI); NAC-HQ was synthesized and purified as
described previously (Lau et al. 1988). HPLC-grade solvents were purchased from EMD
Chemicals. Horse heart cytochrome c, sequencing-grade trypsin, and all other reagents
were from Sigma (St. Louis, MO).

2.2.2. 1,4-Benzoquinone modification on cytochrome c
Horse heart cytochrome c was dissolved in deionized distilled water at a
concentration of 1 mg/mL. BQ was dissolved in methanol at 5 mg/mL. Cytochrome c
was reacted with BQ at a molar ratio of 1:10 at room temperature for 30 min. The
mixture was centrifuged at 5,000 g for 1 h through a Millipore Microcon 10,000 Da
molecular weight cut off centrifugal filter to remove excess BQ. The control and treated
cytochrome c samples were spotted onto the MALDI target, and whole protein spectra
were acquired.

2.2.3. Oxidation of NAC-HQ to NAC-BQ
NAC-HQ was dissolved in deionized distilled water with 0.1% TFA at a
concentration of 50 mg/mL. Approximately 5 mg of silver oxide was added and the
solution was vortexed for 1 min. The solution was filtered through a 0.2 µm syringe
filter.

The solution was then purified by high performance liquid chromatography
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(HPLC).

A Shimadzu HPLC system (LC-10AS) was used with a UV-Vis

spectrophotometric detector (280 nm) and an Ultrasphere ODS C18 column (5 µm
packing, 10 mm x 25 cm, Beckman-Coulter).

The mobile phase was acetic acid:

methanol:water (1:10:89, v/v). Aliquots of oxidized NAC-BQ (25 µL) were injected into
the HPLC system and separated isocratically at 3.0 mL/min. The product eluted at 12.4
min. The yellow product was then analyzed by ESI-MS on a Finnigan MAT TSQ 7000
triple quadrupole mass spectrometer (ThermoElectron, San Jose, CA). NAC-BQ was the
dominant product (269 m/z).

2.2.4. NAC-BQ modification on cytochrome c
Horse heart cytochrome c (1 mg) was dissolved into buffers (1 mL) at pH 6 (50
mM ammonium bicarbonate, 50 mM ammonium acetate), pH 7 (100 mM ammonium
bicarbonate), and pH 8 (100 mM ammonium bicarbonate). Aliquots were taken from
each cytochrome c solution prior to NAC-BQ addition for use as control samples. NACBQ was dissolved in deionized distilled water at 5 mg/mL. Each cytochrome c solution
was reacted with NAC-BQ at a 1:10 molar ratio at room temperature for 30 min. The
mixture was filtered once through a Millipore Microcon 10,000 Da molecular weight cut
off centrifugal filter for 1 h at 5,000 g to remove excess NAC-BQ. The control and
treated samples were spotted on the MALDI target, and whole protein spectra were
acquired. The samples were then digested for 6 h with sequencing grade trypsin at a 1:50
(w/w) ratio at 37˚C in the dark. The digested samples (control and treated) were analyzed
by LC-MSMS.
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2.2.5. MALDI-TOF
Prior to MALDI-MS analysis, samples were desalted using a C18 0.6 mL ZipTip
(Millipore, Bedford, MA), with 0.1% formic acid in water as the equilibration buffer and
1% formic acid in 50% acetonitrile/water as the elution buffer, following the
manufacturer’s protocol. MALDI-TOF spectra were acquired on a Voyager DE-STR
instrument with a 2-meter flight path in the positive ion mode. The instrument was
equipped with a nitrogen laser operating at 337 nm. Standard method parameters were
used with 200 ns delay time.

The solutions were diluted 1:1 in α-cyano-4-

hydroxycinnamic acid, and 1 µL was drop-dried on a target plate. Whole protein spectra
were acquired in linear mode over the mass range 1,000 – 100,000 Da, where the spectra
were sequentially stacked.

2.2.6. LC-MSMS
Cytochrome c was digested as above and peptides were separated via microbore
HPLC (Magic 2002, Michrom BioResources, Auburn, CA) on a freshly packed 0.5 x 50
mm MAGIC MS C18 column (5 µm, 200 Å pore size) using a mobile phase of
methanol:water:acetic

acid:triflouroacetic

acid,

A

(2:98:0.1:0.02)

and

B

(10:90:0.09:0.02), with a gradient of 5-65% B over 30 min at a flow rate of 5 nL/min.
The HPLC was coupled on-line with an electrospray-ion trap mass spectrometer
(Finnigan-MAT LCQ Classic, Finnigan, San Jose, CA), set to a positive mode spray
voltage of 3.5 kV and capillary temperature of 200 °C. Maximum injection time was 50
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msec for full scan and 200 msec for 5 MSMS microscans. Dependent data setting was
performed with a default charge of 2, an isolation width of 2 amu, activation amplitude of
35%, activation time of 30 msec, and a minimal signal of 50,000 ion counts. Global
dependent data settings were as follows: reject mass width of 1 amu, dynamic exclusion
enabled, exclusion mass width of 3 amu, repeat count of 3, repeat duration of 1 min, and
exclusion duration of 1 min. Scan event series included one full scan with mass range
400 – 2000 Da, followed by one dependent MSMS scan of the most intense ion. Mass
spectrometer scan functions and HPLC solvent gradients were controlled by the Xcalibur
data system (ThermoFinnigan, San Jose, CA).

2.2.7. Identification and confirmation of modified tryptic peptides
The protein sequence of cytochrome c, CYC_HORSE P00004, was obtained from
the NCBI database (www.ncbi.nlm.nih.gov). Peptide sequences were identified using the
open-source search engine X!Tandem, which correlates the MSMS spectra with amino
acid sequences in a user-specified NCBI database (Craig et al. 2003; Craig et al. 2004).
P-Mod software was used to confirm the X!Tandem data, including the identification of
spectra displaying characteristics of BQ or NAC-BQ adductions. P-Mod is an algorithm
that screens data files for MSMS spectra corresponding to peptide sequences in a search
list. Modification of the primary peptide sequence shifts the peptide mass, which may be
experimentally observed as a difference between the measured mass of the modified
peptide precursor ion (adjusted for charge state) and the predicted mass of the unmodified
peptide.

The mass shift also will be observed in the m/z values of fragment ions
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containing the modified amino acid.

Scores with P-values greater than 0.01 were

discarded as false positives (Hansen et al. 2005). Upon CID of the peptides, b- and y-ion
fragments are generated: the b-ion series represents cleavage of the peptide bond and
correspond to the N–terminus, and y-ions result from cleavage of the amide bonds and
contain the C-terminus (Standing 2003). Manual validation of MSMS spectra was then
used to confirm peptide sequence and adduct mass location. Peptides identified as being
adducted by both X!Tandem and P-Mod were then manually validated using the
programs IonGen (trademark to SSL, The University of Arizona). IonGen generates
theoretical b- and y-ions for user-specified peptides containing an adduct. This program
facilitates faster, more accurate validation of adducted peptides. Only adducted peptides
identified from X!Tandem, P-Mod, and manual validation with IonGen were used.

2.2.8. Molecular modeling
The X-ray crystal structure coordinates for the horse cytochrome c from the
Protein Data Bank data entry (1HRC) were used as a starting model to build BQ- and
NACBQ-adducted cytochrome c (Bushnell et al. 1990). Molecular modeling studies were
carried out using the Biopolymer module of Insight II 2000 modeling software (Accelrys,
Inc). BQ cyclized diquinone and NAC-BQ were both built from the fragment library and
each adduct was formed on the appropriate residues of the protein. The charges were
assigned using extensible systematic force field (ESFF) parameters (Discover_3 ESFF
(extensible systematic force field)). The modified structures were then subjected to 1,000
steps of minimization using Discover 3.0. The complex structure was then soaked with
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10 Å layer of TIP3P water molecules (Jorgensen et al. 1983). This assembly was then
subjected to 40 picoseconds equilibration and 100 picoseconds of dynamic simulations.
Trajectories were collected at every 0.1 picoseconds.

The lowest potential energy

structure was selected and then minimized using 3,000 steps of minimization. The final
minimized structure was then used for analysis. The NAC-BQ-adducted cytochrome c
structures were viewed and manipulated using the PyMOL freeware (DeLano Scientific,
LLC) available at http://pymol.sourceforge.net.

The lowest potential energy

conformation of the NAC-BQ-adducted cytochrome c, constructed using Insight II, were
then placed in the PyMOL software program. Spatial rearragement of critical residues
within cytochrome c as a consequence of NAC-BQ adduction was assessed by overlaying
the adducted models with a native model of cytochrome c.

2.2.9. Circular dichroism spectroscopy
Circular dichroism measurements of native cytochrome c, BQ-adducted
cytochrome c, and NAC-BQ-adducted cytochrome c were taken at 20 µM on a Jasco-810
spectropolarimeter (Jasco, Easton, MD) in 100 µm Tris-HCl at pH 7.5 using a quartz cell
of 1.0 mm optical path length over a wavelength range of 180-260 nm. Each CD signal
is the average of three scans at room temperature. The CD spectra are baseline-corrected
and the signal contributions due to the buffer were subtracted.
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2.2.10. Cell culture and preparation of cell lysates
The human monocytic THP.1 tumor cell line was maintained at 37°C in RPMI
1640 media supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml
penicillin, and 100 mg/mL streptomycin, in an atmosphere of 5% CO2/95% air. THP.1
cells were resuspended in lysis buffer containing 50 mM PIPES/KOH (pH 6.5), 150 mM
KCl, 2 mM EDTA, 0.1% (w/v) CHAPS, 5 mM dithiothreitol, 20 mg/mL leupeptin, 10
mg/ml pepstatin A, 10 mg/mL aprotinin and 2 mM phenylmethylsulfonyl fluoride. The
cells were frozen in liquid nitrogen and thawed three times to ensure complete lysis and
then centrifuged (45 min, 4°C) at 20,000 g and 100,000 g in order to obtain cytosolic
lysates. The protein concentration of the lysates was determined by the Bradford assay
(Bio Rad Laboratories, Hercules, CA).

2.2.11. Inhibition of apoptosome function by BQ-modified cytochrome c
In vitro activation of the Apaf-1 apoptosome was initiated by incubating human
monocytic THP.1 lysates (10 mg/mL protein concentration) for 30 min at 37°C with 2
mM dATP, 2 mM MgCl2, and various concentrations of BQ-adducted cytochrome c or
native cytochrome c (2 – 40 µM). The ability of adducted and unadducted cytochrome c
to initiate formation of the Apaf-1 apoptosome and sequential activation of caspases-9
and -3 in human monocytic THP.1 tumor cell lysate was assessed by measuring caspase3 DEVDase activity. Because the apoptosome recruits and activates caspases-9 and -3,
the indirect activation of the complex was detected by measuring caspase-3 DEVDase
activity (Bratton et al. 2001b). Caspase-3 activity was measured as the ability to cleave
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the fluorophore 7-amino-4-methylcoumarin (AMC) from the caspase-3 target sequence,
N-acetyl-aspartate-glutamate-valine-aspartate-AMC
described (Cain et al. 2000).

(DEVD-AMC)

as

previously

Liberation of AMC from DEVD was monitored

continuously using 380 nm excitation and 460 nm emission. Lysates were assayed for
DEVDase activity in caspase assay buffer (0.1% CHAPS, 10 mM dithiothreitol, 100 mM
HEPES, and 10% sucrose, pH 7.0). The reaction was initiated with 20 µM DEVD-AMC
and the reaction was followed for 2 – 4 min. The DEVDase activity was calculated and
expressed as pmol/mg of protein/min. His-tagged caspase-9 was expressed in E.coli
BL21(DE3)-pLysS and his-tagged Apaf-1XL and procaspase-3 were expressed using a
baculovirus-mediated insect cell (Hi-Five) expression system. Caspase-9, caspase-3 and
Apaf-1XL were purified by Ni-NTA (Qiagen) affinity column, followed by MonoQ
anion-exchange chromatography. Caspase-9 (200 nM) and Apaf-1XL (200 nM) were
incubated with either cytochrome c or BQ-adducted cytochrome c (10 µM), along with
dATP (10 µM) and DEVD-AMC for 5 min at room temperature in 20 µL of caspase
assay buffer. The reaction was initiated by adding procaspase-3 (500 nM) and the release
of AMC was measured using a Victor3 plate reader (Perkin-Elmer). For gel filtration
assays, Apaf-1XL oligomerization was induced using either cytochrome c or BQadducted cytochrome c (10 µM) along with dATP (10 µM) for 20 min at room
temperature in a final reaction volume of 200 µL. The reaction sample was then loaded
onto a Superose 6 10/300 GL column (GE Healthcare), pre-equilibrated with buffer (20
mM Hepes, 50 mM NaCl, 1 mM DTT pH 7.5) at 4ºC. Fractions (500 µL) were collected
and further analyzed by immunoblotting with a rabbit polyclonal Apaf-1XL antibody.
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2.3. Results
2.3.1.

Predicted

protein

conformational

changes

associated

with

1,4-BQ

modification
BQ may induce conformational changes in cytochrome c, possibly altering
residues involved in Apaf-1 binding, and thus inhibiting apoptosome formation. Previous
site-directed mutagenesis studies revealed that cytochrome c forms complexes with Apaf1 via an annulus of lysine residues on K7, K25, K39, 62ETLM65, and K72. Because the LCMSMS analysis indicated that BQ forms a cyclized diquinone adduct on specific lysine
residues (Person et al. 2003), the BQ structure was built to mimic this binding to
cytochrome c. The cyclized diquinone adduct is the formation of one BQ molecule on a
lysine residue and the formation of a second BQ molecule on an adjacent lysine residue.
These two BQ molecules adjoin to form one adduct with a mass of 196-Da (Person et al.
2003).

With the cyclized BQ addition to K25-K27 of cytochrome c, the protein

conformation changes to accommodate this modification, changing the bond distance of
the lysine residues 25-27 from 5.26 Å in the native conformation to 9.27 Å with the
addition of cyclized BQ (Figure 2.2). The residues in cytochrome c that interact with
Apaf-1 are highlighted in this model, and following cyclic BQ adduction to K25-K27, the
specific residues involved in interaction with Apaf-1 exhibit spatial rearrangement.
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Figure 2.2. Structural modification of cytochrome c as a result of BQ adduction.
MSMS data showed a 194-Da BQ adduct on K25-K27 of cytochrome c. The model was
derived from the coordinates of the protein structure of PDB entry 1HRC, and the
software program Insight II was used to build the adducted protein. Following adduction
with the BQ molecule, the bond distance between K25 and K27 has corrected for the
addition. Native cytochrome c has a K25-K27 bond distance of 5.26 Å (left) and BQadducted cytochrome c has a K25-K27 bond distance of 9.22 Å (right). Several of the
residues involved in the Apaf-1:cytochrome c interaction are impacted by the adduction
to K25-K27, and are highlighted in green.
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2.3.2. NAC-BQ adduction to cytochrome c at pH 6, 7 and 8
In order to determine the mechanism by which NAC-BQ mediates chemicallyinduced PTMs, cytochrome c was adducted by NAC-BQ at a 1:10 molar ratio at pH 6, 7,
and 8. Following the adduction, MALDI spectra were taken of the control and treated
whole proteins at pH 6, 7, and 8 (Person et al. 2005). The control spectra of cytochrome
c showed a peak at 12360 m/z, which corresponds to the mass of the native protein. No
additional peaks were present in each of the control samples (data not shown). The
MALDI spectrum of cytochrome c adducted by NAC-BQ at pH 6 shows the native
cytochrome c at 12360 m/z, and several additional peaks corresponding to the addition of
NAC-BQ to the protein. NAC-BQ will modify the protein with a mass addition of 268
Da, and the peaks, 12628, 12897, and 13168 m/z correspond to one, two or three NACBQ additions, respectively, on cytochrome c at pH 6 (Figure 2.3A). At pH 7, the
MALDI spectrum of cytochrome c adducted by NAC-BQ shows a similar pattern of
multiple 268-Da additions of NAC-BQ on the protein, as seen at pH 6. However, this
sample also shows several additions of 105 Da, which is indicative of post-adduction
thioether loss and apparent BQ addition (106 Da) on cytochrome c. The peak at 12465
m/z corresponds to a 105-Da mass addition and the peak at 12732 m/z corresponds to a
mass addition of 105 Da plus 268 Da (Figure 2.3B). The MALDI spectrum of
cytochrome c modified by NAC-BQ at pH 8 identifies the most abundant modification as
the mass addition of 105 Da (Figure 2.3C).
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Figure 2.3. MALDI-TOF whole protein spectra for cytochrome c reacted with
NAC-BQ.
(A) Cytochrome c was incubated in a buffered pH 6 ammonium acetate/ammonium
bicarbonate solution and then reacted with a 1:10 molar ratio of NAC-BQ. The resulting
MALDI spectrum shows several additions of 268 Da to cytochrome c, corresponding to
one addition at 12628 m/z, two additions at 12897 m/z, and three additions at 13168 m/z.
(B) Cytochome c was incubated in a buffered pH 7 ammonium bicarbonate solution and
reacted with a 1:10 molar ratio of NAC-BQ. MALDI analysis reveals both 268 Da and
105 Da additions to cytochrome c. Peaks 12628 m/z, 12897 m/z, and 13168 m/z
correspond to one, two and three 268-Da mass additions, respectively. The peak at
12465 m/z corresponds to one addition of 105 Da, and the peak at 12732 m/z corresponds
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to one addition of 268 Da and one addition of 105 Da. (C) Cytochrome c was incubated
in a buffered pH 8 ammonium bicarbonate solution and reacted with a 1:10 molar ratio of
NAC-BQ. These data revealed additions of 105 Da and 268 Da; however, the peaks
corresponding to the 268 Da additions are low in abundance in comparison to their
counterparts at pH 6 and 7. Additionally, the MALDI analysis shows the most
predominant peak to be native cytochrome c, which may also be a result of NAC-BQ
instability at pH 8. The insets in (A), (B), and (C) are magnified regions of each
spectrum.
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These samples were then subjected to tryptic digest and LC-MSMS analysis to
characterize the NAC-BQ adduct formation on cytochrome c. Peptide sequences were
identified using X! Tandem database searching followed by P-Mod analysis and manual
validation. Following the reaction at pH 6 (as stated in Materials and Methods), six
peptides were identified as having an addition of 268 Da (Table 2.1). The 268-Da
addition was found on either lysine or glutamic acid residues within these peptides. The
peptide
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EETLMEYLENPKK73 was one of the tryptic peptides with the 268-Da

addition; for this peptide, the addition was identified on K72. The modification is isolated
to the C-terminal portion of the peptide (amino acids 71-73); however, the modification
most likely resides on K72, because adduction at K73 would prevent tryptic cleavage at
this

site,

thus

creating

a

larger

peptide.

Additionally,

the

peptide

39

KTGQAPGFTYTDANK53 had the 268-Da addition on K39.

92

EDLIAYLKK100 had the 268-Da addition on E92 (Figure 2.4A). The glutamic acid

The peptide

residue is a novel site of adduction and is specific to the pH 6 reaction. The b-ion series
of this peptide shows a mass shift at several b-ions that indicate E92 as the site of 268-Da
addition. The y-ion series of this peptide indicate no mass shift at the C-terminal portion;
thus, the modification is not located on the lysine residues, but instead on the glutamic
acid residue. Interestingly, the peptide
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EETLMEYLENPKK73 was again identified;

however, the 268-Da addition was found on E62. The b-ion and y-ion series isolate the
modification to E61 or E62 (Figure 2.4B). Although manual validation specifies that the
modification could occur on either E61 or E62, X!Tandem and P-Mod both found the
modification on E62.

In this case, the low pKa of this protein region most likely
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facilitates the stability of the 268-Da adduct. The glutamic acid residue is able to adduct
NAC-BQ via two possible mechanisms. One possibility is through carboxylate anion
formation and stabilization at pH 6, which allows for Michael addition of the γ-carbon to
the ring of the BQ (Figure 2.5A). An additional mechanism of NAC-BQ adduction is
through deprotonation of the α-hydrogen, followed by resonance structure formation and
stabilization at pH 6 via protonation of the backbone carbonyl. The α-carbon is then able
to adduct the BQ ring of NAC-BQ via Michael addition (Figure 2.5B). Additional
experiments have been performed to further confirm the glutamic acid adduction by
quinol-thioether metabolites of BQ.

Malonic acid, which is structurally similar to

glutamic acid, was incubated with NAC-BQ at pH 6, 7, and 8. MS analysis showed that
malonic acid was adducted by NAC-BQ via similar chemistry at pH 6 and 7, but not at
pH 8 (data not shown).
The reaction of NAC-BQ with cytochrome c at pH 7 revealed nine modified
peptides (Table 2.1). The MALDI spectrum for this reaction showed additions of 105 Da
and 268 Da to the protein, and the LC-MSMS data confirmed this observation. Three of
the modified peptides had a mass addition of 268 Da in the reaction at pH 7. The
peptides

39

KTGQAPGFTYTDANK53 and

56

GITWKEETLMEYLENPKK73 had mass

additions of 268 Da on K39 and K72, respectively. The y-ion series for the peptide
56

GITWKEETLMEYLENPKK73 clearly indicates the modification to be isolated on

residues 71-73, with K72 as the likely candidate because of its reactivity in comparison to
the proline residue, and because this lysine was missed by tryptic cleavage (Figure
2.6A). Six of the nine modified peptides contained a mass addition of 105 Da. The 105-
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Da addition was detected on slightly different regions of the protein than that of the 268Da addition, where the 105-Da adduct occurred mostly on lysine residues adjacent to
another lysine residue, either as a direct neighbor or separated by one amino acid (KK or
KXK). Because of this motif, and because the 105-Da addition is indicative of the BQ
structure, this may indicate that the 105-Da modification can form an adduct linking two
neighboring lysine residues, or can form an adduct on just a single lysine residue. These
observations may indicate that following NAC-BQ binding, stretches of amino acid
residues with a high pKa lead to instability of the adducted NAC-BQ, resulting in postadduction chemistry, which yields the 105-Da adduct. The LC-MSMS spectrum of the
peptide 80MIFAGIKKK88 shows the 105-Da addition is located on the C-terminal portion
of the peptide (residues 86-88) (Figure 2.6B). The y-ion series of this peptide indicate a
mass shift of 105 Da beginning with y3 and continuing until y7, and the b-ion series
shows a crucial mass shift at b8.

Because this 105-Da addition could link two

neighboring lysine residues, K86-K87 is the likely position of binding, because K88 was
recognized as a cleavage site; thus, no modification would likely form at this site.
Furthermore, this addition is able to form on a single lysine residue.
39

The peptide

KTGQAPGFTYTDANKNK55 had an addition of 105 Da on K53-K55; however, the

addition is most likely isolated on K53, because addition to K55 would prevent tryptic
cleavage at this site (spectrum not shown). This adduct location illustrates 105-Da
addition to a single residue. Additionally, this adduct position of K53 is unique to the
105-Da additions, as no 268-Da additions have been observed at this residue. NAC-BQ
thioether bond cleavage following adduction at K53 is most likely a result of the adjacent
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K55, which attributes to an increase in the surrounding pKa. However, K55 is not spatially
oriented to form an adjacent linkage to the HQ ring and a single 105-Da adduct forms.
Following the reaction of cytochrome c and NAC-BQ at pH 8, five tryptic
peptides were identified with mass additions of 105 Da (Table 2.1).

The peptide

sequences and the site-specificity of the 105-Da addition following the reaction at pH 8
match those peptides with 105-Da additions found at pH 7. The b-ion series in the LCMSMS spectrum of the peptide

23

GGKHKTGPNLHGLFGR38 indicate that the 105-Da

addition is located on the C-terminal portion of the peptide, and the reactivity of the
lysine residues within this portion indicate that the adduct is most likely on K25-K27
(Figure 2.7). No peptides were identified containing the 268-Da addition following the
reaction at pH 8.
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Table 2.1. Tryptic peptides found following the pH-dependent reaction of
cytochrome c with NAC-BQ.
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Figure 2.4. MSMS spectra of cytochrome c tryptic peptides modified by NAC-BQ
at pH 6.
Raw data from LCQ Classic were analyzed using X!Tandem and P-Mod. The resulting
adducts were confirmed using manual validation. (A) The cytochrome c peptide
92
EDLIAYLKK100 was adducted by NAC-BQ, where the 268-Da modification was
located on E92. (B) The cytochrome c peptide 61EETLMEYLENPKK73 had the 268-Da
modification on E62.
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Figure 2.5. NAC-BQ 268-Da adduction on glutamic acid residues at pH 6.
(A) The glutamic acid forms an enolate anion where the electron density is shared
between both oxygen atoms and is then protonated at pH 6 to a more stable species. The
γ-carbon is then capable of adducting the BQ ring via Michael addition. (B)
Deprotonation of the α-hydrogen of the glutamic acid residue allows for resonance
structure formation, which is stabilized at pH6 via protonation of the backbone carbonyl.
The α-carbon is then able to adduct the BQ ring of NAC-BQ through Michael addition.
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Figure 2.6. MSMS spectra of the NAC-BQ modified cytochrome c tryptic peptides
at pH 7.
The MSMS raw data were analyzed by X!Tandem and P-Mod, followed by manual
validation. (A) The peptide 56GITWKEETLMEYLENPKK73 was identified with a 268Da adduct on K72. (B) The peptide 80MIFAGIKKK88 had a 105-Da adduct on K86-K87.
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Figure 2.7. MSMS spectrum of cytochrome c modified tryptic peptide at pH 8.
The peptide 23GGKHKTGPNLHGLFGR38 had a 105-Da adduct on K25-K27.
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2.3.3.

Predicted protein conformational changes associated with NAC-BQ

modification
LC-MSMS data followed by software analysis and manual validation indicated
that several residues within cytochrome c are modified following the reaction of NACBQ with cytochrome c. Like BQ, NAC-BQ may also inhibit apoptosome formation via
inducing conformational changes in critical residues involved in cytochrome c: Apaf-1
binding. The 268-Da NAC-BQ modification was added to E62 (Figure 2.8), based upon
the results of the reaction of NAC-BQ and cytochrome c at pH 6. The reaction at pH 7
also indicated formation of a 268-Da addition to K72 and a 105-Da addition to K86-K87, so
these models were also constructed (Figure 2.9A and 2.9B respectively). The results of
the reaction at pH 8 indicated formation of a 105-Da addition to K25-K27 and a stable
model of this modification was also constructed (Figure 2.10).

Subsequent energy

minimizations and dynamics were performed and the effect of the NAC-BQ modification
could be assessed through conformational rearrangement of certain residues within
cytochrome c. In the case of K25-K27 and K86-K87, a cyclic BQ species is added, which
links both residues at opposite sides of the BQ ring structure. Again, the critical residues
involved in binding Apaf-1 are highlighted to view any additional conformational
changes in these residues following NAC-BQ addition.
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Figure 2.8. Molecular model of cytochrome c following covalent adduction by
NAC-BQ on E62.
MSMS data provided results showing the NAC-BQ 268-Da adduct was located on E62
following reaction at pH 6. The model was created using Insight II. Following
molecular dynamics and energy minimizations, the lowest potential energy structure was
placed in PyMOL. The modified protein (yellow residues) is overlaid with the native
protein (blue residues) to observe spatial rearrangement of critical residues involved in
cytochrome c function. Residues highlighted in the modified and native proteins are
those crucial for cytochrome c binding to Apaf-1.
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Figure 2.9. Molecular model of cytochrome c following adduction on K72 and K86K87.
The model was built using Insight II. The lowest potential energy structure was then
placed in PyMOL for manipulation and assessment of conformational changes associated
with adduction. Results of MSMS analysis of cytochrome c reacted with NAC-BQ at pH
7 indicated (A) K72 to be adducted by a 268-Da NAC-BQ addition and (B) K86-K87 to be
adducted by a 105 Da NAC-BQ addition. K86 and K87 are both bound to opposite
carbons on the benzoquinone ring linking these two residues to the compound. The
native protein (blue residues) is overlaid with the adducted protein (yellow residues).
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Figure 2.10. Molecular model of cytochrome c following NAC-BQ adduction on
K25-K27.
This structure was built using Insight II and based upon the MSMS data indicating 105Da adduct formation at K25-K27 following reaction at pH 8. Conformational changes
associated with cytochrome c following 105-Da adduction to K25-K27 can be assessed by
overlap of the native structure (blue residues) with that of the adducted structure (yellow
residues). Because the MSMS data indicate the adduct most likely binds the two
neighboring residues, the model was built to depict this scenario.
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2.3.4. Circular dichroism spectroscopy following cytochrome c modification with
BQ and NAC-BQ
Following the reaction of cytochrome c with BQ and NAC-BQ (Materials and
Methods), far-UV spectroscopy was used to establish whether the secondary structure of
BQ-adducted cytochrome c and NAC-BQ-adducted cytochrome c were significantly
different from that of native cytochrome c (Figure 2.11). Molecular modeling of the
modified and native cytochrome c predicted structural changes associated with the
modifications, and further structural data was necessary to support the results of the
modeling studies. Functional studies measuring caspase activity following cytochrome c
modification with BQ have also indicated that the biological function of this protein is
altered upon BQ modification (see below). Consequently, we determined whether the
secondary structure of the protein remained intact following BQ and NAC-BQ
modifications. CD spectra were measured to determine whether the BQ and/or NAC-BQ
modifications induced sufficient conformational changes to result in significant misfolding of the protein secondary structure, which might be responsible for the inhibition
of protein function. The CD spectra of BQ- and NAC-BQ-adducted cytochrome c appear
similar to that of the native spectrum with no significant visible band shifts between the
spectra. To further investigate the structural changes associated with this chemical
adduction on cytochrome c, intrinsic fluorescence measurements were conducted using
the samples prepared for CD analysis; however the proximity of the tryptophan residue to
the heme in cytochrome c likely resulted in quenching of the tryptophan fluorescence
(data not shown). Therefore, the CD results indicate that the BQ- and NAC-BQ-induced
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PTMs likely create subtle structural rearrangements of critical residues involved in the
normal functioning of the protein, and with spatial rearrangement of these critical
residues, the biological activity of cytochrome c is altered. The samples used for CD
analysis were analyzed via MALDI-TOF analysis to ensure modifications of cytochrome
c by BQ and NAC-BQ.
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Figure 2.11. Far UV circular dichroism of BQ- and NAC-BQ-adducted cytochrome
c.
The CD spectra of the BQ-adducted cytochrome c (green triangles) and the NAC-BQadducted cytochrome c (blue circles) are shown with the native cytochrome c structure
(red squares).
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2.3.5. 1,4-Benzoquinone adduction to cytochrome c inhibits formation of the Apaf-1
apoptosome and activation of caspases-9 and -3
Next, we examined the ability of native and BQ-adducted cytochrome c to initiate
formation of the Apaf-1 apoptosome and sequential activation of caspases-9 and -3 in
naïve human monocytic THP.1 tumor cell lysates and in an entirely reconstituted
apoptosome model. The addition of native cytochrome c to THP.1 lysates led to a
concentration-dependent increase in caspase-3 DEVDase activity, implying that
cytochrome c had induced formation of the Apaf-1•caspase-9 apoptosome, which in turn
activated procaspase-3 (DEVDase activity).

By contrast, no significant increase in

DEVDase activity was observed in lysates incubated with BQ-adducted cytochrome c
(Figure 2.12A). To confirm that BQ-adducted cytochrome c could not activate the
apoptosome, we reconstituted the complex with recombinant Apaf-1, procaspase-9,
procaspase-3, and either native or BQ-adducted cytochrome c. As expected, native
cytochrome c induced oligomerization of Apaf-1 and consequently activated caspases-9
and -3, resulting in caspase-3 DEVDase activity. However, adducted cytochrome c failed
to induce Apaf-1 oligomerization and consquently failed to activate caspases (Figure
2.12B-C).
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Figure 2.12. Adduction of cytochrome c with BQ inhibits formation of the Apaf-1
apoptosome and prevents caspase activation.
(A) THP-1 lysates were activated with dATP in the presence of increasing
concentrations of cytochrome c or BQ-adducted cytochrome c. Apoptosome-mediated
activation of procaspase-3 was measured using the caspase-3 substrate, DEVD-AMC.
(B-C) Native and BQ-adducted cytochrome c were examined for their abilities to induce
oligomerization of recombinant Apaf-1 into an apoptosome complex, capable of
activating procaspases-9 and -3.
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2.4. Discussion
Cytochrome c has been utilized as a model protein to characterize chemicalinduced PTMs on the protein resulting from reaction with BQ and NAC-BQ.
Additionally, because intact cytochrome c is critical for the normal function of the stressinduced apoptosis pathway, site-specific modification of residues within this protein
could disrupt essential protein-protein interactions required for the initiation of cell death.
Moreover, the MS data were analyzed to determine whether reactive electrophiles
preferentially target specific amino acids based on the orientation of the amino acids and
on the chemical and physical properties of the solvent-exposed residues within the
protein.

Identification of potential preferential binding characteristics may facilitate

selective adduction on certain amino acid residues, based upon specific EBMs within
proteins. Potential quinone EBMs have previously been identified as containing runs of
lysine residues in a specific orientation, generally including two lysine residues flanking
a nucleophilic amino acid (KXK), or two lysine residues preceded or followed by a
nucleophilic amino acid (XKK or KKX).

Proteins containing these EBMs may be

predisposed to BQ and NAC-BQ-mediated modification, leading to alterations in
structural and possibly functional characteristics. Site-directed mutagenesis studies have
revealed that cytochrome c forms complexes with Apaf-1 through specific interaction
with residues K7, K25, K39, 62ETLM65, and K72 (Yu et al. 2001). Selective binding of BQ
and/or NAC-BQ to any of these cytochrome c residues may possibly disrupt the
cytochrome c:Apaf-1 interaction. Modification of one of these residues involved in
cytochrome c:Apaf-1 interactions decreases caspase-3 activation (Yu et al. 2001).
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However, modification of multiple residues involved in this interaction, or a change in
spatial orientation of these critical residues as a result of binding elsewhere on the
protein, has an additive effect on the decrease in caspase-3 activation, and thus the ability
of cytochrome c to initiate the apoptosis pathway (Shi 2002; Bratton et al. 2001a; Bratton
et al. 2001b). Interestingly, several of the reactive electrophile-induced PTMs we have
identified are located on K7, K25, K39, E62, and K72. Because these residues are crucial
contributors to protein-protein interactions, their modification by BQ or any of its quinolthioether metabolites, may cause a significant decrease in cytochrome c binding and
caspase-3 activity. Additionally, modification at these sites by BQ, or any of its quinolthioether metabolites, may contribute to inhibition of Apaf-1 oligomerization necessary
for apoptosome formation (Figure 2.12).
The pH dependence of the reaction of cytochrome c with quinol-thioether
metabolites of BQ was investigated to determine whether pH influences the nature and/or
selectivity of protein modification. MALDI-TOF and LC-MSMS analysis revealed that
these NAC-BQ adducts do form in a pH-dependent manner on solvent-exposed
cytochrome c residues. This analysis has revealed that following NAC-BQ reaction with
cytochrome c, 268-Da adducts are found at pH 6 and 7, but 105-Da adducts are found at
pH 7 and 8 (Figure 2.3). The observed pH-dependence is likely due to the instability of
the protein-adducted NAC-BQ at increasing pH, where the final 105-Da addition occurs
as a result of post-adduction chemistry following NAC-BQ binding at these residues.
Thus, elimination of the NAC moiety from the BQ ring gives rise to the 105-Da adduct
observed at increasing pH. The post-adduction chemistry that occurs to give the 105-Da
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adduct is observed mostly on amino acids that are surrounded by regions with a high
pKa, whereas the 268-Da adducts are observed in protein regions with a lower pKa.
These regions of low pKa appear to stabilize the 268-Da adduct, preventing elimination
of the NAC moiety. In addition to the lysine residues that have been shown to be targets
of these electrophilic compounds, we have identified glutamic acid as a novel residue
modified by NAC-BQ at pH 6 (Figure 2.4).

Only glutamic acid residues that are

surrounded by regions of low pKa are sites of the 268-Da adduction, further signifying
the importance of pKa in quinol thioether adduct formation and the associated postadduction chemistry. Additionally, this novel adduction site further characterizes protein
targets of quinone compounds and helps elucidate their mechanisms of binding.
Protein modeling of BQ and NAC-BQ modification on cytochrome c was
conducted to predict structural changes in the protein conformation following covalent
modification by these compounds. Modeling BQ and NAC-BQ adduction to cytochrome
c on critical lysine (Figure 2.2) and glutamic acid (Figure 2.8) residues revealed a change
in the orientation of these residues in order to accommodate the quinone adducts
(postulated structures of these chemical adducts are found in Figure 2.13).

This

structural adjustment induced subsequent changes in the spatial orientation of additional
residues within cytochrome c, particularly those residues which facilitate the cytochrome
c:Apaf-1 protein-protein interactions. The observed structural rearrangement following
adduction by these quinone compounds suggests one possible mechanism for the
inhibition of the cytochrome c interaction with Apaf-1, resulting in inhibition of
cytochrome c-initiated caspase activation. Alternatively, it is possible that BQ and its
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quinol-thioether metabolites induce global changes in cytochrome c conformation
sufficient to produce a loss in protein function. In this case, the more subtle local
conformational changes affecting only the spatial orientation of specific residues would
likely be overwhelmed by the consequences of global changes in protein structure.
However, CD analysis of the BQ- and NAC-BQ-modified cytochrome c revealed that the
secondary structure of the protein remains essentially intact following modification
(Figure 2.11). These data suggest that reactive electrophile-induced PTMs cause a loss of
protein function in the absence of gross alterations in protein structure. Thus, the spatial
rearrangement of the affected residues following this quinone adduction on cytochrome c
are sufficient to inhibit cytochrome c protein-protein interactions, and a loss of protein
function.
Adduction to any site on cytochrome c that is involved in protein-protein
interactions may be sufficient to produce a loss of protein function independent of any
structural changes. Recent literature has demonstrated that negatively charged nucleotides
bind to cytochrome c likely through electrostatic interactions, and that these nucleotides
interfere with cytochrome c-initiated caspase activation (Chandra et al. 2006; Samali et
al. 2007).

The authors suggest that the nucleotides interact at the same sites on

cytochrome c necessary for Apaf-1 binding, and are therefore able to inhibit cytochrome
c-initiated caspase activation by preventing protein-protein interactions without
associated structural rearrangements.

Because we have shown that BQ and its quinol-

thioether metabolites bind to many of the same sites on cytochrome c known to be crucial
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for Apaf-1 interaction, the simple masking of these protein-protein interaction sites may
be sufficient to cause loss of function independent of any local conformational changes.
In summary, BQ and its quinol-thioether metabolites (NAC-BQ) are capable of
creating PTMs in cytochrome c that alter protein structure. In addition, the nature of the
chemical adduct is dependent on the physiochemical characteristics at the site of
adduction. Thus, post-adduction chemistry can result in rearrangements that may render
assumptions about the proposed structure of chemical-induced PTMs invalid. However,
despite such difficulties, identification of EBMs recognized by specific classes of reactive
electrophilic metabolites should assist in directing the search for chemical-induced
PTMs, and the consequences thereof. In this respect, BQ and NACBQ induced PTMs in
cytochrome c produce changes in the structure of cytochrome c sufficient to inhibit its
ability to promote the processing of caspase-3 by the apoptosome. The contribution of
chemical-induced PTMs to the toxicity associated with chemical exposure remains to be
determined, but will likely involve multiple protein targets. Assessing which, if any, of
these PTMs alter structure and function sufficient to influence cell viability remains a
challenge.
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Figure 2.13. Postulated structures of chemical adducts on cytochrome c.
Following reaction of cytochrome c with BQ and NAC-BQ, several chemical adducts
have been identified with mass modifications of 105 Da, 268 Da, and 196 Da. Post
adduction chemistry following cytochrome c reaction with NAC-BQ results in 268-Da
and 105-Da adduct formation (Fisher et al. 2007). Following cytochrome c reaction with
BQ, 105-Da adduct formation is observed and post-adduction chemistry results in 196-Da
adduct formation (Person et al. 2003).
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CHAPTER 3: STRUCTURAL AND FUNCTIONAL
CONSEQUENCES FOLLOWING FRACTIONATION OF QUINONEINDUCED PTMS ON CYTOCHROME C
3.1. Introduction
Proteins are known targets of chemical-induced post-translational modifications.
Protein covalent binding of chemicals is closely associated with increases in tissue
toxicities and disease progression (Liebler 2008; Bolton et al. 2008; Price et al. 2007;
Cohen et al. 1997b). Exposure to electrophilic xenobiotics and/or their metabolites can
lead to protein adducts or oxidations, oxidative damage to lipids, altered metabolism of
endogenous compounds, and to changes in protein subcellular localization and cellular
signaling events (Wang et al. 2007; Go et al. 2007; Demozay et al. 2008).

More

specifically, endogenously-derived electrophiles can produce a cellular stress response,
leading to the production of ROS and additional endogenous electrophiles, such as 4hydroxynonenal, all of which may modify proteins and cause functional changes as a
direct consequence of protein adduct formation (Sampey et al. 2007; Carbone et al.
2005b).
Quinones are among a large class of electrophilic xenobiotics with electrondeficient, electrophilic carbon centers that react with specific nucleophilic sites within
targeted proteins. Quinones are also capable of redox cycling, and consequently of
producing ROS and subsequent oxidative stress (Pagano 2002; Bolton et al. 2000; Verrax
et al. 2005; Peters et al. 1997; Peters et al. 1996; Ross 2000). Many of quinones are
found in the environment as natural products, and are also incorporated into nucleus of
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many drug molecules (Kamal et al. 2007; Sumi et al. 2007). BQ is an example of a
reactive quinone that is an environmental toxicant. BQ is formed through oxidation of
benzene, an aromatic hydrocarbon produced from the burning of natural products, and is
an environmental pollutant.

BQ is able to bind to nucleophilic sites on proteins,

including cysteine thiols, lysine amines, histidine imidazoles, and protein N-terminal
amines, which have also been shown to be targets of many other reactive species,
including endogenous electrophiles (Person et al. 2005; Person et al. 2003; Koen et al.
2006; Poli et al. 2008).
In a recent publication from our laboratory, we used cytochrome c as a model
protein to identify site-specific adductions, and to determine the resulting structural and
functional consequences. Cytochrome c was chosen as a model protein to study the
interaction of electrophilic toxicants and proteins, and to determine the impact of such
interactions on protein structure and function. Cytochrome c is a critical protein involved
in the apoptotic pathway, in which it participates in the formation of the multi-protein
apoptosome complex. Following release from mitochondria, cytochrome c binds to
cytosolic Apaf-1, with subsequent recruitment and activation of initiator caspase-9 and
effector caspase-3 and -7, thus forming the apoptosome (Bratton et al. 2001a; Bratton et
al. 2001b). Apoptosome formation is one major pathway necessary for induction of
apoptosis. Selective BQ adduction on certain residues of cytochrome c produce changes
in the structure sufficient to inhibit its ability to initiate caspae-3 activation, and its ability
to promote Apaf-1 oligomerization into an apoptosome complex in a purely reconstituted
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system (Fisher et al. 2007). This provides evidence that protein adduction by reactive
quinone toxicants can alter programmed cell death and thus cellular regulation.
However, in these initial studies we were unable to completely suppress caspase-3
activity using BQ-adducted cytochrome c. We speculated this was due to native protein
interference in the BQ-adducted cytochrome c sample. Although we used an excess of
BQ to adduct the model protein in vitro, mass spectral analysis indicated a mixture of
BQ-cytochrome c adducts were formed with the most predominant product being 2BQadducted cytochrome c, in addition to a measureable amount of cytochrome c remaining
unadducted by BQ. As a result, structural and functional evaluations using this mixture
of unadducted and BQ-adducted cytochrome c could be masked by native cytochrome c
interference. The BQ-adduction on cytochrome c may actually produce more dramatic
structural and functional changes associated with this adduction in the absence of native
protein interference. Therefore, we have separated the various adducted BQ-cytochrome
c species using a MicroRotofor system that enabled us to separate the species based on
isoelectric point (pI). Because the BQ adducts predominantly form on lysine residues
within cytochrome c, the pI of cytochrome c decreases with increasing BQ adduct
formation. With increasing BQ adducts present on cytochrome c, the pI of the protein
will decrease. This has allowed us to separate the BQ-adducted cytochrome c into
multiple fractions, with each fraction containing different BQ-adduction profiles on
cytochrome c. This procedure has also allowed us to separate the native cytochrome c
from any BQ-adducted cytochrome c.
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Following separation into fractions, each BQ-cytochrome c fraction was analyzed
by MALDI-TOF and LC-MSMS to determine the individual BQ-adduction profile on
cytochrome c of each fraction. These individual fractions were subsequently analyzed
for structural determination by CD and molecular modeling. Each fraction was also
individually assayed for caspase-3 activity, to determine the effect of the various BQcytochrome c adducts on apoptosome formation.

We report that BQ-adducted

cytochrome c shows a more rigid secondary structure in the absence of native
cytochrome c interference.

Also, increasing BQ-adduct formation on cytochrome c

correlates with increased inhibition of apoptosome formation measured by caspase-3
activity. By identifying the site-specific modifications that do indeed impact protein
structure of target proteins, we can then begin to correlate structural modification of these
target proteins to the associated changes in biological function and cellular regulation.
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3.2. Materials and Methods
3.2.1. Chemicals
All chemicals and reagents were of the highest purity and obtained from SigmaAldrich (St. Louis, MO) unless otherwise indicated.

3.2.2. 1,4-Benzoquinone modification on cytochrome c
Horse heart cytochrome c was dissolved in 10 mM Tris-HCl, pH 7.5 at a
concentration of 1 mg/mL. BQ was dissolved in methanol at 5 mg/mL. Cytochrome c
was reacted with BQ at a molar ratio of 1:10 at room temperature for 30 min. The
mixture was extracted with 3 volumes of ethyl acetate to remove excess BQ. The control
and treated cytochrome c samples were spotted onto the MALDI target, and whole
protein spectra were acquired.

3.2.3. Liquid isoelectric focusing for separation of BQ-adducted cytochrome c
BQ-cytochrome c (500 µg) in 100 µL of 10mM Tris-HCl was diluted into 2.75
mL of focusing solution (7 M urea, 2 M thiourea, 10 mM DTT, 2% CHAPS and 6% BioLyte 8/10), which was then loaded into the focusing chamber. MES (6 mL, 0.25 M) was
added to the anode electrolyte chamber and 6 mL 0.1 M NaOH was added to the cathode
electrolyte chamber. The MicroRotofor Liquid-Phase IEF Cell (Bio-Rad) was then run at
1 W constant until both the voltage and amps reached a plateau (~ 1 hour). Fractions
were then removed from the focusing chamber and the pH was determined for each
fraction.

A portion of each fraction was subsequently processed using ZipTips
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(Millipore) and analyzed using MALDI-TOF. These fractions were then purified to
isolate the protein and adducts from the focusing chamber solution using acetone
precipitation.

3.2.4. MALDI-TOF
Prior to MALDI-MS analysis, samples were desalted using a C18 0.6 mL ZipTip
(Millipore, Bedford, MA), with 0.1% formic acid in water as the equilibration buffer and
1% formic acid in 50% acetonitrile as the elution buffer, following the manufacturer’s
protocol. MALDI-TOF spectra were taken on an Applied Biosystems Voyager DE-STR
instrument, with a 2-meter flight path, in the positive ion mode. The instrument was
equipped with a nitrogen laser operating at 337 nm. A laser intensity of 1200 was
utilized with a delay time of 900 ns. The original BQ-cytochrome c mixture and the BQcytochrome c fractions following MicroRotofor separation were diluted 1:1 in α-cyano-4hydroxycinnamic acid, and 1 µL was drop-dried on a target plate. Whole protein spectra
were acquired in linear mode over the mass range 8,000-40,000 Da.

3.2.5. Circular dichroism spectroscopy
Circular dichroism measurements of BQ-separated cytochrome c fractions were
taken. Unadducted cytochrome c (fraction 9 from MicroRotofor separation) and two
separate BQ-adducted cytochrome c samples (fractions 4 and 6 with different BQ
adduction profiles following MicroRotofor separation) were taken at 3.2 µM on a Jasco810 spectropolarimeter (Jasco, Easton, MD) in 100 µm Tris-HCl at pH 7.5 using a quartz

95

cell of 1.0 mm optical path length over a wavelength range of 180-260 nm. Each CD
signal is the average of three scans at room temperature. The CD spectra are baselinecorrected and the signal contributions due to the buffer were subtracted.

3.2.6. Molecular modeling
The X-ray crystal structure coordinates for horse cytochrome c from the Protein
Data Bank data entry (1HRC) were used as a starting model to build various BQadducted cytochrome c models (Bushnell et al. 1990). Molecular modeling studies were
carried out using the Biopolymer module of Insight II 2000 modeling software (Accelrys,
Inc). BQ cyclized diquinone (196 Da) and the BQ (105 Da) molecules were built from
the fragment library and the BQ-adducts were formed on the appropriate residues of the
protein.

These residues were determined by conducting LC-MSMS analysis of the

MicroRotofor-separated fractions of the BQ-adducted cytochrome c. The charges were
assigned using ESFF parameters (Discover_3 ESFF (extensible systematic force field)).
The modified structure was then subjected to 1000 steps of minimization using Discover
3.0. The complex structure was then soaked with 10 Å layer of TIP3P water molecules
(Jorgensen et al. 1983).

This assembly was then subjected to 40 picoseconds

equilibration and 100 picoseconds of dynamic simulations. Trajectories were collected at
every 0.1 picoseconds. The lowest potential energy structure was selected and then
minimized using 3000 steps of minimization. The final minimized structure was then
used for analysis. The BQ-adducted cytochrome c structures were viewed and
manipulated using the PyMOL freeware (DeLano Scientific, LLC). The lowest potential
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energy conformation of the BQ-adducted cytochrome c, constructed using Insight II, was
then placed in the PyMOL software program. Spatial rearrangement of critical residues
within cytochrome c as a consequence of BQ adduction was assessed by overlaying the
adducted model with a native model of cytochrome c.

3.2.7. Apoptosome formation
The protein sequence of cytochrome c, CYC_HORSE P00004, was obtained from
the NCBI database (www.ncbi.nlm.nih.gov). Peptide sequences were identified using the
open-source search engine X!Tandem, which correlates the MSMS spectra with amino
acid sequences in a user-specified NCBI database (Craig et al. 2003; Craig et al. 2004).
P-Mod software was used to confirm the X!Tandem data, including the identification of
spectra displaying characteristics of BQ or NAC-BQ adductions. P-Mod is an algorithm
that screens data files for MSMS spectra corresponding to peptide sequences in a search
list. Modification of the primary peptide sequence shifts the peptide mass, which may be
experimentally observed as a difference between the measured mass of the modified
peptide precursor ion (adjusted for charge state) and the predicted mass of the unmodified
peptide.

The mass shift also will be observed in the m/z values of fragment ions

containing the modified amino acid.

Scores with P-values greater than 0.01 were

discarded as false positives (Hansen et al. 2005). Upon CID of the peptides, b- and y-ion
fragments are generated: the b-ion series represents cleavage of the peptide bond and
correspond to the N–terminus, and y-ions result from cleavage of the amide bonds and
contain the C-terminus (Standing 2003). Manual validation of MSMS spectra was then
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used to confirm peptide sequence and adduct mass location. Peptides identified as being
adducted by both X!Tandem and P-Mod were then manually validated using the
programs IonGen (trademark to SSL, The University of Arizona). IonGen generates
theoretical b- and y-ions for user-specified peptides containing an adduct. This program
facilitates faster, more accurate validation of adducted peptides. Only adducted peptides
identified from X!Tandem, P-Mod, and manual validation with IonGen were used.

98

3.3. Results
3.3.1. Cytochrome c-BQ MicroRotofor separation followed by MALDI-TOF
analysis
Cytochrome c was reacted with BQ as described in Materials and Methods.
MALDI-TOF analysis was conducted on this sample to ensure BQ adduction and the
consequent adduction profile as a result of reaction with BQ (Figure 3.1). This sample
was then separated into various BQ-adducted cytochrome c species based on pI. Because
BQ adducts predominantly form on lysine residues, the more BQ adducts present on
cytochrome c, the lower the pI will be of the protein. This allows for separation of the
BQ-adducted cytochrome c from the native cytochrome c in the original reaction.
Additionally, this separation allows for isolation of cytochrome c species with varying
amounts of BQ adducts, from many BQ adducts per molecule of cytochrome c to only 12 BQ adduct(s), and also native cytochrome c.

The more BQ adducts present on

cytochrome c, the lower the pI of cytochrome c. Following MicroRotofor separation, 10
fractions were collected, with increasing pH from fraction 1 to fraction 10.

Initial

MALDI-TOF analysis was conducted on the fractions to determine the BQ adduct profile
of each (Figure 3.2). These results indicate that there are decreasing amounts of BQ
adducts from fraction 2 to fraction 9, with fraction 2 containing the most BQ adducts on
cytochrome c and fraction 9 containing native cytochrome c (Table 3.1). Fractions 1 and
10 contained undetectable amounts of protein.
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Figure 3.1. MALDI-TOF whole protein spectra for cytochrome c reacted with BQ.
Cytochrome c was incubated in 10 mM Tris-HCl pH 7.5 and then reacted with a 1:10
molar ratio of BQ. The resulting MALDI spectrum shows several BQ additions of 105
Da to cytochrome c, as well as several BQ additions of 196 Da to cytochrome c. These
BQ additions correspond to one addition at 12465 m/z, two additions at 12556 m/z, three
additions at 12661 m/z, four additions at 12752 m/z, five additions at 12885 m/z, and six
additions at 12990 m/z. The 196-Da additions correspond to a cyclized diquinone adduct
as a result of post adduction chemistry following addition of two BQ to adjacent lysine
residues. Additionally, the MALDI analysis shows the native cytochrome c at 12360
m/z. The inset is a magnified region of the spectrum. This original sample was then
subjected to MircroRotofor separation to allow for fractionation of the BQ-adducted
species away from the native cytochrome c. Furthermore, the BQ-adducted species were
separated into groups corresponding to the relative number of BQ adductions on
cytochrome c. Structural and functional studies were then conducted following this
separation procedure.

100

Figure 3.2. MALDI-TOF analysis of BQ-cytochrome c fractions following
MicroRotofor separation.
Following reaction of cytochrome c with BQ and MicroRotofor separation, 10 fractions
were collected. These fractions were purified using C18 packed tips (ZipTips), and then
spotted on the MALDI target plate. The 8 panels shown here represent the MALDI
spectrum from each fraction collected and identified. (A) fraction 2 containing 4-6 BQ
adducts, (B) fraction 3 containing 4-5 BQ adducts, (C) fraction 4 containing 3-4 BQ
adducts, (D) fraction 5 containing 2-4 BQ adducts, (E) fraction 6 containing 2-3 BQ
adducts, (F) fraction 7 containing 1-2 BQ adducts with small amounts of native
cytochrome c present, (G) fraction 8 containing 1-2 BQ adducts, with large amounts of
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native cytochrome c present, and (H) corresponds to fraction 9 showing native
cytochrome c with no BQ adducts.

Table 3.1. Fractionation of BQ-cytochrome c adduct mixture using MicroRotofor
liquid isoelectric focusing and the resulting MALDI-TOF spectrum of
each fraction.
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3.3.2. Circular dichroism spectroscopy of BQ-adducted cytochrome c
Following the reaction of cytochrome c with BQ, and MicroRotofor separation
(Materials and Methods), far-UV spectroscopy was used to establish whether the
secondary structure of various BQ-adducted cytochrome c samples were significantly
different from that of native cytochrome c. Similar structural analysis of BQ-adducted
cytochrome c in a mixed population of unadducted protein species and BQ-adducted
protein species has been performed in our laboratory. These results indicated that the
structural features of the mixed population of BQ-adducted cytochrome c and native
cytochrome c species were similar to that of the native protein alone (Fisher et al. 2007).
Separation of native cytochrome c from the BQ-adducted cytochrome c species permits
structural analysis of the various BQ-adducted protein species, with no native protein
interference, providing a more accurate representation of the impact of BQ PTM on
cytochrome c.
The CD spectra of BQ-adducted cytochrome c appear similar to that of the native
cytochrome c spectrum with respect to an intact secondary structure, although there
appears to be more α-helical structure associated with BQ-adducted cytochrome c
(Figure 3.3A). The samples used for CD analysis were previously analyzed via MALDITOF analysis (as discussed above) to determine more exact modifications of cytochrome
c by BQ. The two samples chosen for CD analysis were those that corresponded to a
BQ-adduct profile containing 2 or 3 BQ-adducts (fraction 6) (Figure 3.3B) and a BQadduct profile containing 3 or 4 BQ-adducts (fraction 4) (Figure 3.3C), with the most
prominent adduct corresponding to that of the 196-Da, diquinone BQ adduct in each case.
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The data indicate that the more α-helical structure is most likely associated with the 196Da adduct on cytochrome c. Therefore, the CD results reveal that the BQ-induced PTMs
likely create a more rigid cytochrome c structure, thus inhibiting the flexibility necessary
for critical protein-protein interactions.
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Figure 3.3. Far UV circular dichroism of BQ-adducted cytochrome c.
(A) The CD spectra of the BQ-adducted cytochrome c with 3-4 BQ adducts (fraction 4)
(green circles) and the BQ-adducted cytochrome c with 2-3 BQ adducts (fraction 6)
(orange circles) are shown with the native cytochrome c structure (fraction 9) (blue
circles). The BQ-adducted cytochrome c species maintain a more alpha-helical structure
in comparison to the native cytochrome c. (B) MALDI-TOF spectrum of BQ-adducted
cytochrome c with 3 and 4 BQ-adducts (fraction 4), with the most predominant adduct
being the 196-Da BQ adduct. (C) MALDI-TOF spectrum of BQ-adducted cytochrome c
with 2 and 3 BQ-adducts (fraction 6), again with the most prominent adduct as the 196Da BQ adduct.
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3.3.3.

Predicted

protein

conformational

changes

associated

with

1,4-BQ

modification
BQ may induce conformational changes in cytochrome c that may alter residues
involved in Apaf-1 binding, thus inhibiting apoptosome formation. Previous site-directed
mutagenesis studies showed that cytochrome c forms complexes with Apaf-1 via an
annulus of lysine residues on K7, K25, K39,

62

ETLM65, and K72 (Yu et al. 2001).

Previously in our laboratory we have shown that many of the BQ-mediated PTMs form
on these residues necessary for cytochrome c protein-protein interactions and this is
further confirmed in the present studies. We also know from previous studies using LCMSMS and from the studies here following LC-MSMS on the analysis that was
conducted on the MicroRotofor-separated BQ-cytochrome c species, that the BQ adducts
form 196-Da mass modifications as well as 105-Da mass modifications (Fisher et al.
2007; Person et al. 2005; Person et al. 2003). The 196-Da adduct is a cyclized diquinone
adduct, representing the formation of one BQ molecule on a lysine residue and the
concomitant formation of a second BQ molecule on an adjacent lysine residue. The two
BQ molecules form a cyclic product and oxidize to form one final stable ring structure,
with a mass of 196-Da (Person et al. 2003). Collectively, these studies have provided
solid evidence that the most targeted residues on cytochrome c are K25-K27 and K86-K87,
where the cyclized diquinone adduct is formed with a 196-Da mass modification, and K7,
K25, K39, K72, and K87 with a 105-Da mass modification (data not shown). These sites
appeared to be the most consistent and most prevalent sites of adduction by BQ.
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Because the CD data provided additional structural information following
MicroRotofor separation of the BQ-adducted species, and mass spectral analysis
determined the exact sites of BQ adduction, we were then able to model several of these
observed modifications to further analyze the structural impacts of these BQ-mediated
PTMs. The CD data was conducted using fractions 4 and 6, containing 2-4 BQ adducts,
so several models were built to mimic this BQ modification on cytochrome c. With the
cyclized BQ addition to K86-K87 of cytochrome c, the protein conformation changed to
accommodate this molecule, where the addition of cyclized BQ modified the bond
distance of the lysine residues substantially in each case (Figure 3.4A). The residues in
cytochrome c that interact with Apaf-1 are highlighted in this model, and following cyclic
BQ adduction to K86-87, the specific residues involved in the interaction with Apaf-1
exhibit spatial rearrangement. This model represents two BQ additions to cytochrome c.
Furthermore, K25-K27 was modeled with the 196-Da BQ adduct with an additional 105Da BQ adduct on K72. Similarly, K25-K27 was modeled with the 196-Da BQ adduct with
an additional 105-Da BQ adduct on K87. These are respresentative of three BQ additions
to cytochrome c, where the most prevalent modification is that of the 196-Da cyclized
BQ adduct (Figure 3.4B-C). Moreover, an additional model was built to mimic three
105-Da BQ modifications, where a 105-Da BQ adduct was formed on K25, K72, and K87
respectively (Figure 3.4D). These sites and modifications have all been confirmed by
mass spectral analysis and mostly correspond to those fractions used for CD analysis.
Following molecular dynamic simulations there is obvious structural rearrangement of
critical cytochrome c residues in each of these models, with the 196-Da BQ adducts
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making the most substantial structural alterations. In each cytochrome c model, the BQadducted cytochrome c is overlayed with native cytochrome c to emphasize the structural
differences.
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Figure 3.4. Structural modification of cytochrome c as a result of BQ adduction.
The models were derived from the coordinates of the protein structure of PDB entry
1HRC, and the software program Insight II was used to build the adducted proteins.
Following molecular dynamics and energy minimizations, the lowest potential energy
structure was placed in PyMOL. The models were built to reflect BQ-adducted
cytochrome c following separation into various fractions with slightly different BQ
adduction profiles. Mass spectral analysis has provided information corresponding to
mass and site of BQ modification in each case. (A) BQ 196-Da adduct located on K86K87 representing the addition of two BQ molecules to cytochrome c, followed by postadduction chemistry. (B) BQ 196-Da adduct located on K25-K27 and BQ 105-Da adduct
located on K72, corresponding to three BQ additions to cytochrome c. (C) BQ 196-Da
adduct located on K25-K27 and BQ 105-Da adduct located on K87, corresponding to three
BQ additions to cytochrome c. These sites of modification are the most commonly
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targeted sites of BQ modification on cytochrome c according to LC-MSMS analysis. (D)
BQ 105-Da adducts located on K25, K87, and K72, respectively, corresponding to three BQ
additions to cytochrome c. The modified protein (green) is overlaid with the native
protein (blue) to observe spatial rearrangement of critical residues involved in
cytochrome c function. Residues highlighted in the modified and native proteins are
those crucial for cytochrome c binding to Apaf-1. Following adduction with the BQ
molecule, many of these residues corrected for the addition(s). These models were built
to complement CD structural analysis corresponding to two and three BQ modifications
on cytochrome c that result in a slightly more rigid protein structure.
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3.3.4. Apoptosome formation
We next examined the ability of the MicroRotofor-separated fractions (2-6)
containing varying degrees of BQ-adducted cytochrome c, as well as native cytochrome
c, to initiate formation of the Apaf-1 apoptosome and sequential activation of caspases-9
and -3 in an entirely reconstituted apoptosome model. We have previously shown that
BQ-adducted cytochrome c showed a decrease in caspase-3 activity, however the BQadducted sample used in this case contained mixture of native and BQ-adducted
cytochrome c. As a result, full suppression of caspase-3 activity could not be achieved.
We therefore determined whether removal of native cytochrome c from a mixture of BQadducted species would result in complete suppression of caspase-3 activity. Moreover,
we also examined the relationship between the number of BQ adducts per molecule of
cytochrome c and the resulting effects on caspase-3 activation. To confirm that the BQadducted cytochrome c fractions could not activate the apoptosome, we reconstituted the
complex with recombinant Apaf-1, procaspase-9, procaspase-3, and either native
cytochrome c, or various BQ-adducted cytochrome c (fractions 2, 4, 5, and 6) (Figure
3.5).

As expected, native cytochrome c induced oligomerization of Apaf-1 and

consequently activated caspases-9 and -3, resulting in caspase-3 DEVDase activity.
However, the various BQ-cytochrome c adducts failed to induce Apaf-1 oligomerization
and consequently failed to activate caspases. Following individual assay of each fraction,
fraction 6 showed caspase-3 activity to be 52% of the control activity, fraction 5 resulted
in caspase-3 activity to be 17% of the control, fraction 4 resulted in caspase-3 activity to
be 7% of the control value, and fraction 2 showed the lowest level of caspase-3 activity at
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2.5% of the control level of caspase activity (Figure 3.5). In comparison, analysis of the
original mixture of BQ-adducted cytochrome c without fractionation resulted in a
decrease in caspase activity to 30% of the control (data not shown), indicating that the
mixture of control and BQ-adducted cytochrome c is roughly an average of all of the
individual fractions assayed for caspase activity. Taken together, this data shows that
increasing numbers of BQ adducts on BQ-cytochrome c progressively lowers caspase-3
activity, thereby coupling BQ-adduct formation with decreased apoptosome formation.
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Figure 3.5. Fractionation of BQ-cytochrome c mixture results in increased
inhibition of apoptosome formation.
Apoptosome-mediated activation of procaspase-3 was measured using the caspase-3
substrate, DEVD-AMC. Fractions 2, 4, 5, and 6, corresponding to 4-6 BQ adducts, 3-4
BQ adducts, 2-4 BQ adducts, and 2-3 BQ adducts, respectively, and also native
cytochrome c were examined for their abilities to induce oligomerization of recombinant
Apaf-1 into an apoptosome complex, capable of activating procaspases-9 and -3. The
data is plotted as % control, corresponding to caspase activation of native cytochrome c
(also known as fraction 9). Increasing BQ adducts modifying cytochrome c correlate
with increased suppression of caspase-3 activity.
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3.4. Discussion
Cytochrome c has been utilized as a model protein to determine the structural and
functional consequences of electrophile-mediated PTMs. The present studies add to the
accumulating evidence that electrophile-mediated site-specific modifications of
cytochrome c produce structural impacts in the protein that may contribute to the
observed alterations in biological function associated with these modifications.
Functional cytochrome c is necessary for initiation of the stress-induced apoptosis
pathway, where it forms a multi-protein apoptosome complex with Apaf-1 via many
residues on the surface of the protein, including K7, K25, K39, 62ETLM65, and K72 (Yu et
al. 2001). We have previously identified electrophile-induced PTMs on K7, K25, K39, E62,
and K72. Because these residues are crucial contributors to protein-protein interactions,
their modification by BQ, or any of its quinol-thioether metabolites, cause a significant
decrease in cytochrome c binding, Apaf-1 oligomerization, and caspase-3 activity (Fisher
et al. 2007).

This previous data was generated using a reaction process that yielded a

mixture of BQ-cytochrome c adducts, with the predominant product being 2BQcytochrome c, but also included native cytochrome c. This mixture of BQ-cytochrome c
did show disruption to Apaf-1 apoptosome formation, and subsequent decreases in
activation of caspases. However, separation of the various BQ-cytochrome c species is
first necessary to determine the actual effect on apoptosome formation as a result of
caspase-3 activity of these differing BQ-cytochrome c species, in the absence of native
cytochrome c.
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In order to separate the various BQ-adducted cytochrome c species, a
MicroRotofor Isoelectric Focusing system was utilized.

This device allowed for

fractionation of protein samples in their native state by isoelectric point (pI). This
separation procedure has been coupled in a 3-dimensional electrophoretic protocol used
by other researchers for in vivo analysis of protein interactions where complexes can be
separated in their native form and identified via mass spectrometry (D'Amici et al. 2008).
This separation procedure has also been used on the front-end of SDS-PAGE for efficient
separation and identification of high molecular weight protein families (Sugiyama et al.
2006). We utilized this separation procedure for fractionation of the BQ-cytochrome c
adduct mixture, which reduced sample complexity through increased resolution of
individual BQ-cytochrome c adducts. Because BQ adducts form predominantly on lysine
residues within cytochrome c, the pI of the protein will be decreased upon increased BQ
adduction. This allowed for separation of the various BQ-cytochrome c adducts into
species that have many BQ adducts, fewer BQ adducts, and completely unadducted
cytochrome c. As a result, these separate fractions were then individually assayed for
caspase activity, as well as individually measured for structural changes in the absence of
native cytochrome c.
The mixture of BQ-cytochrome c (Figure 3.1) was separated into 10 fractions,
with fractions 2-9 containing various degrees of BQ-adducted cytochrome c, including
completely unadducted cytochrome c. Each of the fractions was analyzed via MALDITOF to determine the degree of BQ adduct formation (Figure 3.2), where the highest
fractions contained unadducted cytochrome c and the number of BQ adducts increased

115

with decreasing fraction number (Table 3.1). The lower the fraction number, the lower
the pH recorded for this fraction, and consequently, these fractions contained the most
BQ adducts.
Each of the fractions was then individually analyzed for secondary structural
changes associated with the BQ adductions. In our previous studies using the mixture of
BQ-adducted cytochrome c, the secondary structure was identical to that of the native
cytochrome c (Fisher et al. 2007). However, this mixture of BQ-cytochrome c contained
native cytochrome c contamination, which may have masked the actual structural impact
of the BQ adduction on cytochrome c. Following fractionation of the BQ-cytochrome c
mixture, we selected fractions 4, 6, and 9 for circular dichroism (CD) analysis. These
fractions correspond to 3-4 BQ adducts per molecule of cytochrome c, 2-3 BQ adducts,
and unadducted cytochrome c, respectively. The results suggest that BQ-adduction on
cytochrome c creates a more rigid protein structure than that of native cytochrome c
(Figure 3.3). Because the most predominant adduct is the diquinone 196-Da BQ adduct
on cytochrome c, this may significantly contribute to the observed structural rigidity.
The protein flexibility necessary to sustain cytochrome c protein-protein interactions may
be compromised following BQ-adduction, with consequent loss of protein function. The
structural rigidity following adduction by these quinone compounds suggests one
possible mechanism by which the cytochrome c protein-protein interactions are inhibited.
Protein modeling studies were conducted to gain additional structural insight
regarding various BQ-adducted cytochrome c species. Mass spectral results following
fractionation of the BQ-cytochrome c samples have indicated that the most predominant
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BQ adducts are those on K86-K87 and K25-K27, corresponding to the cyclized diquinone
196-Da adduct, and that of the 105-Da adduct on K7, K25, K39, K72, and K87. Several
models were built to correspond to the fractionated BQ-cytochrome c species, with
models having two BQ and two and/or three BQ adducts on the targeted residues
described above. The most significant structural alterations are observed following 196Da BQ adduction, and even more dramatic structural rearrangements occur following an
additional 105-Da BQ adduct to the same cytochrome c model, resulting in a total of
three BQ adducts per molecule of cytochrome c. For comparison, a separate model was
built to predict the structural impact of three 105-Da BQ adducts on the same cytochrome
c molecule. The structural alterations following these 105-BQ modifications do indeed
rearrange critical residues within cytochrome c, however the overall structural alterations
appear to be less dramatic than that of 196-Da adduct formation on cytochrome c.
Because the 196-Da BQ adduct forms as a result of two BQ molecules adducting
neighboring residues, with post-adduction chemistry linking the two molecules together,
it appears likely that this adduct does indeed play a major role in altering the structural
integrity of cytochrome c (Figure 3.4).
Structural data has provided evidence that following fractionation of the BQcytochrome c mixture, the degree of BQ adduction on cytochrome c can play a critical
role in protein structural rearrangement.

Thus, increasing BQ adductions result in

decreased protein flexibility, and thus, less capacity for protein-protein interactions. To
further test this hypothesis, fractions 2-6, and fraction 9 were individually assayed for
apoptosome formation via caspase-3 activity. This data indicates that a higher degree of
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BQ adduction on cytochrome c results in decreased caspase-3 activity, and by inference
on inability to form the apoptosome. We previously performed this experiment using the
mixture of BQ-cytochrome c containing native protein contamination, and complete
suppression of caspase-3 activity was not achieved (Fisher et al. 2007).

Following

removal of the native cytochrome c via fractionation, we were able to substantially
decrease the caspase-3 activity (Figure 3.5). This data further strengthens the argument
that site-specific modifications on target proteins are critical in determining functional
impact of modified proteins.
In summary, reactive electrophiles, such as BQ, target site-specific residues
within cytochrome c that can have a substantial impact on its structural integrity. As a
result, these site-specific modifications are capable of inducing structural changes that
can be associated with loss or gain of protein function.

Frequently, structural and

functional impacts of PTMs can be masked by native protein interferences. Following
fractionation of the BQ-cytochrome c mixture into various BQ-adducted cytochrome c
species, as well as removing native cytochrome c contamination, direct impact of BQmediated PTMs on cytochrome c is now possible. Model proteins such as cytochrome c
provide crucial guidance in identifying and predicting these modifications in vivo
following exposure to reactive electrophiles such as BQ. Moreover, model experiments
shown here provide insight into possible structural and functional consequences resulting
from site-specific modifications on target proteins in vivo.
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CHAPTER 4: TRANSIENT ADDUCTION OF CYSTEINE RESIDUES
BY QUINONE ELECTROPHILES: A BASIS FOR THE
PREFERENTIAL COVALENT MODIFICATION OF LYSINES AND
ARGININES
4.1. Introduction
The modification of proteins by lipid aldehydes and other endogenous
electrophilic species produced in cells undergoing oxidative stress contributes to cellular
toxicity and disease processes (Go et al. 2007; Carbone et al. 2005b). Furthermore,
xenobiotics and/or their reactive electrophilic metabolites covalently bind proteins in a
similar fashion, also eliciting a toxic response and disrupting normal cellular processes
(Ragunathan et al. 2008; Stevens et al. 2008; Lopachin et al. 2005; Damsten et al. 2007).
Additionally, not only can xenobiotic-derived electrophiles directly form protein adducts,
but they can also produce cellular oxidative stress that can indirectly cause protein
covalent modification via endogenously produced aldehydes and ROS (Bolton et al.
2000; Sallustio et al. 2000). The majority of these reactive electrophiles covalently
modify protein nucleophiles, typically cysteine residues (Ragunathan et al. 2008; Stevens
et al. 2008; Stewart et al. 2007; Dooley et al. 2007) which are frequently located in
critical active sites of proteins, or participate in, for example, critical protein:protein
interactions. Covalent modification of these critical residues could consequently interfere
with normal protein function (Ragunathan et al. 2008).
We have identified site-specific BQ and BQ-quinol-thioether metabolite
modifications on lysine, histidine, arginine, and glutamic acid residues of important
cellular proteins (Fisher et al. 2007; Person et al. 2005; Person et al. 2003). However,
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despite the large body of literature that describes covalent modification of cysteine
residues by reactive electrophiles, our laboratory has been unable to detect, to date, any
BQ- or quinol-thioether-mediated protein adducts on cysteine residues. We speculate
that the thioether bond between 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 of these quinones, including elimination of the thioether bond between the BQ
ring and the GSH conjugate (Fisher et al. 2007).

We therefore extrapolate that

physiological conditions recapitulate an analogous elimination reaction for BQ adducts
on cysteine residues in proteins.
Buffering systems used to predict the physiological relevance of BQ-cysteine
adducts, may promote instability of the quinone-cysteine bond, and decrease the
likelihood of identifying site-specific BQ or BQ-quinol-thioether modifications on
specific cysteine residues. We have therefore determined the stability of the HQ-cysteine
bond within the quinol-thioether metabolite, MGHQ, under various physiological
buffering conditions (Gupta et al. 2008; Wegner et al. 1983). In addition, a N-terminalprotected cysteine-containing peptide and apocytochrome c were used as models to study
BQ-adduction. Cytochrome c contains two cysteine residues that are covalently bound to
the heme group, and following heme removal, these cysteines become free and available
for protein adduction (Goldberg et al. 1999).
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By using the peptide and protein models, in combination with mass spectral and
biochemical techniques, we have confirmed that BQ adduction does in fact occur on
cysteine residues.

However, exposure of these adducts to physiological conditions

(greater than 3-4h) results in elimination of BQ adducts from the cysteine residues within
the peptide and protein models. Knowledge of this sensitive and potentially transient and
reversible interaction between quinones and cysteine residues can provide crucial insight
and guidance in identification of critical targets of protein adduction.
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4.2. Materials and Methods
4.2.1. Chemicals
BQ was purchased from Aldrich (Milwaukee, WI); 2-(glutathion-S-yl)HQ
(MGHQ) was synthesized and purified as described previously (Lau et al. 1988). HPLCgrade solvents were purchased from EMD Chemicals. Ellman’s Reagent (5,5’-Dithio-bis[2-nitrobenzoic acid]) was purchased from Pierce (Rockford, IL).

C18 prepacked

columns (ZipTip) and Microcon 3000Da 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).

4.2.2. Quinol-thioether compound stability
MGHQ was incubated overnight in deionized, distilled water, or in 100 mM
ammonium bicarbonate pH 7.5 at 37˚C, and at room temperature.

Samples were

analyzed by MS every 1 h for 8 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 (ThermoElectron, San Jose, CA) using ESI at an ESI source spray voltage
of +4.5kV. 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
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in the first quadrupole based on full MS measurements between 50-700 m/z only (Q1 MS
mode).

4.2.3. 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.

4.2.4. Apocytochrome c protein synthesis and purification
Apocytochrome c was prepared as described (Goldberg et al. 1999; Stellwagen et al.
1972). Briefly, cytochrome c (50 mg) was dissolved in 1 mL of deionized distilled water.
Silver sulfate (80 mg) was dissolved in 9 mL of deionized distilled water and then added
to the cytochrome c solution. Pure acetic acid (0.8 mL) was then added to the solution
and incubated at 40ºC for 4 h with slight shaking. The solution was then centrifuged at
5000 g for 50 min. The supernatant was collected and dialyzed for 12 h at 4ºC against
0.1 N acetic acid, and then for 12 h against 50 mM ammonium acetate, pH 5. The
dialysis buffer was changed every 4 h. The dialysate was centrifuged as above and the
supernatant was slowly supplemented with a saturated solution of ammonium sulfate.
This mixture was incubated at room temperature without agitation for 1 h and centrifuged
as above. The supernatant was discarded and the pellet was dissolved in 10 mL of 3 M
guanidine HCl in 50 mM ammonium acetate, pH 5 and 250 mM DTT. This solution was
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dialyzed against 50 mM ammonium acetate for 4 h, and the buffer was changed and
dialyzed overnight at 4ºC, and for another 12 h at room temperature against 50 mM
ammonium acetate, with buffer being refreshed every 2 h. The dialysate was then
centrifuged as above and the supernatant was collected for protein analysis and
lyophilization. Bradford protein analysis was carried out to indicate apocytochrome c
recovery and MALDI-TOF analysis was used to determine correct molecular mass and
successful heme removal (see above).

The supernatant was then separated into 1 mL

aliquots, lyophilized to dryness using a LABCONCO freeze dry system (Kansas City,
MO), and stored at -20ºC in a dessicator.

4.2.5. 1,4-Benzoquinone and IAA modification on apocytochrome c
Lyophilized aliquots of apocytochrome c (as prepared above) were dissolved in deionized
distilled water, 50 mM Tris-HCl pH 7.5, or 50 mM Tris-HCl pH 7.5 with 3 M guanidine
HCl, each to a concentration of 2.5 mg/mL. BQ was dissolved in methanol at 10 mg/mL.
Apocytochrome c was reacted with BQ at a molar ratio of 1:10 at room temperature for
30 min under each of the specified conditions. The mixtures were extracted with 3
volumes of ethyl acetate to remove excess BQ. Aliquots were taken at multiple time
points with the first sample collected immediately after removal of the excess BQ.
Similarly, apocytochrome c was reacted with IAA at a 1:10 molar ratio at room
temperature for 30 min in 50 mM Tris-HCl pH 7.5. The mixture was centrifuged at
13000 g for 30 min through a Millipore Microcon 3000 Da molecular weight cut-off
centrifugal filter to remove excess IAA. Aliquots were taken immediately following
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removal of the excess IAA, immediately spotted onto the MALDI target plate. Reactions
were continued for 20 h when final samples were taken and spotted onto a MALDI target
plate. Control apocytochrome c samples were treated in an identical manner to that of the
BQ- and IAA-treated samples, and aliquots of these controls were also collected at the
same time-points. ZipTips were used to remove any excess salt from the control and
treated samples prior to spotting on the MALDI target plate, and whole protein spectra
were acquired (see above). The same controls, BQ- and IAA-treated samples were also
used for thiol quantitation assays (see below).

4.2.6. MALDI-TOF MS and data analysis
Peptide analyses. Peptide was reconstituted in water, and 1 µL was immediately
spotted on the MALDI target plate and mixed with 1 µL of 20 mg/mL α-cyano-4hydroxycinnamic acid matrix. Once the sample spot had dried, MALDI-TOF spectra
were recorded on an Applied Biosystems Voyager DE-STR instrument with a 2m flight
path operating in the positive ion mode. The instrument was equipped with a nitrogen
laser operating at 337 nm. Whole peptide spectra were acquired in reflectron mode over
the mass range of 500-5000Da with a laser intensity of 1400 and a low mass gate of 500.
Apocytochrome c analyses. Prior to MALDI-MS analysis, samples were desalted
using a C18 0.6 mL ZipTip (Millipore, Bedford, MA), with 0.1% formic acid in water as
the equilibration buffer and 1% formic acid in 50% acetonitrile as the elution buffer,
following the manufacturer’s protocol. The control and treated samples were diluted 1:1
in sinapinic acid, and 1 µL was drop-dried on a target plate. Once the sample spot had
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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 operating at 337 nm. Whole protein spectra were acquired
in linear mode over the mass range 8000-40000 Da, with a low mass gate of 5000 Da and
a delay time of 900 nsec. The laser intensity was set to 1200. External calibration was
applied using cytochrome c and myoglobin.

4.2.7. 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 apocytochrome c samples
(Ellman 1959; Riddles et al. 1983). Aliquots (125 µL) of either control or BQ-treated
apocytochrome c were used, as 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 160U Shimadzu UVVisible 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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4.3. Results
4.3.1. Quinol-thioether compound stability
Initial experiments performed with 2-(glutathion-S-yl)HQ (MGHQ) and model peptides
and proteins within our laboratory resulted in adduct mass modifications of 105 Da.
MGHQ should modify proteins with a mass addition of 414 Da. The 105-Da addition is
a fragment of the MGHQ, as this addition corresponds to the mass of the HQ portion of
the conjugate. Following this observation, further investigation of the MGHQ compound
was necessary as we questioned the aqueous stability of the thioether bond within the
quinol-thioether metabolite during sample preparation and post-adduction treatment, such
as trypsin digestion conditions.

Incubation overnight in distilled, deionized water

revealed that under these conditions MGHQ is stable. Additionally, MGHQ dissolved in
100 mM ammonium bicarbonate (pH 8) and analyzed within 1 h also showed the
compound to be stable (Figure 4.1A).

However, MGHQ degrades (within 8 h of

incubation) into various breakdown products under the conditions used for trypsin
digestion (Figure 4.1B). On increasing salt concentrations and pH, the HQ-quinolthioether metabolite is less stable and the GSH moiety (mass 307) is eliminated from the
HQ ring; Figure 4.1B clearly shows GSH and GSSG formation, with no residual parent
MGHQ. These experiments demonstrated that the thioether bond in MGHQ is likely
unstable under physiological conditions, and particularly under those necessary for
tryptic digestion (Figure 4.1). 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 4.1. Stability of MGHQ determined by MS analysis.
(A) MGHQ was incubated in 100 mM ammonium bicarbonate and analyzed within 1 h.
This same result was seen when MGHQ was incubated overnight in deionized, distilled
water. (B) MGHQ was incubated in 100 mM ammonium bicarbonate for 10 h:
degradation of MGHQ is observed. This MGHQ solution was subjected to MS analysis
every 1 h, from 0 h to 10 h: a slow decrease in MGHQ concentration was observed. This
instability is also indicative of the MS intensities observed following the incubation
period, where the intensity decreased by 96% after a 10 h incubation in 100 mM
ammonium bicarbonate. MGHQ instability has been determined to be temperatureindependent. Inset in (B) is a magnified region corresponding to the intensity between 0300000 to show MGHQ degradation products.
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4.3.2. Peptide reaction with BQ in Tris-HCl pH 7.5
In addition to 100 mM ammonium bicarbonate, another common buffer used for
protein digestion is 50 mM Tris-HCl (Yates et al. 1995). The effect of 50 mM Tris-HCl
at pH 7.5 on the BQ adduct stability with the cysteine thiol was similarly explored.
Samples and data were processed as described above. These samples were analyzed at 1
h time-point and again after 20 h to determine BQ adduct stability on the cysteine
residue. The control peptide is also shown for comparison. BQ appears to adduct the
cysteine residue as shown at the 1 h time-point, but the resulting adduct appears unstable
during the subsequent 17 h incubation in Tris-HCl pH 7.5 (Figure 4.2).
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Figure 4.2. Time-course of thioether stability in Tris-HCl, pH 7.5.
The peptide was reacted with BQ at a ratio of 1:10 for 30 min at room temperature while
rotating. Excess BQ was removed and the sample was lyophilized to dryness. The
sample was then reconstituted in 50 mM Tris-HCl, pH 7.5. Time points were taken at 1 h
and 20 h and analyzed by MALDI-TOF. (A) Corresponds to the control peptide showing
peptide and small amounts of peptide dimer. (B) Reaction of BQ with the peptide results
in mass modification of 105 Da, corresponding to BQ adduction on the cysteine residue
after 1 h incubation in 50 mM Tris-HCl. (C) Following incubation of the BQ-adducted
peptide in 50 mM Tris-HCl for 20 h, the BQ is eliminated from the cysteine residue
resulting in native peptide.
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4.3.3. 1,4-Benzoquinone modification on apocytochrome c
In order to determine whether free cysteine residues are targets of BQ modification,
apocytochrome c was synthesized and purified to be used as a model protein containing
two free cysteine residues per molecule of protein. Several different reaction conditions
were utilized to determine the ideal reaction conditions in which efficient cysteine
adduction by BQ could be achieved. The protein was reconstituted in 50 mM Tris-HCl,
pH 7.5, and then reacted with a 1:10 molar ratio of BQ. Following the initial adduction,
MALDI spectra were taken of the control and BQ-treated whole proteins. The control
spectrum of apocytochrome c showed a peak at 11730 m/z, which corresponds to the
mass of the native apocytochrome c. The MALDI spectrum of apocytochrome c adducted
by BQ in 50 mM Tris-HCl shows the native apocytochrome c at 11730 m/z, and several
additional peaks corresponding to the addition of BQ to the protein. BQ will modify the
protein with a mass addition of 105 Da, and the peaks, 11940, 12045, 12150 and 12255
m/z (Figure 4.3A) correspond to two, three, four and five BQ additions, respectively, on
apocytochrome c in this buffering system, which is typical of a physiological
environment. Guanidine HCl (3 M) was also added into the 50 mM Tris-HCl buffer and
mixed with the apocytochrome c prior to BQ modification.

Following BQ adduction,

MALDI spectra were taken of the control and BQ-treated whole proteins. Because of the
high amounts of salt in these samples, C18 packed columns (ZipTip) were used for
sample purification before MALDI analysis.

The control apocytochrome c again gave

only a native peak at 11730 m/z. The MALDI spectrum of apocytochrome c incubated
with 3M guanidine HCl/50mM Tris-HCl followed by reaction with BQ gave rise to a
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small native peak at 11730 m/z and a much larger peak corresponding to two BQ
additions at 11940 m/z (Figure 4.3B).

This MALDI profile of BQ-adducted

apocytochrome c is significantly different than that of the BQ-adducted protein in 50 mM
Tris-HCl with no guanidine HCl, and is likely the result of the unavailability of lysine
residues for BQ adduction due to the formation of chlorine salts in guanidine HCl.
Following dissociation of the guanidine HCl, chloride salts likely form on the basic
amino acid residues, primarily targeting the lysine residues. Critical lysine residues have
been shown in the past to be binding sites for chloride and other monovalent anions
lending credence to the likelihood of this scenario (Shapiro et al. 1983). As a result, this
allows for selective adduction of the two free cysteine residues by BQ on apocytochrome
c, as see by MALDI. This same experiment was then performed with heme-containing
cytochrome c, and no BQ adducts were observed (data not shown), indicating again that
the BQ adducts in apocytochrome c in the presence of 3 M guanidine HCl are forming
exclusively on the cysteine residues. It is speculated that a mass addition of these
chloride ions should be seen, however following sample purification using C18 packed
columns, the chloride ions no longer are detectable as mass additions in either the control
or treated protein samples.
Finally, reaction of apocytochrome c with BQ was conducted in deionized
distilled water with no buffering system. MALDI-MS analysis indicated formation of
only two BQ adducts, with a similar profile to that observed in the presence of guanidine
HCl (Figure 4.3C). Both of the reaction conditions illustrated in Figures 4.2 B and C,
where BQ reacts exclusively with Cys residues, represent non-physiological
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environments. In contrast, physiological salt and pH conditions support BQ adduct
formation not only on cysteine residues but also on more abundant lysine residues, and
other amino acids (glutamic acid, arginine, and histidine).
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Figure 4.3. 1,4-Benzoquinone modification on apocytochrome c in various buffering
conditions.
The protein was placed in three different buffers and reacted with a 1:10 molar excess of
BQ for 30 min at room temperature. At the end of the 30 min incubation period, the
sample was extracted with 3 volumes of ethyl acetate to remove excess BQ. (A)
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Following incubation in 50 mM Tris-HCl pH 7.5, MALDI-TOF analysis indicated
formation of 1-5 BQ adducts on apocytochrome c. These results suggest lysine and
cysteine residues may be targets of adduction under physiological condition. (B)
Following incubation in 3 M guanidine HCl/50 mM Tris-HCl pH 7.5, MALDI-TOF
analysis indicated formation of predominantly two BQ adducts on apocytochrome c.
This adduction profile is most likely a consequence of formation of chloride salts on the
lysine residues following incubation with the guanidine HCl, thus preventing BQ adduct
formation, leaving the two free cysteine residues available for preferential adduction by
BQ. (C) Following incubation in deionized distilled water, MALDI-TOF analysis
indicated formation of two BQ adducts on apocytochrome c. This profile indicates that
under non-physiological conditions, cysteine residues may be a preferential target for BQ
adduction. The insets in (A), (B), and (C) are magnified regions of each spectrum.
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4.3.4. Quantitation of free cysteine residues following 1,4-BQ modification:
To validate that cysteine residues are indeed targets of BQ, free cysteine residues
were measured biochemically. Apocytochrome c was reacted with BQ as above in H2O
and then buffered in 50 mM Tris-HCl, pH 7.5. The free cysteine content of the samples
was quantified using the Ellman’s reagent assay on the control and BQ-treated
apocytochrome c at 1 h and 20 h time points. The results indicate that the cysteine
residues remain free in the 1 h control apocytochrome c sample, whereas the BQadducted apocytochrome c sample showed very little absorbance indicative of BQ
adducts on the cysteine residues (Figure 4.4). Furthermore, following 20 h incubation in
50 mM Tris-HCl pH 7.5, the BQ-adducted apocytochrome c sample showed absorbance
values almost identical to the 1h control apocytochrome c sample. This elimination of
BQ from the cysteines residues then restores sulfhydryls for Ellman’s reagent
quantification (Figure 4.4).
To determine that these results are selective for quinone adduction on cysteine
residues, iodoacetamide was used as a comparative molecule for adduction.
Iodoacetamide adduction was carried out identical conditions to that of BQ (50 mM TrisHCl pH 7.5) and aliquots were taken at 1 h and 20 h. Ellman’s reagent assay analysis
was used for free thiol quantification and the results indicate that iodoacetamide adducts
cysteine residues in apocytochrome c within 1 h; cysteines remain adducted with
iodoacetamide at 20 h. Furthermore, the cysteines are shown to be free in control
apocytochrome at 1 h by Ellman’s reagent quantitation (Figure 4.4). This validates the
idea that cysteine residues are indeed a target for electrophilic modification, however
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quinone adduction on cysteine residues do not form a stable adduct in physiological
conditions.
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Figure 4.4. Quantification of free cysteine residues following 1,4-benzoquinone (1,4BQ) and iodoacetamide (IAA) modification in 50 mM Tris-HCl, pH 7.5.
Apocytochrome c was incubated in 50 mM Tris-HCl pH 7.5 and reacted with 1:10 molar
excess BQ or IAA for 30 min at room temperature. At the end of the 30 min incubation
period, the excess sample was removed. Time points were taken at 1 h and 20 h and free
cysteine residues were quantified using Ellman’s Reagent analysis. These results
indicated that following 1 h incubation, BQ and IAA were adducted to the cysteine
residues, and after a 20 h incubation period, the BQ is eliminated from the cysteine
residues indicating instability of the thioether bond at increasing pH and salt
concentrations, whereas IAA remains adducted to the cysteine residues. Experiments
were performed in duplicate.
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4.4. Discussion
A central dogma in the field of toxicology asserts that chemical:protein 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. 2007). More recently, studies have revealed that basic amino acids such as lysine,
arginine, and histidine are also targets for reactive electrophiles, and protein function can
be impaired as a result of adduction at these sites (Isom et al. 2004; Kaminskas et al.
2005; Lin et al. 2005). Indeed, histidine was identified as a target of bromobenzene-3,4oxide more than 25 years ago (Lau et al. 1981). We have recently identified many sitespecific modifications on critical target proteins, including protein modifications on
lysines, arginines, histidines, and glutamic acid residues (Fisher et al. 2007; Person et al.
2005; Person et al. 2003). However, these studies did not identify any in vivo proteins
containing modifications on cysteine residues. Based on several past in vitro and in vivo
studies from our laboratory, we speculate that this is due to instability of the thioether
bond between the quinone and protein cysteine residues.
The quinol-thioethers investigated in these studies consist of a BQ ring
conjugated with GSH or N-acetylcysteine via a thioether bond. Following in vitro and in
vivo reaction of quinol-thioethers with proteins, we have identified many site-specific
quinol-thioether adducts on basic amino acids having a mass addition of 105 Da,
indicating elimination of the thiol-containing moeity via the thioether bond, leaving just
the 105-Da BQ adduct on targeted amino acid. These in vitro findings were dictated by
the protein microenvironment, where the BQ-thioether adduct is formed in a region of the
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protein exhibiting a high pKa, thus creating instability in the thioether bond, followed by
GSH elimination (Fisher et al. 2007). Following cysteine-BQ adduct formation, it is
likely that these types of adducts proceed through nucleophile-sulfur elimination. In this
case, a neighboring nucleophilic residue, or even increased amounts of OH- could serve
as the nucleophile. Following nucleophilic attack on the BQ ring of the Cys-BQ adduct,
resonance stabilization could result in elimination of the Cys residue, followed by
subsequent elimination of the attacking nucleophilic group (Figure 4.5). In this case
where the sulfur of Cys is in the α-position to the carbonyl of the BQ ring, the sulfur is
extremely labile and will eliminate. Subsequent to the Cys residue elimination from the
BQ ring, it is likely that the BQ is now free and the cysteine residues participate in
disulfide formation with neighboring, available cysteine residues.
The same scenario is observed following in vivo dosing of MGHQ, where we also
identified 105-Da BQ adducts on amino acid basic residues, which likely arise as a
consequence of sample preparation. Alternatively, instability of the thioether bond may
be due to physiological conditions, such as salt concentration and pH, facilitating
elimination of the GSH moiety via the thioether bond. Taken together, this data indicate
that although quinone adducts form on cysteine residues, the 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-hydroxy-2-nonenal also binds protein nucleophiles reversibly at
low concentrations (Doorn et al. 2006). Thus, although multiple electrophiles can form
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reversible protein adducts, these transient interactions can still result in adverse biological
consequences including inhibition of enzyme activity.
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Figure 4.5. Projected mechanism for observed nucleophilic-assisted sulfur
elimination.
Increased amount of OH- or neighboring nucleophilic residues, including lysine amines
or histidine imidazoles, could serve as the nucleophilic species necessary to create the
observed sulfur elimination. The OH- group or the nucleophilic neighboring residue
could add to the BQ, creating electron transfer followed by resonance stabilization, and
subsequent elimination of the sulfur group on the protein residue. Further electron
transfer could result in nucleophile elimination, resulting in free BQ. The remaining
cysteine residue could then become protonated or form disulfide bridges with other free
cysteine residues.
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Despite their transient nature, BQ-cysteine adducts could still cause disruption to
cellular signaling pathways and cellular damage. Intracellular production of oxidants,
including reactive nitrogen and oxygen species, both result in oxidative modifications,
many of which are reversible and necessary to initiate cellular signaling events (Monteiro
et al. 2008). However, many of these oxidative modifications can negatively impact
cellular survival when they create disturbances in the cellular redox balance. Damaging
oxidative species can include reversible oxidative modifications including S-nitrosation
and S-glutathiolation, as well as irreversible oxidative modifications, depending on the
extent of oxidative damage (Batthyany et al. 2006; Sethuraman et al. 2007; Yan et al.
2002). Although BQ-cysteine adduction is a reversible modification it can still disrupt
cellular redox balance, cellular signaling events, and cellular survival. More recently,
evidence suggests that cysteine modification can serve as a sensor to regulate
downstream signaling events, including the upregulation of Nrf-2 signaling and
subsequent protection against oxidative toxicity. Nrf-2 forms a complex with Keap1, and
following oxidative insult, Nrf-2 dissociates from Keap1 and translocates into the nucleus
where it can elicit protective effects (Osburn et al. 2007). Because Keap1 contains
several reactive cysteines, reaction with electrophiles leads to disruption of Keap1-Nrf-2
interactions and the release of Nrf-2 (Dinkova-Kostova et al. 2002; Wakabayashi et al.
2004) illustrating that cellular signaling events are impacted by electrophile-mediated
reaction with cysteine residues.
BQ adducts have been identified on cysteine-containing model peptides to
determine adduct fragmentation in tandem mass spectrometry (MS) (Mason et al. 2000).
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In this case, model peptides were reacted with BQ for 3 h and then the samples were
acidified for MS analysis. Additionally, the proteins that were used were digested and
adjusted to pH 6 prior to reaction with BQ. Such studiens revealed that the peptides were
modified at the sulfur of the cysteine residues by BQ after digestion, and then by MS
analysis (Mason et al. 2000). This evidence suggests that BQ adducts can occur on
cysteine residues of model peptides.

However, in order to determine physiological

relevance, we performed BQ adduction studies on model peptides and proteins in a
slightly modified manner to mimic a physiological environment. Oftentimes adducts that
are unstable during physiological conditions can be detected by changing reaction
conditions in in vitro experiments. Albeit this can be a useful tool for in vitro adduct
identification, actual formation and identification of labile protein adducts in vivo remains
a challenge.
We used two model systems to demonstrate that BQ protein adduction on cysteine
residues is a labile interaction that is likely able to disrupt cellular redox balance and
interfere with protein-protein interactions, ultimately leading to increased cellular toxicity
as a result of quinone exposure. We used a N-terminal protected, cysteine-containing
peptide to identify BQ-adduct formation via mass spectral analysis. The peptide was
reacted with BQ in a common buffering system used for enzymatic protein digestion, 50
mM Tris-HCl pH 7.5. These conditions were selected to mimick the effect of common
sample preparation conditions on the stability of the thioether bond of the BQ-cysteine
adduct, as well as to understand how pH of the macro-environment contributes to adduct
instability. BQ was eliminated from the cysteine residue in the two buffering systems,
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with increasing elimination of BQ occurring over time (Figure 4.2). Based on these data,
the combination of both salt content and pH of the macro-environment determines the
stability of the BQ-cysteine adduct. Moreover, conditions employed in the processing of
samples for mass spectral analyses of proteins also facilitate the elimination of the BQthioether bond, which further emphasizes the need to fully understand post-adduction
chemistry.
Apocytochrome c was employed as a model protein to further analyze BQ-adduct
stability on cysteine residues in slightly more complex samples. Apocytochrome c was
reacted with BQ in various buffer systems, including a physiological buffer, 50 mM TrisHCl pH 7.5, and two non-physiological conditions, 50 mM Tris-HCl pH 7.5/3M
guanidine HCl and deionized distilled water. The BQ-adduction profile was significantly
different between these systems.

Reaction of BQ with apocytochrome c under

physiological conditions revealed multiple BQ adducts, indicating formation of cysteine
and lysine BQ conjugates within the protein. Taken together, these data suggest that
lysine residues are primed for BQ adduction under physiological salt and pH conditions,
and BQ adduction at these sites results in stable adduct formation. In contrast stable BQ
adduction on cysteine residues may favor non-physiological environments. Furthermore,
BQ-adduct stability on apocytochrome c was also determined at 1 h and 20 h using
Ellman’s reagent.

The data suggests that BQ-cysteine adducts do indeed form on

apocytochrome c following incubation for 1 h, however, after extended exposure to
physiological salt and pH conditions, this BQ adduct is eliminated from the cysteine
residue (Figure 4.4).

The data reveal that a fine balance exists between BQ-cysteine
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adduct formation and the surrounding environment of the cysteine residue on which the
BQ adduct forms.
In summary, BQ is capable of adducting available cysteine residues within
peptides and proteins. Additionally, adduct formation and stability is largely dependent
upon the protein macro-environment, including factors such as physiological salt
concentrations and pH. Under physiological conditions it appears that basic residues,
such as lysine and arginine, are more suitable and stable targets of electrophilic addition.
In fact, 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%)
(Eidhammer 2007). These nucleophilic residues thus are potentially more available for
stable BQ adduct formation. Therefore, in the absence of a stable BQ adduction 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 has proven to play a
fundamental role in disruption of cellular signaling pathways and disease progression,
and although cysteine modifications with BQ appears to be transient, they may still play a
critical role in disruptions of normal cellular processes which can ultimately contribute to
BQ-mediated toxicity.
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CHAPTER 5: IN VITRO AND IN VIVO ANALYSIS OF APOPTOTIC
PROTEINS: CASPASE-7 AND CYTOCHROME C
5.1. Introduction
There are two distinct types of cell death; necrosis and apoptosis. Necrosis
represents a disorderly form of cell death characterized by cellular swelling, chromatin
digestion, and disruption of the plasma and organelle membranes.

Inflammation

typically occurs following necrotic cell death, due to plama membrane rupture and the
release of intracellular contents. Apoptosis represents a programmed mode of cell death
and occurs when cells are damaged beyond repair, and needs to be removed to the benefit
of the tissue and organism.

A series of biochemical events lead to morphological

changes of cells undergoing apoptosis, includes cell shrinkage and chromatin
condensation.

Apoptotic cell death is necessary for normal development and

maintenance of tissue homeostasis (Alberts 1994).

This process of cell death is

controlled by a variety of signals, including extrinsic inducers that mediate the extrinisic
apoptosis pathway, and instrinsic inducers that mediate the intrinsic apoptosis pathway.
However, both pathways require caspase activation for appropriate cell death.
Death receptors, which are members of the tumor necrosis factor (TNF) receptor
superfamily, and are crucial mediators of the extrinsic apoptotic pathway, are found
within the plasma membrane of cells and contain both extracellular domains and an
intracellular cytoplasmic domain, also referred to as the death domain (DD). Death
receptors are stimulated by their corresponding death ligands (Scaffidi et al. 1999;
Bratton et al. 2000b). This interaction triggers caspase activation, most notably caspase-
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8, thus initiating apoptosis.

Several well-characterized death receptors include

CD95/Fas/Apo1, TNFR1, TNFR2, and the two TRAIL receptors DR4/TRAIL-R1 and
DR5/TRAIL-R2. The death ligands, including TNF-α, Fas/CD95/Apo1 ligand, and Apo2
ligand/TRAIL, recognize and interact with their cell surface death receptors, which
includes TNFR1/p55, Fas/CD95/Apo1, and TRAIL receptors (Ashkenazi 2002). The
activation of these receptors recruits Fas-associated death domain (FADD) and/or TNFRassociated death domain (TRADD), followed by the recruitment of procaspase-8 or
procaspase-10 through protein-protein interactions. FADD contains a DD that enables it
to interact with CD95, and also contains a death effector domain (DED), which enables it
to associate with caspase-8. The protein complex is termed the death-inducing signaling
complex (DISC), and with its formation, procaspase-8 clustering and activation is
initiated (Peter et al. 2005; Ashkenazi 2002).
Multiple cellular signals induce disruptions in the mitochondria, which result in
the release of proapoptotic molecules such as cytochrome c. Stimulation of the extrinsic
apoptotic pathway activates caspase-8, which initiates two pathways leading to the
activation of downstream caspases, where one of these pathways indirectly stimulates the
release of cytochrome c from mitochondria. Caspase-8 cleaves and activates Bid, which
is a BH3 domain-containing protein (Li et al. 1998). Following cleavage, the COOHterminal portion of Bid translocates to the mitochondria and stimulates the release of
cytochrome c into the cytoplasm (Luo et al. 1998; Bratton et al. 2000b), linking the
death-receptor pathway to the activation of caspase-9 (Figure 5.1). Cytochrome c release
can also be mediated in response to stimulation and activation of the intrinsic apoptotic
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pathway. The Bcl-2 family members are key regulators of mitochondrial function and
regulation of cytochrome c release in the intrinsic apoptosis pathway. Bcl-2 and Bcl-XL
can inhibit apoptosis by disrupting release of cytochrome c and Smac/DIABLO, where
Smac/DIABLO promotes apoptosis by antagonizing the inhibitory effects of XIAP on
caspase-3. XIAP is an inhibitor of apoptosis (IAP), which binds and inhibits active
caspase-3 (Bratton et al. 2003). Proapoptotic Bcl2 proteins include Bax and Bak, which
are involved in triggering the release of cytochrome c from mitochrondria. With the
release of cytochrome c into the cytoplasm, this protein interacts with Apaf-1,
dATP/ATP, and procaspase-9 to form the apoptosome (Bratton et al. 2000b). Apaf-1
self-oligomerization is induced by its interaction with cytochrome c and dATP/ATP.
Subsequently procaspase-9 binds to the N-terminal CARD of Apaf-1 and activates
procaspase-9. Following catalytic activation of caspase-9, effector caspase-3 and -7 can
be activated (Bratton et al. 2000b).
Many caspases are active within a cell during apoptosis, during which receptor- or
stress-induced cell death signals activate initiator caspases.

Caspases have many

similarities in structure, amino acid sequence, and substrate specificity, and are expressed
in a proenzyme form (30 to 50 kDa) containing an NH2-terminal domain, a large subunit
(20 kDa), and a small subunit (10 kDa) (Figure 5.2A) (Thornberry et al. 1998). Initiator
caspases, such as caspase-8 or -9, have long pro-domains that subsequently activate
effector caspases, such as caspase-3 and -7, containing short pro-domains (Bratton et al.
2001b). The long pro-domains of the initiator caspases interact with the death effector
domains (DEDs) of adapter molecules or with the caspase recruitment domains (CARD)
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in order to activate the initiator caspases (Cain et al. 2000).

These protein-protein

interactions thus facilitate the formation of cellular complexes that are required for
initiating the caspase cascade and processing of the apoptosis pathway. In order for
caspases to activate the cascade and thus apoptosis, the enzymes must be able to properly
perform proteolysis (Kumar 1999; Stennicke et al. 1999). The nucleophilic nature of the
cysteine residue promotes this catalytic activity and this cysteine is conserved in the
active site of all caspases. The activation of caspases involves proteolytic processing
between the large and small subunits, at the aspartic acid cleavage sites between each of
the subunits and the prodomain of the caspases. Next, the association of the subunits
results in heterodimer formation (Figure 5.2B).
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Figure 5.1. Crosstalk between death-receptor pathway and cytochrome c-initiated
pathway during apoptotic cell death.
Death receptors activate the extrinsic apoptosis pathway via caspase 8 mediated Bid
cleavage. Bid causes release of cytochrome c from the mitochondria and thus activation
of effector caspase-9 and caspase-3 (Ashkenazi 2002).
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Figure 5.2. Caspase structure.
(A) Proeznyme form of caspases contain an NH2-terminal domain, a large subunit, and a
small subunit (Nicholson 1999). (B) Caspases are cleaved at the aspartate sites between
the large and small subunits, thus forming an active enzyme (Bratton et al. 2000b).
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Modification of caspase-9 may inhibit this protein from interacting properly with Apaf-1
to form the apoptosome, and as a result, this may alter the stress-induced apoptosis
pathway.

Additionally, modification of caspase-7 or caspase-3 could interfere with

proper proteolytic cleavage. Any of alterations would have negative consequences on the
regulation of the apoptotic pathway. As stated previously, caspases possess active site
cysteine residues that can be oxidatively modified, thus inhibiting their function. In
addition to these nucleophilic sites important for catalytic function, these proteins are also
extremely lysine rich, containing multiple solvent-exposed lysine residues, in addition to
other nucleophilic cysteine residues (Figure 5.3). Although these latter residues are not
necessarily known to be functionally active, modification at any of these sites may
indirectly alter protein structure and function.
Additionally, caspase modification, as well as cytochrome c modification, may
inhibit proper functionality of downstream events in the apoptosis pathway. This could
include the proteolytic cleavage of PARP-1 by caspase-3, which is a signature event
during apoptosis. PARP-1 is a nuclear enzyme involved in DNA repair, DNA stability,
and regulation of transcription. PARP-1 migrates to sites of DNA damage, binds the
strand breaks, and transfers long, branched poly(ADP-ribose) polymers to the nicked
DNA using NAD+ as a substrate. Continual activation of PARP-1 leads to recurring
NAD+ synthesis, and thus eventual depletion of the ATP pool.

Following ATP

depletion, the mode of cell death can be greatly affected, enabling cells to shift from
apoptosis to necrosis (Herceg et al. 1999). Cleavage of PARP-1 by caspase-3 renders
PARP incapable of being recruited to sites of DNA damage (Boulares et al. 1999; Los et
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al. 2002), thus ensuring that the cell undergoes normal apoptosis by preventing depletion
of intracellular NAD+ and ATP (Herceg et al. 1999). With caspase inhibition, PARP-1
cleavage is prevented which would increase the potential for necrotic cell death.
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Figure 5.3. Caspase-7 structural features.
(A) Primary sequence of caspase-7 showing multiple lysine (purple) and cysteine (blue)
residues contained within the protein sequence. The catalytic cysteine residue is
underlined and shown in red. (B) 3-D structure of caspase-7 where the lysine residues
are shown in purple. This structure indicates that many of these residues are solvent
exposed making them likely targets for electrophilic modification. The multiple cysteine
residues are shown in yellow and the active site cysteine (Cys 186) is shown in red.
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Several chemical toxicants capable of covalently modifying proteins exhibit electrophilic
properties (Cohen et al. 1997b). As a result, the previously discussed nucleophilic sites on
cytochrome c and caspase proteins are potential targets for the reactive electrophilic
toxicants. Quinones form covalent adducts with proteins because of their electrophilic
properties, and this adduction to cellular macromolecules results in toxicity. Quinones
are also capable of redox cycling, creating oxidative stress, and consequently producing
ROS. BQ is an example of a reactive quinone that is an environmental toxicant. It is
known to form conjugates with GSH, and following this conjugation, the subsequent
GSH conjugates of BQ produce renal proximal tubule necrosis. BQ, NACBQ, and
MGHQ have been utilized in the current studies to determine the structural and functional
implications of target proteins following exposure to these reactive metabolites of BQ.
We have utilized recombinant proteins, caspase-3 and caspase-7 to characterize
BQ adduct formation on these important proteolytic enzymes and to understand how this
adduct formation could contribute to necrotic cell death.

Additionally, we have

attempted to search for cytochrome c modifications in vivo, as well as to determine a
functional response observed with effector caspases, caspase-7 and caspase-3.
Observing the impact of PTMs on critical proteins involved in the apoptosis pathway
may provide a potential mechanism for the inability to engage apoptosis following
quinone-thioether exposure, and the resulting necrotic response. Our in vivo model for
quinone-thioether adduct hunting consists of kidney isolated after dosing of Long Evans
rats with MGHQ. The OSOM of treated and control animals were used for studies to
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determine the impact of quinone-thioethers on the apoptosis pathway, in particular on
cytochrome c and effector caspase proteins.
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5.2. Materials and methods
5.2.1. Chemicals
BQ and IAA were purchased from Aldrich (Milwaukee, WI); MGHQ and NACBQ was synthesized and purified as described previously and used at greater than 98%
purity (Person et al. 2003; Fisher et al. 2007). HPLC-grade solvents were purchased
from EMD Chemicals. Sequencing-grade trypsin and all other reagents, unless otherwise
specified, were from Sigma (St. Louis, MO).

5.2.2. 1,4-BQ, NAC-BQ, and IAA modification on caspase-7
Recombinant caspase-7 was purified via dialysis (Slide-A-Lyzer, Pierce)
overnight at 4ºC in H2O. Protein concentrations were measured using the DC protein
assay. Aliquots (1 mg/mL) were used for control and treated samples. 0.5 M Tris-HCl,
pH 7.5 was spiked into the sample for a final concentration of 50 mM Tris-HCl, pH 7.5.
BQ was dissolved in methanol at 5 mg/mL. Caspase-7 was reacted with BQ at a molar
ratio of 1:10 or 1:1 at room temperature for 30 min. The mixture was extracted with 3
volumes of ethyl acetate to remove excess BQ. NAC-BQ was dissolved in H2O at 1
mg/mL and caspase-7 was reacted with NAC-BQ at a molar ratio of 1:10 or 1:1,
depending on subsequent experimental use. Excess NAC-BQ was removed through use
of 3,000 MW cut-off filters. IAA was dissolved in water at 5 mg/mL and reacted with
caspase-7 at a molar ratio of 1:1. Excess IAA was removed using Microcon 3000 MW
cut-off filters (Millipore). Control and treated caspase-7 were treated similarly. The
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control and treated caspase-7 samples were spotted onto the MALDI target, and whole
protein spectra were acquired.

5.2.3. MALDI-TOF
MALDI-TOF spectra were acquired on an Applied Biosystems Voyager DE-STR
instrument with a 2-meter flight path in the positive ion mode. The instrument was
equipped with a nitrogen laser operating at 337 nm. A laser intensity of 1200 was
utilized with a delay time of 900 ns. The caspase-7 control, BQ-caspase-7, NAC-BQcaspase-7, and IAA-caspase-7 were diluted 1:1 in α-cyano-4-hydroxycinnamic acid, and
1 µL was drop-dried on a target plate. Whole protein spectra were acquired in linear
mode over the mass range 8000-40,000 Da.

5.2.4. Caspase-7 Gel Electrophoresis
Control, BQ-, and IAA-treated caspase-7 proteins were resolved by first diluting
them in 2× sample buffer [0.1M Tris pH 6.8, 0.1% (w/v) SDS, 25% (v/v) glycerol, 0.02%
(w/v) coomassie blue G-250, and 0.2M dithiothreitol (DTT)]. Samples were heated to
100˚C for 5 min, and 1-10 µg of protein/lane was loaded onto 10% Tris/Tricine
Protein/Peptide minigel. Proteins were loaded at 100 V (constant voltage) through the 3%
(w/v) acrylamide stacking gel and resolved at 150 V through the 10% (w/v) acrylamide
resolving gel. The gel was then stained with 0.05% coomassie stain to view protein
migration patterns in the gel.
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5.2.5. Western blot analysis
Proteins were resolved by first diluting them in 2× sample buffer [0.1M Tris pH
6.8, 0.1% (w/v) SDS, 25% (v/v) glycerol, 0.02% (w/v) coomassie blue G-250, and 0.2M
dithiothreitol (DTT)]. Samples were heated to 100˚C for 5 min, and 10-100 µg of
protein/lane was loaded onto a 10% Tris/Tricine Protein/Peptide minigel. Proteins were
loaded at 100 V (constant voltage) through the 3% (w/v) acrylamide stacking gel and
resolved at 150 V through the 10% (w/v) acrylamide resolving gel. Proteins were
transferred to PVDF (0.45 µm, Bio-Rad Laboratories) electrophoretically in 0.015 M Tris
and 0.12 M glycine buffer (pH 8.3) containing 20% (v/v) reagent grade methanol at 10V
(constant current) for 30min and 60V (constant current) for 3h using a Bio-Rad TransBlot cell. Duplicate gels were stained with 0.05% (w/v) Coomassie Blue. After transfer,
gels were stained with Coomassie Blue to ensure efficiency of transfer. Only blots with
efficient transfer were immunostained.
Immunoblots were first blocked for 1 min in 0.002% (w/v) poly(vinyl alcohol)
and then blocked overnight in blocking buffer [0.01 M Tris and 0.15 M sodium chloride
buffer (pH 7.6) containing 0.02% (w/v) merthiolate and 2.5% casein]. Blots were then
incubated for 90 min at room temperature with affinity-purified rabbit anti-BrHQ-NAC
antibodies diluted 1:20 in washing buffer [0.01 M Tris and 0.15 M sodium chloride
buffer (pH 7.6) containing 0.02% (w/v) merthiolate and 0.5% casein] (Kleiner et al.
1998a). Blots were then washed for 5 min (room temperature) in detergent buffer
(washing buffer containing 0.5% Triton X-100 and 0.1% SDS), rinsed with water three
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times, and washed with washing buffer twice for 5 min each. Blots were incubated with
goat anti-rabbit IgG (HRP-labeled) diluted 1:3000 in washing buffer for 90 min at room
temperature, washed for 5 min in detergent buffer, rinsed three times in water, washed for
5 min in washing buffer, rinsed three times with water, washed for 5 min in Tris-saline
[0.05 M Tris and 0.20 M NaCl (pH 7.4)], rinsed three times in water, and then incubated
for 1 min in electro-chemiluminesence solution (ECL). Finally blots were exposed to
Hyperfilm ECL for 1h. The duplicate gel was then stained with 0.05% Coommassie
stain.
The BrHQ-NAC antibody was then stripped from the PVDF membrane using
Stripping buffer (4 mL 10% SDS, 1.25mL 1M Tris pH 6.8, 0.140 mL B-mercaptoethanol,
q.s. up to 20 mL with dH2O). This buffer was incubated for 20 min at 50ºC and
subsequently washed for 30 min with Tris-buffered saline with 0.1% Tween (TBS-T)
changing every 5 min. The membrane was then blocked overnight in 5% milk/TBS-T,
and then incubated for 90 min at room temperature with monoclonal anti-cytochrome c,
7H8.2C12 (BD Pharmingen). Blots were then washed for 5 min at room temperature in
1X TBS-T 3 times. Blots were incubated with goat anti-mouse IgG (HRP-labeled)
diluted 1:3000 in 5% milk/TBS-T for 90 min at room temperature, washed as above, and
then incubated for 1 min in ECL. Finally blots were exposed to Hyperfilm ECL for 1-5
min. Bands that stained in the gel and were immunopositive for cytochrome c in the
Western blot were excised and digested as described below. These same blots were
stripped again as described above and re-probed for anti-caspase-7 (9492, Cell Signaling)
or -3 (9662, Cell Signaling).
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5.2.6. LC-MSMS Analysis
Excised immunopositive/coomasie-stained protein bands following 1D SDSPAGE were digested in trypsin (10 µg/mL) at 37ºC overnight (Hunt et al. 1986;
Shevchenko et al. 1996). LC-MSMS 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). Caspase-7 control, caspase-7-BQ, and caspase-7-NAC-BQ were reduced with
DTT, alkylated with IAA, and digested in trypsin (10 µg/mL) as described above. In a
separate experiment caspase-7-BQ was not reduced or alklyated, and was again digested
with trypsin (10 µg/mL) for only 3 h at 37ºC. All of these samples were treated similarly
following trypsin digestion. Peptides from digested gel bands, as well as caspase-7
peptides, were eluted from a 15 cm pulled tip capillary column (100 µm I.D. x 360 µm
O.D; 3-5 um tip opening) packed with 7 cm Vydac C18 (Hesperia, CA) material (5 µm,
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 2, 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,
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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 MSMS scans of the
most intense ion.

5.2.7. 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. 1995). 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 were: 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 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
from the excised gel bands 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. 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.v3.31 database. Sequest was programmed to search
the ipi.RAT.v3.31.fasta.hdr database (41251 entries) assuming the digestion enzyme
trypsin. The caspase-7 samples were searched against the human caspase-7 sequence
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(P55210) from EMBL (Chai et al. 2001; Juan et al. 1997). 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, +105 Da (HQ), +268
Da (NAC-HQ), +226 Da (CSHQ); at Lys, Arg, and Glu, were specified in Sequest and
X!Tandem as variable modifications. Scaffold (version Scaffold-01_07_00, Proteome
Software Inc., Portland, OR) was used to validate MSMS based peptide and protein
identifications. P-Mod was also used to search the caspase-7 samples, as this program
provides efficient analysis for single protein sequences and the resulting modifications
(Hansen et al. 2005).
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5.3. Results

5.3.1. BQ-caspase-7 adduct formation
In order to determine whether additional proteins involved in the apoptosis
pathway are targets of quinol-thioether toxicants, we determined the adduction profile of
caspase-7 with BQ. Following reaction of caspase-7 with BQ at a 1:10 molar ratio in
H2O, the reaction was followed by analysis every 10 min for 1 h. The reaction of
caspase-7 with BQ immediately showed BQ adduct formation, which remained constant
over the 1 h time-course in H2O (data not shown).

When this same reaction was

performed in 50 mM Tris-HCl, pH 7.5, BQ adduct formation was immediate and
following the 1 h time course, the protein began to precipitate out because of increased
BQ-adduct formation. A representative MALDI spectrum following BQ reaction with
caspase-7 in 50 mM Tris-HCl, pH 7.5 after 30 min reaction time reveals as many as 14
BQ adducts with a mass of 107 Da in comparison to the control caspase-7 under the same
reaction conditions (Figure 5.4). Because of the large number of adducts, it is likely that
MALDI analysis would not be able to completely resolve the exact extent of BQ adduct
formation.

It is likely that the BQ-caspase-7 molecules may be cross-linking with

adjacent BQ-caspase-7 molecules, leading to the formation of protein aggregates.

To

further examine the extent of BQ-caspase-7 adduct formation, gel electrophoresis was
performed.

Additionally, caspase-7 was reacted with IAA at a 1:10 molar ratio to

compare the IAA-caspase-7 adduct profile with that of BQ-caspsae-7. IAA is known to
alkylate free thiol groups on proteins, and can also target basic residues such as lysine
and arginine (Person et al. 2005), but does not appear to be as reactive with caspase-7 as
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BQ. Following gel electrophoresis and Coomassie staining, the control recombinant
caspase-7 migrated in the gel as expected. The IAA-caspase-7 behaved similarly to
control caspase-7. However, BQ-caspase-7 did not appear to migrate into the gel at all,
and remained mostly at the top (Figure 5.5).

The results suggest that multiple BQ

adducts form on individual caspase-7 molecules, with cross-linking between BQ-caspase7 molecules to form aggregates that cannot migrate through a porous matrix.
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Figure 5.4. MALDI-TOF analysis following recombinant caspase-7 reaction with
BQ at a 1:10 molar ratio.
Recombinant caspase-7 was reacted with BQ at a 1:10 molar ratio in 50 mM Tris-HCl,
pH 7.5. (A) MALDI spectra of control caspase-7, where the peak at 32910 Da
corresponds to full-length caspase-7, and peaks at 13205 Da and 19717 Da both
correspond to cleavage products associated with caspase-7 cleavage. During expression
of recombinant caspase-7, the protein often cleaves, thus resulting in identification of
these products using MALDI-TOF analysis. (B) MALDI-TOF spectra following reaction
of caspase-7 with BQ. The two cleavage products still remain intact as indicated by
peaks with molecular masses of 13205 Da and 19717 Da. However, the peak at 32910
observed in the control is now much larger, with up to 14 BQ modifications, each with an
addition of 107 Da. This indicates caspse-7 is heavily modified by BQ, and is likely
forming inter-molecular BQ-caspase-7 adducts.

167

Figure 5.5. Gel electrophoresis following recombinant caspase-7 reaction with BQ
and IAA.
Control and treated recombinant caspase-7 proteins were analyzed using gel
electrophoresis on a 10% Tris/Tricine peptide gel followed by Coomassie staining.
Caspase-7 was reacted with BQ and IAA at a 1:10 molar ratio in 50 mM Tris-HCl, pH
7.5. Control caspase-7 was analyzed in this same buffer and also with the addition of
MeOH to account for the amount added during BQ reaction. The reaction of caspase-7
with BQ indicates multiple adduct formation because the protein complex is not able to
migrate through the porous gel matrix, whereas most of caspase-7:BQ is observed to
remain at the top of the gel.
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5.3.2. BQ- and NAC-BQ-caspase-7 adduct formation at 1:1 molar ratio
Because caspase-7 appears to be extremely reactive with BQ, the amount of BQ
was decreased to aid in the identification of site-specific BQ modifications.

With

increased BQ adduct formation on caspase-7, the BQ molecules likely cross-link with
one another creating intermolecular linking of caspase-7-BQ with adjacent caspase-7-BQ
protein adducts. The intermolecular interactions decrease the solubility of the caspase-7BQ, making it difficult to perform LC-MSMS analysis and site-specific BQ identification
on caspase-7. Aditionally, caspase-7 was reacted with NAC-BQ, which is less reactive
than BQ, with the intent of decreasing adduct formation on caspase-7, and increasing the
solubility of the adducted caspase-7. Thus, caspase-7 was reacted with BQ or NAC-BQ
in 50 mM Tris-HCl, pH 7.5 at a 1:1 molar ratio for 30 min. Excess BQ or NAC-BQ was
removed and subsequent MALDI-TOF analysis was conducted. Following modification
with BQ, the MALDI spectra reveal up to 6 BQ modifications with mass additions of 105
Da (Figure 5.6) and following modification with NAC-BQ, MALDI spectra reveal
several NAC-BQ modifications with mass additions of 268 Da, and 105 Da (Figure 5.7).
The NAC-BQ modifications appear to be forming on the caspase-7 cleavage products,
which are not observed with the BQ modification on caspase-7. Addtionally, the 105modifications observed with NAC-BQ adductions on caspase-7 are the result of postadduction chemistry similar to that observed during NAC-BQ modifications on
cytochrome c (Fisher et al. 2007).
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Figure 5.6. MALDI-TOF analysis following reaction of recombinant caspase-7 with
BQ at a 1:1 molar ratio.
Recombinant caspase-7 was reacted with BQ at a 1:1 molar ratio in 50 mM Tris-HCl, pH
7.5. (A) MALDI spectra of control caspase-7, where the peak at 32890 Da corresponds
to full-length caspase-7, and peaks at 13194 Da and 19703 Da represent cleavage
products of caspase-7. (B) MALDI-TOF spectra following reaction of caspase-7 with
BQ. The two cleavage products still remain unchanged with molecular masses of 13194
Da and 20120 Da. However, the peak at 32890 observed in the control is slightly more
visible with 6BQ modifications, each with an addition of 105 Da.
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Figure 5.7. MALDI-TOF analysis following recombinant caspase-7 reaction with
NAC-BQ at a 1:1 molar ratio.
Recombinant caspase-7 was reacted with NAC-BQ at a 1:1 molar ratio in 50 mM TrisHCl, pH 7.5. (A) MALDI spectra of control caspase-7, where the peak at 32888 Da
corresponds to full-length caspase-7, and peaks at 13194 Da and 19703 Da correspond to
cleavage products of caspase-7. (B) MALDI-TOF spectra following reaction of caspase7 with NAC-BQ. The two cleavage products are shown with NAC-BQ modifications of
268 Da, corresponding to peaks with molecular masses of 12663 Da and 13462 Da both
with 1 NAC-BQ modification, and 20818 Da with up to 4 NAC-BQ modifications. The
peak at 32888 observed in the control is slightly more visible with 6 NAC-BQ
modifications, with 4 additions of 268 Da and 2 additions of 105 Da.
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5.3.3.

BQ- and NAC-BQ-caspase-7 site-specific adduct identification following

overnight trypsin digestion
Caspase-7 was reacted with BQ and NAC-BQ as described previously. Adduct
profiles were observed using MALDI-TOF analysis, and these samples were then
reduced with DTT, alkylated with IAA, and digested with trypsin overnight at 37ºC.
These samples were then subjected to LC-MSMS analysis and the data was analyzed
using Sequest and validated using Scaffold. This data was also searched for modifications
using P-Mod. These samples were run against a control caspase-7 and the search criteria
was the same for control and treated samples. All samples showed sequence coverage
consistent with caspase-7 identification, with the BQ-adducted peptide boxed in red in
the caspase-7-BQ sample (Figure 5.8). Potential modifications on caspase-7 following
reaction with BQ include 105 Da on K, R, E, and C based on previous studies from our
laboratory.

Potential modifications on caspase-7 following reaction with NAC-BQ

include 268 Da on K, R, E, and C. These samples also may have 105-Da modifications
because of the instability of the thioether bond of NAC-BQ, and following elimination of
the NAC moiety, because of basic conditions or surrounding nucleophilic residues, BQ
will remain on the adducted residue with a mass of 105 Da. These modifications were
searched on the same residues as above. Caspase-7-BQ showed one site specific lysine
105-Da adduct, corresponding to that of BQ (Figure 5.9), whereas no additional
modifications were identified in the caspase-7-NAC-BQ samples.
272

The peptide,

HFESQSDDPHFHEKKQIPCVV292, showed 105-Da BQ modification on K286 with
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sufficient coverage of b and y ions to indicate modification at this nucleophilic residue.
All of the cysteine residues in this sample were observed to be alkylated with IAA.
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Figure 5.8. Sequence coverage of caspase-7 following overnight trypsin digestion
and LC-MSMS analysis.
(A) Sequence coverage of control caspase-7, indicating cysteines modified with IAA in
green. (B) Coverage of caspase-7-BQ as indicated with yellow highlighting. Cysteine
residues highlighted in green have IAA modifications and the peptide boxed in red has
been identified with a 105-Da BQ modification on K286. (C) Caspase-7-NAC-BQ
sequence coverage again with cysteine residues shown as green that are modified with
IAA. All samples show good sequence coverage indicating the correct protein present,
however not many modifications are identified. The majority of the cysteines present
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appear to be modified with IAA indicating that BQ and NAC-BQ are not stable adducts
on cysteine residues during the overnight trypsin digestion.
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Figure 5.9. Site-specific BQ adduction on caspase-7 following overnight trypsin
digestion and LC-MSMS analysis.
Following reaction of caspase-7 with BQ at a 1:1 molar ratio, the sample was digested
overnight in trypsin and analyzed via LC-MSMS. K286 was identified to be modified
with a 105-Da BQ adduct. Asterisks (*) denotes b ion coverage on the top of the peptide
and y ion coverage below the listed peptide.
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5.3.4. BQ-caspase-7 site-specific adduct identification following 3h trypsin digest
Because no cysteine modifications were observed following reaction with BQ or
NAC-BQ on caspase-7, we concluded that the digestion period was too extensive and the
cysteine-BQ adducts were unstable over this period of time. As a result, in order to
identify these types of BQ adducts, we shortened the trypsin digestion time to 3 h.
Caspase-7 was reacted with BQ as described previously and adduct profiles were
observed using MALDI-TOF analysis. The BQ-caspase-7 adduct profile is similar to that
observed in Figure 5.9. Following the 3 h digestion, LC-MSMS analysis was conducted.
No reduction or alkylation was performed prior to trypsin digestion. The LC-MSMS data
was searched using Sequest and PMod, and this data indicates good sequence coverage of
caspase-7 with multiple 105-Da BQ modifications observed on lysine and cysteine
residues (Figure 5.10).

The BQ-adducted peptides are boxed in the caspase-7-BQ

sequence to identify which peptides are particular targets of BQ. The caspase-7 peptide
67

LGKCIIINNK76 was identified with a 105-Da adduct on K69 as the only lysine

identified to be adducted in this BQ-caspase-7 sample (Figure 5.11A). The peptides
180

LFFIQACR187 and

286

KQIPCVVSMLTK297 were identified as having 105-Da BQ

adducts on C186 and C290, respectively (Figure 5.11B and 5.11C). Interestingly, C186 is
the active site thiolate anion necessary for catalytic activity of caspase-7, and thus
adduction at this site may have critical implications in disruption of caspase-7 function.
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Figure 5.10. Sequence coverage of caspase-7 following 3 h trypsin digestion and LCMSMS analysis.
(A) Sequence coverage of control caspase-7, indicating cysteines modified with IAA in
green. (B) Coverage of caspase-7-BQ as indicated with yellow highlighting. Cysteine
residues highlighted in green have potential 105-Da modifications and the peptides boxed
in orange, blue, and purple have all been identified with 105-Da BQ modifications on
K69, C186, and C290, respectively. All samples show good sequence coverage indicating
the correct protein present and following the shortened, 3 h trypsin digestion, multiple
105-Da BQ adducts were identified on cysteine residues.
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Figure 5.11. Site-specific BQ adduction on caspase-7 following 3 h trypsin digestion
and LC-MSMS analysis.
Following reaction of caspase-7 with BQ at a 1:1 molar ratio, the sample was digested for
3 h trypsin and analyzed via LC-MSMS. (A) K69 was identified as modified with a 105Da BQ adduct as indicated by the b and y ions present. The unlabeled peak at 738 m/z is
likely an internal ion as a result of double cleavage of the peptide backbone. (B) C186
was identified as having a 105-Da BQ adduct with excellent coverage of b and y ions.
This adduction site is of particular interest because it is the active site thiolate anion that
participates in protein cleavage and thus the enzymatic function of the protein. (C) C290
was also identified as having a 105-BQ modification. This 3 h digestion was sufficient to
provide good sequence coverage, but also to allow for cysteine-BQ adduct stability in
order to identify the adducted residues. BQ adducts are not stable on cysteine residues
following overnight trypsin digestion. Asterisks (*) denotes b ion coverage on the top of
the peptide and y ion coverage below the listed peptide.
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5.3.5. Western blot analysis of caspase activation
Being able to identify site-specific modifications following reaction of BQ with
caspase-7, we were interested in determining if there was a functional response following
adduct formation. We utilized in vivo samples from experiments described above to
determine whether adduct formation on caspase-7 plays a role in quinol-thioethermediated toxicity. Proteins from rat OSOM were resolved by gel electrophoresis and
visualized using Coomassie staining and parallel western blotting for caspase-7. These
blots were probed for anti-caspase-7, an effector caspase protein. The results indicate
that the control and treated OSOM show no caspase-7 cleavage, corroborating the
necrotic cell death observed following MGHQ treatment of these animals. Recombinant
caspase-7 was used as a comparison to determine accurate identification of full length
caspase-7 and cleaved caspase-7. Human renal epithelial cells (HK-2) were used as a
comparison also.

Full-length caspase-7 was identified in HK-2 cells, with the

recombinant protein observed at a slightly higher molecular weight than in the rat kidney
tissue samples.

Based on the recombinant protein and its corresponding cleavage

products, it appears that caspase-7 is not cleaved in either the HK-2 cell lysate or in the
rat kidney tissue homogenate (Figure 5.12). These blots were also stripped and reprobed for caspase-3 cleavage. However results from these blots were less clear based on
the high amount of non-specific binding.

These experiments were utilized to help

validate the observed caspase-7 adduct formation in vitro and provide further evidence
that quinol-thioether adduct formation on critical apoptotic proteins may contribute to
toxicity observed with this type of compound exposure.
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Figure 5.12. Western blot analysis of caspase-7 in control and MGHQ-treated
OSOM samples.
(A) Coomassie-stained gel following electrophoresis of OSOM isolated from control and
MGHQ-treated rats. These samples were analyzed against recombinant caspase-7 and -3,
as well as a human proximal tubule cell lysate (HK-2) treated with NAC-BQ following
cell lysate collection (HK-2:NACBQ). (B) Western blot analysis using anti-caspase-7 to
determine if caspase cleavage occurred in the MGHQ-treated samples. Recombinant
caspase-7 was used as a marker. The results indicate that caspase-7 is not cleaved in
either the OSOM control (OSOM C2) or MGHQ-treated OSOM (OSOM T2), as well as
in the HK-2 lysate. The recombinant caspase-7 shows a cleavage product around 20 kDa
and the full length caspase-7 at 35 kDa. The HK-2 cell lysate shows the full length
caspase-7 product around 35 kDa, and the OSOM tissue samples show the full-length
caspase-7 to be slightly lower, around 30kDa, with no cleaved 20 kDa product.
Furthermore, the MGHQ-treated sample, OSOM T2, shows a slight banding pattern
above the initial full-length band, indicating potential modifications mediated by
quinone-thioether exposure.
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5.3.6. Anti-NACHQ and cytochrome c Western blot
To confirm that protein adduction occurred concomitant with nephrotoxicity,
Western blot analysis of OSOM proteins was conducted using antibodies specific to
quinol-thioether derived protein adducts (Kleiner et al. 1998b). Many protein bands were
observed in all of the lanes loaded with proteins from MGHQ treated animals, with
immunopositive bands also observed in the control animals. It appeared that the band
corresponding to the molecular weight associated with cytochrome c was more
pronounced in the treated sample than the control, however too much non-specific
binding occurred to conclude anything from this blot (data not shown). As a result, the
blot needed to be stripped and re-probed for cytochrome c using anti-cytochrome c
(7H8.2C12). The western blot was then aligned with a parallel Coomassie stained gel to
determine that cytochrome c was in fact identified in these samples (Figure 5.13).
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Figure 5.13. Cytochrome c detection using Coomassie staining followed by parallel
Western blotting.
The outer stripe of the outer medulla (OSOM) was isolated from control rat kidneys as
well as those treated with MGHQ. 10% Tris/Tricine peptide gel electrophoresis was
utilized to identify quinone-thioether adducted cytochrome c in these samples. OSOM
C2 refers to the control rat tissue sample and OSOM T1 refers to the MGHQ-treated rat
tissue sample. CC refers to pure cytochrome c used as a marker to guide in cytochrome c
identification from a complex mixture. (A) Coomassie stained gel showing cytochrome c
in both the tissue homogenates, as well as the corresponding pure cytochrome c protein.
(B) Parallel Western blot showing that cytochrome c is found in both the control and
treated OSOM, and is validated using the pure protein as a control for the cytochrome c
antibody. These cytochrome c bands were subsequently removed from the stained gel
and analyzed using LC-MSMS to try and identify cytochrome c and potentially quinonethioether adducted cytochrome c.
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5.3.7. Cytochrome c identification
Based on multiple in vitro experiments we concluded that cysteine, lysine,
arginine, and glutamic acid were the most likely targets of adduction by the HQ-thioether
metabolites (Fisher et al. 2007; Liebler 2008). The likely metabolites adducting the
proteins are MGHQ (414Da), CysGlyHQ, CSHQ (226 Da), NAC-HQ (268 Da) and HQ
(105Da) itself, the latter arising as a consequence of post-adduction chemistry (Lau et al.
1988). Cytochrome c was determined to be present in the control and treated OSOM
samples based on the sequence coverage, however no adducts were identified on the
treated cytochrome c. The present analyses confirm that no NAC-HQ, CSHQ, or HQ
adducts occur on Lys, Arg or Glu residues of cytochrome c (Figure 5.14). This data
indicates that cytochrome c may not be a likely in vivo target.

This could be because

these compounds do not enter the mitochondria and cytochrome c is not released during
this toxicant exposure, or because cytochrome c interacts with Apaf-1 immediately
following release from the mitochondria if released at all. Alternatively, we may not
have identified the modified cytochrome c because the native proteins are in greater
abundance than the modified proteins, and if such a small percentage of the proteins are
modified, they will not be detected by the mass spectrometer. The protein may also be so
heavily modified, that the cell recognizes it as damaged, and thus the protein is degraded,
resulting in no detection of modified cytochrome c.
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Figure 5.14. Sequence coverage of cytochrome c following LC-MSMS analysis from
OSOM control and MGHQ-treated samples.
Gel bands were excised from the Coomassie stained gel illustrated Figure 5.3, reduced
with DTT, alkylated with iodoacetamide, digested with trypsin, and analyzed using LCMSMS and Scaffold database searching. In each case C2 refers to control OSOM and T2
refers to MGHQ-treated tissue. (A) Metabolic activation of MGHQ results in CSHQ
adduct formation with an adducting mass of 226-Da, so the raw data was searched to
identify cytochrome c tryptic peptides with a mass modification of 226 Da. In both
samples, the native cytochrome c was identified with no modifications. (B) Activation of
MGHQ also results in NAC-HQ adduct formation with an adducting mass of 268-Da, and
the raw data was subsequently searched for mass modifications of 268-Da on cytochrome
c tryptic peptides from control and treated samples. No modifications were identified in
either C2 or T2. (C) MGHQ metabolism and post-adduction chemistry results in 105-Da
adduct modification on target proteins. As a result, the cytochrome c tryptic peptides
from the control and treated samples were searched for this mass modification, and no
modifications were identified. In each analysis, cytochrome c was identified, indicated
by the percentage of peptides identified in each sample, however no modifications were
found for any of the above searches.
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5.4. Discussion
The initiator caspases and effector caspases all have active site cysteine residues
that would make them viable targets for electrophilic adduction, as well as oxidative
modification. The active site cysteine in caspase proteins is extremely acidic, with
increased nucleophilicity due to enhanced ionization of the thiol to the thiolate anion, as a
result of the surrounding residues in the tertiary structure of the caspase (Poole et al.
2004; Thomas et al. 2001). This characteristic of the active site cysteine makes this thiol
functional group a site for oxidation/reduction chemistry (Poole et al. 2004). Caspases
can be modified by nitric oxide (NO), the active site thiol being the site of modification
by either covalent attachment of the NO group or by oxidative reactions (Mohr et al.
1997; Torok et al. 2002; Zech et al. 2003; Bratton et al. 2000b).

NO can modify the

enzyme by either S-nitrosation, oxidation, or glutathionylation (Li et al. 1997; Zech et al.
1999). Caspases are redox sensitive and the cell must maintain a reducing environment
for caspase function, so oxidation by NO can create an environment that inhibits
apopotosis due to excessive oxidative stress and caspase dysregulation (Hampton et al.
1998). S-nitrosation of caspases has been shown to be a reversible modification on the
enzyme because addition of dithiothreitol (DTT) restores capsase function (Zech et al.
2003). Additionally, recent literature has suggested that NO may possibly block the
processing of the procaspases and inhibit the function of the active enzyme in an
irreversible manner as a result of NO-mediated disruption of protein-protein interactions,
specifically inhibition of apoptosome assembly because of caspase modification.
Consequently, this disruption would interfere with the execution of cell death (Zech et al.
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2003). Protein sulfhydryls are not only targets of chemical-mediated adduction and NOmediated nitrosylation, but also targets of other oxidative-mediated events that can result
in reversibly oxidized or irreversibly oxidized forms of protein sulfhydryls (Thomas et al.
2001). Excessive thiol oxidation reactions due to increased oxidative stress can result in
sulfinic or sulfonic acids, both of which are irreversible modifications (Zech et al. 2003;
Zech et al. 1999).
Caspases also possess multiple nucleophilic solvent-exposed lysine residues, that
may be sites for quinone-thioether adduction. Although these sites may not be critical for
protein function, modification at these sites may impact the structure of the protein such
that the active site is affected by the modification.

Amino acid modifications at sites

distal from functionally important residues do indeed impact protein structure and
function in vitro (Fisher et al. 2007), however this is less clearly defined for in vivo
models. Protein adduct formation is dependent upon reactivity of intermediates and
subcellular localization of protein targets, and these are major factors in determining
chemical-mediated toxicities (Yang et al. 2006). Because caspases are cytosolic, and also
contain multiple nucleophilic sites, they may be likely in vivo targets for protein
adduction by reactive intermediates, such as quinone-thioether metabolites.
We have utilized recombinant caspase-7 and caspase-3 to determine the in vitro
impact of BQ and NAC-BQ on these proteins. The data indicates that the caspases are
far more reactive towards BQ than cytochrome c, with interactions occurring under a
variety of experimental conditions. Caspase-7 forms intermolecular cross-links in the
presence of BQ, creating a large, multimeric aggregate that does not migrate during gel
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electrophoresis. The multiple lysine and cysteine residues are the likely targets of BQ.
Although MALDI-MS data indicate that NAC-BQ and BQ both modifiy caspase-7, only
site-specific modifications on caspase-7-BQ were identified by LC-MSMS. A 3 h trypsin
digestion was sufficient for protein sequence coverage, in addition to identification of BQ
adducts on cysteine residues.

Following overnight trypsin digestion, the cysteine

residues were no longer adducted by BQ, confirming BQ adduct instability on cysteine
residues. Lysine residues were targets of adduction in both of the caspase-7-BQ samples,
(overnight and 3 h digestions). Furthermore, the cysteine residue that is necessary for
catalytic function of caspase-7 was also modified by BQ.
Caspase-7 in renal homogenates treated with MGHQ is not cleaved, which is
consistent with the necrotic mode of cell death in these tissues. However, there may be
quinone-mediated modifications on caspase-7 in these samples as shown by the banding
pattern in the western blot, where multiple bands are observed at a slightly higher
molecular weight in the treated sample compared to the control. Quinone-thioether
modifications on these proteins might be responsible for shifting the molecular weight
slightly higher in these samples.
To further extend our in vivo studies, we attempted to identify cytochrome c an in
vivo quinone-thioether target. Although much effort was invested in identifying
cytochrome c as an in vivo target, we were unable to observe MGHQ-modified
cytochrome c in rat kidney tissue. A number of reasons may contribute to our inability to
detect modified cytochrome c in vivo.

Although cytochrome c is released from

mitochondria during times of stress, it may be that cytochrome c remains in the
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mitochondria following exposure of kidney cells to MGHQ. Thus, cytochrome c may not
be accesible to the quinone-thioether metabolites, which are unable of penetrating the
mitochondrial membrane in sufficient concentrations to adduct cytochrome c.
Alternatively, cytochrome c may be released from the mitochondria during the response
to quinone-thioethers, but following release it may directly interact with Apaf-1, with
little time for quinone-thioether exposure. Because multiple target sites on cytochrome c
are also known to interact with Apaf-1, it is likely that Apaf-1 wraps itself around
cytochrome c, thus covering all of the accessible sites on cytochrome c that would
otherwise be available for adduction. Because cytochrome c was shown to be an unlikely
target in vivo, this points to the caspase proteins and additional cytosolic proteins as even
more important candidates for BQ modification and their role in the quinone-thioethermediated toxicity.
Caspase-7 is a critical effector protein that if inappropriately modified could
adversely impact the ability to induce apoptosis. Multiple other protein targets are also
required to initiate apoptosis. Bid, a Bcl-2 homology 3 containing protein, is important
for cross-talk between the death-receptor and mitochondrial pathways, and this
interaction is initiated by caspase-8 cleavage of Bid. Following Bid cleavage, it is
translocated to the mitochondria as tBid and induces release of cytochrome c
(Kandasamy et al. 2003).

Cytochrome c release is mediated by Bid activation of

proapoptotic protein, Bax, which inserts into the mitochondrial membrane and allows
release of cytochrome c from the mitochondrial intermembrane space into the cytosol
(Eskes et al. 2000). Bax and Bak are critical for the release of cytochrome c, and
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mutations in either one of these genes renders cells resistant to apoptosis. Additionally,
cells void of Bax or Bad were also resistant to apoptosis following treatment with
anticancer agents or UV irradiation (Wang et al. 2001; Wei et al. 2001; Zong et al. 2001).
Because Bid functions upstream of cytochrome c release, disruption of Bid cleavage via
post-translational modification or ROS-mediated damage by quinone-thioether
metabolites could cause inhibition of apoptosis in these effected cells.
Additionally, the BH3 domain of pro-apoptotic proteins is necessary for binding
to antiapoptotic proteins such as Bcl-2 and Bcl-XL (Pinto et al. 2004). If this BH3 domain
is compromised in any way, these proapoptotic proteins will no longer bind to
antiapoptotic proteins Bcl-2 and Bcl-XL, and will result in loss of apoptotic activity
(Kelekar et al. 1998). Furthermore, evidence in the literature suggests that there are
critical cysteine residues that are redox sensors necessary for Bax activation and
translocation to the mitochondria. Mutation of these residues renders the protein inactive
(Nie et al. 2008). These results indicate that there is a sensitive balance for activation of
proapoptotic proteins, and chemical toxicants like quinone-thioethers could not only
disrupt this balance via ROS generation, they could also chemically modify critical
cysteine residues within these proteins and disrupt normal function of the apoptosis
pathway. Taken together, multiple proteins within the apoptosis pathway may serve as
quinone-thioether targets, and it is likely that modification or inactivation of multiple
targets work in concert to dictate the toxic response elicited by these reactive
intermediates.
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CHAPTER 6: CONCLUDING REMARKS
6.1. Introduction
The biotransformation of xenobiotics leads to formation of a variety of biological
reactive intermediates. Reactive intermediates can also be formed as by-products of
cellular metabolism, including reactive oxygen and nitrogen species, as well as reactive
dicarbonyl degradation products, such as methylglyoxal (Yao et al. 2007). Additionally,
many of these reactive intermediates damage cellular membranes, resulting in lipid
peroxidation, which results in the formation of several α,β-unsaturated aldehydes,
including 4-HNE (Carini et al. 2004). Many reactive aldehydes are generated
endogenously during glycation, amino acid oxidation, and lipid peroxidation, and may
contribute to disease progression, including diabetes and atherosclerosis (Halliwell 2000;
Uchida et al. 1998). Although much work regarding toxicity and carcinogenesis
mechanisms of these reactive intermediates has focused on DNA modifications, the effect
these electrophilic species on proteins has recently gained attention.

Because the

majority of reactive intermediates are electrophilic in nature, this facilitates their ability
to adduct nucleophilic residues within target proteins.
The binding of reactive intermediates to protein targets has long been regarded as
nonselective in nature.

However, many reactive metabolites have a preference for

arylation of target cysteine thiols, such as 4-HNE.

This α,β-unsaturated aldehyde

covalently binds cysteine residues, such as Cys592 in heat shock protein 90, which
disrupts protein function (Carbone et al. 2005a).

Furthermore these same reactive
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metabolites bind protein nucleophiles in a reversible manner at low concentrations
(Doorn et al. 2006). Indeed, many electrophiles can form reversible protein adducts, and
still produce biological consequences, including the transient inhibition of enzyme
activity. Other reactive electrophiles, such as quinones, produce toxic effects as a result
of covalent protein adduction and the generation of ROS. It is important to note that these
two effects of quinones are not mutually exclusive, since protein-bound quinones can
remain redox active. Quinones form protein adducts with nucleophilic residues within
target proteins, including lysine, cysteine, and histidine residues (Fisher et al. 2007; Koen
et al. 2006; Meier et al. 2005; Person et al. 2005).
Because reactive electrophiles are capable of forming covalent adducts with
proteins, they may subsequently alter the structure and function of target proteins. Such
functional alterations may include interference with protein-protein interactions and
subcellular protein localization, and disruption of cellular signaling pathways.

It is

important to emphasize that not all protein adducts will produce a toxicological response,
as some protein adducts do not affect protein function. As a result, determining which
protein targets do play a role in the overall toxic response is still an overwhelming
challenge facing the future of chemical-induced toxicity.

However, use of in vitro

models can provide some guidance and application towards the in vivo relevance of
protein adduction and which proteins may be likely targets for certain electrophiles as
well as the structural and functional implications of this adduction.
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6.2. Quinone-thioether adduct characterization and stability
In vitro models provide a useful tool to identify and characterize protein adduct
formation by reactive electrophilic intermediates. Although this is a simple platform,
adduct formation and any post-adduction chemistry can be identified in simplistic terms,
and then extrapolation of this information can be utilized for in vivo analysis of protein
adduct formation by similar electrophiles. BQ and its quinone-thioether metabolites have
affinity for solvent-exposed lysine-rich regions of cytochrome c (Fisher et al. 2007;
Person et al. 2005; Person et al. 2003). Cytochrome c has multiple solvent exposed
lysine residues that fall into a motif of KXK or KKK.

This peptide sequence, in

combination with the 3D structure of the protein, has allowed us to determine the quinone
binding profile on a single protein under multiple physiological conditions. Quinonethioether metabolites form in a pH dependent-manner and final adduct formation is
dictated by the microenvironment of the protein (Table 2.1).

Quinone-thioether

metabolite stability is largely dependent upon the site of adduct formation, in
combination with the protein region surrounding adduct formation. The NAC-BQ adduct
on cytochrome c is most stable with a modifying mass of 268-Da on glutamic acid
residues in regions of the protein containing a lower pKa. In contrast this same adduct in
not stable when bound to lysine residues in regions of the protein with a higher pKa, and
as a result modifies proteins with a mass of 105 Da. This is indicative of the BQ portion
of NAC-BQ, where the NAC moiety is eliminated dependent upon the protein
microenvironment (Table 2.1, Figure 2.9, Figure 2.10).
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Furthermore, reactions with BQ and NAC-BQ on recombinant caspase-7 provided
additional insight into quinone-thioether adduct formation. Thus, caspase-7 is extremely
reactive with BQ, with multiple BQ adducts being formed (Figure 5.4. Figure 5.6, and
Figure 5.7). Caspase 7 contains abundant lysine and cysteine residues, which may likely
predispose this protein as a target for modification by BQ and NAC-BQ. Following
overnight digestion in trypsin, only lysine residues were identified as BQ targets (Figure
5.8 and Figure 5.9). However, a shortened digestion of 3 h, BQ adducts on cysteine
residues wre also identified, indicating that these residues are unstable (Figure 5.10 and
Figure 5.11). Cysteine adducts thus likely occur under physiological conditions, but
because they are unstable may serve as “redox sensors”. In fact, the active site cysteine of
caspase-7 is modified by BQ in vitro (Figure 5.11B), and this could certainly impact the
progression of the apoptosis pathway because caspase-7 is an effector caspase and is
necessary to facilitate appropriate apoptotic cell death.
We have shown that not only is final adduct formation dependent upon protein
microenvironment, it also may be dependent on sample preparation conditions for
proteomic analyses.

Protein adduct hunting from our in vivo studies showed that

following dosing with MGHQ mostly BQ (105-Da) adducts, and CSHQ (226-Da)
adducts were identified. Because of the large number of 105-Da adducts, we determined
that their may be post-adduction chemistry must be occurring following initial adduct
formation, thus resulting in elimination of the GSH or NAC moiety. Additionally, we
have identified lysine, arginine, and glutamic acid adducts, but no cysteine adducts from
quinone-thioether metabolites.

Standard sample preparation for proteomic analyses
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includes the use of buffers such as 0.1 M ammonium bicarbonate, pH 8 and/or 0.05 M
Tris-HCl, pH 7.5 for trypsin digestion purposes. Typically the samples remain in these
buffers for up to 17 h, which is standard for trypsin digestion of proteins into peptides for
mass spectral analysis. We therefore performed studies using peptide and protein models
containing free cysteine residues to determine quinone-thioether adduct formation under
conditions necessary for proteomic analysis. Additonally, we performed studies to
determine the stability of MGHQ under standard conditions for proteomic analyses.
MGHQ is stable in 0.1 M ammonium bicarbonate for up to 8 h but then degrades,
most likely via elimination of the GSH moiety from the BQ ring (Figure 4.1). The
peptide and protein models showed that BQ does adduct cysteine residues, but the adduct
is unstable and BQ is eliminated from the cysteine residues (Figure 4.2 and Figure 4.4).
Cysteine residues are likely targets of many reactive electrophiles, in particular α,βunsaturated aldehydes. In many cases cysteine residues are also critical sensors for
modulating cellular signaling, including the interaction between Keap1 and Nrf2. Keap1
contains several reactive cysteines, and upon reaction with electrophiles, these cysteine
residues form intermolecular disulfide bridges. This leads to disruption of the Keap1Nrf-2 interaction and release of Nrf-2 and activation of antioxidant genes (DinkovaKostova et al. 2002; Wakabayashi et al. 2004). This is one example where reactive
electrophiles may bind to thiol residues within proteins and trigger downstream signaling
events that can lead to increased gene transcription or a decrease in protein function. It is
likely that quinone-thioether metabolites also transiently alkylate critical thiols on target
proteins, and result in a cellular response similar to that observed with Keap1 and Nrf2.
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However, identification of quinone-thioether modifications on cysteine residues still
remains a challenge because of the stability issues presented herein.

6.3. Structural consequences of quinone-thioether adduct formation
Not all chemical-induced protein adducts result in a toxic response. In fact, often
a desired effect of the chemical is to form a protein adduct for a beneficial
pharmacological effect, as in many anticancer drugs and proton pump inhibitors. For
example, omeprazole was designed to bind covalently to the proton pump of gastric
parietal cells to aid in the management of gastric-acid-related diseases (de Korwin et al.
2004). In this case, the intended effect of the drug is to covalently bind to target proteins
and results in a desired pharmacological response. Additionally, many oxidative
modifications formed from metabolism of reactive intermediates are necessary for redox
balance and appropriate cellular survival. On the other hand, many of these oxidative
modifications become deleterious for cellular survival when they overcome the cell’s
antioxidant response and GSH levels are overwhelmed.

Furthermore, some protein

adducts that are formed have no measurable effect on protein function and normal
cellular homeostasis is maintained. However, protein adduct formation frequently occurs
in portions of the protein necessary for protein-protein interaction, cellular localization
recognition domains, and/or regions important for protein polymerization.

Finally,

adduct formation can occur on regions of the protein distant from sites necessary for
function, which may cause structural alterations that can impact normal protein function.
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Using cytochrome c as a model protein, we investigated potential structural
changes associated with quinone-thioether adduct formation. BQ forms a diquinone
adduct with a mass modification of 196 Da linking adjacent lysine residues (Person et al.
2003). We subsequently incorporated this diquinone adduct onto target residues K25K27 using Insight II, and following molecular dynamics visualized the impact of this
adduct on cytochrome c (Figure 2.2). Additional modeling of NAC-BQ adducts on other
target residues of cytochrome c were also performed. Since quinone-thioether adducts
were also identified on five of eight residues important for cytochrome c protein-protein
interactions with Apaf-1. The structural analysis, including molecular modeling and
circular dichroism revealed local structural rearrangements following adduct formation,
in the absence of major protein structural changes (Figure 2.8, Figure 2.9, Figure 2.10,
and Figure 2.11).

Because these studies were conducted using a mixture of native

cytochrome c and BQ-adducted cytochrome c, we subsequently separated the various
BQ-adducted cytochrome c species from native cytochrome c.

Liquid isoelectric

focusing was used to separate the various species of cytochrome c (Figure 3.2 and Table
3.1). Following this separation we conducted structural analyses to determine the impact
of BQ adduction on cytochrome c. The data indicated that the BQ adducted cytochrome
c formed a more alpha-helical structure (Figure 3.3), creating a more rigid protein
structure, with a greater potential impact on protein function.

Cytochrome c contains

many lysine residues, rendering this protein quite flexible, which must be an important
aspect of its interaction with Apaf-1. When the structure becomes more rigid, this likely
impacts the binding of cytochrome c to Apaf-1, and subsequent apoptosome formation.

199

Molecular modeling of the protein with the quinone-thioether adducts is only a
predictive measure of structural impact following adduct formation. However, this can
be used to help determine the effect of chemical-mediated changes on protein structure.
These models predicted local structural rearrangements associated with quinone-thioether
adduction, and this may in fact contribute to any observed functional changes associated
with these adductions. Alternatively, it is likely that the quinone-thioether adduct is
simply masking the lysine residues such that they are no longer able to electrostatically
interact with Apaf-1 via the necessary protein-protein interactions, and consequently
disrupting apoptosome formation in this manner.

6.4. Functional consequences associated with adduct formation
It remains important to determine if there is in fact a biological consequence of
chemical-induced adduct formation. We have used cytochrome c as a model system to
investigate the initiation and progression of apoptosis in response to chemical insult. We
have determined that BQ-adducted cytochrome c results in decreased caspase-3 activity,
as well as failure to form the apoptosome complex in a purely reconstituted system
(Figure 2.12). This is evidence that protein adduct formation does in fact correlate with a
loss of protein function. This in vitro model is designed to serve as a tool to elucidate the
mechanism of quinone-thioether adduct formation, and to gain an understanding of a
potential mechanism for inhibition of apoptosis observed following exposure to this type
of toxic insult. These functional studies were performed using a mixture of native
cytochrome c and BQ-cytochrome c, and were also performed following separation of the
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native cytochrome c from the BQ-adducted cytochrome c.

Additionally, the BQ-

adducted cytochrome c species were separated into various species, with some species
containing up to 6 BQ adducts and other species containing only 1 or 2 BQ adducts.
These species were also individually assayed for caspase-3 activity, and this activity was
decreased following removal of native cytochrome c from the BQ-adducted cytochrome c
mixture. Thus, native cytochrome c can interfere with estimates of the impact of BQ on
cytochrome c protein function in these in vitro studies.
Because quinone-thioether metabolites not only adduct proteins, but also redox
cycle, the ROS they generate may in fact play a large role in oxidative protein
modification and alter signaling in this manner. Many of the proteins involved in the
apoptosis pathway contain cysteine residues that are necessary for function, including the
caspases and proapoptotic Bax (Denault et al. 2002; Nie et al. 2008). Cysteine residues
are a target of BQ, albeit via a transient interaction, but this modification could still affect
downstream signaling events.

Additionally, these residues could be targeted for

reversible and irreversible oxidative modifications that could also impact cellular
signaling events. Not only have we shown that cysteine residues may be targets that
impact protein function, many of these proteins are also rich in lysine residues. Because
we have shown these residues to be targets of covalent modification by quinonethioethers, they could also likely affect protein function if modified. Taken together, it is
likely that there are multiple targets of quinone-thioethers that contribute to the overall
necrotic response. The proteins involved in the apoptosis pathway are likely just one
component of the overall toxic response elicited by these compounds.
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In summary, ROS generation and protein adduction likely work in concert to
create the observed toxicity produced by these reactive intermediates. It is also likely that
alterations in structure and/or function of multiple proteins collectively produce the
cellular alterations that result in cell death. Therefore, it is essential to identify and
characterize the site-specific PTMs on critical target proteins and the associated structural
and functional changes. Success in determining functional changes to cytochrome c and
caspase-7 following electrophile-induced PTMs will serve as a model which we can build
upon to examine the consequences of protein functional changes as a result of such
PTMs. These results have advanced our understanding of the role electrophile-protein
PTMs play in the response to environmental chemicals and the associated disease
progression.
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CHAPTER 7: FUTURE DIRECTIONS
7.1. Introduction
Metabolism of xenobiotics leads to formation of a variety of reactive electrophilic
intermediates. Because reactive electrophiles are capable of forming covalent adducts
with proteins, they may subsequently alter the structure and function of target proteins.
Such functional alterations may disrupt protein-protein binding, protein organelle
localization patterns, and interfere with appropriate cell signaling pathways for normal
cellular homoestasis. We have shown here that utilization of in vitro model systems
provides an extremely useful tool in the analysis of structural and functional
consequences following toxicant insult. We have determined that certain topological and
chemical features, or motifs within proteins (“electrophile binding motifs”), predispose
certain proteins to chemical adduction. Furthermore, we have attempted to assess the
biological or toxicological consequences following adduction by reactive intermediates.
The information gained from these in vitro studies has proven to be essential for
successful adduct identification in vivo and will likely contribute to an overall mechanism
of how quinone-thioethers elicit toxicity.
Although information gathered from the use of these in vitro models proved to be
helpful in the arena of chemical-protein adduct hunting, there are obvious drawbacks in
these models. We utilized cytochrome c to investigate structural consequences following
PTM and also the effects of PTM-cytochrome c on the initiation and progression of
apoptosis. Additionally, we investigated the specific effects of chemical-induced PTM
on the structure and function of caspase-7 and the effects on progression of apoptosis.
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This knowledge provided several avenues with which to investigate how chemicalinduced PTMs could impact structure and function of critical target proteins and the
potential pathways involved in each case.

7.2. In vivo protein targets during initiation and progression of apoptosis
Cytochrome c is clearly a quinone-thioether target in vitro due to the solventaccessibility of multiple lysine residues within electrophile binding motifs. Furthermore,
PTM-cytochrome c decreased the ability to form the apoptosome, with a subsequent
decrease in caspase activation, in a purely recombinant system. Whether cytochrome c is
an in vivo target of MGHQ proved to be much more challenging. Following dosing of
rats, we were unable to identify adducted cytochrome c.

Because MGHQ induces

proximal tubule necrotic cell death, we speculated that one potential mechanism for
inhibition of apoptotic cell death is via chemical-induced PTM of cytochrome c and
inhibition of apoptosome formation. However, other proteins involved in the apoptotic
pathway may also be targets of MGHQ.
Caspase-7 is not cleaved in either untreated or treated rat tissue. However, based
on western analysis, caspase-7 may potentially be modified by metabolites of MGHQ. In
order to determine if this protein is actually modified in vivo, it would be critical to
conduct further studies by isolating this protein via 2-D gel electrophoresis with parallel
western blotting, followed by excision of protein spot(s) that correspond to caspase-7.
These samples could then be prepared and analyzed by LC-MSMS. Because this protein
has been shown to be in the full-length form, the complexity of identifying caspase-7
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would be decreased. The isolated OSOM from MGHQ-treated rats could also be used to
determine the extent of cytochrome c translocation from mitochrondria. Following tissue
isolation, the mitochrondrial and cytosolic fractions could be separated, and then
cytochrome c could be probed in both the control and treated fractions. This would
provide information regarding the localization of cytochrome c in the control tissue in
comparison to its localization following treatment with MGHQ.
In addition to caspase proteins, multiple other proteins may be targets of quinonethioether metabolites. Again because of the observed necrotic cell death, it is likely that
additional proteins involved in apoptosis upstream of cytochrome c release may be
affected. This would include apoptotic proteins such as Bax, Bad, and Bid. These
proteins contain a BH3 domain important for binding to antiapoptotic proteins, Bcl-2 and
Bcl XL. If this region of the protein(s) becomes modified or structurally altered, this may
inhibit binding to antiapoptotic proteins, and affect apoptotic cell death. Additionally,
Bid cleavage via caspase-8 activation links the extrinsic death-receptor pathway to the
intrinsic death receptor pathway because Bid then facilitates Bax-mediated cytochrome c
release.

Because these proteins work upstream of cytochrome c release, quinone-

thioether-mediated modification at their BH3 domains could inhibit cytochrome c
release, and thus inhibit the instrinsic apoptotic pathway.
A comparative model for studying quinone-thioether-mediated PTM of
cytochrome c and additional apoptotic proteins includes studying the effects of these
compounds on human promyelocytic leukemia cells (HL-60).

Quinone-thioether

metabolites have been identified in the bone marrow of rats and mice exposed to a
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combination of HQ and phenol, or benzene (Bratton et al. 1997).

These quinone-

thioether metabolites have been shown to contribute to benzene-mediated hematotoxicity
in vivo (Bratton et al. 1997). In vitro analysis using HL-60 cells has revealed that certain
quinone-thioether metabolites, TGHQ, as well as HQ, induce apoptotic cell death
(Bratton et al. 2000a). Furthermore, quinone-thioether metabolites have been shown to
cause cytochrome c release in HL-60 cells prior to the observed apoptotic cell death
(Yang et al. 2005).

Because of the observed apoptosis in this cell line, further

investigation of quinone-thioether PTM on cytochrome c and effector caspase-7 proteins
may be of interest. It would be valuable to compare modification of these apoptotic
proteins in HL-60 cells or bone marrow samples from in vivo studies to these same
proteins in rat tissue homogenates, where we have previously observed necrotic tissue
following quinone-thioether metabolite dosing. The bone marrow samples isolated from
the in vivo studies using MGHQ dosing into Long Evans rats could also be used to
analyze caspase-7 or caspase-3 cleavage following bone marrow isolation and cellular
lysis. This would be an indicator of apoptotic or necrotic cell death within the control
and MGHQ-treated samples from these in vivo studies and could help elucidate the
mechanism of observed bone marrow toxicity associated with compound exposure.

7.3. Adduct characterization
The peptide and protein models used in this project provided a guide for
characterizing quinone adduction and also quinone chemistry following adduction. This
type of chemistry can be useful in the pharmaceutical industry when trying to determine
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toxic adducts formed from reactive intermediates of drug molecules. In attempts to
answer questions regarding quinone-thioether adduct stability, our in vitro work provided
critical insight regarding covalent adduction on lysine, arginine, and glutamic acid
residues. Additionally, we determined that quinone-thioether metabolites likely form
reversible adducts with cysteine residues of proteins under physiological conditions.
However, the issue of quinone-thioether adduct stability is still not completely
understood. Here we utilized apocytochrome c as a model protein for many of these
studies of cysteine residue adduction. Although a good model for initial characterization
of quinone-cysteine adducts, the physiological relevance of such a model is limited. We
have briefly addressed the question of quinone modification on a caspase recombinant
protein to determine if the active site cysteine in this protein is a potential site for quinone
alkylation. This is a more physiologically relevant model, and we determined that the
active site cysteine in caspase-7 is indeed an in vitro target.

However, additional

experiments need to be conducted to further investigate the stability of BQ adduct
formation on cysteine residues of caspase-7 and/or caspase-3. Furthermore, it would be
interesting to determine if this active site modification does indeed impact caspase
function in a purely recombinant system. Because these proteins are rich in cysteine and
lysine residues, these potential targets could provide much relevant information regarding
quinone adduct formation and the resulting toxicity. Investigating more mechanistic
answers into quinone-mediated impact on critical cysteine residues could provide more
convincing evidence that these types of adducts can serve as “signaling molecules”, in
addition to their well-documented ability to form irreversible adducts with target proteins.
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APPENDIX A: QUINONE-THIOETHER-MEDIATED PTM ON
ACTIN AND THE RESULTING IMPACT ON CHROMATIN
REMODELING
A.1. Introduction
In addition to investigating the in vitro effects of BQ and its quinol-thioether
metabolites using cytochrome c and apoptosome formation as a model, we have
identified a number of proteins as targets from the in vivo studies using BQ and its
quinol-thioether metabolites, such as actin. By utilizing additional models to investigate
structural and functional impact as a result of quinone-thioether exposure, including use
of actin in chromatin remodeling, we can gain further insight into the mechanisms by
which these compounds elicit their toxic effect and apply these concepts to additional in
vivo studies.
The cellular genome is packaged into nucleosomes making up the fundamental
units of eukaryotic chromatin. Nucleosomes are highly ordered structures intended to
package genetic information into the cell nucleus while still allowing access to these
genomes. They consist of DNA supercoiled around a histone octamer, containing 2
copies of each core histone H2A, H2B, H3, and H4 (Lewin 2004). However,
transcriptional events are prevented when the promoter regions of genes are organized
into nucleosomes. As a result, the cellular machinery has developed several ways to
activate gene transcription through chromatin remodeling.

Two methods have been

adapted to remodel the chromatin for access to promoter regions of genes. This includes
PTMs on histones that disrupt histone-histone interactions, as well as histone-DNA
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interactions, both of which expose regions of DNA necessary for gene transcription
(Cosgrove et al. 2004; Ye et al. 2005).

The second method for altering DNA

accessibility is that of ATP-dependent chromatin remodeling which requires energy from
ATP hyrolysis to disrupt histone-DNA interactions and induce nucleosome mobilization
(Ko et al. 2008; Lewin 2004; Whitehouse et al. 1999). Eukaryotic cells contain a number
of ATP-dependent chromatin remodeling complexes, each containing an ATPase subunit
from the SNF2/SWI2 superfamily (Shen et al. 2000; Olave et al. 2002). In this type of
model, the chromatin remodeling process binds to the chromatin.

Following ATP

addition, nucleosomes change conformation due to the alteration of DNA-histone
interactions, which results in chromatin remodeling. This remodeling may result in
transfer of histone octamers to different DNA segments or in sliding the octamer to a
different position in the same DNA molecule (Figure A.1).
Conventional actin comprises the network of the cytoskeleton and its role in the
cytoplasm is well understood. Recent studies have shown a classical, new function of
actin and actin-related proteins in the nucleus (Olave et al. 2002; Wada et al. 1998). Arps
and actin have been identified as components of multiprotein complexes in the cell
nucleus involved in chromatin remodeling enzyme function needed for alteration of
nucleosome architecture and DNA processing (Boyer et al. 2000; Rando et al. 2000; Shen
et al. 2003b). ATP-dependent chromatin remodeling complexes are characterized by the
presence of an ATPase subunit from the SWI2/SNF2 superfamily of proteins. The
SWI2/SNF2 subfamily of complexes includes S. cerevisiae SWI/SNF, RSC (remodels the
structure of chromatin), and INO80.com, Drosophila Brahma, and human SWI/SNF
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(containing one of two Swi2/Snf2-like ATPases, BRG1 or BRM – also called BAFs)
(Fyodorov et al. 2001; Neely et al. 2002). Nuclear actin has been shown to be critically
important as a subunit of these chromatin remodeling complexes because of its intrinsic
ATPase activity (Olave et al. 2002). Moreover, these studies have suggested that actin
shuttles between the cytoplasm and the nucleus, pointing to the fact that actin is one of
the most regulated proteins in the cell (Olave et al. 2002). Because we know actin to be a
target of BQ and quinone-thioether metabolites from previous in vivo studies in our
laboratory, and because actin is tightly regulated within the cell and necessary for cell
survival, we are interested in determining the effect of PTMs on nuclear actin. We have
used components of the S. cerevisiae INO80 chromatin remodeling complex, including
actin and Arps to further investigate the role of chemically-induced PTMs on the
structure and function of these critical proteins (Figure A.2). S. cerevisiae provide an
excellent model for studying the function of actin because unlike other animal models,
yeast actin is derived from a singly copy gene (ACT1) making the yeast model much less
technically challenging than using a mammalian model.

Because actin and Arp-

containing chromatin remodeling complexes are evolutionarily conserved from yeast to
humans, the knowledge we gain from these studies can be directly applied to studies
extending to rat and human models.
Arps have been classified based on their sequence homology to conventional
actin, with Arp 1 being the most closely related (Muller et al. 2005).

Eight Arp

subfamilies, in addition to actin, are conserved from yeast to human (Figure A.3) (Chen
et al. 2007). The INO80 chromatin remodeling complex has up to 12 different proteins
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acting in concert to perform these actions. Actin has been shown to have intrinsic
ATPase activity and the combined activities of the Arps might provide chaperone
functions for histone octamers, where Arp 5 and Arp8 have been shown to bind directly
to core histones (Shen et al. 2003a). Potential modification of actin at the NES sites or
nearby locations may inhibit actin from returning to the cytoplasm, and the PTM on actin
would create additional ROS generation within the nucleus. Furthermore PTM of actin
may disrupt normal functionality of the protein within the nucleus and disrupt its role in
chromatin remodeling.
Studies reported herein reveal that site-specific BQ-mediated PTMs of the INO80
protein complex cause functionally relevant structural changes.

Moreover, present

studies confirm that electrophile-mediated PTMs on actin and the INO80 protein
complex can alter the function of each of these proteins or protein complexes.
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Figure A.1. INO80 involvement in ATP-dependent chromatin remodeling.
Multi-protein complexes have been shown to bind to DNA and initiate chromatin
remodeling with recruitment of ATP. Complexes such as INO80 in S. cerevisiae are
known to bind to the chromatin and have protein components such as actin and actinrelated proteins that contain DNA binding activity or intrinsic ATPase activity. These
functions allow the complex to interrupt DNA-histone interactions and/or to transfer
histone octamers to other portions of DNA for transcriptional activity (Vignali et al.
2000).
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Figure A.2. Yeast INO80 chromatin remodeling complex.
INO80 complex is a member of the SWI/SNF chromatin remodeling complexes
containing ATPase activity. Arp 8 is shown to bind to histones H3 and H4 and actin is
shown to have DNA-binding activity. Additional subunits of ION80 are present including
Arp 4, Arp5, and Ino80 protein (Shen et al. 2003a).
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Figure A.3. Actin and actin-related proteins.
Eight subfamilies of actin-related proteins are shown to play a role in actin
polymerization or chromatin remodeling. These proteins have sequence homology to
conventional actin and are conserved from yeast to human (Chen et al. 2007).
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A.2. Materials and Methods
A.2.1. Chemicals
All chemicals and reagents were of highest purity and obtained from SigmaAldrich (St. Louis, MO) unless otherwise indicated.

MGHQ was synthesized and

purified as described previously (Lau et al. 1988).

A.2.2. Oxidation of MGHQ to MGBQ
MGHQ was dissolved in deionized distilled water with 5% nitric acid at a
concentration of 50 mg/ml. Approximately 5mg of silver oxide was added and the
solution was vortexed for 1 min. The solution was filtered through a 0.2 µm syringe
filter. The solution was then purified by HPLC. A Shimadzu HPLC system (LC-10AS)
was used with a UV-Vis spectrophotometric detector (280 nm) and an Ultrasphere ODS
C18 column (5 µm packing, 10 mm x 25 cm, Beckman-Coulter). The mobile phase was
acetic acid: methanol: water (1:10:90 v/v.) Aliquots of oxidized MGHQ (200 µl) were
injected into the HPLC system and separated isocratically at 3.0 ml/min. The product
eluted at 23 min. The yellow product was then analyzed by ESI-MS on a Finnigan MAT
TSQ 7000 triple quadrupole mass spectrometer (ThermoElectron, San Jose, CA). MGBQ
was the dominant product (414m/z).

A.2.3. Yeast manipulations
All S. cerevisiae are in the S288C background. To generate strains for BQ
phenotype experiments, arp5∆, arp8∆, anc1∆, and nhp10∆ strains were obtained from
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Research Genetics.

Mutations were confirmed by PCR, and then transformed with

pINO80-2F. The chromosomal INO80 gene was tagged at the C-terminus by integrating
a pRS406 plasmid containing the XhoI-HindIII fragment of INO80 in which a double
Flag sequence was introduced right before the stop codon. The tagged INO80-Flag strain
was confirmed by Southern blotting, PCR and sequencing (Shen 2004; Shen et al. 2000).
The tagged chromosomal INO80 gene was constructed for purification of wild-type
complex and any of the previously described mutant complexes can also be purified from
an INO80-FLAG strain (Shen et al. 2003a). Phenotypic analysis was achieved by 10-fold
serial dilutions of WT and mutant yeast cultures and subjecting the cells to varying BQ
concentrations. BQ in concentrations of 0 mM, 2.5 mM, 5 mM, 10 mM, and 20 mM, was
added to YEPD media/agar solutions and then poured into plates. Subsequently, the cells
were added and the plates were incubated at 30°C for three days and then scored (Shen et
al. 2000). These BQ doses are much higher than those used in epithelial cell models
(typically µM concentrations used) and the explanation for this may be the lack of a
plasma membrane in yeast, but instead these cells have a cell wall. As a result, increased
amounts of compound would be needed to penetrate this barrier.

A.2.4. Preparation of yeast whole cell extract
Preparation of whole-cell extracts and FLAG immunoaffinity purification were
described in detail previously (Shen 2004). Briefly, a patch of INO80-FLAG is grown on
a plate containing YEPD media (25 ml) at 30°C. A colony of cells from this plate is then
grown in 100ml YEPD preculture overnight. This culture (25 ml) is inoculated overnight
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in YEPD (1 L) in 4 L flasks, and shaken vigorously in a thermoshaker for 1 to 2 days at
30°C. Cells are then centrifuged in 1 L bottles for 5 min at 4000 rpm in a Beckman JS4.2
rotor at 4°C, and then the cell pellets washed once with a total of 50 mL H2O (with 2.5
mM DTT, 2 mM MgCl2, and 1x protease inhibitor cocktail (ethanol, 0.44 g PMSF, 0.79 g
benzamide chloride, 3.43 g pepstatin 10 mg/mL in DMSO, 0.64 g leupeptin 10mg/mL in
DMSO, 5 mg chymostatin 10 mg/mL in DMSO) and centrifuged again for 5 min at 3500
rpm. The subsequent pellet is washed again with 50 mL buffer H-0.3 (25 mM HEPESKOH pH 7.6, 1 mM EDTA, 10% glycerol, 0.02% NP-40, 0.3 M KCl, 2.5 mM DTT, 2
mM MgCl2, 1X protease inhibitor cocktail) and centrifuged a final time for 5 min. The
cell pellet is placed in 60 mL syringe and extruded through the syringe opening (no
needle) into a plastic container filled with liquid nitrogen to form “noodles”, which are
then blended in prechilled Oster Mini-Blend jars containing dry ice on the highest setting
for 20 min while shaking occasionally. The cells are subsequently thawed and buffer H0.3 (0.3% KCl) added in equal volume to cell volume.

The cell mixture is then

transferred into SW28 centrifuge tubes and centrifuged for 2 h at 25,000 rpm at 4°C in a
Beckman Ultra-centrifuge. Following completion of centrifugation, the white lipid layer
is removed with a Pasteur pipette and the clear cell extract transferred into 5 mL aliquots,
flash frozen and stored at -80°C.

A.2.5. Treatment of INO80-FLAG yeast with BQ and subsequent extraction
Using a stock solution of 0.5 M BQ in methanol, 2 L of INO80-FLAG yeast are
treated with BQ (0, 0.5, 1 or 5mM), and collected, incubated at 30°C for 4 h in
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thermoshaker. Following centrifugation, cell pellets are collected, washed twice with
sterilized H2O, and treated as described above.

A.2.6. Purification of INO80 complex by FLAG-immunoaffinity chromatography
Aliquots of whole cell extracts (5 mL) are thawed for purification of INO80
complex from these whole cell extracts. Sigma Anti-FLAG M2 agarose affinity beads
(0.6 mL) are equilibrated by washing the beads in 1 mL H-0.2 buffer (low salt, 0.2%
KCl) 5 times. These beads (0.6 mL) were added to 5 mL aliquot(s) of whole cell extracts
and binding of the INO80 complex to the FLAG beads occurred by rotating the mixture
for 2-3 hours at 4°C. The mixture is then centrifuged at 2,000 rpm for 30 s to pellet the
beads, the supernatant removed with glass Pasteur pipette, and transferred to Eppendorf
tubes in 1 mL H-0.2 (low salt, 0.2% KCl) buffer. The beads are then washed 8 times for
5 min each with 1 mL H-0.2 buffer at 4°C, and 3 times for 5 min each with 1 mL H-0.1
(0.1% KCl) buffer at 4°C. The INO80 complex is eluted by adding 0.2 mL FLAG
peptide (Sigma) at 1 mg/mL in H-0.1 buffer to the beads and mixing gently for 30 min at
4°C. The Flag-tagged protein is filtered through a 0.45 µm microfilter unit (Millipore) to
remove residue beads, and flash frozen.

A.2.7. In vitro reaction of MGBQ with purified INO80 complex
The INO80 complex is bound to the Sigma Anti-FLAG M2 agarose as stated
above and washed 5 times with H-0.2 buffer.

2-(glutathione-S-yl)benzoquinone

(MGBQ) (0.5 mM and/or 5 mM) is added to the INO80 protein/bead mixture and
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incubated at room temperature while rotating for 1 h. The samples are briefly pulsed at
2,000 rpm to pellet the INO80 protein/bead mixture and to remove the supernatant
containing MGBQ. The resulting protein/bead mixture is washed with H-0.1 buffer and
eluted as described above.

A.2.8. Protein analysis
Standard protein techniques such as SDS-PAGE, Western blotting, and silver
staining were used to analyze the resulting whole cell extracts and INO80 protein
complexes. Following BQ treatment, as described above, whole cell extracts and the
purified INO80 complexes were visualized using coomassie blue and silver staining for
protein changes associated with compound exposure.

These same samples were

subjected to Western blot analysis using a monoclonal FLAG antibody (M2, Sigma) to
track INO80 protein changes. Quantitative Western blotting was used to normalize
complexes used in assays.

A.2.9. In vitro activity assays
Standard electromobility shift reactions (10 µL) contained 10 mM Tris-HCl (pH
7.5), 50 mM NaCl, 3 mM MgCl2, 1 mM β-mercaptoethanol, 17.1 nM DNA, and 1.2-30
nM INO80 complex (Ino80 equivalent) control and 1 mM BQ-treated. The reactions
were incubated at 30°C for 30 min and then separated in a 4% PAGE gel in TE with
extensive buffer circulation. Gels were stained with SYBR Green I and documented with
a Fuji Image Reader LAS-1000.
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A.3. Results
A.3.1. INO80 protein alterations following in vivo S. cerevisiae dosing
Previous data from our laboratory shows actin to be a target of BQ and quinolthioether-mediated PTMs. Furthermore, actin is known to have functions that exist in the
cytoplasm as well as the nucleus, including involvement in multicomponent enzyme
complexes specifically in chromatin metabolism. This suggests that actin, in conjuction
with additional proteins perform important functions in the cell nucleus by participating
in the chromatin-remodeling process (Shen et al. 2000; Zhao et al. 1998). Because actin
is know to be multi-functional and also shown to be a target of electrophiles, we have
chosen to investigate the effect of PTMs on INO80 structure and function in S.
cerevisiae. The S. cerevisiae INO80 complex was identified as a complex that remodels
chromatin, facilitates transcription in vitro and displays 3’ to 5’ DNA helicase activity
(Shen et al. 2000; Shen et al. 2003a).

The INO80 complex contains about 12

polypeptides, including Ino80, actin, three actin-related proteins, Arp4, Arp5, Arp8, Rvb1
and Rvb2 helicase proteins, Nhp10 (HMG-1-like protein), and Anc1/Taf30. Mutagenesis
studies with INO80 complex proteins have revealed an ordered assembly of Arps in
INO80 complex formation and chromatin remodeling function (Shen et al. 2000; Shen et
al. 2003a). To examine the impact of PTMs on nuclear actin, Arps, and chromatin
remodeling, we used a previously developed and characterized FLAG-tagged INO80
yeast strain (Shen 2004).

To explore the physiological response of INO80 to an

electrophilic toxicant, we investigated the phenotype of the wild-type INO80-FLAG cells
in response to increasing doses of BQ. Serial dilutions of cells from wild-type yeast were
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given increasing doses of BQ ranging from 0 mM BQ up to 20 mM BQ. The cells
showed sensitivity at doses of 5 mM BQ and upward, where cell viability was completely
diminished at 20 mM BQ (Figure A.4). The arp5∆, arp8∆, anc1∆ mutant cells appear to
be slightly more sensitive to higher BQ doses than that of the WT and nhp10∆ mutant
cells, although all of the yeast strains appear to follow a similar trend in response to BQ.
However, because these cells were analyzed for the phenotype response while plated, it
was important to determine a cell wet weight following exposure to increasing doses of
BQ ranging from 0 mM BQ to 20 mM BQ for 4 h. Dose-dependent cytotoxicity in yeast
cells in largely dependent upon cell wet weight measurements following toxicant
exposure. The BQ concentrations used here are much larger than those associated with
epithelial cell cytotoxicity, indicating that the plasma membrane of the epithelial cells has
a much more permeable membrane than that of the yeast cell wall. Cell survival was only
50% following 10 mM BQ dosing (data not shown), so doses exceeding 10 mM BQ
could not be used. Doses of 0.5 mM, 1 mM, and 5 mM BQ were selected, and following
incubation with INO80-FLAG yeast strains, whole cell extracts were analyzed using
SDS-PAGE followed by coomassie staining to ensure protein survival. At concentrations
of 5 mM BQ, cellular proteins are less visible, indicating less cell survival at this dose
(Figure A.5A).

The INO80 complex was then purified from the whole cell extracts at

each concentration (0 mM BQ, 0.5 mM BQ, 1 mM BQ, and 5 mM BQ). The proteins
associated with the INO80 complex were then analyzed using SDS-PAGE followed by
silver staining. There are definite changes to the proteins associated with the INO80
complex at doses of 1 mM BQ and higher (Figure A.5B). The most affected proteins
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were Ino80, Arp 4, Arp 5, Arp 8, actin, and Anc1. Subtle changes were detected at 0.5
mM BQ. Purification of INO80 complex following dose of 5 mM BQ shows very small
amounts of INO80 complex, if any, remaining at this dose. To confirm these results,
Western blot analysis was conducted on purified INO80 at each dose and an anti-FLAG
antibody was used to detect Ino80 protein. Ino80 was detected at 0.5 mM BQ and 1 mM
BQ, but not at 5 mM BQ, indicating that there may be no Ino80 remaining at this high
dose, or the epitope is modified such that the antibody no longer recognizes the complex
(Figure A.5). Ongoing studies are being conducted to identify which proteins are targets
following BQ dosing and how these modifications could correspond to changes in
chromatin remodeling by the INO80 complex.
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Figure A.4. Analysis of WT and Ino80 mutant phenotypes in response to BQ
exposure.
Serial dilutions of cells from indicated strains, including WT, show sensitivity to
increasing doses of BQ (0 mM, 2.5 mM, 5 mM, 10 mM, and 20 mM). These doses were
used to indicate BQ dose-dependent cytotoxicity in S. cerevisiae.
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Figure A.5. Impact of in vivo BQ doses on INO80-FLAG yeast strain. Doses used
for each analysis include 0 mM BQ, 0.5 mM BQ, 1 mM BQ, and 5 mM
BQ.
(A) Coomassie staining of whole cell extracts reveals that proteins are still visible up to 1
mM BQ and at 5 mM BQ most of the proteins are no longer viable. (B) Silver staining
of INO80 complex purified from each whole cell extract at each respective BQ dose. At
doses of 1 mM BQ, visible changes can be seen in several of the INO80 complex proteins
including Arp 4, Arp 5, Arp 8, actin, and Anc1. (C) Western blot using Anti-FLAG to
confirm the Ino80 protein remains detectable following BQ dosing.
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A.3.2. INO80 protein alterations following in vitro reaction with MGBQ
In order to determine a more direct interaction of the INO80 complex with BQ,
INO80 was isolated from INO80-FLAG yeast strains and reacted with BQ. The reaction
was performed on the anti-FLAG agarose because the excess BQ that did not react with
INO80 could then be washed away. Following the reaction, the INO80 complex was
washed several times, eluted with FLAG peptide, and then analyzed by SDS-PAGE and
silver staining. The reaction was performed with 0, 0.5, and 5mM MGBQ. Surprisingly,
but reassuringly, the results parallel those found with the in vivo BQ dose response. It
was presumed that less MGBQ would be required for the in vitro reaction because more
BQ is needed in vivo to penetrate the yeast cell wall, but the beads appear to interfere
with the reaction. However, there remain changes associated with the proteins in the
INO80 complex, including potential modifications on Arp 4, Arp 5, Rvb1/Rvb2 helicase
proteins, Nhp10, and possible actin (Figure A.6A). This data was confirmed by Western
blot analysis indicating that the Ino80 protein bands appear less visible with increasing
concentrations of MGBQ (Figure A.6B).
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Figure A.6. In vitro MGBQ reaction with purified INO80 complex from WT
INO80-Flag yeast strain.
(A) Silver staining of purified INO80 following in vitro MGBQ reaction with doses of 0
mM MGBQ, 0.5 mM MGBQ, and 5 mM MGBQ. Visible alterations are observed for
Arp 4, Arp 8, Rvb1/Rvb2, actin, and Nhp10. (B) Western blot using Anti-FLAG to
confirm the Ino80 protein remains intact following in vitro BQ reaction with INO80
complex.
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A.3.3. INO80 complex binding to DNA is decreased in the presence of BQ
INO80 is a DNA-stimulated ATPase that increases accessibility to, and facilitates
transcription (Shen et al. 2000; Shen et al. 2003a). Moreover, the INO80 complex can
also bind directly to free DNA (a 359 bp INO1 promoter sequence) (Shen et al. 2003a).
Thus, DNA binding was determined following in vivo dosing with 1 mM BQ and
isolation of INO80. The results reveal that untreated INO80 complex is able to bind
directly to free DNA, whereas the BQ-exposed INO80 exhibits decreased free DNA
binding (Figure A.7).
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Figure A.7. INO80 complex binds to DNA and BQ-INO80 complex has decreased
DNA binding.
Native PAGE showing gel mobility shift of 359 bp INO1 DNA (17.1 nM) in the presence
of increasing amount of wild-type- and BQ- INO80 complexes.
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A.4. Discussion
To further identify the role chemically-mediated PTMs have on protein structure
and function, analysis of nuclear actin and Arps following toxicant exposure was
conducted.

Actin is known to have functions spanning from the cytoplasm to the

nucleus, where the protein in known to be very tightly regulated (Olave et al. 2002; Wada
et al. 1998). It is able to shuttle back and forth from the cytosol to the nucleus via its
nuclear export sequences (NES-1 and NES-2). Nuclear actin has also been shown to
have ATPase activity as a subunit of chromatin remodeling complexes in multiple
organisms (Olave et al. 2002; Rando et al. 2000). Furthermore, our laboratory has
recently identified actin as a target of BQ and its quinol thioether metabolites in Long
Evans rats (unpublished data). Modification of this protein could thus not only disrupt
this nuclear export process, allowing accumulation of modified actin in the nucleus, and
result in extensive nuclear damage via excessive ROS generation, but also disrupt its role
in chromatin remodeling. Together, these ideas suggest that modification of actin could
disrupt DNA transcription, as well as cause extensive DNA damage without intact
cellular machinery capable for repair and contribute to chemical induced carcinogenesis.
As a result, we speculate that nuclear actin, as well as Arps, involved in
mammalian chromatin remodeling, may also be a target of quinol-thioethers. Because
the S. cerevisiae INO80 complex is involved in chromatin remodeling and DNA damage
repair, this allowed for analysis of PTMs on nuclear proteins in S. cerevisiae and their
resulting effects on chromatin remodeling. S. cerevisiae INO80 complex is homologous
to the mammalian counterpart SWI/SNF, including human SWI/SNF, where the
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Swi2/Snf2-like ATPase subunit of each of these complexes remodel nucleosomes in an
ATP-dependent manner (Shen et al. 2000; Phelan et al. 1999). Furthermore, each of the
protein complexes contains between 8 and 15 subunits, several of which are conserved
among yeast and humans (Phelan et al. 1999). We anticipate that BQ-mediated actin
PTMs shown here will mimic those of a mammalian system. SDS-PAGE and silver
staining revealed that BQ induced protein alterations in the INO80 complex (Figure A.5,
A.6) in particular Arps, and actin, may be preferential targets. Mutagenesis studies in S.
cerevisiae identified Arp 5 and Arp 8 as critical for DNA binding activity of the INO80
complex.

Additionally, because the Arps form the INO80 complex in an ordered

assembly, modification of any of these proteins will compromise appropriate INO80
ATPase activity, DNA binding, and nucleosome mobilization (Shen et al. 2003a).
Consistent with this view, we observe a decrease in DNA-binding activity of the INO80
complex following BQ treatment of S. cerevisiae (Figure A.7), suggesting that BQ can
induce structural modifications in INO80 proteins sufficient to inhibit correct INO80
complex assembly, and impairment of DNA binding and/or ATPase activity.
In summary, chemical-induced PTMs can alter the structure of proteins with
consequences that impair protein function. Here, the INO80 protein complex was used
collectively to gain insight into the affect PTMs have on protein structure and function.
More specifically, environmentally relevant electrophiles are capable of creating PTMs in
cytochrome c and INO80 that alter protein structure and inhibit necessary protein-protein
interactions. In particular, decreased DNA-binding activity of the INO80 complex was
observed following exposure of S. cerevisiae to BQ, suggesting that electrophiles can
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alter the structure and function of a chromatin remodeling complex. The contribution of
chemical-induced PTMs to the toxicity associated with chemical exposure remains to be
determined, but will likely involve multiple protein targets as demonstrated herein.
Assessing which of these PTMs alter structure and function sufficient to influence cell
viability remains a challenge.
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APPENDIX B: CHEMICAL-TAGGING USED FOR ENRICHMENT
AND IDENTIFICATION OF QUINONE-THIOETHER-MEDIATED
PROTEIN ADDUCTS
B.1. Introduction
Chemically reactive electrophiles have been known to play a role in chemicalinduced toxicities. Many of these chemicals that cause toxicity do so through metabolism
of the parent compound into reactive intermediates (Monks et al. 1988). These reactive
chemicals consist of electrophilic environmental toxicants (Lau et al. 1990; Qing et al.
1996; Bratton et al. 2000a) , and also many are found as parent drug molecules, in
addition to reactive metabolites formed via metabolism of certain drug molecules (Baillie
2006; Monks et al. 1988). These reactive chemicals create damage via reactive oxygen
species (ROS) formation leading to oxidative stress, as well as binding to nucleophilic
amino acid residues of cellular proteins (Monks 2006; Zhou et al. 2005). This adduct
formation can disrupt protein structure and/or function, which results in damage to submembrane organelles, critical cellular protein localization patterns, metabolic pathways,
and ultimately can lead to disease progression (Lopachin et al. 2005; Gomes et al. 2008;
LoPachin et al. 2008). Because many of these compounds produce ROS, endogenous
reactive species can also be formed, resulting in oxidative modifications.

These

modifications usually target cysteine thiol groups of proteins and include S-sulfenation,
S-nitrosation, and S-glutathiolation, where most of these modifications are reversible,
however they have been shown to modulate enzymatic activity of target proteins (Ying et
al. 2007; Salmeen et al. 2005; Clavreul et al. 2006; Klatt et al. 2000).

Following

oxidative damage, formation of α, β-unsaturated aldehydes can occur, including 4-HNE,
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which results from peroxidative degradation of lipids. These α, β-unsaturated aldehydes
are also able to bind to cellular proteins and disrupt normal cellular functions (Petersen et
al. 2004; Shonsey et al. 2008).
As stated previously, many of these chemically reactive compounds can form
adducts with multiple nucleophilic residues within protein targets, however little data has
shown which protein adduct formation leads to the observed toxicity associated with
many of these compounds (Evans et al. 2004; Lopachin et al. 2005). Additionally,
identification of the low abundant protein modifications adds to the difficulty in
determining which target protein adduction is the cause for observed toxicities following
exposure to reactive chemicals. Many of these low abundant protein modifications are
not detectable, and enrichment methods must be employed to identify them. Many
techniques have been designed for enrichment of protein adducts, with examples such as
enrichment of phosphorylated proteins, including use of immobilized metal affinity
chromatography (IMAC) (Oda et al. 2001; Sykora et al. 2007) and affinity tag reagents,
including biotin-tagging and click-chemistry-based strategies (Ying et al. 2007; Salih
2005; Speers et al. 2003; Gurcel et al. 2008; Raftery 2008). Many of these strategies
have been used to identify endogenous protein modifications, such as cysteine sulfenic
acid formation, phosphorylation, and 3-nitrotyrosine formation (Nuriel et al. 2008; Poole
et al. 2007; Kwon et al. 2007). However, these same strategies can be employed to detect
other chemically-mediated protein adducts (Gurcel et al. 2008). These enrichment
processes, coupled to advancements in mass spectrometry have increased capabilities and
detection limits of protein modifications that may result in a toxicological response.
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Quinones consist of a group of electrophilic compounds acting as the
pharmacophore of many existing drug molecules, and also are found in many
environmental pollutants. These compounds are known to create oxidative damage and
adduct cellular protein targets, creating alterations in structural components of target
proteins, as well as resulting in a toxicological response (Fisher et al. 2007; Peters et al.
1997; Lau et al. 1990; Kleiner et al. 1998b). HQ is used as an anti-oxidant in the rubber
industry, an intermediate in the manufacturing of food antioxidants, as a developer in the
photo industry, and also found as a metabolite of benzene (Melikian et al. 2008; Snyder
2007).

HQ has been used as a model for quinone toxicity in these studies. HQ is

metabolized to several GSH conjugates, including 2-(glutathione-S-yl)hydroquinone, 2,5(bis-glutathione-S-yl)hydroquinone, 2,6-(bis-glutathione-S-yl)hydroquinone, 2,3,5-(trisglutathion-S-yl)hydroquinone (TGHQ), and the mercapturic acid product 2-(Nacetylcystein-S-yl)hydroquinone (NAC-HQ). These quinone-thioether compounds have
all shown to be potent nephrotoxicants (Peters et al. 1997; Peters et al. 1996; Hill et al.
1994).
We have developed several chemical tagging methods to increase the likelihood
of protein adduct identification with these quinone-thioether compounds. Additionally,
we have employed the use of these tags to help in identifying protein adduct localization
within cellular components. These strategies will help guide us in determining which
protein targets may in fact play a role in the elicited toxic response observed by these
quinone-thioether compounds.

We have developed a biotin-tagged HQ compound

(Figure B.1A) possessing similar toxicity to that of HQ in immortalized renal cell lines.
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Following the reaction of HQ with protein nucleophiles in vivo, the biotinylated proteins
could then be isolated using avidin-biotin affinity chromatography (Kwon et al. 2007),
and this would in fact enrich our sample for HQ-modified proteins. Furthermore, we
were interested in monitoring cellular localization of quinone-thioether compounds. The
biotinylated-HQ compound could not be visualized in live cells because an interaction
with a fluorescently-labeled avidin is required to induce a fluorescent response, and
avidin cannot cross the cellular membrane for visualization. However, we were able to
view the quinone-thioether adduct cellular localization by developing an mnitrobenzadiazole (NBD) modified quinone compound (NBD-NAC-HQ) (Figure B.1B).
In summary, we have developed a modified HQ toxicant, biotinylated-HQ, which can be
used to extract HQ-protein adducts from complex mixtures, allowing for enrichment and
identification of HQ-mediated protein adducts.

Furthermore, employment of the

modified HQ metabolite, NBD-NAC-HQ, has allowed us to monitor cellular structures
that are affected by these quinone compounds, as well as provide some insight into the
action and toxicity of HQ and its quinone-thioether metabolites.
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Figure B.1. HQ-tagged compounds for adduct hunting and sucellular quinonethioether metabolite visualization.
(A) The biotin-tagged HQ has been developed for enrichment of quinone-thioether
adducted proteins and will allow for isolation of these adducted proteins from in vivo
complex mixtures. (B) The m-nitrobenzadiazole (NBD) modified quinone compound
(NBD-NAC-HQ) was developed to visualize cellular compartmentalization of these
quinone-thioether metabolites and also to determine quinone-adduct subcellular
localization and the resulting protein targets.

236

B.2. Materials and Methods
B.2.1. Cell lines and culture conditions
HK-2 cells (American Type Culture Collection, Rockville, MD), an immortalized
renal proximal tubule epithelial cell line derived from normal adult human kidney, were
maintained in keratinocyte serum-free medium (K-SFM, Invitrogen, Carlsbad, CA)
supplemented with epidermal growth factor (EGF; 5 ng/mL) and bovine pituitary extract
(BPE; 40 µg/mL) in a 37ºC, 5% CO2-regulated incubator. LLC-PK1 cells (American
Type Culture Collection, Rockville, MD), a renal proximal tubule epithelial cell line
derived from the New Hampshire minipig, were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum
(FBS) in a 37ºC, 5% CO2-regulated incubator. Cells at 70-90% confluency were used for
all experiments.

B.2.2. LLC-PK1 compound treatment
LLC-PK1 cells were grown in 24-well plates to 70-90% confluence. Cells were
washed twice with DMEM containing 25mM HEPES and then treated with 0, 25, 50,
100, 150, 200, 300, and 500 µM biotin-hydroquinone (biotin-HQ) or HQ in media with
1% DMSO. Separately, LLC-PK1 cells treated with 0, 200, 400, 600, 800, and 1000 µM
NAC-HQ or m-nitrobenzadiazole 2-(N-acetylcystein-S-yl)hydroquinone (NBD-NACHQ). Following dosing of these compounds into LLC PK1 cells, plates were incubated
for 2 h at 37ºC and 5% CO2. To determine LLC-PK1 cell viability after challenging with
various concentrations of toxicants, cells were washed with DMEM containing 25 mM
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HEPES and Neutral red uptake was determine as previously described (Weber et al.
1997).

B.2.3. HK-2 compound treatment
HK-2 cells were grown in 96-well plates to 70-90% confluence. Cells were
washed twice with DMEM containing 25 mM HEPES and then treated with 0, 200, 400,
600, 800, and 1000 µM NAC-HQ or NBD-NAC-HQ. Following dosing of compounds
into HK-2 cells, plates were incubated for 2 h at 37ºC and 5% CO2. To determine HK-2
cell viability after challenging with multiple concentrations of NAC-HQ and NBD-NACHQ, cells were washed with DMEM containing 25 mM HEPES, and MTS assay was
performed as described previously (Ryan et al. 1994; Leon et al. 2005; Somji et al. 2004).
Absorbance was determined with a microplate reader (Perkin-Elmer) at 490 nm.
Additionally, HK-2 cells were pretreated with probenecid (1, 2, and 4 mM) for 2 h
following growth in 96-well plates to 70-90% confluency. Cells were then treated with
NBD-NAC-HQ (0, 200, 400, 600, and 1000 µM) in media with 1% DMSO for 2 h at
37ºC and 5% CO2. Cells were washed with DMEM containing 25 mM HEPES, and
MTS assay was performed.

B.2.4. Fluorescence Imaging
LLC-PK1 and HK-2 cells were grown in 60 mm plates to 70-90% confluence.
Cells were washed with DMEM containing 25 mM HEPES and treated with 500 µM
NBD-NAC-HQ in media with 1% DMSO for 2 h at 37ºC and 5% CO2. Following
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dosing, the uptake of compound was monitored by fluorescence microscopy using a
Nikon Eclipse TE2000-U microscope equipped with an X-Cite 120 fluorescence
illumination system. Images were taken at 15 min intervals for up to 2 h. Additionally,
HK-2 cells were grown in 60 mm plates to 70-90% confluence and were pretreated with
1 mM probenecid for 2 h. Cells were then treated with 500 µM NBD-NAC-HQ in media
with 1% DMSO for 2 h at 37ºC and 5% CO2. Following dosing, uptake of the compound
was measured by fluorescence microscopy every 15 min for 2 h.
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B.3. Results
B.3.1. Hydroquinone and Biotin-tagged hydroquinone toxicity profiles
We have previously shown that a metabolite of HQ, TGHQ, induces oncotic cell
death in LLC-PK1 cells (Tikoo et al. 2001), with no evidence for apoptotic cell death. To
confirm that affinity tagging HQ with Biotin would result in a similar toxicity profile to
that of previously determined quinone-thioether metabolites, we compared the results of
toxicity screening between HQ and Biotin-HQ. Treatment of LLC-PK1 cells with HQ or
Biotin-HQ (0-500 µM) for 2 h resulted in a concentration-dependent decrease of cell
viability determine by neutral red uptake (Figure B.2). HQ and the biotin modified HQ
also have similar toxicity profiles in LLC-PK1 cells. Similar toxicity profiles indicate that
the two compounds potentially act on the cell via similar pathway(s). Biotin-tagged
hydroquinone cannot be imaged in live cells as an interaction with a fluorescently labeled
avidin is required to induce a fluorescent response, and avidin cannot cross the cell
membrane into a live cell; therefore the cells must be fixed and then treated for use of
visualizing Biotin-HQ-modified proteins.

Biotin-modified HQ, however, remains a

viable option for extracting HQ-modified target proteins from a complex mixture, as well
as visualization in tissue or fixed cell samples. For the purpose of this study, to develop a
toxicant that would be visible within a live cell; an m-nitrobenzadiazole modified
hydroquinone was developed.
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Figure B.2. Biotin-HQ and HQ toxicity screening in LLC-PK1 cells.
Cell viability in HQ- and Biotin-HQ-treated cells at multiple concentrations for 2 h. Cell
viability was determined by measuring lysosomal neutral red uptake by live cells, and
neutral red uptake compared with untreated cells (% control) represents cell viability after
treatment. LLC-PK1 cells were treated with multiple concentrations of Biotin-HQ and
HQ (0, 25, 50, 100, 150, 200, 300, and 500 µM) for 2 h.
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B.3.2. NAC-HQ and m-nitrobenzadiazole (NBD)- NAC-HQ toxicity profiles
Following synthesis of NBD-NAC-HQ, the compound was found to be
fluorescent as expected and in vitro work was initiated. We needed to determine that the
toxicity profile of the NBD-modified quinone was similar to that observed using a nonmodified quinone. Treatment of LLC-PK1 cells with NAC-HQ or NBD-NAC-HQ (01000 µM) for 2 h resulted in a concentration-dependent decrease of cell viability
determine by neutral red uptake (Figure B.3A).

Additionally, treatment of HK-2 cells

with NAC-HQ or NBD-NAC-HQ (0-1000 µM) for 2 h also resulted in a dose-dependent
decrease in cell viability determine by the MTS assay (Figure B.3B). Since NBD-NACHQ and NAC-HQ are both mono substituted hydroquinone compounds, it was expected
that they would behave similarly in cells and result in similar toxicity profiles. And
indeed in both cell lines, we noted similar toxicity profiles. The results indicate that
following doses greater than 500 µM, there is substantial difference in cell viability
following treatment with NBD-NAC-HQ and the NAC-HQ alone. Furthermore both cell
lines show about 50% cell viability around the 500 µM dose range, so this was chosen as
the dose for future studies using NBD-NAC-HQ. The observed difference in toxicity
observed for LLC-PK1 cells is thought to derive from the ease of oxidation of the
hydroquinone to the benzoquinone with increased substitution. It is known that bis
substituted hydroquinones require less energy than mono substituted hydroquinones to
oxidize to the benzoquinone, thus increasing the redox cycling of the parent molecule
(Monks et al. 1997). The NBD decorated compound still possessed a similar toxicity,
and the NBD is small enough to transport into the cell and can be imaged in live cells.
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Figure B.3. NBD-NAC-HQ and NAC-HQ toxicity screening in LLC-PK1 cells and
HK-2 cells.
(A) Cell viability was determined by measuring neutral red uptake in LLC-PK1 cells, and
neutral red uptake compared with untreated cells (% control) represents cell viability after
treatment. (B) Cell viability was determed by MTS assay in HK-2 cells, and cell number
was compared with untreated cells (% control) representing cell viability after treatment.
Both LLC-PK1 cells and HK-2 cells were treated with multiple concentrations of NBDNAC-HQ and NAC-HQ (0, 200, 400, 600, 800, and 1000 µM) for 2 h. Toxicity profiles
in both cell lines and using both NBD-NAC-HQ and NAC-HQ were similar.
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B.3.3. Fluorescence imaging of NBD-NAC-HQ
In order to determine whether quinone-thioether metabolites could in fact enter
our model cell lines and also to determine where these compounds may be localizing
within the cell, the synthesized NBD-NAC-HQ compound was utilized in these cell lines.
Following growth of LLC-PK1 cells and treatment with NBD-NAC-HQ (500 µM), these
cells were visualized using fluorescence microscopy to image uptake of this compound
into the cells. Additionally, HK-2 cells were also treated with NBD-NAC-HQ (500 µM)
and visualized using fluorescence microscopy. Uptake of NBD-NAC-HQ into HK-2
cells was rapid and seen after 15 min incubation. The intensity of the fluorescence
continued to increase over the 2 h time period (Figure B.4A). Contrary, uptake in the
LLC-PK1 cell line was lessened and the fluorescence was minimal over the 2 h time
course (Figure B.4B).

These results indicate that the NBD-NAC-HQ is being

transported into the HK-2 cell line, whereas it no transport is observed in the LLC-PK1
cell line.
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Figure B.4. NBD-NAC-HQ cellular uptake in HK-2 and LLC-PK1 cells.
HK-2 cells and LLC-PK1 cells were treated with 500 µM NBD-NAC-HQ for 2 h and
cellular transport of NBD-NAC-HQ into HK-2 cells was visualized using fluorescence
microscopy. Time points were taken at 15 min following dosing and subsequently every
15 min for 2 h. (A) HK-2 cells showed a rapid uptake of NBD-NAC-HQ into the cells
measured by an increase in fluorescence as compared to control cells. Uptake was
observed following 15 min and continued to increase over 2 h. This is observed in the
top panel which shows the fluorescence image, and the bottom panel shows the
fluorescent image overlaid with the light image. (B) LLC-PK1 cells showed small
amounts of fluorescence in the NBD-NAC-HQ-treated cells over 2 h. The control LLCPK1 cells appeared similar to the treated cells, indicating NBD-NAC-HQ was not taken
up into the LLC-PK1 cells. This is observed via little fluorescence in the top panel. This
image was overlayed with the light image of the cells and is shown in the bottom panel.
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B.3.4. Probenecid pretreatment and the resulting toxicity and fluorescence of NBDNAC-HQ in HK-2 cells
Probenecid is able to block drug and metabolite transport via organic anion
transporters (Rankin et al. 2008). Because we observed uptake of the NBD-NAC-HQ
compound into HK-2 cells via fluorescence microscopy, we were interested in
determining the NBD-NAC-HQ transport mechanism. Probenecid was used to determine
if the main route of NBD-NAC-HQ uptake into HK-2 cells was via organic anion
transporter (OAT). First, the toxicity of NBD-NAC-HQ was measured in HK-2 cells, as
well as LLC-PK1 cells for comparison, following probenecid pretreatment.

A dose of

1mM probenecid was used for 2 h pretreatment, followed by increasing doses of NBDNAC-HQ (0, 200, 400, 600, 1000 µM) for 2 h. Toxicity screening was measured in
LLC-PK1 cells using neutral red uptake and in HK-2 cells using the MTS assay which
determines live cell count. No loss in toxicity was observed for LLC-PK1 cells and HK2 cells following pretreatment with probenecid indicating that the mechanism of toxicity
is likely not reliant upon these compounds entering the cell (Figure B.5A). Additional
doses of probenecid (2 mM and 4 mM) were also investigated and no difference was
observed in toxicity among the three doses (data not shown) and because the effect was
similar, 1 mM probenecid was used for further studies. Next, the uptake of NBD-NACHQ into the cell was measured following pretreatment with probenecid. Because these
compounds are known to enter the cell via organic anion transport, blocking this
transporter with probenecid would likely decrease fluorescence if these compounds are
indeed entering the cell via this mechanism. NBD-NAC-HQ (500 µM) was treated for 2 h
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in HK-2 cells and fluorescence was monitored for up to 2 h. In fact, a decrease in
fluorescence is observed in HK-2 cells following pretreatment with probenecid indicating
that NBD-NAC-HQ is blocked from entering the cell via organic anion transport (Figure
B.5B-C). These experiments were not conducted in LLC-PK1 cells because these cells
exhibited no fluorescence at all with NBD-NAC-HQ treatment.
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Figure B.5. Probenecid pretreatment followed by NBD-NAC-HQ treatment in HK2 cells.
(A) HK-2 cells were pretreated with probenecid (1 mM) for 2 h followed by NBD-NACHQ (500 µM) for 2 h and cell viability was determined by MTS assay. Control cells
represent those cells that did not receive probenecid pretreatment. Similar toxicity was
observed for probenecid pretreated cells in comparison to control. (B) HK-2 cells were
treated with NBD-NAC-HQ (500 µM) for 2 h and cellular uptake was measured using
fluorescence microscopy. The top panel shows the fluorescent image and the bottom
panel shows the light image overlayed with the fluorescent image to better visualize
cellular uptake of NBD-NAC-HQ. (C) HK-2 cells were pretreated with probenecid (1
mM) for 2 h prior to NBD-NAC-HQ (500 µM) for 2 h. Cellular uptake was again
measured using fluorescence microscopy where again the top image is the fluorescent
image and the bottom image is the light image overlayed with the fluorescent image.
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B.4. Discussion
Numerous strategies have been employed in recent years to perform more
quantitative and qualitative advancements in proteomics, including stable-isotope
labeling, 2D-gel electrophoresis, and affinity tag reagents (Salih 2005). Utilization of
these techniques in combination with mass spectrometry and advancements in data
analysis software, has provided much success in identification of proteins and peptides
from complex biological samples.

Furthermore, these techniques can be applied to

identification of modified proteins and peptides within complex biological mixtures.
Because many of these modified proteins occur in much lower abundance than their
unmodified counterpart, enrichment methods must be developed to successful identify
these protein targets. Often the proteins are modified in response to chemical insult,
where the chemical is electrophilic in nature and thus able to bind to protein nucleophiles,
as is the case with hydroquinone and its quinone-thioether metabolites.

These

compounds have been shown to bind cellular proteins and produce oxidative stress, and
as a result these compounds are potent nephrotoxicants (Fisher et al. 2007; Person et al.
2005; Kleiner et al. 1998a). In order to determine the cause of toxicity, the protein
targets of these reactive electrophiles, as well as cellular localization of these chemicals,
need to be determined.
We employed use of affinity tagging to be able to enrich our modified proteins
and extract them out of complex biological samples, as well as to visualize our toxicants
within live cells and attempt to determine the impact on critical cellular structures within
proximal tubule cells. We developed a biotin-tagged HQ compound, and because the

249

tagging of HQ created different structural properties of HQ, toxicity testing was needed
to determine if this modified HQ compound produced a similar toxicity profile to that of
HQ alone. We utilized an immortalized pig kidney epithelial cell line (LLC-PK1) to
conduct our toxicity screening assay, and we determined that biotin-HQ and HQ had
similar toxicity profiles in this cell line. This result may indicate that these compounds
may be acting upon the same mechanism to achieve these similar toxicity profiles.
Because biotin has a strong affinity for avidin, this tagged compound could then be used
for in vivo dosing, and following protein modification, the biological sample could be
isolated by streptavidin affinity chromatography (Rexach et al. 2008). Following this
procedure the modified protein would successful be extracted out of the complex mixture
and prepared for mass spectral analysis to identify the corresponding HQ target proteins.
Because not all proteins that are modified by toxicants actually contribute to the
overall toxic response, it is critical to determine which proteins may play a pivotal role.
Visualization of toxicant location within a live cell would provide crucial evidence as to
which organelles are most affected by these toxicants, and potentially which protein
targets may be involved in the observed toxicity. As a result, we developed an NBDmodified quinone toxicant, NBD-NAC-HQ. An N-acetylcysteine moiety was added to
the HQ ring to increase the water solubility of the NBD-HQ compound, resulting in
NBD-NAC-HQ. This compound was determined to be fluorescent, and was then assayed
for toxicity in LLC-PK1 cells, as well as an immortalized proximal tubule epithelial cell
line from normal adult human kidney (HK-2). In both cell lines similar toxicity profiles
were observed, indicating the NBD-NAC-HQ compound will represent similar behavior
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by NAC-HQ when viewed in live cells. We successfully developed two HQ derivatives
that can be utilized in vitro or in vivo without changing the toxicity observed with use of
the parent compound.
The NBD-NAC-HQ compound was then dosed into HK-2 and LLC-PK1 cells
and uptake of the compound into the cells were monitored by fluorescence microscopy.
The images indicated that the compound was taken up readily in the HK-2 cell line and
fluorescence increased over the duration of 2 hours. However, much less fluorescence
was observed in the LLC-PK1 cell line, indicating very little if any uptake of the NBDNAC-HQ into the cell. As stated previously, much research has shown that organic
anions, such as NAC-HQ, will enter into cells via the organic anion transporter (OAT)
(Burckhardt et al. 2003; Zhou et al. 2008). Substrates for OAT include weak acids
containing a net negative charge on carboxylate or sulfonyl residues at physiological pH
(Dantzler et al. 2003; Wright et al. 2004). The OAT family of transporters include are
primarily located on the basolateral membrane of proximal tubule cells, and the major
contributors to transport of organic anions consist of OAT1 and OAT3 (Robertson et al.
2006; Dantzler et al. 2003).
Because these transporters exist on the basolateral membrane of the proximal
tubule cells, this becomes problematic to transport organic anions into the cell when these
cells are grown on a solid support (Goh et al. 2002; Enomoto et al. 2002). As previously
stated, LLC-PK1 cells are known to not contain OATs (Mertens et al. 1988), however
this is less well defined for the HK-2 cell line. Recent literature has suggested that
hOAT4 is expressed in the kidney and appears to be localized to the luminal membrane
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of human proximal tubule cells (Cha et al. 2000; Babu et al. 2002). Our data indicates
that the HK-2 cells are able to uptake the NBD-NAC-HQ compound, suggesting that a
route of entry may occur via OAT4 that exists on the luminal membrane, as these
compounds have no access to the organic anion transporters that may be located on the
basolateral membrane of this cell line.

Furthermore, we observed a decrease in

fluorescence in HK-2 cells pretreated with probenecid, followed by dosing with NBDNAC-HQ, indicating inhibition of NBD-NAC-HQ uptake with probenecid pretreatment.
Recent literature has indicated that probenecid is able to inhibit uptake by hOAT4
(Enomoto et al. 2002), providing further support that hOAT4 may be a potential route of
entry for the NBD-NAC-HQ compound into the human renal proximal tubule cells.
However, the toxicity profiles for NBD-NAC-HQ remain similar for LLC-PK1 and HK-2
cells, indicating that the compound does not need to enter the cell to contribute to the
overall nephrotoxicity associated with these compounds in vitro.

OAT4 mRNA

expression has been shown to only be 5-10% of OAT1, and OAT2 expression and OAT3
expression are about equal but still greater than that of OAT4 (Motohashi et al. 2002;
Wright et al. 2004). This indicates that although hOAT4 may transport in the NBDmodified NAC-HQ, only small amounts may be entering the cell due to the low
abundance of this transporter, and thus no change in overall toxicity observed in HK-2
cells with this compound treatment. Furthermore, previous work from our laboratory has
indicated that in vivo pretreatment with probenecid protected against toxicity of 2-Br(diNAC)HQ (Monks et al. 1991; Hill et al. 1992), indicating probenecid would protect
against NBD-NAC-HQ uptake in vivo.
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In summary, we have developed two tagged quinone compounds to help guide us
in defining the role of HQ and its quinone-thioether metabolites in observed
nephrotoxicity following cellular exposure to these compounds.

Biotin-HQ was

developed to help enrich and extract HQ-modified target proteins from complex
biological samples. We were successful in developing this tag and determining that
Biotin-HQ has a similar toxicity profile as that of HQ alone. In future studies we plan to
utilize this tag to help us further identify HQ-modified proteins and determine their role
in the HQ-associated toxicity. Additionally, we developed an NBD-modified quinone,
NBD-NAC-HQ, used for visualizing compound localization via fluorescence microscopy
following cellular uptake. We determined the toxicity profiles of NBD-modified NACHQ was similar to that of NAC-HQ alone in LLC-PK1 and HK-2 cells, and then we
determined that HK-2 cells were able to transport the NBD-NAC-HQ into the cell. We
plan to use these fluorescently-tagged compounds in vivo studies to try and follow target
sites of HQ and its quinone-thioether metabolites within cellular compartments. This will
provide us a method of determining which cellular components are most affected by
these quinone-thioether compounds, as well as determining which target proteins
contribute to the observed toxicities associated with these quinone-thioether compounds.
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