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ABSTRACT

Chemical-induced post-translational modificatioRI {Is) can alter the structure
of proteins, with consequences that may alter prolienction, including interference
with protein-protein interactions, subcellular m@iot compartmentalization, and
disruption of cellular signaling pathways. To idgnthe impact of PTMs on the structure
and function of protein targeis vitro andin vivo, electrophiles with known toxicity
were utilized. Hydroquinone, and its thioether rbetdes, cause renal proximal tubular
cell necrosis and nephrocarcinogenicity in rate atlverse effects of these chemicals are
in part a result of their oxidation to 1,4-benzaguies (BQ). Cytochromeand caspase-
7 have been studied as model proteins to ideniils-specific adductions and the
resulting structural and functional consequencesa@ated with apoptosis. BQ andN-(
acetylcysteins-yl)benzoquinone (NAC-BQ) preferentially bind to hsent-exposed
lysine-rich regions within cytochrome, and specific glutamic acid residues within
cytochromec are novel sites of NAC-BQ adduction. Furthermdine, microenvironment
at the site of adduction governs both the init@édficity and the structure of the final
adduct. Solvent accessibility and local pKa of dldducted and neighboring amino acids
contribute to the selectivity of adduction. Podthaction chemistry subsequently alters
the nature of the final adduct. BQ induced PTMsyitochromec produce changes in the
structure sufficient to inhibit its ability to ingte caspase-3 activation in native lysates,
and its ability to promote Apaf-1 oligomerizationto an apoptosome complex, in a

purely reconstituted system.
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Quinone-thioether-protein adduct stability is atbgpendent upon physiological
conditions. Adduct formation on cysteine residuesler physiological conditions may
be transient, whilst remaining capable of impactoal signaling events, and of thus
contributing to the toxic response elicited by theesmpounds. Indeed) vitro analysis
of caspase-7 revealed that cysteine residues wilti@rprotein are transiently modified
with BQ, including the active site thiolate anialm. vitro andin vivoanalysis of quinone-
thioether adduction on caspase proteins also pedvievidence that these catalytic
proteins may bén vivo quinone-thioether targets, and could contribute toechanistic
understanding of the necrotic mode of cell dealtabed by quinone-thioether exposure.
In summary, mass spectroscopic, molecular modelamy biochemical approaches
collectively confirm that electrophile-protein addisl produce structural changes that
influence biological function. Identification otish chemical-induced PTMs on target
proteins can provide critical mechanistic underditagn of their role in response to
environmental chemicals and the associated diggaggession. Furthermore, because
quinones are a well-known class of electrophiliecsps and the quinone moiety exits in a
number of chemotherapeutic agents, identificatibthese PTMs will provide insight
into the field of drug development and the rolecetgphilic 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 segnoénthe proximal tubule
located within the outer stripe of the outer meal ]OSOM) of the kidney. These
compounds are metabolized via brush border memhkzamgmes within the S3 segment
of the nephron, and subsequently transported eralrepithelial cells where they redox
cycle and adduct target proteins, resulting in ogist This work is an investigation on
the nature of the post-translational modificatiqi®rMs) mediated by these quinol
thioether metabolites through use of model systenglentify and characterize such
PTMs and the resulting structural and functionaisamuences.

An important caveat of adduct formation is that mdsig and environmental
chemical-derived reactive intermediates bind toeribian one protein. As a result, the
impact observed on multiple protein targets likielgd to the toxic insult observed with
these chemicals, rather than selective modificatioh one particular protein.
Furthermore, not all proteins that become modibgdreactive intermediates contribute
to the toxic response. Thus, it is important teedaine which protein targets of reactive
intermediates do indeed have a change in stru@ndor function following adduct
formation. Additionally, it is equally important tdetermine which features predispose
certain proteins to chemical adduction and to d¢ateeadduct formation with a functional
response. The main focus of this dissertationoisdentify and characterize PTMs
mediated by quinone-thioether compoundsvitro, as well as to predict structural

alterations and functional consequences as a masthiese modifications. | have utilized
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cytochromec and caspase-7 to address these questions, aressiutaetermination of
structural and functional changes to these protétiswing chemical-induced PTM
could serve as a model upon which changes to prateucture and function can be

explored in more complex matrices.

1.2. Renal Anatomy and physiology

The kidney is comprised of three anatomical ar¢las: cortex, medulla, and
papilla. The cortex is the largest portion of kidney and it receives a higher percentage
of blood flow than either the medulla or papill&he functional unit of the kidney is the
nephron which is comprised of a vascular compoaeadta tubular component (Casarett
et al. 1996). Each nephron is supplied bloodté@arenal artery, which is divided into
many small vessels, called afferent arteriolese atfierent arterioles deliver blood to the
glomerulus, which is the main portion of the vaacutomponent and is a complex
network of capillaries through which water and seduare filtered from the passing
blood. Subsequently, this filtered fluid is thessped through the tubular component of
the nephron. The glomerular capillaries rejoinfdom another arteriole, the efferent
arteriole. Blood that was not filtered into théwlar component leaves the glomerulus
via the efferent arteriole (Sherwood 2004). Thieutar component of the nephron is
formed by a single layer of epithelial cells. Thieered fluid from the glomerulus is
collected in Bowman’s capsule, followed by passiage the proximal tubule, and then
into the loop of Henle that dips into the renal oi&d and returns to the glomerular

region of the nephron (Sherwood 2004). The tulthd® becomes highly coiled to form
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the distal tubule in the cortex, which then draing the collecting duct, and is
subsequently emptied into the renal pel¥ggre 1.1).

The proximal tubule consists of three segments,S21,and S3. The S1 segment
is the initial portion of the proximal convolutedbule and contains a tall brush border
and a basolateral membrane containing-tdansporting epithelia. The S2 segment has a
shorter brush border and fewer mitochondria thars&iment, and the S3 segment is
found in the distal portion of the proximal segnseand extends into the OSOM. The
proximal tubule reabsorbs 60-80 percent of solute avater filtered through the
glomerulus. As a result, injury to the proximabtle will have major consequences to
water and solute balance. Because the proximaldumntain many transport systems in
order to transport multiple metabolic componentas@ett et al. 1996), injury to any of
these transport systems could potentially disrupkimal tubular function and disrupt
normal kidney homeostasis.

The S3 segment of the proximal tubule is the regiotn the highest apical
transport of glutathione (GSH); this is because tmesh border enzyme, gamma-
glutamyltranspeptidase-GT) is present in highest amounts in this regidhe proximal
tubule is most affected by toxicant-mediated injudue to the accumulation of
xenobiotics and/or their metabolites in this regudrthe nephron. More specifically, this
toxic response is mainly due to selective transpb@SH conjugates, organic anions and
cations, and low-molecular weight proteins and plest Proximal tubular cells are
consequently exposed to higher concentrations ekethxenobiotics, resulting in

increased accumulation and toxicity. Tubular ipjwan become severe if cells are
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exposed to sufficiently high concentrations of taxits, and intracellular enzymes such
as lactate dehydrogenase and aspartate aminotiasesféahen become excreted in the
urine. Injury also results in decreased reabsomptif solutes and water, and increased
excretion of amino acids, glucose, and small mdégcweight proteins. Furthermore, a
decrease in glomerular filtration rate (GFR) isatved with proximal tubular injury and
is a characteristic of acute renal failure assediatith nephrotoxic damage (Casarett et
al. 1996).

As stated previously, GSH conjugates are formedthe liver both non-
enzymatically and by GSH-S-transferases and thensported to the kidney. This
process is normally considered to be a detoxicapoocess; however any drug or
chemical in the systemic circulation will be delied to the kidney in high amounts.
Furthermore, because the role of the kidney isotmmfconcentrated urine, this process
will also concentrate toxicants existing in theulas fluid. As a result, nontoxic plasma
concentrations of chemicals may reach toxic coma&ohs in the kidney and result in

damage to proximal tubule cells, changes in GFR,aauite renal failure.



21

collecting
duct

Figure 1.1. Cross section of the kidney showing ¢hnephron.

The nephron is the structural and functional uhthe kidney, which is shown on the left
portion of the diagram. The nephron contains aulibcomponent necessary for
reabsorption and secretion, containing filteredutab fluid from the glomerulus. The
tubule component is comprised of the proximal teblbop of Henle, and the distal
tubule which delivers its filtrate to a collectidgct for excretion. The proximal tubule
is responsible for a large amount of reabsorptiogatis and water from the filtrate, and
also excretion of organic anions. Because theipralxtubule is highly targeted by
toxicants, damage to proximal tubule epithelial Icetesults in kidney disease
progression.
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1.3. HQ exposure and metabolism

Benzene is a low molecular weight hydrocarbon am@ravironmental pollutant.
Because of its thermodynamic stability, changeschiemical structure require heat,
acidity, or a catalyst. Cytochrome P450 enzymé&d, and 2B1, are the key enzymes
responsible for benzene structure modification (fenyet al. 1993). Hydroxylation of the
benzene ring to form phenol is preceded by formatd benzene oxide, an epoxide
intermediate, followed by sequential hydroxylatiohthe benzene ring resulting in the
formation of hydroquinone (HQ) (Jerina et al. 1974)Q is also an environmental
contaminant, present in plant products, used asvaloper in the photographic industry,
as an anti-oxidant in the rubber industry (Truohgle2008), and in cosmetic products as
a skin lightening agent (Lin et al. 2007). HQ isafound as a byproduct of combustion
and is present in cigarette smoke, and is a contmifollowing benzene exposure in
petroleum refining (Macedo et al. 2007).

HQ is readily oxidized to p-benzoquinone (BQ), whis a highly reactive
intermediate formed during benzene metabolism. bBf@s to proteins and nucleic acids
and can also undergo redox cycling, leading togieeration of reactive oxygen species
(ROS). Because of the nucleophilicity of cysteisylfhydryls, protein and nonprotein
sulfhydryls are key targets of electrophilic quiramolecules. GSH—the major cellular
non-protein sulfhydryl—generally serves as a cyttgotant, because reactive
electrophiles can covalently bind to its nucleoghsiulfhydryl, thus sparing the covalent
modification of cellular macromolecules (Persomle005; Bolton et al. 2000). Because

of the electrophilic nature of BQ, several GSH roales can be sequentially conjugated
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to BQ via the free cysteinyl sulfhydryl present@®H (Ruiz-Ramos et al. 2005; Ross
2000; Person et al. 2005; Lindsey et al. 2005)is Tésults in the formation of conjugates
with varying degrees of GSH substitution, includingono-, bis-, tris-, and tetra-
substituted GSH conjugates of HQ (Lau et al. 1988)llowing conjugation with GSH,
the conjugates are metabolized to the corresponBlingsteinylglycine conjugate by
GT, located on the brush border membrane of praxiotaule cells. Subsequently, the
S-cysteinylglycine conjugate is metabolized to tlysteine conjugate by a dipeptidase
located on the brush border membrane. The cyst@mnpigate can then be transported
into the renal proximal tubular cells via an amiaoid transporter. The cysteine
conjugate then undergoes N-acetylatiomglimination via cysteine conjugatelyase or
oxidation. Subsequent metabolism of these congggata the mercapturic acid pathway
ultimately vyields the corresponding N-acetylcyséeirtonjugates, such as [&-(
acetylcysteins-yl)hydroquinone (NAC-HQ)Kigure 1.2 (Murty et al. 1992).

HQ is both nephrotoxic and nephrocarcinogenic imenk@scher 344 rats (Kari et
al. 1992; Kleiner et al. 1998a). Treatment of mBischer 344 rats with HQ causes
significant increases in urinary excretion ofT. Pretreatment of rats with acivicin
prevents HQ-mediated nephrotoxicity, indicatingt tttamation of GSH conjugates that
require -GT processing is necessary for toxicity (Peteraletl997). These quinone-
thioether metabolites cause extensive renal prdxitabular cell necrosis, effects
mediated via their ability to generate ROS andrthetein-arylation capabilities (Peters

et al. 1997; Yoon et al. 2001; Kleiner et al. 1998a
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Although the compounds studied represent metabatiteknown environmental
toxicants, the quinone moiety also exists as thearmphcophore in many
chemotherapeutic drugs (Pettit et al. 2008; Sethale 2008) and in many natural
products. Oftentimes, in this instance, the abitif these drugs to covalently bind to
tissue macromolecules is a desired property ofetlogsotoxicants. Moreover, many of
these drugs form reactive intermediates that atéaxic at efficacious doses, including
biological reactive intermediate (BRI) formatiorofn acetaminophen, clozapine, and a
thiophene anticancer drug (OSI-930) (Matthews et1&896; Williams et al. 2003;
Medower et al. 2008). In contrast, the covalenting of electrophilic drug metabolites
is of great importance to the pharmaceutical imyustecause some reactive drug
metabolites contribute to unwanted drug-inducedctbes (Kang et al. 2008). Thus, the
pharmaceutical industry often assays for the gholitcandidate drugs to undergo protein
covalent binding as an index of reactive intermedif@rmation, which can ultimately

assist in the further development of drug candsléBaillie 2006).
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Figure 1.2. Metabolism of benzoquinone and its qobl-thioether metabolites.

(A) gGT cleaves MGHQ conjugates to yield the HQ-cystigiiycine dipeptide. (B)
Dipeptidase cleaves the HQ-cysteinylglycine dipbptito yield 2-(cysteirsyl)HQ
(CSHQ) conjugate. (CN-acetyl-transferase transforms CSHQ td\RZagetylcysteins
yhhydroquinone (NAC-HQ). (D) Oxidation of NAC-HQ@sults in 24-acetylcystein-S-
yl)benzoquinone (NAC-BQ).



26

1.4. Reactive oxygen species

ROS are free radicals formed that contain one aernapaired electrons in their
outer orbital. Typically an extra electron is tséerred to molecular oxygen, forming
superoxide anion radical. This can then be congdddydrogen peroxide by superoxide
dismutase and cleavage of hydrogen peroxide tooxytlradical and hydroxyl ion is
catalyzed by transition metals, the Fenton reac{©asarett et al. 1996). Hydroxyl
radical is the most reactive and damaging radicadiyced via this redox cycling process.

Post-translational modifications (PTMs) are impottdor the regulation of
protein function, and as a result, are tightly ftated. Oxidative modification of proteins
can modulate cellular function (Landar et al. 2008)d varying degrees of oxidative
modifications are possible, including both revdesiand irreversible reactions. High
levels of ROS that generate oxidative stress tylgigaoduce irreversible modifications
including, protein-protein cross-links, lysine aadjinine carbonylation, and oxidation of
thiols to sulfinic (X-SQH) and cysteic acids (X-S8). Additionally, ROS are capable
of reacting with lipids and producing lipid pero&ttbn, generating 4-hydroxynonenal (4-
HNE) which is capable of covalently binding to mios. These covalent modifications
can also be a result of faulty antioxidant enzymsgistems, such as depleted GSH levels,
that would typically protect the cell from ROS. \Resible modifications include the
oxidation of thiols to nitrosothiols (X-SNO), suffie acids (X-SOH), and thiyl radical
(X-S), which are thought to have a role in redegulation (Ghezzi et al. 2003).
Oxidative stress can disrupt the overall celluladax balance, thus leading to an

oxidizing environment and a high oxidative poteinfMoran et al. 2001). Many proteins
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involved in signaling and repair contain these lttgooups in important functional
domains, and these thiols are targets of modioatvhen exposed to changes in redox
state (Moran et al. 2001; Forman et al. 2004).

Quinone-thioether metabolites have been shown tsecaecrotic cell death in
renal proximal tubule epithelial cells (LLC-PK1)dnto induce oxidative DNA damage
in the form of 8-oxo-deoxyguanine (8-oxo-dG) (Hakeb al. 2003). Furthermore,
guinone-thioethers induce ROS-mediated activatibnextracellular signal-regulated
kinase (ERK) and p38 mitogen-activated protein &n@APK) pathways, leading to
histone H3 phosphorylation and Hsp27 phosphoryiatiboth of which appear to
contribute to oncotic cell death (Dong et al. 2004) is likely that a combination of
ROS-mediated events contribute to the necrotic deith associated with quinone-
thioether exposure, including GSH depletion, atibraof energy consuming processes,

and disruption of cellular redox balance.



28

1.5. Mass spectrometry for peptide and protein arfgsis

A large number of chemical modifications can ocoarindividual amino acids
within proteins, altering their physiochemical peofes and ultimately changing their
functional properties. Identification and charae&ion of chemically induced protein
PTMs has been challenging for a number of yearsri(Mé al. 2001). Recent
advancements in ionization methods for biomolechkes greatly enhanced the growing
field of proteomics, in particular the identifioati of chemically modified peptides and
proteins (Bennett et al. 2000; Fenn et al. 1989).

The basic scope of this research is to determinseatrophile-specific adduction
profile using matrix-assisted laser desorptionzation-time of flight analysis (MALDI-
TOF). By using quinones as a model electrophifesraultiplein vitro reaction targets,
including peptides and proteins, we began idetifomn of the resulting quinone
adduction profile on whole proteins, as well asedaining the potential amino acid
targets of these compounds by using small peptBiesh an approach will also assist in
identifying quinone-specific post adduction chemyistFurthermore, we are interested in
determining site-specific identification of elegtiolic adduction on target proteins using
liquid chromatography tandem mass spectrometery-NISBAS) with electrospray
ionization (ESI). In order to obtain this struetimformation on target proteins, it is
necessary to perform MSMS analysis on peptides faonmenzymatic digestion of the
target protein or protein(s), which facilitate thebsequent identification of amino acid

targets of these electrophiles. Both of thesenwW$hods are discussed in detail below.
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MALDI ionization is used for the analysis of bioreolles, including peptides
and proteins, where the matrix assists in desor@itd ionization of the analyte. After
the peptide or protein is mixed with the approgrianatrix, either -cyano-4-
hydroxycinnamic acid (CHCA) or 3,5-dimethoxy-4-hggycinnamic acid (sinapinic
acid), respectively, are spotted on the sampleepkatd the spot on the MALDI target
plate is subsequently hit with a pulsed ultravidgV) laser. The matrix absorbs the
light, causing the matrix to vaporize, and the st or proteins are carried into the gas
phase. The peptide or protein then acquires dip@siharge in the MALDI flight tube,
and the ions are then separated based upon therdop@ed for them to traverse the
flight tube to the TOF mass analyzer, which cal@dathe m/z of the parent ion.
(Kussmann et al. 1997; Voyager 2004). By usingU@ATOF analysis as our primary
tool, we can achieve a projected quinone adduqgbiaiile on specified proteins and
peptides, as well as determine accurate mass roaiilins of these compounds.

LC-MSMS analysis provides information on type aratation of chemical
modification on single proteins or protein mixtureBroteolytic digestion yields peptide
mixtures that are first separated by a C18 paclegullary column before entering the
ESI source. ESI is an ionization process carriatl at atmospheric pressure, and
involves spraying a solution of sample in a sugaslvent out of a small needle to which
a high voltage is applied. This process resultprmduction of charged droplets, and
following evaporation of the solvent, the chargelgtes are left in the gas phase and
are able to enter the mass analyzer. In MSMS aisallge first mass spectrometer (MS-

1) contains a quadrupole mass filter, allowing dhky parent ion to enter. The parent ion
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is then introduced into a collision cell where arg® used to fragment the analyte. Upon
collision-induced dissociation (CID) of the pepsdeb- and y-ion fragments are
generated: the b-ion series represents cleavatiee gfeptide bond with charge retention
on the N-terminal fragment, and y-ions result froleavage of the amide bonds with
charge retention on the C-terminal fragment (Stagn@003). The b and y ions are then
released into a second mass analyzer (MS-2) wherentz is determined and intensity
calculated Figure 1.3. Multiple software algorithms are employed talgme the raw
data generated from mass spectral analysis. TarM8&nspectra of peptides can be
analyzed with TurboSEQUEST v3.1, a program that allows the correlation of
experimental tandem MS data with theoretical speg&nerated from known protein
sequences (Yates et al. 1995). Tandem MS spetcpapides are also analyzed with
X!Tandem, which is similar to Sequest, and coresdathe MSMS spectra with amino
acid sequences in a user-specified NCBI databaseg(€t al. 2003; Craig et al. 2004).
P-Mod software is used to confirm X!Tandem and ®studata, including the
identification of spectra displaying characteristaf quinone-thioether adduction. This
program is extremely beneficial when using puretgins and can provide reliable data
without use of additional programs. However hawaegess to multiple programs to find
the same data is preferred. P-Mod is an algorithab screens data files for MSMS
spectra corresponding to peptide sequences inrehskst. Modification of the primary
peptide sequence shifts the peptide mass, which beagxperimentally observed as a
difference between the measured mass of the mdgigetide precursor ion (adjusted for

charge state) and the predicted mass of the uniedgeptide. The mass shift will also
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be observed in the m/z values of fragment ions aoimg the modified amino acid.

Scores with P-values greater than 0.01 are disdaadefalse positives (Hansen et al.
2005). Manual validation of MSMS spectra is theedito confirm peptide sequence and
adduct mass location. Peptides identified as baddycted by both X!Tandem, Sequest,
and P-Mod are then manually validated using th@namm lonGen (Fisher et al. 2007).
lonGen generates theoretical b- and y-ions for -specified peptides containing an

adduct. This program facilitates faster, more eateuvalidation of adducted peptides.
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Figure 1.3. Peptide cleavage results in b and yns during mass spectral
acquisition.

(A) Fragmentation patterns during MSMS analysisiiteés b and y ions, where a b ion

corresponds to the charge retained on the N-tetrporéion of the fragment and a y ion

corresponds to the charge remaining on the C-tednpiartion of the fragment. The R

groups indicate amino acids that comprise the pyrpaptide sequence. (B) A tryptic

peptide from cytochrome containing amino acids 80-86 indicating b and w io
fragmentation patterns. The individual amino acidthin this stretch of peptide are

color-coordinated to correspond to the R groupsaltio indicate peptide bond cleavage
patterns for the b and y ions shown in this portbthe figure.
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1.6. Electrophilic xenobiotic protein adduction

Protein adduction, or chemical-mediated PTMs, tihyc refers to protein
covalent binding by electrophilic xenobiotics andtheir metabolites. Such reactive
electrophilic intermediates are frequently formedrinly the process of chemical
metabolism, from such xenobiotics as therapeutigsiand environmental contaminants.
Since many xenobiotics are lipophilic in natures Hody seeks ways in which to convert
them into more water soluble metabolites to faatiditrenal excretion. It is during this
metabolic conversion that reactive intermediates inadvertently generated. Because
these reactive intermediates tend to be electnapinilnature, they can interact with a
variety of tissue macromolecules, initiating pramess that may produce acute tissue
injury or chronic disease (Monks 2006). Becausséhreactive intermediates have low
electron density, they are capable of reacting withiecular centers of high electron
density. Proteins that are targets for adduction these reactive electrophilic
intermediates typically have strong nucleophilitesi such as cysteine thiols, lysine
amines, and histidine imidazoles, and may alsogssskess nucleophilic sites including
arginine guanidinium, tyrosine phenols, and glutencarboxyls figure 1.4).

Biological reactive intermediates can also be fatntiring normal cellular
metabolism (Monks 2006). For example, advancedagign endproducts (AGEs) are
formed from the reaction of reducing sugars withremgroups of proteins, resulting in
the formation of reactive dicarbonyl compounds,hsas methylglyoxal (Brouwers et al.
2007; Kankova 2008). Additionally, reactive intedmtes formed as by products of

cellular metabolism include superoxide anion, hygtaadical, and nitric oxide. The
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generation of these reactive intermediates canltr@asuhe subsequent formation of
additional endogenous electrophiles, including ssab-unsaturated aldehydes such as
4-hydroxynonenal (4-HNE) (Carini et al. 2004; Samp al. 2007; Carbone et al.
2005b). Many of these reactive intermediates ai@wa to modify specific thiols on
sensor proteins, such as glutathione S-transferate and thioredoxin, and thus
inactivate the proteins (Anderson et al. 2004; Gale2007). However other reactive
intermediates can modify proteins on amino acidduess distant from their catalytic site,
thereby promoting a toxicological response by iet@mg with critical protein-protein
interactions and disrupting cellular signaling pedlys (Luo et al. 2007; Baillie 2006).
Other reactive electrophiles, such as quinoneslym® toxic effects as a result of
covalent protein adduction and the generation oSRIDis important to note that these
two effects of quinones are not mutually exclusisice protein-bound quinones can
remain redox active. Quinones form protein addwudgth nucleophilic residues within
target proteins, including lysine, cysteine, argtitline residues (Fisher et al. 2007; Koen
et al. 2006; Meier et al. 2005; Person et al. 208®)cause reactive electrophiles are
capable of forming covalent adducts with proteittey may subsequently alter the
structure and function of target proteins. Suchcfiamal alterations may include
interference with protein-protein interactions asubcellular protein localization, and

disruption of cellular signaling pathways.
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Figure 1.4. Nucleophilic residues as targets folextrophilic intermediates.

Cysteine, lysine, and arginine are nucleophilic reamacids that form reversible and
irreversible adducts with electrophilic intermedmtincluding endogenous metabolites,
such as 4-HNE, as well as chemical toxicants, siscHQ quinone-thioether metabolites.
Shown here are these nucleophilic residues bouddAG-HQ, which is a mercapturic
acid metabolite of HQ and a potent nephrotoxicant.
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1.7. Structural and functional consequences of ptein adduct formation
1.7.1. Quinones and apoptosis

Cells death occurs via two major pathways, spelficapoptosis and necrosis,
both of which have distinct biochemical and morpigidal features (Los et al. 2002).
Apoptosis is a biological process that maintaintutze homeostasis through controlled
cell death and accounts for most of physiologiedll death, whereas necrosis is induced
by acute cellular damage (Los et al. 2002; Cohe@74p Cellular swelling and
disruption of the cell membrane are characterisifasecrosis and these generally result
in an inflammatory response (Los et al. 2002). ptpsis is a highly regulated form of
cell death and is controlled by ordered activat@incertain proteins and molecules
(Kaufmann et al. 2000). Two possible pathways ekistthe controlled cell death
process, the extrinsic and the intrinsic apoptpathways. The extrinsic pathway uses
external signaling molecules that bind to transmemé receptors, also called death
receptors, for activation of apoptosis. This patiws primarily utilized for programmed
cell death in the immune system and developmemtalggses. The intrinsic pathway is
activated within the cell as a result of stressash as oxidative stress and DNA damage,
which signal the release of apoptogenic proteinsnfmitochondria (Cain et al. 1999).
Caspase proteins are crucial mediators of bothwaath, with signals conversing to
activate these enzymes, leading to the catalytigatmn of downstream proteins that are
involved in the execution of the cell death pathway

Cytochrome c is an integral component in the intrinsic, or s$rnduced

apoptotic pathwayHigure 1.5. Following cellular stress, cytochrores released from
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the mitochondrial intermembrane space and interats the adaptor protein Apaf-1
(apoptosis activating factor-1) (MacFarlane et2@04). Apaf-1 contains an N-terminal
CARD domain which is necessary for caspase-9 bindnCED-4 domain needed for
Apaf-1 self-oligomerization, and multiple C-termin®/D-40 domains required for
protein-protein interactions (Cain et al. 2002; tBra et al. 2001b). Mutational studies
have provided some insight into the binding inteoacbetween cytochromeand Apaf-

1, and have indicated that Apaf-1 wraps itself acbaytochromee, binding to multiple
faces of the protein, and which is potentially teason for the tight interaction between
cytochromec and Apaf-1. These studies have also revealedciftathromec residues
K7, K25, K39, and ETLM62-65, and K72 are all imgont for its interaction with Apaf-1
(Figure 1.6 (Yu et al. 2001). The interaction of cytochromevith Apaf-1 facilitates
binding of dATP to Apaf-1, and initiates oligomeation of Apaf-1 into the multimeric
apoptosome. This complex then recruits and aevatrocaspase-9. The activated
complex is then able to cleave downstream effecéspase proteins, such as caspase-3
and caspase-7 (Jiang et al. 2000). Cleavage stthaspase proteins is indicative of
apoptotic cell death.

Quinone-thioether metabolites produce cellular oger in mini-pig renal
epithelial cells (LLC-PK1) (Jia et al. 2004). Additally, renal proximal tubular necrosis
occurs following quinone-thioether metabolite dgsim male Fischer 344 rats with
tubular necrosis being observed in the S3 segmititeo proximal tubule within the
OSOM (Kleiner et al. 1998a; Kleiner et al. 1998b)\ot only are quinone-thioethers

capable of producing damage through protein appatihey are also redox active,
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producing ROS and creating an oxidative stressllul@e mechanisms are in place to
rescue the cell from overt damage, such as cellGl&8H and antioxidant response
proteins. In situations when the reactive spearekcellular damage overcome the repair
mechanisms in the cell, oxidative stress occurghersclerosis and diabetes are two
such diseases that stem from oxidative stresslul@eproteins become targets for these
reactive intermediates, thus impacting the strectmd function of these key proteins,
and, as a result, a disruption in cellular sigraipathways occurs. Apoptotic cell death
is one necessary pathway needed to remove the measily damaged cells from the
tissue. When the apoptosis pathway is inhibitedyigal of mutated cells occurs and

cellular genomic integrity is compromised.
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Figure 1.5. Stress-induced apoptosis pathway.

Following stress induction, cytochronteis released from the mitochondria and binds
Apaf-1 to form the multi-protein apoptosome complesulting in subsequent caspase
activation and apoptotic cell death (MacFarlanal €2004).
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Figure 1.6. Three-dimensional structure of cytochemec showing critical residues
for Apaf-1 binding.

Cytochrome c is released from the mitochondrial intermembrapace following
initiation of the stress-induced apoptosis pathwaifollowing release, it binds to
apoptosis activating factor-1 (Apaf-1) via sevetatical residues within cytochrome
highlighted here, including K7, K25, K39, K72, aB@TLM62-65 (Yu et al. 2001). These
residues are located on multiple surfaces of cytouoe c, resulting in Apaf-1
surrounding cytochrome during binding, in addition to a high-affinity eraction
between the two proteins.
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1.8. Dissertation Aims
Electrophiles generated endogenously, or via rtiegabolic bioactivation of

drugs and other environmental chemicals, are capabl binding to a variety of
nucleophilic sites within proteins. These chemicaldced PTMs are subsequently
capable of altering the structure and/or functibrpmteins as well as possibly altering
cellular signaling pathways. Factors that deteemsite selective susceptibility to
electrophile-mediated PTMs, and the consequencesudi alterations, remain largely
unknown. As a result, efforts to understand thelmgical and physiochemical features,
or motifs (electrophile binding motifs, EBM) thateglispose certain proteins to chemical-
induced PTMs are necessary to elucidate mechani$msach toxicities. Additionally,
determining the biological significance and/or tmiogical consequences of chemical-
induced PTMs on critical proteins based on toxicseiectivity will be useful in the
understanding of chemical-induced toxicity. Thesshanistic aspects will be examined
using cytochromec and caspase-7 a® vitro model proteins. To identify and
characterize chemical-mediated protein adductstrelghiles with known toxicity were
utilized. HQ, and its mercapturic acid pathway abelites, cause renal proximal tubular
cell necrosis and nephrocarcinogenicity in ratshe Tadverse effects of HQ and its
thioether metabolites are in part a consequendéeadf oxidation to the corresponding
electrophilic 1,4-benzoquinones (BQ).

We now report that BQ and NAC-BQ preferentially dito solvent-exposed
lysine-rich regions within cytochrome Additionally, specific glutamic acid residues

within cytochromec have been identified as novel sites of NAC-BQ atidn. The
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microenvironment at the site of adduction goveroghlthe initial specificity and the
structure of the final adduct. Regions of the @rotcontaining runs of lysine residues,
such as KXK or KKK, are shown to be preferentiéésifor quinone binding. However,
local pKa of the adducted and neighboring aminalsaciot only contribute to the
selectivity of adduction, they also dictate posthaetion chemistry which subsequently
alters the nature of the final adduct. Using mdi@cmodeling, the impact of BQ and
NAC-BQ adduction on cytochromewas visualized, revealing spatial rearrangement of
critical residues necessary for protein-proteirerattions. Consequently, BQ-adducted
cytochrome fails to initiate caspase-3 activation in natiysates and also inhibits Apaf-

1 oligomerization into an apoptosome complex iugely reconstituted system.

To further characterize the structural and fun@laompact of these BQ-mediated
PTMs, the original mixture of BQ-cytochrontewas fractionated using a MicroRotofor
liquid isolectric focusing system to separate tlaious BQ-adducted cytochrone
species. Because this fractionation process segasamples based on their isoelectric
point (pl), and because BQ adducts predominantiynfon lysine residues within
cytochromec, increasing numbers of BQ adducts on cytochroroerrelate with a lower
protein pl. Following this fractionation, each mdual fraction was analyzed for
structural changes and each was also individuabayed for apoptosome formation,
conducted in the absence of native cytochrenmgerference. Circular dichroism (CD)
analysis indicated that following fractionation ameimoval of native cytochrome
contamination, several of the BQ-adducted cytocleranspecies maintained a slightly

more rigid structure in comparison to native cytochec. Furthermore, these same
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samples showed inhibition of apoptosome formatiod af subsequent decrease of
caspase activity. Moreover, this data indicateg the more BQ adducts modifying
cytochromec, the greater the suppression of caspase-3 activitgrgely, this data
indicates that the site-specificity of these BQuaxdd and their final adduct formation are
indeed important for overall structural stabilityecessary protein-protein interactions,
and thus normal biological function of cytochrome

Quinone-thioether instability occurs following peot adduction, where final
adduct formation is governed by surrounding protesidues. In particular, the thioether
bond between the GSH moiety of quinone-thioethsrgliminated from the HQ ring
under conditions of high pH or potentially physigical pH over time, and as a result,
may affectin vivo adduct stability. Furthermore, our vitro andin vivo studies show
lysine, arginine, and glutamic acid residues tdargets of quinone-thioether adduction.
In contrast we have been unable to identify simaldducts on cysteine residuasvivo,
which are the more commonly reported site of etgdtilic chemical adduction.
Consequently, we performed extensivevitro investigations on model peptides and
protein apocytochrome both of which contain free thiol groups, to intigate quinone-
thioether adduct stability on cysteine residuesikeh together, the results indicate that
BQ-adduct formation on cysteine residues may beraastent interaction, where
physiological conditions may play a role in addstability.  Although BQ-adduct
formation on cysteine residues may be transiemt,athility of these adducts to impact
cellular signaling events producing toxicity mawyl gtersist. However detection of these

adductsin vivo remains challenging. Lysine, arginine, and glutaacid residues may
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also be preferential targets for quinone covaledtuation under physiological
conditions, and these types of electrophilic maedifions provide more stable adducts for
mass spectral analysis and biomarker identificatronormal physiological conditions.
Thesein vitro studies have provided us with critical tools neeeg for successfuh vivo
identification of quinone-thioether protein adducts

For further investigation of functional consequencef quinone-thioether-
mediated PTM on important proteins involved inical cellular pathways needed for
normal cell survival, we investigated the effect qdiinone-thioether adduction on
caspase-7 and cytochroroérom in vitro andin vivo samples. First, we investigated the
effect these compounds had on the effector caspasein, caspase-ih vitro. We
determined via MALDI-TOF and LC-MSMS analysis thBQ adducts do form on
cysteine and lysine residues within recombinanpass-7, however the cysteine-BQ
adducts are not stable during an overnight tryplggestion and were only identified in
shortened, 3h, trypsin digestion conditions. Addhglly, we identified the active site
cysteine residue of caspase-7 to be a targaehfeitro BQ adduct formation. This data
indicates that BQ modification could certainly affecaspase-dependent signal
transduction, even in the absence of covalent noadion by these compounds. Next,
we investigated the impact of MGHQ on caspase-1oehg in vivo analysis.
Administration of a dose i.v. of 400 pmol/kg 2-(glthion-S-yl)HQ (MGHQ) results in
necrosis in the OSOM of the kidney. As a resu#t,ilized OSOM from these treated
animals to determine the effects on caspase-7 stwthromec within thesein vivo

samples. We determined via Western blotting glo@one-thioethers prevented caspase
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cleavage, as well as introduced potential modificet, as evidenced by increases in the
molecular weight of caspase-7 in the MGHQ-treamude in comparison to caspase-7
in the control samples. Furthermore, we attempoettientify adducted cytochrome
from thesein vivo samples. Immunopositive bands from a correspgnuestern blot
probed with anti-cytochromewere excised and analyzed for quinone-thioethdueigd
cytochromec. Although we were able to identify cytochrom&om control and treated
animals, we were unable to determine any adduatdton. The combined data indicate
that multiple proteins are likely targets of quieethioether-mediated protein adduction
and are involved in the resulting necrotic response

In summary, a combination of mass spectroscopiclecatar modeling, and
biochemical approaches confirm that electrophiletggn adducts produce structural
alterations that influence biological function. ellwork presented herein provides
evidence for the importance @i vitro models for structural and functional analysis
following electrophile-mediated protein adductio@hemical characterization and
structural features of target proteins shown iis thork can be expanded in the future
investigation ofin vivo protein adducts as targets of similar electrophiitermediates,
and hopefully provide critical insight into poteadtimechanisms underlying these
chemical-induced toxicities. Additionally, identfition and characterization of
chemical-PTMs could lend valuable insight into teec drug metabolite PTMs that
contribute to unwanted drug-mediated toxicitiescré@sing our ability to identify

reactive metabolite-mediated PTMs in early stadebuy 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 gee@ritom a variety of sources,
including by products of oxidative metabolism. @edation of lipid membranes results
in the formation of electrophilic aldehydes. Raésaetcarbonyl species such as glyoxal
and 3-methylglyoxal are products of such glycolysihe ability of electrophilic
carbonyl species to form protein adducts has bewlidgated in a number of disease
processes, including diabetes, atherosclerosis, remulodegenerative diseases. In a
similar fashion, naturally occurring electrophilpgesent in the environment, and those
formed via the metabolism of xenobiotics, can faowalent adducts with proteins. The
technical challenges involved in the identificatioh such xenobiotic-derived protein
adducts have limited the ability to determine tH®ological/toxicological significance.
Nonetheless, such chemical-induced PTMs can after structure of proteins, with
consequences that may alter protein function. &liesctional alterations may include
interference with protein-protein interactions asubcellular protein localization, and
disruption of cellular signaling pathways (Zhou @t 2005; Cohen et al. 1997b).
Characterization of chemical-induced PTMs has baenomplished previously by
detection techniques such as western blotting aizalgnd radiolabeling, and more
currently by utilizing mass spectrometry analy$ieréon et al. 2005; Person et al. 2003).

This latter mode of analysis has typically occuraédhe amino acid level of proteins, in
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order to characterize the chemically reactive gsa@nd to locate the exact amino acids
which are modified on the protein (Person et a0

Quinones represent an extensive class of electrophblecules that can form
covalent adducts with proteins, and can producedtogical effects via such adduction.
Quinones are also capable of redox cycling, andgequently of producing ROS and a
subsequent oxidative stress (Pagano 2002; Boltah &000; Verrax et al. 2005). 1,4-
Benzoquinone (BQ) is an example of a reactive quenthat is an environmental
toxicant. BQ is formed through oxidation of bergera low molecular weight
hydrocarbon and an environmental pollutant. Subsetconjugation with GSH results
in the formation of multi-substituted GSH conjugaté BQ (Lau et al. 1988). BQ and its
quinol-thioether metabolites cause renal proxinuddutar cell necrosis, and 2,35s-
(glutathionSyl)hydroquinone (TGHQ) is nephrocarcinogenic ire teker rat. These
effects are mediated by their ability to generat®SRand their protein-arylation
capabilities (Peters et al. 1997; Yoon et al. 20Q&iner et al. 1998a).

Although full characterization of chemically-indutePTMs represents a
significant challenge, recent advances in masstgpeetry and bioinformatics have
increased the success of detecting such PTMs. aWe hised cytochromeas a model
protein for in vitro adduction with BQ and Z2NtacetylcysteinSyl)BQ (NAC-BQ)
(selected in order to minimize the metabolic comipe of utilizing TGHQ), to
characterize the covalent protein binding of theesmpounds and to demonstrate the
influence of such chemical-induced PTMs on protestructure and function.

Modification of cytochrome by BQ has been previously demonstrated in ourr&tboy,



48

where this electrophilic toxicant binds to solvemposed lysine-rich regions of the
protein (Person et al. 2003). Cytochrombas been previously shown to be a target of
1,4-BQ. MALDI-MS analysis, in addition to LC-MSM&halysis validated the formation
of multiple 106-Da modifications on solvent-exposBaine residues, as well as
formation of a 196-Da adduct. This latter addisctthe result of one lysine residue
adding to the ortho position of BQ, followed by theighboring lysine residue forming a
Schiff base with a second BQ molecule. The two BQlecules then form a cyclic
product and oxidize to form a stable diquinone stigicture Figure 2.1) (Person et al.
2003). This structure has a mass of 196 Da. Adaditly, site-specific modification was
determined on cytochrome following reaction with BQ. The 196-Da adduct was
observed to form on K25-K27 and also on K86-K87cwiochromec. Both sequences
are solvent exposed and have multiple basic residu¢he vicinity of adduct location.
We will be using BQ-adduction on cytochrom& gain an understanding of the role this

chemical adduction plays in potential protein simeal and functional changes.
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Figure 2.1. Cyclic diquinone BQ structure formed a neighboring lysine residues
within cytochrome c.

BQ binds to solvent-exposed lysine residues witlytochromec. Following binding of
BQ to two adjacent lysine residues, post-adductibemistry occurs to dictate final
adduct formation. One lysine residue adds to ttigogposition of BQ, followed by the
neighboring lysine residue forming a Schiff baséhvd second BQ molecule. The two
BQ molecules then form a cyclic product and oxidiaegform a stable diquinone ring
structure. The adducting mass of the BQ-modifyinguishone is 196-Da (Person et al.
2003).
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Cytochromec was selected as a model protein to map the interabetween
proteins and the electrophilic toxicants becauss #tructurally well characterized by
nuclear magnetic resonance (NMR) and X-ray crysgadiphy.  Additionally,
cytochromec contains no free sulfhydryls, so the adductiothefelectrophilic toxicants
to nonsulfhydryl nucleophiles can be analyzed @erst al. 2005). Furthermore,
because cytochromeis an integral component in the apoptosis pathwlag,selective
adduction of certain residues on the protein majuence its biological function.
Following quinone-thioether exposurevitro andin vivo, necrotic cell death is observed,
indicating selective adduction of cytochromenay inhibit apoptosis in these systems.
One necessary pathway for the induction of apojmiasolves formation of the multi-
protein apoptosome complex. During apoptosis, dytmme c is released from
mitochondria and binds to cytosolic Apaf-1, withbsaquent recruitment and activation
of initiator caspase-9 and effector caspase-3 ahdthus forming the apoptosome
(Bratton et al. 2001a; Bratton et al. 2001b).

Subsequent to chemical adduction, cytochrameas analyzed by MALDI-TOF
and LC-MSMS, followed by database mining algorithersd manual validation to
identify the site specificity and types of adduntidViolecular modeling was then utilized
to predict the structural modifications imposed mibe protein following the BQ and
NAC-BQ adductions. We demonstrate that the chenadaluction of cytochrome is
site-specific, and that post-adduction chemistrgtades final adduct formation.

Knowledge of this post-adduction chemistry is catiin identifying site-specific PTMs.
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Additionally, we demonstrate that these PTMs caushange 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 (TFAand silver oxide were
purchased from Aldrich (Milwaukee, WI); NAC-HQ waynthesized and purified as
described previously (Lau et al. 1988). HPLC-gradwents were purchased from EMD
Chemicals. Horse heart cytochromesequencing-grade trypsin, and all other reagents

were from Sigma (St. Louis, MO).

2.2.2. 1,4-Benzoquinone modification on cytochrone

Horse heart cytochrome was dissolved in deionized distilled water at a
concentration of 1 mg/mL. BQ was dissolved in meathi at 5 mg/mL. Cytochrome
was reacted with BQ at a molar ratio of 1:10 atmmomperature for 30 min. The
mixture was centrifuged at 5,0@pfor 1 h through a Millipore Microcon 10,000 Da
molecular weight cut off centrifugal filter to rewm excess BQ. The control and treated
cytochromec samples were spotted onto the MALDI target, andlelprotein spectra

were acquired.

2.2.3. Oxidation of NAC-HQ to NAC-BQ

NAC-HQ was dissolved in deionized distilled wateithw0.1% TFA at a
concentration of 50 mg/mL. Approximately 5 mg dver oxide was added and the
solution was vortexed for 1 min. The solution wWidtered through a 0.2 um syringe

filler. The solution was then purified by high fsgmance liquid chromatography
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(HPLC). A Shimadzu HPLC system (LC-10AS) was usetth a UV-Vis
spectrophotometric detector (280 nm) and an Ullrasp ODS G column (5 um
packing, 10 mm x 25 cm, Beckman-Coulter). The reolphase was acetic acid:
methanol:water (1:189, v/v). Aliquots of oxidized NAC-BQ (25 uL) wengjected into
the HPLC system and separated isocratically abf@@nin. The product eluted at 12.4
min. The yellow product was then analyzed by ES-bh a Finnigan MAT TSQ 7000
triple quadrupole mass spectrometer (ThermoElec®8an Jose, CA). NAC-BQ was the

dominant product (269 m/z).

2.2.4. NAC-BQ modification on cytochromec

Horse heart cytochrome (1 mg) was dissolved into buffers (1 mL) at pH50 (
mM ammonium bicarbonate, 50 mM ammonium acetate)7 @100 mM ammonium
bicarbonate), and pH 8 (100 mM ammonium bicarbgna#liquots were taken from
each cytochrome solution prior to NAC-BQ addition for use as cahtsamples. NAC-
BQ was dissolved in deionized distilled water ahg§/mL. Each cytochrome solution
was reacted with NAC-BQ at a 1:10 molar ratio aimotemperature for 30 min. The
mixture was filtered once through a Millipore Mican 10,000 Da molecular weight cut
off centrifugal filter for 1 h at 5,00@ to remove excess NAC-BQ. The control and
treated samples were spotted on the MALDI targetl whole protein spectra were
acquired. The samples were then digested for Ghsgquencing grade trypsin at a 1:50
(w/w) ratio at 37 C in the dark. The digested s&scontrol and treated) were analyzed

by LC-MSMS.
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2.2.5. MALDI-TOF

Prior to MALDI-MS analysis, samples were desaltsthg a Gg 0.6 mL ZipTip
(Millipore, Bedford, MA), with 0.1% formic acid iwater as the equilibration buffer and
1% formic acid in 50% acetonitrile/water as the tielu buffer, following the
manufacturer's protocol. MALDI-TOF spectra wereqaiced on a Voyager DE-STR
instrument with a 2-meter flight path in the pogtiion mode. The instrument was
equipped with a nitrogen laser operating at 337 r8tandard method parameters were
used with 200 ns delay time. The solutions wertutell 1:1 in -cyano-4-
hydroxycinnamic acid, and 1 pL was drop-dried darget plate. Whole protein spectra
were acquired in linear mode over the mass rar@@01; 100,000 Da, where the spectra

were sequentially stacked.

2.2.6. LC-MSMS

Cytochromec was digested as above and peptides were sepatatetcrobore
HPLC (Magic 2002, Michrom BioResources, Auburn, @h)a freshly packed 0.5 x 50
mm MAGIC MS Gg column (5 pum, 200 A pore size) using a mobile phas$
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 0@ min at a flow rate of 5 nL/min.
The HPLC was coupled on-line with an electrospmy-itrap mass spectrometer
(Finnigan-MAT LCQ Classic, Finnigan, San Jose, C#gt to a positive mode spray

voltage of 3.5 kV and capillary temperature of 200 Maximum injection time was 50
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msec for full scan and 200 msec for 5 MSMS microscaDependent data setting was
performed with a default charge of 2, an isolatdth of 2 amu, activation amplitude of
35%, activation time of 30 msec, and a minimal aigof 50,000 ion counts. Global
dependent data settings were as follows: rejece madth of 1 amu, dynamic exclusion
enabled, exclusion mass width of 3 amu, repeattoolud, repeat duration of 1 min, and
exclusion duration of 1 min. Scan event seriefuged one full scan with mass range
400 — 2000 Da, followed by one dependent MSMS sdahe most intense ion. Mass
spectrometer scan functions and HPLC solvent gnéslieere controlled by the Xcalibur

data system (ThermoFinnigan, San Jose, CA).

2.2.7. ldentification and confirmation of modifiedtryptic peptides

The protein sequence of cytochrome&€YC_HORSE P00004, was obtained from
the NCBI database (www.ncbi.nim.nih.gov). Peptidguences were identified using the
open-source search engine X!Tandem, which corseldte MSMS spectra with amino
acid sequences in a user-specified NCBI databaseg(€t al. 2003; Craig et al. 2004).
P-Mod software was used to confirm the X!Tandenadeicluding the identification of
spectra displaying characteristics of BQ or NAC-B@uctions. P-Mod is an algorithm
that screens data files for MSMS spectra correspgnim peptide sequences in a search
list. Modification of the primary peptide sequerstefts the peptide mass, which may be
experimentally observed as a difference betweenntbasured mass of the modified
peptide precursor ion (adjusted for charge statd)the predicted mass of the unmodified

peptide. The mass shift also will be observedhe m/z values of fragment ions
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containing the modified amino acid. Scores witlvaRies greater than 0.01 were
discarded as false positives (Hansen et al. 200%)n CID of the peptides, b- and y-ion
fragments are generated: the b-ion series repestedivage of the peptide bond and
correspond to the N-terminus, and y-ions resulnfdeavage of the amide bonds and
contain the C-terminus (Standing 2003). Manuaidadion of MSMS spectra was then
used to confirm peptide sequence and adduct maasdn. Peptides identified as being
adducted by both X!Tandem and P-Mod were then nibnualidated using the
programs lonGen (trademark to SSL, The UniversityAozona). lonGen generates
theoretical b- and y-ions for user-specified peggidontaining an adduct. This program
facilitates faster, more accurate validation ofwadddd peptides. Only adducted peptides

identified from X!Tandem, P-Mod, and manual validatwith lonGen were used.

2.2.8. Molecular modeling

The X-ray crystal structure coordinates for theskocrytochromec from the
Protein Data Bank data entry (1IHRC) were used s&ming model to build BQ- and
NACBQ-adducted cytochrome(Bushnell et al. 1990). Molecular modeling studiese
carried out using the Biopolymer module of Insigi2000 modeling software (Accelrys,
Inc). BQ cyclized diquinone and NAC-BQ were bothltbfrom the fragment library and
each adduct was formed on the appropriate residlifse protein. The charges were
assigned using extensible systematic force fiel@dHE) parameters (Discover_3 ESFF
(extensible systematic force field)). The modifsgtuctures were then subjected to 1,000

steps of minimization using Discover 3.0. The ctempstructure was then soaked with
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10 A layer of TIP3P water molecules (Jorgensenl.et383). This assembly was then
subjected to 40 picoseconds equilibration and 1i60spconds of dynamic simulations.
Trajectories were collected at every 0.1 picosesondrhe lowest potential energy
structure was selected and then minimized usin@Bgdeps of minimization. The final
minimized structure was then used for analysis. NA&€-BQ-adducted cytochrome

structures were viewed and manipulated using ti@yfreeware (DelLano Scientific,

LLC) available at http://pymol.sourceforge.net The lowest potential energy
conformation of the NAC-BQ-adducted cytochromeonstructed using Insight Il, were
then placed in the PyMOL software program. Spagakragement of critical residues
within cytochromec as a consequence of NAC-BQ adduction was assbgsgderlaying

the adducted models with a native model of cytoatao.

2.2.9. Circular dichroism spectroscopy

Circular dichroism measurements of native cytocleon) BQ-adducted
cytochromec, and NAC-BQ-adducted cytochrornevere taken at 20 uM on a Jasco-810
spectropolarimeter (Jasco, Easton, MD) in 100 pis-HCI at pH 7.5 using a quartz cell
of 1.0 mm optical path length over a wavelengttgeaof 180-260 nm. Each CD signal
is the average of three scans at room temperaiitire.CD spectra are baseline-corrected

and the signal contributions due to the buffer vseratracted.
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2.2.10. Cell culture and preparation of cell lysas
The human monocytic THP.1 tumor cell line was namgd at 37C in RPMI

1640 media supplemented with 10% heat-inactivatethl fcalf serum, 100 U/ml
penicillin, and 100 mg/mL streptomycin, in an atpiosre of 5% C@95% air. THP.1
cells were resuspended in lysis buffer containi@grivi PIPES/KOH (pH 6.5), 150 mM
KCIl, 2 mM EDTA, 0.1% (w/v) CHAPS, 5 mM dithiothreit 20 mg/mL leupeptin, 10
mg/ml pepstatin A, 10 mg/mL aprotinin and 2 mM pylerethylsulfonyl fluoride. The
cells were frozen in liquid nitrogen and thawecdethtimes to ensure complete lysis and
then centrifuged (45 min,°€) at 20,000y and 100,00Q in order to obtain cytosolic
lysates. The protein concentration of the lysatas determined by the Bradford assay

(Bio Rad Laboratories, Hercules, CA).

2.2.11. Inhibition of apoptosome function by BQ-radified cytochromec

In vitro activation of the Apaf-1 apoptosome was initiabgdincubating human
monocytic THP.1 lysates (10 mg/mL protein concedrrg for 30 min at 37C with 2
mM dATP, 2 mM MgC}, and various concentrations of BQ-adducted cytmulerc or
native cytochrome (2 — 40 uM). The ability of adducted and unadddatytochrome
to initiate formation of the Apaf-1 apoptosome a®djuential activation of caspases-9
and -3 in human monocytic THP.1 tumor cell lysatswassessed by measuring caspase-
3 DEVDase activity. Because the apoptosome recant activates caspases-9 and -3,
the indirect activation of the complex was deteddydmeasuring caspase-3 DEVDase

activity (Bratton et al. 2001b). Caspase-3 agtiwas measured as the ability to cleave
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the fluorophore 7-amino-4-methylcoumarin (AMC) frdire caspase-3 target sequence,
N-acetyl-aspartate-glutamate-valine-aspartate-AMME\(D-AMC) as previously
described (Cain et al. 2000). Liberation of AMGCorfr DEVD was monitored
continuously using 380 nm excitation and 460 nmssian. Lysates were assayed for
DEVDase activity in caspase assay buffer (0.1% CSAR mM dithiothreitol, 100 mM
HEPES, and 10% sucrose, pH 7.0). The reactionimi#sted with 20 uM DEVD-AMC
and the reaction was followed for 2 — 4 min. THeMDase activity was calculated and
expressed as pmol/mg of protein/miHis-tagged caspase-9 was expresseé.ooli
BL21(DES3)-pLysS and his-tagged Apaf-1XL and proessp3 were expressed using a
baculovirus-mediated insect cell (Hi-Five) expreassystem. Caspase-9, caspase-3 and
Apaf-1XL were purified by Ni-NTA (Qiagen) affinitycolumn, followed by MonoQ
anion-exchange chromatography. Caspase-9 (200amd)Apaf-1XL (200 nM) were
incubated with either cytochroneor BQ-adducted cytochrone(10 uM), along with
dATP (10 uM) and DEVD-AMC for 5 min at room temptna in 20 pL of caspase
assay buffer. The reaction was initiated by adgirggaspase-3 (500 nM) and the release
of AMC was measured using a Viclgolate reader (Perkin-Elmer). For gel filtration
assays, Apaf-1XL oligomerization was induced uswither cytochromec or BQ-
adducted cytochrome (10 pM) along with dATP (10 pM) for 20 min at room
temperature in a final reaction volume of 200 (iLhe reaction sample was then loaded
onto a Superose 6 10/300 GL column (GE Healthcare}equilibrated with buffer (20
mM Hepes, 50 mM NaCl, 1 mM DTT pH 7.5) at 4°C. da@ns (500 uL) were collected

and further analyzed by immunoblotting with a ralgalyclonal Apaf-1XL antibody.
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2.3. Results
2.3.1. Predicted protein conformational changes assiated with 1,4-BQ
modification

BQ may induce conformational changes in cytochromepossibly altering
residues involved in Apaf-1 binding, and thus intiily apoptosome formation. Previous
site-directed mutagenesis studies revealed thatleg@mec forms complexes with Apaf-
1 via an annulus of lysine residues of) K*, K*, ®ETLM®, and K% Because the LC-
MSMS analysis indicated that BQ forms a cyclizequiione adduct on specific lysine
residues (Person et al. 2003), the BQ structure ak to mimic this binding to
cytochromec. The cyclized diquinone adduct is the formatioroné BQ molecule on a
lysine residue and the formation of a second BQemdé on an adjacent lysine residue.
These two BQ molecules adjoin to form one adduth wimass of 196-Da (Person et al.
2003). With the cyclized BQ addition to?KK?" of cytochromec, the protein
conformation changes to accommodate this modiboatthanging the bond distance of
the lysine residues 25-27 from 5.26 A in the natemformation to 9.27 A with the
addition of cyclized BQKigure 2.2. The residues in cytochroneethat interact with
Apaf-1 are highlighted in this model, and followingclic BQ adduction to ®-K?’, the

specific residues involved in interaction with Agaéxhibit spatial rearrangement.
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Figure 2.2. Structural modification of cytochromec as a result of BQ adduction.

MSMS data showed a 194-Da BQ adduct 6r#?’ of cytochromec. The model was
derived from the coordinates of the protein strieetof PDB entry 1HRC, and the
software program Insight Il was used to build tddwcted protein. Following adduction
with the BQ molecule, the bond distance betweén atd K’ has corrected for the
addition. Native cytochrome has a K>K?’ bond distance of 5.26 A (left) and BQ-
adducted cytochrome has a K>-K?’ bond distance of 9.22 A (right). Several of the
residues involved in the Apaf-1:cytochroménteraction are impacted by the adduction
to K*-K%, and are highlighted in green.
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2.3.2. NAC-BQ adduction to cytochromes at pH 6, 7 and 8

In order to determine the mechanism by which NAC-B@diates chemically-
induced PTMs, cytochromewas adducted by NAC-BQ at a 1:10 molar ratio atepH,
and 8. Following the adduction, MALDI spectra weai&en of the control and treated
whole proteins at pH 6, 7, and 8 (Person et al5p00’he control spectra of cytochrome
c showed a peak at 12360 m/z, which correspondsetoniass of the native protein. No
additional peaks were present in each of the cbstimples (data not shown). The
MALDI spectrum of cytochrome adducted by NAC-BQ at pH 6 shows the native
cytochromec at 12360 m/z, and several additional peaks coorefipg to the addition of
NAC-BQ to the protein. NAC-BQ will modify the prin with a mass addition of 268
Da, and the peaks, 12628, 12897, and 13168 m/espwnd to one, two or three NAC-
BQ additions, respectively, on cytochrorneat pH 6 (Figure 2.3A). At pH 7, the
MALDI spectrum of cytochrome adducted by NAC-BQ shows a similar pattern of
multiple 268-Da additions of NAC-BQ on the proteas seen at pH 6. However, this
sample also shows several additions of 105 Da, lwlscindicative of post-adduction
thioether loss and apparent BQ addition (106 Dagyaochromec. The peak at 12465
m/z corresponds to a 105-Da mass addition anddhk pt 12732 m/z corresponds to a
mass addition of 105 Da plus 268 [Oaigure 2.3B. The MALDI spectrum of
cytochromec modified by NAC-BQ at pH 8 identifies the most adant modification as

the mass addition of 105 Dgigure 2.30).
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Figure 2.3. MALDI-TOF whole protein spectra for cytochrome c reacted with
NAC-BQ.

(A) Cytochromec was incubated in a buffered pH 6 ammonium aceabeg/onium
bicarbonate solution and then reacted with a 1:bnratio of NAC-BQ. The resulting
MALDI spectrum shows several additions of 268 Daytochromec, corresponding to
one addition at 12628 m/z, two additions at 12897, mnd three additions at 13168 m/z.
(B) Cytochomec was incubated in a buffered pH 7 ammonium bicaab®isolution and
reacted with a 1:10 molar ratio of NAC-BQ. MALDhalysis reveals both 268 Da and
105 Da additions to cytochrome Peaks 12628 m/z, 12897 m/z, and 13168 m/z
correspond to one, two and three 268-Da mass adsdjtirespectively. The peak at
12465 m/z corresponds to one addition of 105 Dd,the peak at 12732 m/z corresponds
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to one addition of 268 Da and one addition of 1@ C) Cytochrome was incubated
in a buffered pH 8 ammonium bicarbonate solutioth macted with a 1:10 molar ratio of
NAC-BQ. These data revealed additions of 105 Da 268 Da; however, the peaks
corresponding to the 268 Da additions are low innalance in comparison to their
counterparts at pH 6 and 7. Additionally, the MALBnalysis shows the most
predominant peak to be native cytochroopevhich may also be a result of NAC-BQ
instability at pH 8. The insets in (A), (B), an@)(are magnified regions of each
spectrum.
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These samples were then subjected to tryptic digest LC-MSMS analysis to
characterize the NAC-BQ adduct formation on cytoomec. Peptide sequences were
identified using X! Tandem database searching Wdld by P-Mod analysis and manual
validation. Following the reaction at pH 6 (astesthin Materials and Methods), six
peptides were identified as having an addition 68 Da {Table 2.1). The 268-Da
addition was found on either lysine or glutamicda@sidues within these peptides. The
peptide *EETLMEYLENPKK™ was one of the tryptic peptides with the 268-Da
addition; for this peptide, the addition was idéet on K’2. The modification is isolated
to the C-terminal portion of the peptide (aminodacy1-73); however, the modification
most likely resides on ¥ because adduction atkwould prevent tryptic cleavage at
this site, thus «creating a larger peptide. Addaibn the peptide
KTGQAPGFTYTDANK®® had the 268-Da additon on *k  The peptide
“EDLIAYLKK *° had the 268-Da addition on’¥E(Figure 2.4A). The glutamic acid
residue is a novel site of adduction and is spetifithe pH 6 reaction. The b-ion series
of this peptide shows a mass shift at several b-that indicate ¥ as the site of 268-Da
addition. The y-ion series of this peptide indecab mass shift at the C-terminal portion;
thus, the modification is not located on the lysiasidues, but instead on the glutamic
acid residue. Interestingly, the peptitfEETLMEYLENPKK"® was again identified;
however, the 268-Da addition was found dii. EThe b-ion and y-ion series isolate the
modification to EB' or E* (Figure 2.4B). Although manual validation specifies that the
modification could occur on either®Eor E°%, XITandem and P-Mod both found the

modification on E% In this case, the low pKa of this protein regiomst likely
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facilitates the stability of the 268-Da adduct. eTglutamic acid residue is able to adduct
NAC-BQ via two possible mechanisms. One possybibt through carboxylate anion
formation and stabilization at pH 6, which alloves Michael addition of the-carbon to
the ring of the BQKigure 2.5A). An additional mechanism of NAC-BQ adduction is
through deprotonation of thehydrogen, followed by resonance structure fornmatad
stabilization at pH 6 via protonation of the backéa@arbonyl. The-carbon is then able
to adduct the BQ ring of NAC-BQ via Michael additiqFigure 2.5B). Additional
experiments have been performed to further confine glutamic acid adduction by
quinol-thioether metabolites of BQ. Malonic acithich is structurally similar to
glutamic acid, was incubated with NAC-BQ at pH 6ard 8. MS analysis showed that
malonic acid was adducted by NAC-BQ via similarroistry at pH 6 and 7, but not at
pH 8 (data not shown).

The reaction of NAC-BQ with cytochrome at pH 7 revealed nine modified
peptides Table 2.1). The MALDI spectrum for this reaction showed #idds of 105 Da
and 268 Da to the protein, and the LC-MSMS datdicuord this observation. Three of
the modified peptides had a mass addition of 268irD#he reaction at pH 7. The
peptides *KTGQAPGFTYTDANK®® and *°*GITWKEETLMEYLENPKK" had mass
additions of 268 Da on R and K? respectively. The y-ion series for the peptide
*’GITWKEETLMEYLENPKK " clearly indicates the modification to be isolated
residues 71-73, with # as the likely candidate because of its reactivitpomparison to
the proline residue, and because this lysine wassedi by tryptic cleavagd-igure

2.6A). Six of the nine modified peptides containedasmaddition of 105 Da. The 105-
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Da addition was detected on slightly different o of the protein than that of the 268-
Da addition, where the 105-Da adduct occurred mastl lysine residues adjacent to
another lysine residue, either as a direct neigbbseparated by one amino acid (KK or
KXK). Because of this motif, and because the 1@baddition is indicative of the BQ
structure, this may indicate that the 105-Da modtfon can form an adduct linking two
neighboring lysine residues, or can form an adduacfust a single lysine residue. These
observations may indicate that following NAC-BQ diimg, stretches of amino acid
residues with a high pKa lead to instability of tdducted NAC-BQ, resulting in post-
adduction chemistry, which yields the 105-Da adduthe LC-MSMS spectrum of the
peptide®’MIFAGIKKK 28 shows the 105-Da addition is located on the C-rehportion

of the peptide (residues 86-8&jidure 2.6B). The y-ion series of this peptide indicate a
mass shift of 105 Da beginning withh ynd continuing until y and the b-ion series
shows a crucial mass shift ag. b Because this 105-Da addition could link two
neighboring lysine residues,®kKk®' is the likely position of binding, becausé&®kvas
recognized as a cleavage site; thus, no modificatiould likely form at this site.
Furthermore, this addition is able to form on agknlysine residue. The peptide
PKTGQAPGFTYTDANKNK® had an addition of 105 Da on®kK*> however, the
addition is most likely isolated on° because addition to°Rwould prevent tryptic
cleavage at this site (spectrum not shown). Tliduet location illustrates 105-Da
addition to a single residue. Additionally, thigdact position of R is unique to the
105-Da additions, as no 268-Da additions have lobserved at this residue. NAC-BQ

thioether bond cleavage following adduction &f I§ most likely a result of the adjacent



68

K®°, which attributes to an increase in the surrouggiiia. However, R is not spatially
oriented to form an adjacent linkage to the HQ angd a single 105-Da adduct forms.
Following the reaction of cytochrome and NAC-BQ at pH 8, five tryptic
peptides were identified with mass additions of 1D& (Table 2.1). The peptide
sequences and the site-specificity of the 105-Dfitiad following the reaction at pH 8
match those peptides with 105-Da additions foundraf7. The b-ion series in the LC-
MSMS spectrum of the peptid@GGKHKTGPNLHGLFGR® indicate that the 105-Da
addition is located on the C-terminal portion oé theptide, and the reactivity of the
lysine residues within this portion indicate thhe tadduct is most likely on %RK?’
(Figure 2.7). No peptides were identified containing the Z&8-addition following the

reaction at pH 8.



Table 2.1. Tryptic peptides found following the pHdependent reaction of
cytochromec with NAC-BQ.

69
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Figure 2.4. MSMS spectra of cytochrome tryptic peptides modified by NAC-BQ
at pH 6.

Raw data from LCQ Classic were analyzed using XtEam and P-Mod. The resulting
adducts were confirmed using manual validation. ) (he cytochromec peptide
“EDLIAYLKK *®° was adducted by NAC-BQ, where the 268-Da modificatwas
located on B%. (B) The cytochrome peptide®’EETLMEYLENPKK" had the 268-Da
modification on E.
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Figure 2.5. NAC-BQ 268-Da adduction on glutamic ad residues at pH 6.

(A) The glutamic acid forms an enolate anion whtre electron density is shared
between both oxygen atoms and is then protonatpHi & to a more stable species. The
gcarbon is then capable of adducting the BQ ring Wilichael addition. (B)
Deprotonation of the -hydrogen of the glutamic acid residue allows fesanance
structure formation, which is stabilized at pH6 pr@tonation of the backbone carbonyl.
The -carbon is then able to adduct the BQ ring of NAQ-BBrough Michael addition.
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Figure 2.6. MSMS spectra of the NAC-BQ modified dgpchrome c tryptic peptides
at pH 7.

The MSMS raw data were analyzed by X!Tandem anddé;Mollowed by manual
validation. (A) The peptidé®GITWKEETLMEYLENPKK"® was identified with a 268-
Da adduct on K. (B) The peptid&°MIFAGIKKK %8 had a 105-Da adduct orPKK®'.



Figure 2.7. MSMS spectrum of cytochrome& modified tryptic peptide at pH 8.

The peptidé°*GGKHKTGPNLHGLFGR® had a 105-Da adduct orf KK?'.

73
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2.3.3. Predicted protein conformational changes aseciated with NAC-BQ
modification

LC-MSMS data followed by software analysis and nanealidation indicated
that several residues within cytochromare modified following the reaction of NAC-
BQ with cytochromec. Like BQ, NAC-BQ may also inhibit apoptosome fatmon via
inducing conformational changes in critical resslilevolved in cytochrome: Apaf-1
binding. The 268-Da NAC-BQ modification was added® (Figure 2.8), based upon
the results of the reaction of NAC-BQ and cytocheamat pH 6. The reaction at pH 7
also indicated formation of a 268-Da addition tG Knd a 105-Da addition to®kK®, so
these models were also constructeidjire 2.9A and 2.9Brespectively). The results of
the reaction at pH 8 indicated formation of a 106-&dition to K>-K?’ and a stable
model of this modification was also constructddg(re 2.10. Subsequent energy
minimizations and dynamics were performed and ffexieof the NAC-BQ modification
could be assessed through conformational rearrasgemf certain residues within
cytochromec. In the case of ®-K?” and K°-K®', a cyclic BQ species is added, which
links both residues at opposite sides of the BQ sinucture. Again, the critical residues
involved in binding Apaf-1 are highlighted to vieany additional conformational

changes in these residues following NAC-BQ addition
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Figure 2.8. Molecular model of cytochrome following covalent adduction by
NAC-BQ on E®2.

MSMS data provided results showing the NAC-BQ 2&8-d2lduct was located orf’E
following reaction at pH 6. The model was createsing Insight 1. Following
molecular dynamics and energy minimizations, tiveelst potential energy structure was
placed in PyMOL. The modified protein (yellow mses) is overlaid with the native
protein (blue residues) to observe spatial reasaremt of critical residues involved in
cytochromec function. Residues highlighted in the modifiedd amative proteins are
those crucial for cytochromebinding to Apaf-1.



76

Figure 2.9. Molecular model of cytochrome following adduction on K'? and K®-
K®.

The model was built using Insight Il. The lowesttgntial energy structure was then
placed in PyMOL for manipulation and assessmembaformational changes associated
with adduction. Results of MSMS analysis of cytmchec reacted with NAC-BQ at pH

7 indicated (A) K72 to be adducted by a 268-Da NBQ-addition and (B) R-K®' to be
adducted by a 105 Da NAC-BQ addition. ®®kand K" are both bound to opposite
carbons on the benzoquinone ring linking these tesdues to the compound. The
native protein (blue residues) is overlaid with #ulglucted protein (yellow residues).
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Figure 2.10. Mztglecztglar model of cytochrome c follwing NAC-BQ adduction on
K*>-K“".

This structure was built using Insight Il and basgdn the MSMS data indicating 105-
Da adduct formation at K’ following reaction at pH 8. Conformational chasge
associated with cytochromeefollowing 105-Da adduction to R-K?” can be assessed by
overlap of the native structure (blue residueshliat of the adducted structure (yellow
residues). Because the MSMS data indicate the chdawst likely binds the two
neighboring residues, the model was built to depist scenario.
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2.3.4. Circular dichroism spectroscopy following gtochrome ¢ modification with
BQ and NAC-BQ

Following the reaction of cytochronewith BQ and NAC-BQ (Materials and
Methods), far-UV spectroscopy was used to estaliséther the secondary structure of
BQ-adducted cytochrome and NAC-BQ-adducted cytochrone were significantly
different from that of native cytochrone(Figure 2.11). Molecular modeling of the
modified and native cytochrome predicted structural changes associated with the
modifications, and further structural data was seaey to support the results of the
modeling studies. Functional studies measuringasss activity following cytochrome
modification with BQ have also indicated that theldgical function of this protein is
altered upon BQ modification (see below). Consatlyewe determined whether the
secondary structure of the protein remained intimttowing BQ and NAC-BQ
modifications. CD spectra were measured to detexmihether the BQ and/or NAC-BQ
modifications induced sufficient conformational nlgas to result in significant mis-
folding of the protein secondary structure, whiclgimh be responsible for the inhibition
of protein function. The CD spectra of BQ- and NBQ-adducted cytochroneappear
similar to that of the native spectrum with no siigant visible band shifts between the
spectra. To further investigate the structural gesnassociated with this chemical
adduction on cytochrome intrinsic fluorescence measurements were condugseng
the samples prepared for CD analysis; however tiverpity of the tryptophan residue to
the heme in cytochrome likely resulted in quenching of the tryptophanoflescence

(data not shown). Therefore, the CD results indithat the BQ- and NAC-BQ-induced



79

PTMs likely create subtle structural rearrangemeftsritical residues involved in the
normal functioning of the protein, and with spati@arrangement of these critical
residues, the biological activity of cytochromes altered. The samples used for CD
analysis were analyzed via MALDI-TOF analysis ts@e modifications of cytochrome

c by BQ and NAC-BQ.
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Figure 2.11. Far UV circular dichroism of BQ- andNAC-BQ-adducted cytochrome
C.

The CD spectra of the BQ-adducted cytochramnigreen triangles) and the NAC-BQ-
adducted cytochrome (blue circles) are shown with the native cytochearstructure
(red squares).
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2.3.5. 1,4-Benzoquinone adduction to cytochronteinhibits formation of the Apaf-1
apoptosome and activation of caspases-9 and -3

Next, we examined the ability of native and BQ-axtdd cytochrome to initiate
formation of the Apaf-1 apoptosome and sequenttl/ation of caspases-9 and -3 in
naive human monocytic THP.1 tumor cell lysates amdan entirely reconstituted
apoptosome model. The addition of native cytocleamo THP.1 lysates led to a
concentration-dependent increase in caspase-3 D& Dactivity, implying that
cytochromec had induced formation of the Apafdaspase-9 apoptosome, which in turn
activated procaspase-3 (DEVDase activity). By @stt no significant increase in
DEVDase activity was observed in lysates incubatéti BQ-adducted cytochrome
(Figure 2.12A). To confirm that BQ-adducted cytochroroecould not activate the
apoptosome, we reconstituted the complex with rddoamt Apaf-1, procaspase-9,
procaspase-3, and either native or BQ-adductedclsammec. As expected, native
cytochromec induced oligomerization of Apaf-1 and consequeattjivated caspases-9
and -3, resulting in caspase-3 DEVDase activitpwelver, adducted cytochromdailed
to induce Apaf-1 oligomerization and consquentlifeth to activate caspasebidure

2.12B-0.
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Figure 2.12. Adduction of cytochromec with BQ inhibits formation of the Apaf-1
apoptosome and prevents caspase activation.

(A) THP-1 lysates were activated with dATP in tlpesence of increasing
concentrations of cytochromeor BQ-adducted cytochrome Apoptosome-mediated
activation of procaspase-3 was measured using dbpase-3 substrate, DEVD-AMC.
(B-C) Native and BQ-adducted cytochromwere examined for their abilities to induce
oligomerization of recombinant Apaf-l into an apgmme complex, capable of
activating procaspases-9 and -3.
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2.4. Discussion

Cytochromec has been utilized as a model protein to charaetechemical-
induced PTMs on the protein resulting from reactisith BQ and NAC-BQ.
Additionally, because intact cytochroraés critical for the normal function of the stress-
induced apoptosis pathway, site-specific modifaratof residues within this protein
could disrupt essential protein-protein interactioaquired for the initiation of cell death.
Moreover, the MS data were analyzed to determinethér reactive electrophiles
preferentially target specific amino acids basedhenorientation of the amino acids and
on the chemical and physical properties of the esuhexposed residues within the
protein. Identification of potential preferentiblnding characteristics may facilitate
selective adduction on certain amino acid residbasged upon specific EBMs within
proteins. Potential quinone EBMs have previoudgrbidentified as containing runs of
lysine residues in a specific orientation, gengradtluding two lysine residues flanking
a nucleophilic amino acid (KXK), or two lysine rdaes preceded or followed by a
nucleophilic amino acid (XKK or KKX). Proteins c@amning these EBMs may be
predisposed to BQ and NAC-BQ-mediated modificatideading to alterations in
structural and possibly functional characteristi8ge-directed mutagenesis studies have
revealed that cytochrome forms complexes with Apaf-1 through specific iateton
with residues K K?°, K*° “ETLM® and K? (Yu et al. 2001). Selective binding of BQ
and/or NAC-BQ to any of these cytochrongeresidues may possibly disrupt the
cytochromec:Apaf-1 interaction. Modification of one of thesesidues involved in

cytochrome c:Apaf-1 interactions decreases caspase-3 activafian et al. 2001).
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However, modification of multiple residues involvedthis interaction, or a change in
spatial orientation of these critical residues asesult of binding elsewhere on the
protein, has an additive effect on the decreasaspase-3 activation, and thus the ability
of cytochromec to initiate the apoptosis pathway (Shi 2002; Bratt al. 2001a; Bratton
et al. 2001b). Interestingly, several of the reacelectrophile-induced PTMs we have
identified are located on 'KK®, K*°, E%, and K2 Because these residues are crucial
contributors to protein-protein interactions, thaiodification by BQ or any of its quinol-
thioether metabolites, may cause a significant ebs® in cytochrome binding and
caspase-3 activity. Additionally, modificationthese sites by BQ, or any of its quinol-
thioether metabolites, may contribute to inhibitiehApaf-1 oligomerization necessary
for apoptosome formation (Figure 2.12).

The pH dependence of the reaction of cytochramwith quinol-thioether
metabolites of BQ was investigated to determinetidrepH influences the nature and/or
selectivity of protein modification. MALDI-TOF andC-MSMS analysis revealed that
these NAC-BQ adducts do form in a pH-dependent marom solvent-exposed
cytochromec residues. This analysis has revealed that foigWMAC-BQ reaction with
cytochromec, 268-Da adducts are found at pH 6 and 7, but 1@%dducts are found at
pH 7 and 8 (Figure 2.3). The observed pH-deperalentikely due to the instability of
the protein-adducted NAC-BQ at increasing pH, whbeefinal 105-Da addition occurs
as a result of post-adduction chemistry following@BQ binding at these residues.
Thus, elimination of the NAC moiety from the BQ gigives rise to the 105-Da adduct

observed at increasing pH. The post-adduction @tgnthat occurs to give the 105-Da
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adduct is observed mostly on amino acids that areosnded by regions with a high
pKa, whereas the 268-Da adducts are observed ieiproegions with a lower pKa.
These regions of low pKa appear to stabilize th@R6& adduct, preventing elimination
of the NAC moiety. In addition to the lysine rases that have been shown to be targets
of these electrophilic compounds, we have idemtifigutamic acid as a novel residue
modified by NAC-BQ at pH 6 (Figure 2.4). Only gimtic acid residues that are
surrounded by regions of low pKa are sites of tG8-Ra adduction, further signifying
the importance of pKa in quinol thioether adduatnfation and the associated post-
adduction chemistry. Additionally, this novel adtlan site further characterizes protein
targets of quinone compounds and helps elucidaie rfrechanisms of binding.

Protein modeling of BQ and NAC-BQ modification orytachrome c was
conducted to predict structural changes in thegmmotonformation following covalent
modification by these compounds. Modeling BQ aCNBQ adduction to cytochrome
c on critical lysine (Figure 2.2) and glutamic ackigure 2.8) residues revealed a change
in the orientation of these residues in order tecoaumodate the quinone adducts
(postulated structures of these chemical adduatsfaund in Figure 2.13. This
structural adjustment induced subsequent changtseispatial orientation of additional
residues within cytochrome particularly those residues which facilitate tygochrome
c:Apaf-1 protein-protein interactions. The obsergddictural rearrangement following
adduction by these quinone compounds suggests ossibfe mechanism for the
inhibition of the cytochromec interaction with Apaf-1, resulting in inhibitionfo

cytochromec-initiated caspase activation. Alternatively, st possible that BQ and its
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quinol-thioether metabolites induce global changescytochrome c conformation
sufficient to produce a loss in protein functionn this case, the more subtle local
conformational changes affecting only the spatrardation of specific residues would
likely be overwhelmed by the consequences of glalbelnges in protein structure.
However, CD analysis of the BQ- and NAC-BQ-modif®dochromec revealed that the
secondary structure of the protein remains esdniistact following modification
(Figure 2.11). These data suggest that reactearephile-induced PTMs cause a loss of
protein function in the absence of gross alterationprotein structure. Thus, the spatial
rearrangement of the affected residues following gminone adduction on cytochroroe
are sufficient to inhibit cytochrome protein-protein interactions, and a loss of protei
function.

Adduction to any site on cytochrome that is involved in protein-protein
interactions may be sufficient to produce a lospratein function independent of any
structural changes. Recent literature has demdedtthat negatively charged nucleotides
bind to cytochrome likely through electrostatic interactions, andtttieese nucleotides
interfere with cytochrome-initiated caspase activation (Chandra et al. 2@¥mnali et
al. 2007). The authors suggest that the nucleptidéeract at the same sites on
cytochromec necessary for Apaf-1 binding, and are therefoite &binhibit cytochrome
c-initiated caspase activation by preventing profmioiein interactions without
associated structural rearrangements. Becaudeawe shown that BQ and its quinol-

thioether metabolites bind to many of the sames sitecytochrome known to be crucial
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for Apaf-1 interaction, the simple masking of thggetein-protein interaction sites may
be sufficient to cause loss of function independadrny local conformational changes.

In summary, BQ and its quinol-thioether metabsli{fBlAC-BQ) are capable of
creating PTMs in cytochromethat alter protein structure. In addition, theéune of the
chemical adduct is dependent on the physiochenubakracteristics at the site of
adduction. Thus, post-adduction chemistry canlr@swearrangements that may render
assumptions about the proposed structure of chémuohaced PTMs invalid. However,
despite such difficulties, identification of EBMscognized by specific classes of reactive
electrophilic metabolites should assist in diregtithe search for chemical-induced
PTMs, and the consequences thereof. In this resp€cand NACBQ induced PTMs in
cytochromec produce changes in the structure of cytochraensafficient to inhibit its
ability to promote the processing of caspase-3hayapoptosome. The contribution of
chemical-induced PTMs to the toxicity associatethwhemical exposure remains to be
determined, but will likely involve multiple proteitargets. Assessing which, if any, of
these PTMs alter structure and function sufficieninfluence cell viability remains a

challenge.
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Figure 2.13. Postulated structures of chemical adatts on cytochromec.

Following reaction of cytochrome with BQ and NAC-BQ, several chemical adducts
have been identified with mass modifications of ID&, 268 Da, and 196 Da. Post
adduction chemistry following cytochronereaction with NAC-BQ results in 268-Da
and 105-Da adduct formation (Fisher et al. 200/9llowing cytochromee reaction with
BQ, 105-Da adduct formation is observed and podtsetibn chemistry results in 196-Da
adduct formation (Person et al. 2003).
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CHAPTER 3: STRUCTURAL AND FUNCTIONAL
CONSEQUENCES FOLLOWING FRACTIONATION OF QUINONE-
INDUCED PTMS ON CYTOCHROME C

3.1. Introduction

Proteins are known targets of chemical-induced-prasslational modifications.
Protein covalent binding of chemicals is closelgoasated with increases in tissue
toxicities and disease progression (Liebler 2008itdh et al. 2008; Price et al. 2007;
Cohen et al. 1997b). Exposure to electrophilicakeatics and/or their metabolites can
lead to protein adducts or oxidations, oxidativendge to lipids, altered metabolism of
endogenous compounds, and to changes in proteselular localization and cellular
signaling events (Wang et al. 2007; Go et al. 20Démozay et al. 2008). More
specifically, endogenously-derived electrophilea gaoduce a cellular stress response,
leading to the production of ROS and additionalageshous electrophiles, such as 4-
hydroxynonenal, all of which may modify proteinsdacause functional changes as a
direct consequence of protein adduct formation (@gmet al. 2007; Carbone et al.
2005b).

Quinones are among a large class of electrophiigokiotics with electron-
deficient, electrophilic carbon centers that reaith specific nucleophilic sites within
targeted proteins. Quinones are also capable ddxreycling, and consequently of
producing ROS and subsequent oxidative stress (iBa2f202; Bolton et al. 2000; Verrax
et al. 2005; Peters et al. 1997; Peters et al. ;]1B®8s 2000). Many of quinones are

found in the environment as natural products, amrdadso incorporated into nucleus of
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many drug molecules (Kamal et al. 2007; Sumi e28D7). BQ is an example of a
reactive quinone that is an environmental toxicaBQ is formed through oxidation of
benzene, an aromatic hydrocarbon produced fronbdineing of natural products, and is
an environmental pollutant. BQ is able to bind rocleophilic sites on proteins,
including cysteine thiols, lysine amines, histidimeidazoles, and protein N-terminal
amines, which have also been shown to be targetqnafy other reactive species,
including endogenous electrophiles (Person et@52Person et al. 2003; Koen et al.
2006; Poli et al. 2008).

In a recent publication from our laboratory, we diggtochromec as a model
protein to identify site-specific adductions, awddetermine the resulting structural and
functional consequences. Cytochromevas chosen as a model protein to study the
interaction of electrophilic toxicants and proteiasd to determine the impact of such
interactions on protein structure and function.td€iromec is a critical protein involved
in the apoptotic pathway, in which it participaiasthe formation of the multi-protein
apoptosome complex. Following release from mitochi@, cytochromec binds to
cytosolic Apaf-1, with subsequent recruitment amtivation of initiator caspase-9 and
effector caspase-3 and -7, thus forming the apoptes(Bratton et al. 2001a; Bratton et
al. 2001b). Apoptosome formation is one major wath necessary for induction of
apoptosis. Selective BQ adduction on certain tessicbf cytochrome produce changes
in the structure sufficient to inhibit its abilitg initiate caspae-3 activation, and its ability

to promote Apaf-1 oligomerization into an apoptosatomplex in a purely reconstituted
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system (Fisher et al. 2007). This provides evidetiat protein adduction by reactive
guinone toxicants can alter programmed cell deathtlus cellular regulation.

However, in these initial studies we were unableampletely suppress caspase-3
activity using BQ-adducted cytochrorne We speculated this was due to native protein
interference in the BQ-adducted cytochromgsample. Although we used an excess of
BQ to adduct the model protein vitro, mass spectral analysis indicated a mixture of
BQ-cytochromec adducts were formed with the most predominant ycbfdeing 2BQ-
adducted cytochrome in addition to a measureable amount of cytochromemaining
unadducted by BQ. As a result, structural and tional evaluations using this mixture
of unadducted and BQ-adducted cytochranwuld be masked by native cytochrome
interference. The BQ-adduction on cytochroonmay actually produce more dramatic
structural and functional changes associated wighddduction in the absence of native
protein interference. Therefore, we have sepattiiedarious adducted BQ-cytochrome
c species using a MicroRotofor system that enabtetbuseparate the species based on
isoelectric point (pl). Because the BQ adductslpnginantly form on lysine residues
within cytochromec, the pl of cytochromec decreases with increasing BQ adduct
formation. With increasing BQ adducts present gtochromec, the pl of the protein
will decrease. This has allowed us to separateBeadducted cytochrome into
multiple fractions, with each fraction containingffekrent BQ-adduction profiles on
cytochromec. This procedure has also allowed us to sepahnatenative cytochrome

from any BQ-adducted cytochrome
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Following separation into fractions, each BQ-cytachec fraction was analyzed
by MALDI-TOF and LC-MSMS to determine the individuBQ-adduction profile on
cytochromec of each fraction. These individual fractions westdsequently analyzed
for structural determination by CD and moleculard@long. Each fraction was also
individually assayed for caspase-3 activity, toed@ine the effect of the various BQ-
cytochrome ¢ adducts on apoptosome formation. We report th@t-aBducted
cytochrome ¢ shows a more rigid secondary structure in the rateseof native
cytochromec interference. Also, increasing BQ-adduct fornmation cytochromec
correlates with increased inhibition of apoptosofoenation measured by caspase-3
activity. By identifying the site-specific modiations that do indeed impact protein
structure of target proteins, we can then begitotoelate structural modification of these

target proteins to the associated changes in haabfyinction and cellular regulation.
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3.2. Materials and Methods
3.2.1. Chemicals
All chemicals and reagents were of the highesttpamd obtained from Sigma-

Aldrich (St. Louis, MO) unless otherwise indicated.

3.2.2. 1,4-Benzoquinone modification on cytochrone

Horse heart cytochrome was dissolved in 10 mM Tris-HCI, pH 7.5 at a
concentration of 1 mg/mL. BQ was dissolved in rmathl at 5 mg/mL. Cytochrome
was reacted with BQ at a molar ratio of 1:10 atmo@mperature for 30 min. The
mixture was extracted with 3 volumes of ethyl ateeta remove excess BQ. The control
and treated cytochrome samples were spotted onto the MALDI target, andleh

protein spectra were acquired.

3.2.3. Liquid isoelectric focusing for separatiorf BQ-adducted cytochromec
BQ-cytochromec (500 pg) in 100 pL of 10mM Tris-HCI was dilutedton2.75

mL of focusing solution (7 M urea, 2 M thiourea, m® DTT, 2% CHAPS and 6% Bio-
Lyte 8/10), which was then loaded into the focusshgmber. MES (6 mL, 0.25 M) was
added to the anode electrolyte chamber and 6 mMONROH was added to the cathode
electrolyte chamber. The MicroRotofor Liquid-Ph#SE Cell (Bio-Rad) was then run at
1 W constant until both the voltage and amps rehéhelateau (~ 1 hour). Fractions
were then removed from the focusing chamber andpthewvas determined for each

fraction. A portion of each fraction was subsedlyerprocessed using ZipTips
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(Millipore) and analyzed using MALDI-TOF. Theseadtions were then purified to
isolate the protein and adducts from the focusihgntber solution using acetone

precipitation.

3.2.4. MALDI-TOF

Prior to MALDI-MS analysis, samples were desaltsthg a Gg 0.6 mL ZipTip
(Millipore, Bedford, MA), with 0.1% formic acid iwater as the equilibration buffer and
1% formic acid in 50% acetonitrile as the elutiauffer, following the manufacturer’s
protocol. MALDI-TOF spectra were taken on an ApgdliBiosystems Voyager DE-STR
instrument, with a 2-meter flight path, in the po® ion mode. The instrument was
equipped with a nitrogen laser operating at 337 nAu.laser intensity of 1200 was
utilized with a delay time of 900 ns. The origifD-cytochromec mixture and the BQ-
cytochromec fractions following MicroRotofor separation werduted 1:1 in -cyano-4-
hydroxycinnamic acid, and 1 pL was drop-dried darget plate. Whole protein spectra

were acquired in linear mode over the mass rar@@840,000 Da.

3.2.5. Circular dichroism spectroscopy

Circular dichroism measurements of BQ-separatedctybmec fractions were
taken. Unadducted cytochronee(fraction 9 from MicroRotofor separation) and two
separate BQ-adducted cytochrornesamples (fractions 4 and 6 with different BQ
adduction profiles following MicroRotofor separatjowere taken at 3.2 UM on a Jasco-

810 spectropolarimeter (Jasco, Easton, MD) in 1@0Tjuis-HCI at pH 7.5 using a quartz



95

cell of 1.0 mm optical path length over a wavelénginge of 180-260 nm. Each CD
signal is the average of three scans at room teaahper The CD spectra are baseline-

corrected and the signal contributions due to tifeebwere subtracted.

3.2.6. Molecular modeling

The X-ray crystal structure coordinates for horgmahromec from the Protein
Data Bank data entry (1HRC) were used as a startingel to build various BQ-
adducted cytochrome models(Bushnell et al. 1990). Molecular modeling studiesre
carried out using the Biopolymer module of Insigi2000 modeling software (Accelrys,
Inc). BQ cyclized diquinone (196 Da) and the BQFDa) molecules were built from
the fragment library and the BQ-adducts were forroedhe appropriate residues of the
protein. These residues were determined by comdudtC-MSMS analysis of the
MicroRotofor-separated fractions of the BQ-adduatgtbchromec. The charges were
assigned using ESFF parameters (Discover_3 ESHen@kle systematic force field)).
The modified structure was then subjected to 1@8pssof minimization using Discover
3.0. The complex structure was then soaked with 1fyer of TIP3P water molecules
(Jorgensen et al. 1983). This assembly was thdijeced to 40 picoseconds
equilibration and 100 picoseconds of dynamic sitnute. Trajectories were collected at
every 0.1 picoseconds. The lowest potential enstgycture was selected and then
minimized using 3000 steps of minimization. Theafiminimized structure was then
used for analysis. The BQ-adducted cytochromestructures were viewed and

manipulated using the PyMOL freeware (DeLano SdientLC). The lowest potential
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energy conformation of the BQ-adducted cytochra@msonstructed using Insight Il, was
then placed in the PyMOL software program. Spagalrangement of critical residues
within cytochromec as a consequence of BQ adduction was assessedebdgying the

adducted model with a native model of cytochrame

3.2.7. Apoptosome formation

The protein sequence of cytochrome&€YC_HORSE P00004, was obtained from
the NCBI database (www.ncbi.nim.nih.gov). Peptidguences were identified using the
open-source search engine X!Tandem, which corseldte MSMS spectra with amino
acid sequences in a user-specified NCBI databaseg(€t al. 2003; Craig et al. 2004).
P-Mod software was used to confirm the X!Tandenadeicluding the identification of
spectra displaying characteristics of BQ or NAC-B@uctions. P-Mod is an algorithm
that screens data files for MSMS spectra correspgnim peptide sequences in a search
list. Modification of the primary peptide sequerstefts the peptide mass, which may be
experimentally observed as a difference betweenntbasured mass of the modified
peptide precursor ion (adjusted for charge statd)the predicted mass of the unmodified
peptide. The mass shift also will be observedhe m/z values of fragment ions
containing the modified amino acid. Scores witlvaRies greater than 0.01 were
discarded as false positives (Hansen et al. 2@0%)n CID of the peptides, b- and y-ion
fragments are generated: the b-ion series repestedvage of the peptide bond and
correspond to the N-terminus, and y-ions resulihfideavage of the amide bonds and

contain the C-terminus (Standing 2003). Manuaidagion of MSMS spectra was then



97

used to confirm peptide sequence and adduct maasdn. Peptides identified as being
adducted by both X!Tandem and P-Mod were then nihnwalidated using the
programs lonGen (trademark to SSL, The UniversityAozona). lonGen generates
theoretical b- and y-ions for user-specified peggidontaining an adduct. This program
facilitates faster, more accurate validation ofwadddd peptides. Only adducted peptides

identified from X!Tandem, P-Mod, and manual validatwith lonGen were used.
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3.3. Results
3.3.1. Cytochrome c-BQ MicroRotofor separation followed by MALDI-TOF
analysis

Cytochromec was reacted with BQ as described in Materials Brethods.
MALDI-TOF analysis was conducted on this samplestsure BQ adduction and the
consequent adduction profile as a result of reactwdh BQ Figure 3.1). This sample
was then separated into various BQ-adducted cyboodc species based on pl. Because
BQ adducts predominantly form on lysine residuég, more BQ adducts present on
cytochromec, the lower the pl will be of the protein. Thidoals for separation of the
BQ-adducted cytochrome from the native cytochrome in the original reaction.
Additionally, this separation allows for isolatiaf cytochromec species with varying
amounts of BQ adducts, from many BQ adducts peecubt of cytochrome to only 1-
2 BQ adduct(s), and also native cytochrome The more BQ adducts present on
cytochromec, the lower the pl of cytochrone Following MicroRotofor separation, 10
fractions were collected, with increasing pH fromaction 1 to fraction 10. Initial
MALDI-TOF analysis was conducted on the fractiomsletermine the BQ adduct profile
of each Figure 3.2. These results indicate that there are decrgammounts of BQ
adducts from fraction 2 to fraction 9, with fragti@ containing the most BQ adducts on
cytochromec and fraction 9 containing native cytochrom@able 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.

Cytochromec was incubated in 10 mM Tris-HCI pH 7.5 and theacted with a 1:10
molar ratio of BQ. The resulting MALDI spectrumasts several BQ additions of 105
Da to cytochrome, as well as several BQ additions of 196 Da to cytoctec. These
BQ additions correspond to one addition at 12465 /o additions at 12556 m/z, three
additions at 12661 m/z, four additions at 12752, riive additions at 12885 m/z, and six
additions at 12990 m/z. The 196-Da additions gmoed to a cyclized diquinone adduct
as a result of post adduction chemistry followimigliion of two BQ to adjacent lysine
residues. Additionally, the MALDI analysis showsetnative cytochrome at 12360
m/z. The inset is a magnified region of the speutr This original sample was then
subjected to MircroRotofor separation to allow foactionation of the BQ-adducted
species away from the native cytochromeFurthermore, the BQ-adducted species were
separated into groups corresponding to the relativenber of BQ adductions on
cytochromec. Structural and functional studies were then cetetl following this
separation procedure.
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Figure 3.2. MALDI-TOF analysis of BQ-cytochromec fractions following
MicroRotofor separation.

Following reaction of cytochrome with BQ and MicroRotofor separation, 10 fractions
were collected. These fractions were purified gi<ias packed tips (ZipTips), and then
spotted on the MALDI target plate. The 8 panelevai here represent the MALDI
spectrum from each fraction collected and iderdifi€A) fraction 2 containing 4-6 BQ
adducts, (B) fraction 3 containing 4-5 BQ addu¢@) fraction 4 containing 3-4 BQ
adducts, (D) fraction 5 containing 2-4 BQ addu¢E) fraction 6 containing 2-3 BQ
adducts, (F) fraction 7 containing 1-2 BQ adductshwsmall amounts of native
cytochromec present, (G) fraction 8 containing 1-2 BQ adduatish large amounts of
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native cytochromec present, and (H) corresponds to fraction 9 shownmagive
cytochromec with no BQ adducts.

Table 3.1. Fractionation of BQ-cytochromec adduct mixture using MicroRotofor
liquid isoelectric focusing and the resulting MALD-TOF spectrum of
each fraction.
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3.3.2. Circular dichroism spectroscopy of BQ-addued cytochromec

Following the reaction of cytochromewith BQ, and MicroRotofor separation
(Materials and Methods), far-UV spectroscopy wagduso establish whether the
secondary structure of various BQ-adducted cytaolkro samples were significantly
different from that of native cytochrone Similar structural analysis of BQ-adducted
cytochromec in a mixed population of unadducted protein spe@ad BQ-adducted
protein species has been performed in our laboratdihese results indicated that the
structural features of the mixed population of Bfghacted cytochrome and native
cytochromec species were similar to that of the native protone (Fisher et al. 2007).
Separation of native cytochroneefrom the BQ-adducted cytochrongespecies permits
structural analysis of the various BQ-adducted ggnospecies, with no native protein
interference, providing a more accurate representaif the impact of BQ PTM on
cytochromec.

The CD spectra of BQ-adducted cytochrotregppear similar to that of the native
cytochromec spectrum with respect to an intact secondary tirac although there
appears to be more-helical structure associated with BQ-adducted aytome c
(Figure 3.3A). The samples used for CD analysis were previoasglyzed via MALDI-
TOF analysis (as discussed above) to determine maet modifications of cytochrome
c by BQ. The two samples chosen for CD analysisewikose that corresponded to a
BQ-adduct profile containing 2 or 3 BQ-adducts ¢firan 6) Figure 3.3B) and a BQ-
adduct profile containing 3 or 4 BQ-adducts (fractd) Figure 3.3C), with the most

prominent adduct corresponding to that of the 186-diquinone BQ adduct in each case.
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The data indicate that the moréhelical structure is most likely associated witle 196-
Da adduct on cytochrone Therefore, the CD results reveal that the BQioadl PTMs
likely create a more rigid cytochroneestructure, thus inhibiting the flexibility necesga

for critical protein-protein interactions.
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Figure 3.3. Far UV circular dichroism of BQ-adducted cytochromec.

(A) The CD spectra of the BQ-adducted cytochrawath 3-4 BQ adducts (fraction 4)
(green circles) and the BQ-adducted cytochrameith 2-3 BQ adducts (fraction 6)
(orange circles) are shown with the native cytootea structure (fraction 9) (blue
circles). The BQ-adducted cytochromsepecies maintain a more alpha-helical structure
in comparison to the native cytochrome (B) MALDI-TOF spectrum of BQ-adducted
cytochromec with 3 and 4 BQ-adducts (fraction 4), with the mpeedominant adduct
being the 196-Da BQ adduct. (C) MALDI-TOF spectrafrBQ-adducted cytochrone
with 2 and 3 BQ-adducts (fraction 6), again witk thost prominent adduct as the 196-
Da BQ adduct.
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3.3.3. Predicted protein conformational changes assiated with 1,4-BQ
modification

BQ may induce conformational changes in cytochrantleat may alter residues
involved in Apaf-1 binding, thus inhibiting apoptyse formation. Previous site-directed
mutagenesis studies showed that cytochranferms complexes with Apaf-1 via an
annulus of lysine residues on’KK?®, K*, ®ETLM®, and K? (Yu et al. 2001).
Previously in our laboratory we have shown that ynahthe BQ-mediated PTMs form
on these residues necessary for cytochrenmrotein-protein interactions and this is
further confirmed in the present studies. We &lsow from previous studies using LC-
MSMS and from the studies here following LC-MSMS &me analysis that was
conducted on the MicroRotofor-separated BQ-cytocteo species, that the BQ adducts
form 196-Da mass modifications as well as 105-Dasmaodifications (Fisher et al.
2007; Person et al. 2005; Person et al. 2003). 1BBeDa adduct is a cyclized diquinone
adduct, representing the formation of one BQ mdée@n a lysine residue and the
concomitant formation of a second BQ molecule oradjacent lysine residue. The two
BQ molecules form a cyclic product and oxidize ¢oni one final stable ring structure,
with a mass of 196-Da (Person et al. 2003). Cuwllely, these studies have provided
solid evidence that the most targeted residuesytoticromec are K°-K?’ and K°-K?¥,
where the cyclized diquinone adduct is formed with96-Da mass modification, and, K
K# K*, K% and K’ with a 105-Da mass modification (data not showfihese sites

appeared to be the most consistent and most prevades of adduction by BQ.
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Because the CD data provided additional structunébrmation following
MicroRotofor separation of the BQ-adducted speci@sgd mass spectral analysis
determined the exact sites of BQ adduction, we weea able to model several of these
observed modifications to further analyze the s$tmat impacts of these BQ-mediated
PTMs. The CD data was conducted using fractioaad!6, containing 2-4 BQ adducts,
so several models were built to mimic this BQ migdiion on cytochrome. With the
cyclized BQ addition to K-K®" of cytochromec, the protein conformation changed to
accommodate this molecule, where the addition alizgd BQ modified the bond
distance of the lysine residues substantially ithezase Kigure 3.4A). The residues in
cytochromec that interact with Apaf-1 are highlighted in tim®del, and following cyclic
BQ adduction to R® the specific residues involved in the interactioith Apaf-1
exhibit spatial rearrangement. This model reprissemo BQ additions to cytochronee
Furthermore, K°-K?” was modeled with the 196-Da BQ adduct with an timttal 105-
Da BQ adduct on K. Similarly, K*-K?’ was modeled with the 196-Da BQ adduct with
an additional 105-Da BQ adduct ofi’K These are respresentative of three BQ additions
to cytochromec, where the most prevalent modification is thathe 196-Da cyclized
BQ adduct Figure 3.4B-C). Moreover, an additional model was built to ngntinree
105-Da BQ madifications, where a 105-Da BQ adduas formed on K, K’?, and K’
respectively Figure 3.4D). These sites and modifications have all beerfiroed by
mass spectral analysis and mostly correspond teetlfi@ctions used for CD analysis.
Following molecular dynamic simulations there isviolis structural rearrangement of

critical cytochromec residues in each of these models, with the 19@Qaadducts
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making the most substantial structural alteratioimseach cytochrome model, the BQ-
adducted cytochromeis overlayed with native cytochroncdo emphasize the structural

differences.
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Figure 3.4. Structural modification of cytochromec as a result of BQ adduction.

The models were derived from the coordinates ofgtwein structure of PDB entry
1HRC, and the software program Insight Il was usedbuild the adducted proteins.
Following molecular dynamics and energy minimizaspthe lowest potential energy
structure was placed in PyMOL. The models were tbtol reflect BQ-adducted
cytochromec following separation into various fractions withightly different BQ
adduction profiles. Mass spectral analysis haviged information corresponding to
mass and site of BQ modification in each case) B® 196-Da adduct located orfK
K® representing the addition of two BQ molecules ytochromec, followed by post-
adduction chemistry. (B) BQ 196-Da adduct locatad®®>-K?’ and BQ 105-Da adduct
located on K2 corresponding to three BQ additions to cytochramegC) BQ 196-Da
adduct located on ®K?" and BQ 105-Da adduct located ofi’ Kcorresponding to three
BQ additions to cytochrome. These sites of modification are the most commonl
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targeted sites of BQ modification on cytochrooceccording to LC-MSMS analysis. (D)
BQ 105-Da adducts located 0f*KK®’, and K2, respectively, corresponding to three BQ
additions to cytochrome. The modified protein (green) is overlaid withethative
protein (blue) to observe spatial rearrangementcofical residues involved in
cytochromec function. Residues highlighted in the modifiedd amative proteins are
those crucial for cytochrome binding to Apaf-1. Following adduction with the BQ
molecule, many of these residues corrected foatithtion(s). These models were built
to complement CD structural analysis correspondintyvo and three BQ modifications
on cytochrome that result in a slightly more rigid protein stiuie.
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3.3.4. Apoptosome formation

We next examined the ability of the MicroRotofopaeated fractions (2-6)
containing varying degrees of BQ-adducted cytocleronas well as native cytochrome
¢, to initiate formation of the Apaf-1 apoptosomel aequential activation of caspases-9
and -3in an entirely reconstituted apoptosome model. N&ee previously shown that
BQ-adducted cytochrome showed a decrease in caspase-3 activity, howaeeBQ-
adducted sample used in this case contained mixtéir@ative and BQ-adducted
cytochromec. As a result, full suppression of caspase-3 #gtoould not be achieved.
We therefore determined whether removal of natiteahromec from a mixture of BQ-
adducted species would result in complete suppmessi caspase-3 activity. Moreover,
we also examined the relationship between the nurmb8Q adducts per molecule of
cytochrome c¢ and the resulting effects on caspasetidation. To confirm that the BQ-
adducted cytochromefractions could not activate the apoptosome, wenstituted the
complex with recombinant Apaf-1, procaspase-9, ggpase-3, and either native
cytochromec, or various BQ-adducted cytochrorodfractions 2, 4, 5, and 6}Figure
3.5. As expected, native cytochrome induced oligomerization of Apaf-1 and
consequently activated caspases-9 and -3, resuhlingaspase-3 DEVDase activity.
However, the various BQ-cytochromeadducts failed to induce Apaf-1 oligomerization
and consequently failed to activate caspasesowinly individual assay of each fraction,
fraction 6 showed caspase-3 activity to be 52%hefdontrol activity, fraction 5 resulted
in caspase-3 activity to be 17% of the controlcticmn 4 resulted in caspase-3 activity to

be 7% of the control value, and fraction 2 showellbwest level of caspase-3 activity at
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2.5% of the control level of caspase activifjgure 3.5. In comparison, analysis of the
original mixture of BQ-adducted cytochronee without fractionation resulted in a
decrease in caspase activity to 30% of the corftlada not shown), indicating that the
mixture of control and BQ-adducted cytochromés roughly an average of all of the
individual fractions assayed for caspase activifiyaken together, this data shows that
increasing numbers of BQ adducts on BQ-cytochrarpeogressively lowers caspase-3

activity, thereby coupling BQ-adduct formation withcreased apoptosome formation.
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Figure 3.5. Fractionation of BQ-cytochromec mixture results in increased
inhibition of apoptosome formation.

Apoptosome-mediated activation of procaspase-3 maasured using the caspase-3
substrate, DEVD-AMC. Fractions 2, 4, 5, and 6responding to 4-6 BQ adducts, 3-4
BQ adducts, 2-4 BQ adducts, and 2-3 BQ adductgeotisely, and also native
cytochromec were examined for their abilities to induce oligenmation of recombinant
Apaf-1 into an apoptosome complex, capable of atitig procaspases-9 and -3. The
data is plotted as % control, corresponding to ass@ctivation of native cytochrome
(also known as fraction 9). Increasing BQ addumtglifying cytochromec correlate
with increased suppression of caspase-3 activity.
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3.4. Discussion

Cytochromec has been utilized as a model protein to detertheestructural and
functional consequences of electrophile-mediateM$T The present studies add to the
accumulating evidence that electrophile-mediatedie-specific modifications of
cytochromec produce structural impacts in the protein that ntaytribute to the
observed alterations in biological function assmda with these modifications.
Functional cytochromes is necessary for initiation of the stress-induaggbptosis
pathway, where it forms a multi-protein apoptosoceenplex with Apaf-1 via many
residues on the surface of the protein, includidgké®, K*°, “ETLM®®, and K (Yu et
al. 2001). We have previously identified electritginduced PTMs on K K*, K*, E%,
and K2 Because these residues are crucial contribtibopsotein-protein interactions,
their modification by BQ, or any of its quinol-tlether metabolites, cause a significant
decrease in cytochroneebinding, Apaf-1 oligomerization, and caspase-3vagt(Fisher
et al. 2007). This previous data was generat@tus reaction process that yielded a
mixture of BQ-cytochromec adducts, with the predominant product being 2BQ-
cytochromec, but also included native cytochrome This mixture of BQ-cytochrome
did show disruption to Apaf-1 apoptosome formatiamd subsequent decreases in
activation of caspases. However, separation @fvtrious BQ-cytochrome species is
first necessary to determine the actual effect poptosome formation as a result of
caspase-3 activity of these differing BQ-cytochrotngpecies, in the absence of native

cytochromec.
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In order to separate the various BQ-adducted cybmob c species, a
MicroRotofor Isoelectric Focusing system was utitliz This device allowed for
fractionation of protein samples in their nativatst by isoelectric point (pl). This
separation procedure has been coupled in a 3-diore&islectrophoretic protocol used
by other researchers for vivo analysis of protein interactions where complexas loe
separated in their native form and identified viassispectrometry (D'Amici et al. 2008).
This separation procedure has also been used drotiteend of SDS-PAGE for efficient
separation and identification of high molecular giiprotein families (Sugiyama et al.
2006). We utilized this separation procedure factionation of the BQ-cytochrone
adduct mixture, which reduced sample complexityoulgh increased resolution of
individual BQ-cytochrome adducts. Because BQ adducts form predominantlysone
residues within cytochromeg the pl of the protein will be decreased uponeased BQ
adduction. This allowed for separation of the @asi BQ-cytochrome adducts into
species that have many BQ adducts, fewer BQ addaaots completely unadducted
cytochromec. As a result, these separate fractions were ith@inidually assayed for
caspase activity, as well as individually measdogdtructural changes in the absence of
native cytochrome.

The mixture of BQ-cytochrome (Figure 3.1) was separated into 10 fractions,
with fractions 2-9 containing various degrees of-8flucted cytochrome, including
completely unadducted cytochroroe Each of the fractions was analyzed via MALDI-
TOF to determine the degree of BQ adduct formaffeigure 3.2), where the highest

fractions contained unadducted cytochromand the number of BQ adducts increased
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with decreasing fraction number (Table 3.1). Towdr the fraction number, the lower
the pH recorded for this fraction, and consequertigse fractions contained the most
BQ adducts.

Each of the fractions was then individually analyzfor secondary structural
changes associated with the BQ adductions. Irprawious studies using the mixture of
BQ-adducted cytochrome the secondary structure was identical to thathef native
cytochromec (Fisher et al. 2007). However, this mixture of 8@ochromec contained
native cytochrome contamination, which may have masked the actuattsiral impact
of the BQ adduction on cytochronge Following fractionation of the BQ-cytochronce
mixture, we selected fractions 4, 6, and 9 forudac dichroism (CD) analysis. These
fractions correspond to 3-4 BQ adducts per moleotileytochromec, 2-3 BQ adducts,
and unadducted cytochronae respectively. The results suggest that BQ-addnctin
cytochromec creates a more rigid protein structure than tHahaiive cytochromec
(Figure 3.3). Because the most predominant addube diquinone 196-Da BQ adduct
on cytochromec, this may significantly contribute to the observ&ductural rigidity.
The protein flexibility necessary to sustain cytashec protein-protein interactions may
be compromised following BQ-adduction, with consemjuoss of protein function. The
structural rigidity following adduction by these igane compounds suggests one
possible mechanism by which the cytochrampotein-protein interactions are inhibited.

Protein modeling studies were conducted to gainitiaddl structural insight
regarding various BQ-adducted cytochromsepecies. Mass spectral results following

fractionation of the BQ-cytochromesamples have indicated that the most predominant
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BQ adducts are those orf®®" and K°-K#, corresponding to the cyclized diquinone
196-Da adduct, and that of the 105-Da adduct nki®, K*°, K’ and K¥’. Several
models were built to correspond to the fractionaBfg-cytochromec species, with
models having two BQ and two and/or three BQ addumt the targeted residues
described above. The most significant structultatations are observed following 196-
Da BQ adduction, and even more dramatic structeairangements occur following an
additional 105-Da BQ adduct to the same cytochrenmeodel, resulting in a total of
three BQ adducts per molecule of cytochraneFor comparison, a separate model was
built to predict the structural impact of three 1D& BQ adducts on the same cytochrome
c molecule. The structural alterations followingege 105-BQ modifications do indeed
rearrange critical residues within cytochromédowever the overall structural alterations
appear to be less dramatic than that of 196-Da adftumation on cytochrome.
Because the 196-Da BQ adduct forms as a resulwvof BQ molecules adducting
neighboring residues, with post-adduction chemibtging the two molecules together,
it appears likely that this adduct does indeed playajor role in altering the structural
integrity of cytochrome (Figure 3.4).

Structural data has provided evidence that folhgwiractionation of the BQ-
cytochromec mixture, the degree of BQ adduction on cytochranwan play a critical
role in protein structural rearrangement. Thugraasing BQ adductions result in
decreased protein flexibility, and thus, less cépdor protein-protein interactions. To
further test this hypothesis, fractions 2-6, arattion 9 were individually assayed for

apoptosome formation via caspase-3 activity. This indicates that a higher degree of
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BQ adduction on cytochromeresults in decreased caspase-3 activity, and feyeince
on inability to form the apoptosome. We previoystyformed this experiment using the
mixture of BQ-cytochromec containing native protein contamination, and castel
suppression of caspase-3 activity was not achidi#sher et al. 2007). Following
removal of the native cytochrome via fractionation, we were able to substantially
decrease the caspase-3 activity (Figure 3.5). d#ia further strengthens the argument
that site-specific modifications on target protears critical in determining functional
impact of modified proteins.

In summary, reactive electrophiles, such as B@getasite-specific residues
within cytochromec that can have a substantial impact on its stratintegrity. As a
result, these site-specific modifications are cépath inducing structural changes that
can be associated with loss or gain of protein tianc Frequently, structural and
functional impacts of PTMs can be masked by napiratein interferences. Following
fractionation of the BQ-cytochrome mixture into various BQ-adducted cytochrome
species, as well as removing native cytochranmntamination, direct impact of BQ-
mediated PTMs on cytochroneas now possible. Model proteins such as cytoclerom
provide crucial guidance in identifying and prentigt these modificationsn vivo
following exposure to reactive electrophiles sushB&®. Moreover, model experiments
shown here provide insight into possible structarad functional consequences resulting

from site-specific modifications on target proteinyivo.
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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 arudher endogenous
electrophilic species produced in cells undergariglative stress contributes to cellular
toxicity and disease processes (Go et al. 2007badar et al. 2005b). Furthermore,
xenobiotics and/or their reactive electrophilic aimdlites covalently bind proteins in a
similar fashion, also eliciting a toxic responsel afisrupting normal cellular processes
(Ragunathan et al. 2008; Stevens et al. 2008; Llopaat al. 2005; Damsten et al. 2007).
Additionally, not only can xenobiotic-derived elesgthiles directly form protein adducts,
but they can also produce cellular oxidative stréset can indirectly cause protein
covalent modification via endogenously producedeljdles and ROS (Bolton et al.
2000; Sallustio et al. 2000). The majority of thewactive electrophiles covalently
modify protein nucleophiles, typically cysteineiteges (Ragunathan et al. 2008; Stevens
et al. 2008; Stewart et al. 2007; Dooley et al. 20@hich are frequently located in
critical active sites of proteins, or participate for example, critical protein:protein
interactions. Covalent modification of these caticesidues could consequently interfere
with normal protein function (Ragunathan et al. 200

We have identified site-specific BQ and BQ-quinmbether metabolite
modifications on lysine, histidine, arginine, antitgmic acid residues of important

cellular proteins (Fisher et al. 2007; Person eR@05; Person et al. 2003). However,
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despite the large body of literature that describegalent modification of cysteine
residues by reactive electrophiles, our laboratay been unable to detect, to date, any
BQ- or quinol-thioether-mediated protein adductsoysteine residues. We speculate
that the thioether bond between BQ and the cyst@isielue is potentially labile and its
stability influenced by physiological and experirtedn conditions (eg., digestion
protocols for proteomic analyses). The proteinroeavironment, and the surrounding
macro-environment, of BQ-quinol-thioether proteddacts contributes to post-adduction
chemistry of these quinones, including eliminatadrihe thioether bond between the BQ
ring and the GSH conjugate (Fisher et al. 2007).e Werefore extrapolate that
physiological conditions recapitulate an analogelisiination reaction for BQ adducts
on cysteine residues in proteins.

Buffering systems used to predict the physiologiedévance of BQ-cysteine
adducts, may promote instability of the quinoneteiye bond, and decrease the
likelihood of identifying site-specific BQ or BQ-tol-thioether modifications on
specific cysteine residues. We have thereforerméted the stability of the HQ-cysteine
bond within the quinol-thioether metabolite, MGH@nder various physiological
buffering conditions (Gupta et al. 2008; Wegnealetl983). In addition, a N-terminal-
protected cysteine-containing peptide and apocytwmobc were used as models to study
BQ-adduction. Cytochromecontains two cysteine residues that are covaldmtiynd to
the heme group, and following heme removal, thgséemes become free and available

for protein adduction (Goldberg et al. 1999).
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By using the peptide and protein models, in contimnawith mass spectral and
biochemical techniques, we have confirmed that BiQuation does in fact occur on
cysteine residues. However, exposure of these césldo physiological conditions
(greater than 3-4h) results in elimination of BQlacts from the cysteine residues within
the peptide and protein models. Knowledge of $kissitive and potentially transient and
reversible interaction between quinones and cysteigsidues can provide crucial insight

and guidance in identification of critical targefsprotein adduction.
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4.2. Materials and Methods
4.2.1. Chemicals

BQ was purchased from Aldrich (Milwaukee, WI); dt@thionSyl)HQ
(MGHQ) was synthesized and purified as describedipusly (Lau et al. 1988). HPLC-
grade solvents were purchased from EMD Chemicdlinag’s Reagent (5,5-Dithidis-
[2-nitrobenzoic acid]) was purchased from Pierceoqi®ord, IL). C18 prepacked
columns (ZipTip) and Microcon 3000Da molecular wetigut off centrifugal filters were
purchased from Millipore (Bedford, MA). Horse heasttochromec, guanidine HCI,
dithiothreitol (DTT), iodoacetamide (IAA), silveruBate, 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, digtilleater, or in 100 mM
ammonium bicarbonate pH 7.5 at 37 C, and at roomptrature. Samples were
analyzed by MS every 1 h for 8 h. Samples welweated to the mass spectrometer via
flow injection using an HP/Agilent 1050 pumping ®me (Hewlett Packard/Agilent
Technologies, Germany). Samples (10 uL) were fagewia an HP 1050 autosampler.
MS analysis was performed with a Finnigan MAT TSQ@Q triple quadrupole mass
spectrometer (ThermoElectron, San Jose, CA) usBigaEan ESI source spray voltage
of +4.5kV. lons were introduced into the mass #peceter through a heated metal

capillary maintained at 250°C. Screening of thmgas was performed in positive mode
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in the first quadrupole based on full MS measurégmbatween 50-700 m/z only (Q1 MS

mode).

4.2.3. Peptide reaction

The peptide Ac-AQGSCGPNLS-OH (Global Peptide, F@dllins, CO) was
diluted in water. BQ was reconstituted in methatmla final concentration of 2.22
mg/mL and reacted with the peptide at a 1:10 metacess for 30 min at room

temperature.

4.2.4. Apocytochromet protein synthesis and purification

Apocytochromec was prepared as described (Goldberg et al. 1989wdgen et al.
1972). Briefly, cytochrome ¢ (50 mg) was dissolwed mL of deionized distilled water.
Silver sulfate (80 mg) was dissolved in 9 mL ofatezed distilled water and then added
to the cytochrome c solution. Pure acetic aci® (L) was then added to the solution
and incubated at 40°C for 4 h with slight shakirfidhe solution was then centrifuged at
5000 g for 50 min. The supernatant was collectedl dialyzed for 12 h at 4°C against
0.1 N acetic acid, and then for 12 h against 50 arvmonium acetate, pH 5. The
dialysis buffer was changed every 4 h. The didé/seas centrifuged as above and the
supernatant was slowly supplemented with a satiratéution of ammonium sulfate.
This mixture was incubated at room temperatureoutlagitation for 1 h and centrifuged
as above. The supernatant was discarded and lbewas dissolved in 10 mL of 3 M

guanidine HCI in 50 mM ammonium acetate, pH 5 abd @M DTT. This solution was
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dialyzed against 50 mM ammonium acetate for 4 I, @@ buffer was changed and
dialyzed overnight at 4°C, and for another 12 homtm temperature against 50 mM
ammonium acetate, with buffer being refreshed ewgrlg. The dialysate was then
centrifuged as above and the supernatant was tadlefor protein analysis and
lyophilization. Bradford protein analysis was oadr out to indicate apocytochronee

recovery and MALDI-TOF analysis was used to detasmgorrect molecular mass and
successful heme removal (see above). The supetnais then separated into 1 mL
aliquots, lyophilized to dryness using a LABCONCK@eze dry system (Kansas City,

MO), and stored at -20°C in a dessicator.

4.2.5. 1,4-Benzoquinone and IAA modification on agytochromec

Lyophilized aliquots of apocytochromegas prepared above) were dissolved in deionized
distilled water, 50 mM Tris-HCI pH 7.5, or 50 mMi3+HCI pH 7.5 with 3 M guanidine
HCI, each to a concentration of 2.5 mg/mL. BQ w&solved in methanol at 10 mg/mL.
Apocytochromec was reacted with BQ at a molar ratio of 1:10 anmaemperature for
30 min under each of the specified conditions. Thgtures were extracted with 3
volumes of ethyl acetate to remove excess BQ. uhlis| were taken at multiple time
points with the first sample collected immediatetter removal of the excess BQ.
Similarly, apocytochrome c¢ was reacted with IAA @atl1:10 molar ratio at room
temperature for 30 min in 50 mM Tris-HCI pH 7.5.heél mixture was centrifuged at
130009 for 30 min through a Millipore Microcon 3000 Da hacular weight cut-off

centrifugal filter to remove excess IAA. Aliquotgere taken immediately following
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removal of the excess IAA, immediately spotted ah® MALDI target plate. Reactions
were continued for 20 h when final samples werenaknd spotted onto a MALDI target
plate. Control apocytochroneesamples were treated in an identical manner tootfhhe
BQ- and IAA-treated samples, and aliquots of thematrols were also collected at the
same time-points. ZipTips were used to remove expess salt from the control and
treated samples prior to spotting on the MALDI #&rglate, and whole protein spectra
were acquired (see above). The same controls,aB@-AA-treated samples were also

used for thiol quantitation assays (see below).

4.2.6. MALDI-TOF MS and data analysis

Peptide analysesPeptide was reconstituted in water, and 1 pL wasediately
spotted on the MALDI target plate and mixed withull of 20 mg/mL -cyano-4-
hydroxycinnamic acid matrix. Once the sample dpad dried, MALDI-TOF spectra
were recorded on an Applied Biosystems Voyager DR-$istrument with a 2m flight
path operating in the positive ion mode. The imeat was equipped with a nitrogen
laser operating at 337 nm. Whole peptide specéne acquired in reflectron mode over
the mass range of 500-5000Da with a laser intens$iiyl00 and a low mass gate of 500.

Apocytochrome ¢ analyse®rior to MALDI-MS analysis, samples were desalted
using a C18 0.6 mL ZipTip (Millipore, Bedford, MAyith 0.1% formic acid in water as
the equilibration buffer and 1% formic acid in 5Q86etonitrile as the elution buffer,
following the manufacturer’s protocol. The cohtaod treated samples were diluted 1:1

in sinapinic acid, and 1 pL was drop-dried on @eamplate. Once the sample spot had
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dried, MALDI-TOF spectra were recorded on an ApplRiosystems Voyager DE-STR

instrument with a 2 m flight path operating in {hesitive ion mode. The instrument was
equipped with a nitrogen laser operating at 337 W#hole protein spectra were acquired
in linear mode over the mass range 8000-40000 @h,anow mass gate of 5000 Da and
a delay time of 900 nsec. The laser intensity setsto 1200. External calibration was

applied using cytochromzand myoglobin.

4.2.7. Protein free thiol quantitation

Ellman’s reagent (5,5’-Dithidvis-[2-nitrobenzoic acid]; DTNB), assay was used
to quantitate free cysteine residues in control BQdtreated apocytochronesamples
(Ellman 1959; Riddles et al. 1983). Aliquots (12b) of either control or BQ-treated
apocytochrome were used, as prepared above. These aliquots disgelved in 1.25
mL 0.1 M sodium phosphate buffer, pH 7, 1 mM ETD#lassayed for thiol content by
the addition of 25 pL of 10 mM Ellman’s reagentOiri M sodium phosphate buffer, pH
7, 1 mM ETDA and by measurement of absorbance 2in#ion a 160U Shimadzu UV-
Visible Spectrophotometer. The concentration ek fthiols in the control and treated
samples were calculated from the molar extinctioafficient of 2-nitro-5-thiobenzoic
acid (TNB), which is released from reaction of DTMEh free thiols, more specifically,

the conjugate base (R}®f 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-(glutathi@yl)HQ (MGHQ) and model peptides
and proteins within our laboratory resulted in attdmass modifications of 105 Da.
MGHQ should modify proteins with a mass additioM&#t Da. The 105-Da addition is
a fragment of the MGHQ, as this addition correspotadthe mass of the HQ portion of
the conjugate. Following this observation, furthrerestigation of the MGHQ compound
was necessary as we questioned the aqueous gtalbilihe thioether bond within the
quinol-thioether metabolite during sample preparatind post-adduction treatment, such
as trypsin digestion conditions. Incubation ovghmiin distilled, deionized water
revealed that under these conditions MGHQ is stalBlgditionally, MGHQ dissolved in
100 mM ammonium bicarbonate (pH 8) and analyzediwitl h also showed the
compound to be stableéFigure 4.1A). However, MGHQ degrades (within 8 h of
incubation) into various breakdown products undeg tonditions used for trypsin
digestion Figure 4.1B). On increasing salt concentrations and pH, tlgg-ddinol-
thioether metabolite is less stable and the GSHtngmass 307) is eliminated from the
HQ ring; Figure 4.1B clearly shows GSH and GSSGnftdron, with no residual parent
MGHQ. These experiments demonstrated that theettimeo bond in MGHQ is likely
unstable under physiological conditions, and paldidy under those necessary for
tryptic digestion Figure 4.1). Similar results would be expected for any otiméoether

conjugates of HQ or BQ (e.g. cysteinylglycine, eys¢, N-acetylcysteine).
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Figure 4.1. Stability of MGHQ determined by MS andysis.

(A) MGHQ was incubated in 100 mM ammonium bicardenand analyzed within 1 h.
This same result was seen when MGHQ was incubaterhight in deionized, distilled
water. (B) MGHQ was incubated in 100 mM ammoniumcatbonate for 10 h:
degradation of MGHQ is observed. This MGHQ solutwas subjected to MS analysis
every 1 h, from O h to 10 h: a slow decrease in NgGtdncentration was observed. This
instability is also indicative of the MS intensgiebserved following the incubation
period, where the intensity decreased by 96% &itekO h incubation in 100 mM
ammonium bicarbonate. MGHQ instability has beenremheined to be temperature-
independent. Inset in (B) is a magnified regiorregponding to the intensity between O-
300000 to show MGHQ degradation products.
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4.3.2. Peptide reaction with BQ in Tris-HCIl pH 7.5

In addition to 100 mM ammonium bicarbonate, anotteenmon buffer used for
protein digestion is 50 mM Tris-HCI (Yates et &895). The effect of 50 mM Tris-HCI
at pH 7.5 on the BQ adduct stability with the cystethiol was similarly explored.
Samples and data were processed as described dltms= samples were analyzed at 1
h time-point and again after 20 h to determine Bfguat stability on the cysteine
residue. The control peptide is also shown for ganson. BQ appears to adduct the
cysteine residue as shown at the 1 h time-poirttHmuresulting adduct appears unstable

during the subsequent 17 h incubation in Tris-HEIH5 Figure 4.2).
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Figure 4.2. Time-course of thioether stability inTris-HCI, pH 7.5.

The peptide was reacted with BQ at a ratio of Idt@B0 min at room temperature while
rotating. Excess BQ was removed and the samplelyeghilized to dryness. The

sample was then reconstituted in 50 mM Tris-HCI, 85 Time points were taken at 1 h
and 20 h and analyzed by MALDI-TOF. (A) Correspotmshe control peptide showing

peptide and small amounts of peptide dimer. (Badien of BQ with the peptide results
in mass modification of 105 Da, corresponding to &f@uction on the cysteine residue
after 1 h incubation in 50 mM Tris-HCI. (C) Followg incubation of the BQ-adducted

peptide in 50 mM Tris-HCI for 20 h, the BQ is elmied from the cysteine residue
resulting in native peptide.
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4.3.3. 1,4-Benzoquinone modification on apocytochmec

In order to determine whether free cysteine residame targets of BQ maodification,
apocytochrome was synthesized and purified to be used as a npyd&din containing
two free cysteine residues per molecule of prot8ewveral different reaction conditions
were utilized to determine the ideal reaction ctads in which efficient cysteine
adduction by BQ could be achieved. The protein mgasnstituted in 50 mM Tris-HCI,
pH 7.5, and then reacted with a 1:10 molar rati®@Qf Following the initial adduction,
MALDI spectra were taken of the control and BQ-teeawhole proteins. The control
spectrum of apocytochroneshowed a peak at 11730 m/z, which correspondbieo t
mass of the native apocytochromeérhe MALDI spectrum of apocytochronoeadducted
by BQ in 50 mM Tris-HCI shows the native apocytashec at 11730 m/z, and several
additional peaks corresponding to the addition Qf 8 the protein. BQ will modify the
protein with a mass addition of 105 Da, and thekpe£&1940, 12045, 12150 and 12255
m/z (Figure 4.3A) correspond to two, three, four and five BQ addii, respectively, on
apocytochromec in this buffering system, which is typical of a ysiological
environment. Guanidine HCI (3 M) was also added the 50 mM Tris-HCI buffer and
mixed with the apocytochrome prior to BQ modification. Following BQ adduction
MALDI spectra were taken of the control and BQ-teglwhole proteins. Because of the
high amounts of salt in these samples, C18 packédnns (ZipTip) were used for
sample purification before MALDI analysis. Thentwl| apocytochrome again gave
only a native peak at 11730 m/z. The MALDI speatraf apocytochrome incubated

with 3M guanidine HCI/50mM Tris-HCI followed by retion with BQ gave rise to a
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small native peak at 11730 m/z and a much largak porresponding to two BQ
additions at 11940 m/zFigure 4.3B. This MALDI profile of BQ-adducted
apocytochrome is significantly different than that of the BQ-aabded protein in 50 mM
Tris-HCI with no guanidine HCI, and is likely thesult of the unavailability of lysine
residues for BQ adduction due to the formation lbiogne salts in guanidine HCI.
Following dissociation of the guanidine HCI, chtei salts likely form on the basic
amino acid residues, primarily targeting the lysiesidues. Critical lysine residues have
been shown in the past to be binding sites for rcddoand other monovalent anions
lending credence to the likelihood of this scen@Bbapiro et al. 1983). As a result, this
allows for selective adduction of the two free eys¢ residues by BQ on apocytochrome
Cc, as see by MALDI. This same experiment was theriormed with heme-containing
cytochrome c, and no BQ adducts were observed (adtahown), indicating again that
the BQ adducts in apocytochroraen the presence of 3 M guanidine HCI are forming
exclusively on the cysteine residues. It is spmedl that a mass addition of these
chloride ions should be seen, however following glanpurification using C18 packed
columns, the chloride ions no longer are detectablmass additions in either the control
or treated protein samples.

Finally, reaction of apocytochrome c with BQ wasndocted in deionized
distilled water with no buffering system. MALDI-M&nalysis indicated formation of
only two BQ adducts, with a similar profile to th@iserved in the presence of guanidine
HCI (Figure 4.3C). Both of the reaction conditions illustrated ilglres 4.2 B and C,

where BQ reacts exclusively with Cys residues, as@nt non-physiological
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environments. In contrast, physiological salt gtdl conditions support BQ adduct
formation not only on cysteine residues but alsarmre abundant lysine residues, and

other amino acids (glutamic acid, arginine, anddhise).
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Figure 4.3. 1,4-Benzoquinone modification on apotychrome c in various buffering
conditions.

The protein was placed in three different bufferd eeacted with a 1:10 molar excess of
BQ for 30 min at roontemperature. At the end of the 30 min incubatiornigoe the
sample was extracted with 3 volumes of ethyl aeetat remove excess BQ. (A)
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Following incubation in 50 mM Tris-HCIl pH 7.5, MALBIOF analysis indicated
formation of 1-5 BQ adducts on apocytochrome These results suggest lysine and
cysteine residues may be targets of adduction umdhgsiological condition. (B)
Following incubation in 3 M guanidine HCI/50 mM 3%+HCI pH 7.5, MALDI-TOF
analysis indicated formation of predominantly tw@ Eadducts on apocytochronte
This adduction profile is most likely a consequentéormation of chloride salts on the
lysine residues following incubation with the gudine HCI, thus preventing BQ adduct
formation, leaving the two free cysteine residueailable for preferential adduction by
BQ. (C) Following incubation in deionized distdlewater, MALDI-TOF analysis
indicated formation of two BQ adducts on apocytoomec. This profile indicates that
under non-physiological conditions, cysteine resglmay be a preferential target for BQ
adduction. The insets in (A), (B), and (C) are niaagth regions of each spectrum.
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4.3.4. Quantitation of free cysteine residues falving 1,4-BQ modification:

To validate that cysteine residues are indeed ta@eBQ, free cysteine residues
were measured biochemically. Apocytochroengas reacted with BQ as above inp(H
and then buffered in 50 mM Tris-HCI, pH 7.5. Theef cysteine content of the samples
was quantified using the Ellman’s reagent assaytlmm control and BQ-treated
apocytochromec at 1 h and 20 h time points. The results indidhtg the cysteine
residues remain free in the 1 h control apocytatie@ sample, whereas the BQ-
adducted apocytochrome sample showed very little absorbance indicative B6)
adducts on the cysteine residuegy(re 4.4). Furthermore, following 20 h incubation in
50 mM Tris-HCI pH 7.5, the BQ-adducted apocytocheansample showed absorbance
values almost identical to the 1h control apocytootec sample. This elimination of
BQ from the cysteines residues then restores diifity for Ellman’s reagent
guantification Figure 4.4).

To determine that these results are selectivegfimone adduction on cysteine
residues, iodoacetamide was used as a comparatigkecute for adduction.
lodoacetamide adduction was carried out identioab@ions to that of BQ (50 mM Tris-
HCI pH 7.5) and aliquots were taken at 1 h and 20EHman’s reagent assay analysis
was used for free thiol quantification and the hssundicate that iodoacetamide adducts
cysteine residues in apocytochrommewithin 1 h; cysteines remain adducted with
iodoacetamide at 20 h. Furthermore, the cystearesshown to be free in control
apocytochrome at 1 h by Ellman’s reagent quarnitafrigure 4.4). This validates the

idea that cysteine residues are indeed a targeelémtrophilic modification, however
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quinone adduction on cysteine residues do not farstable adduct in physiological

conditions.
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Figure 4.4. Quantification of free cysteine resides following 1,4-benzoquinone (1,4-
BQ) and iodoacetamide (IAA) modification in 50 mM Tris-HCI, pH 7.5.

Apocytochromec was incubated in 50 mM Tris-HCI pH 7.5 and reactdth 1:10 molar
excess BQ or IAA for 30 min at room temperaturet tie end of the 30 min incubation
period, the excess sample was removed. Time pomts taken at 1 h and 20 h and free
cysteine residues were quantified using Ellman’'sageat analysis. These results
indicated that following 1 h incubation, BQ and IA&ere adducted to the cysteine
residues, and after a 20 h incubation period, tQei8 eliminated from the cysteine
residues indicating instability of the thioether nbdo at increasing pH and salt
concentrations, whereas IAA remains adducted tocisteine residues. Experiments
were performed in duplicate.
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4.4. Discussion

A central dogma in the field of toxicology assehtat chemical:protein adduction
occurs primarily on nucleophilic cysteine residuesd that these chemical:protein
adducts inhibit protein function (Chodavarapu et2@07; Codreanu et al. 2006; Stewart
et al. 2007). More recently, studies have revettiatl basic amino acids such as lysine,
arginine, and histidine are also targets for reaatlectrophiles, and protein function can
be impaired as a result of adduction at these ¢isesn et al. 2004; Kaminskas et al.
2005; Lin et al. 2005). Indeed, histidine was tifesd as a target of bromobenzene-3,4-
oxide more than 25 years ago (Lau et al. 1981). haie recently identified many site-
specific modifications on critical target proteinscluding protein modifications on
lysines, arginines, histidines, and glutamic aeisidues (Fisher et al. 2007; Person et al.
2005; Person et al. 2003). However, these stutleesiot identify anyin vivo proteins
containing modifications on cysteine residues. eBlasn several past vitro andin vivo
studies from our laboratory, we speculate that ithidue to instability of the thioether
bond between the quinone and protein cysteineuesid

The quinol-thioethers investigated in these studiessist of a BQ ring
conjugated with GSH or N-acetylcysteine via a tthee bond. Followingn vitro andin
vivo reaction of quinol-thioethers with proteins, wevéadentified many site-specific
quinol-thioether adducts on basic amino acids lgwanmass addition of 105 Da,
indicating elimination of the thiol-containing moewia the thioether bond, leaving just
the 105-Da BQ adduct on targeted amino acid. &imesitro findings were dictated by

the protein microenvironment, where the BQ-thioetmtluct is formed in a region of the
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protein exhibiting a high pKa, thus creating indigbin the thioether bond, followed by
GSH elimination (Fisher et al. 2007). Followingstgine-BQ adduct formation, it is
likely that these types of adducts proceed thraugtieophile-sulfur elimination. In this
case, a neighboring nucleophilic residue, or eveneased amounts of OH- could serve
as the nucleophile. Following nucleophilic attaxkthe BQ ring of the Cys-BQ adduct,
resonance stabilization could result in eliminatioh the Cys residue, followed by
subsequent elimination of the attacking nucleophgiioup (Figure 4.5). In this case
where the sulfur of Cys is in theposition to the carbonyl of the BQ ring, the sulisi
extremely labile and will eliminate. Subsequenthte Cys residue elimination from the
BQ ring, it is likely that the BQ is now free anldet cysteine residues participate in
disulfide formation with neighboring, available tgi®ie residues.

The same scenario is observed followingivo dosing of MGHQ, where we also
identified 105-Da BQ adducts on amino acid bassidwes, which likely arise as a
consequence of sample preparation. Alternativabtability of the thioether bond may
be due to physiological conditions, such as saliceatration and pH, facilitating
elimination of the GSH moiety via the thioether HoriTaken together, this data indicate
that although quinone adducts form on cysteinelues, the adducts are transient and/or
extremely labile. , -Unsaturated aldehydes and ketones, including eiarchnd
curcumin, reversibly inhibit human glutathione 8nsferase P1-1 (GSTP1-1) via
reversible interactions with cysteine residues (varsel et al. 1997). The lipid
peroxidation product 4-hydroxy-2-nonenal also bipagtein nucleophiles reversibly at

low concentrations (Doorn et al. 2006). Thughaligh multiple electrophiles can form
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reversible protein adducts, these transient interag can still result in adverse biological

consequences including inhibition of enzyme agtivit
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Figure 4.5. Projected mechanism for observed nuaehilic-assisted sulfur
elimination.

Increased amount of Olr neighboring nucleophilic residues, includingihe amines
or histidine imidazoles, could serve as the nudidmpspecies necessary to create the
observed sulfur elimination. The Olgroup or the nucleophilic neighboring residue
could add to the BQ, creating electron transfeloféd by resonance stabilization, and
subsequent elimination of the sulfur group on thetgin residue. Further electron
transfer could result in nucleophile eliminatioesulting in free BQ. The remaining
cysteine residue could then become protonatedrar thsulfide bridges with other free
cysteine residues.



142

Despite their transient nature, BQ-cysteine addoatdd still cause disruption to
cellular signaling pathways and cellular damagatratellular production of oxidants,
including reactive nitrogen and oxygen specieshlyesult in oxidative modifications,
many of which are reversible and necessary taateittellular signaling events (Monteiro
et al. 2008). However, many of these oxidative fincations can negatively impact
cellular survival when they create disturbancethancellular redox balance. Damaging
oxidative species can include reversible oxidativedifications including S-nitrosation
and S-glutathiolation, as well as irreversible atide modifications, depending on the
extent of oxidative damage (Batthyany et al. 20®éthuraman et al. 2007; Yan et al.
2002). Although BQ-cysteine adduction is a reddesmodification it can still disrupt
cellular redox balance, cellular signaling evemtsd cellular survival. More recently,
evidence suggests that cysteine modification carveseas a sensor to regulate
downstream signaling events, including the uprdguraof Nrf-2 signaling and
subsequent protection against oxidative toxiciyf-2 forms a complex with Keapl, and
following oxidative insult, Nrf-2 dissociates froeapl and translocates into the nucleus
where it can elicit protective effects (Osburn ét2007). Because Keapl contains
several reactive cysteines, reaction with electitepteads to disruption of Keap1-Nrf-2
interactions and the release of Nrf-2 (Dinkova-Kest et al. 2002; Wakabayashi et al.
2004) illustrating that cellular signaling event® ampacted by electrophile-mediated
reaction with cysteine residues.

BQ adducts have been identified on cysteine-comgirmodel peptides to

determine adduct fragmentation in tandem mass rgpeetry (MS) (Mason et al. 2000).
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In this case, model peptides were reacted with BQ3fh and then the samples were
acidified for MS analysis. Additionally, the pemis that were used were digested and
adjusted to pH 6 prior to reaction with BQ. Sutidgens revealed that the peptides were
modified at the sulfur of the cysteine residuesB§y after digestion, and then by MS
analysis (Mason et al. 2000). This evidence suggegmt BQ adducts can occur on
cysteine residues of model peptides. However, roleroto determine physiological
relevance, we performed BQ adduction studies onemnpdptides and proteins in a
slightly modified manner to mimic a physiologicaiveronment. Oftentimes adducts that
are unstable during physiological conditions can detected by changing reaction
conditions inin vitro experiments. Albeit this can be a useful tool iforvitro adduct
identification, actual formation and identificatiof labile protein adducti® vivoremains

a challenge.

We used two model systems to demonstrate that B@ipradduction on cysteine
residues is a labile interaction that is likelyead disrupt cellular redox balance and
interfere with protein-protein interactions, ultitely leading to increased cellular toxicity
as a result of quinone exposure. We used a N+t@inprotected, cysteine-containing
peptide to identify BQ-adduct formation via maseapal analysis. The peptide was
reacted with BQ in a common buffering system usedehzymatic protein digestion, 50
mM Tris-HCI pH 7.5. These conditions were seledtednimick the effect of common
sample preparation conditions on the stabilityha thioether bond of the BQ-cysteine
adduct, as well as to understand how pH of the oaanrvironment contributes to adduct

instability. BQ was eliminated from the cysteiresidue in the two buffering systems,
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with increasing elimination of BQ occurring ovang (Figure 4.2). Based on these data,
the combination of both salt content and pH of iim@cro-environment determines the
stability of the BQ-cysteine adduct. Moreover, ditions employed in the processing of
samples for mass spectral analyses of proteinsfatsiitate the elimination of the BQ-
thioether bond, which further emphasizes the neetulty understand post-adduction
chemistry.

Apocytochromec was employed as a model protein to further anaBQeadduct
stability on cysteine residues in slightly more gbex samples. Apocytochrontewas
reacted with BQ in various buffer systems, inclgdanphysiological buffer, 50 mM Tris-
HCl pH 7.5, and two non-physiological conditiond) .M Tris-HCI| pH 7.5/3M
guanidine HCI and deionized distilled water. Th@-Bdduction profile was significantly
different between these systems. Reaction of BEh veipocytochromec under
physiological conditions revealed multiple BQ addudéndicating formation of cysteine
and lysine BQ conjugates within the protein. Takegether, these data suggest that
lysine residues are primed for BQ adduction undwssiplogical salt and pH conditions,
and BQ adduction at these sites results in statdea formation. In contrast stable BQ
adduction on cysteine residues may favor non-plggical environments. Furthermore,
BQ-adduct stability on apocytochrontewas also determined at 1 h and 20 h using
Ellman’s reagent. The data suggests that BQ-gystaeidducts do indeed form on
apocytochromec following incubation for 1 h, however, after extexdl exposure to
physiological salt and pH conditions, this BQ addisceliminated from the cysteine

residue (Figure 4.4). The data reveal that a fiaknce exists between BQ-cysteine
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adduct formation and the surrounding environmerthefcysteine residue on which the
BQ adduct forms.

In summary, BQ is capable of adducting availablste@yne residues within
peptides and proteins. Additionally, adduct forioratand stability is largely dependent
upon the protein macro-environment, including fegtesuch as physiological salt
concentrations and pH. Under physiological condsi it appears that basic residues,
such as lysine and arginine, are more suitablestaiae targets of electrophilic addition.
In fact, lysine, arginine, and glutamic acid regsluexist in greater abundance than
cysteine residues within the proteome, with glutastid shown to be more abundant
(6.66%), followed by lysine (5.92%), arginine (324 and cysteine (1.50%)
(Eidhammer 2007). These nucleophilic residues Hrespotentially more available for
stable BQ adduct formation. Therefore, in the abseof a stable BQ adduction on
cysteine residues of proteins, electrophilic madifions on lysine and arginine residues
provide more stable adducts for mass spectral sisadynd biomarker identification under
normal physiological conditions. However, cystemedification has proven to play a
fundamental role in disruption of cellular signglipathways and disease progression,
and although cysteine modifications with BQ appéaise transient, they may still play a
critical role in disruptions of normal cellular messes 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; nesamnd apoptosis. Necrosis
represents a disorderly form of cell death charamd by cellular swelling, chromatin
digestion, and disruption of the plasma and ordanetembranes. Inflammation
typically occurs following necrotic cell death, dtee plama membrane rupture and the
release of intracellular contents. Apoptosis repnés a programmed mode of cell death
and occurs when cells are damaged beyond repdimeads to be removed to the benefit
of the tissue and organism. A series of biochem&zeents lead to morphological
changes of cells undergoing apoptosis, included shklinkage and chromatin
condensation.  Apoptotic cell death is necessary riormal development and
maintenance of tissue homeostasis (Alberts 199Zhis process of cell death is
controlled by a variety of signals, including erfiic inducers that mediate the extrinisic
apoptosis pathway, and instrinsic inducers thatiatedhe intrinsic apoptosis pathway.
However, both pathways require caspase activatioagpropriate cell death.

Death receptors, which are members of the tumarosecfactor (TNF) receptor
superfamily, and are crucial mediators of the estd apoptotic pathway, are found
within the plasma membrane of cells and contairh bttracellular domains and an
intracellular cytoplasmic domain, also referred a® the death domain (DD). Death
receptors are stimulated by their correspondingthdéigands (Scaffidi et al. 1999;

Bratton et al. 2000b). This interaction triggeesgase activation, most notably caspase-
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8, thus initiating apoptosis. Several well-chagazed death receptors include
CD95/Fas/Apol, TNFR1, TNFR2, and the two TRAIL mgoes DR4/TRAIL-R1 and
DR5/TRAIL-R2. The death ligands, including TNE-Fas/CD95/Apol ligand, and Apo2
ligand/TRAIL, recognize and interact with their Icsurface death receptors, which
includes TNFR1/p55, Fas/CD95/Apol, and TRAIL reoept(Ashkenazi 2002). The
activation of these receptors recruits Fas-assatid¢ath domain (FADD) and/or TNFR-
associated death domain (TRADD), followed by therugment of procaspase-8 or
procaspase-10 through protein-protein interacti6#dD contains a DD that enables it
to interact with CD95, and also contains a dedfctdr domain (DED), which enables it
to associate with caspase-8. The protein comglégrimed the death-inducing signaling
complex (DISC), and with its formation, procasp8seiustering and activation is
initiated (Peter et al. 2005; Ashkenazi 2002).

Multiple cellular signals induce disruptions in thetochondria, which result in
the release of proapoptotic molecules such as kyworec. Stimulation of the extrinsic
apoptotic pathway activates caspase-8, which tagiawo pathways leading to the
activation of downstream caspases, where one eétpathways indirectly stimulates the
release of cytochromefrom mitochondria. Caspase-8 cleaves and act\vBi#, which
is a BH3 domain-containing protein (Li et al. 1998jollowing cleavage, the COOH-
terminal portion of Bid translocates to the mitootoa and stimulates the release of
cytochromec into the cytoplasm (Luo et al. 1998; Bratton et 2000b), linking the
death-receptor pathway to the activation of casfagégure 5.1). Cytochrome release

can also be mediated in response to stimulationaatidation of the intrinsic apoptotic
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pathway. The Bcl-2 family members are key regukatof mitochondrial function and
regulation of cytochrome release in the intrinsic apoptosis pathway. Bealk# Bcl-XL
can inhibit apoptosis by disrupting release of chtomec and Smac/DIABLO, where
Smac/DIABLO promotes apoptosis by antagonizing ittiebitory effects of XIAP on
caspase-3. XIAP is an inhibitor of apoptosis (IARhich binds and inhibits active
caspase-3 (Bratton et al. 2003). Proapoptotic Betieins include Bax and Bak, which
are involved in triggering the release of cytocheomfrom mitochrondria. With the
release of cytochrome into the cytoplasm, this protein interacts with afj,
dATP/ATP, and procaspase-9 to form the apoptosddnattbn et al. 2000b). Apaf-1
self-oligomerization is induced by its interactionth cytochromec and dATP/ATP.
Subsequently procaspase-9 binds to the N-termislRET of Apaf-1 and activates
procaspase-9. Following catalytic activation ofmase-9, effector caspase-3 and -7 can
be activated (Bratton et al. 2000b).

Many caspases are active within a cell during agpsgt during which receptor- or
stress-induced cell death signals activate inttiataspases. Caspases have many
similarities in structure, amino acid sequence, surastrate specificity, and are expressed
in a proenzyme form (30 to 50 kDa) containing amgtminal domain, a large subunit
(20 kDa), and a small subunit (10 kD&jgure 5.2A) (Thornberry et al. 1998). Initiator
caspases, such as caspase-8 or -9, have long mardo that subsequently activate
effector caspases, such as caspase-3 and -7,reogtahort pro-domains (Bratton et al.
2001b). The long pro-domains of the initiator Gesgs interact with the death effector

domains (DEDs) of adapter molecules or with thepaas recruitment domains (CARD)
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in order to activate the initiator caspases (Cdirale 2000). These protein-protein
interactions thus facilitate the formation of c&dlucomplexes that are required for
initiating the caspase cascade and processingeofiploptosis pathway. In order for
caspases to activate the cascade and thus apoghesesizymes must be able to properly
perform proteolysis (Kumar 1999; Stennicke et 809). The nucleophilic nature of the
cysteine residue promotes this catalytic activibgl dhis cysteine is conserved in the
active site of all caspases. The activation opasss involves proteolytic processing
between the large and small subunits, at the asaid cleavage sites between each of
the subunits and the prodomain of the caspasest, Me association of the subunits

results in heterodimer formatioRigure 5.2B).
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Figure 5.1. Crosstalk between death-receptor pathay and cytochromec-initiated
pathway during apoptotic cell death.

Death receptors activate the extrinsic apoptostbwry via caspase 8 mediated Bid
cleavage. Bid causes release of cytochrorfrem the mitochondria and thus activation
of effector caspase-9 and caspase-3 (Ashkenaz)2002
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Figure 5.2. Caspase structure.

(A) Proeznyme form of caspases contain an-&fminal domain, a large subunit, and a
small subunit (Nicholson 1999). (B) Caspases aaved at the aspartate sites between
the large and small subunits, thus forming an aainzyme (Bratton et al. 2000b).
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Modification of caspase-9 may inhibit this prot&am interacting properly with Apaf-1
to form the apoptosome, and as a result, this nli@y the stress-induced apoptosis
pathway. Additionally, modification of caspase-¥ @aspase-3 could interfere with
proper proteolytic cleavage. Any of alterations Vdolbave negative consequences on the
regulation of the apoptotic pathway. As statedviogsly, caspases possess active site
cysteine residues that can be oxidatively modifigdis inhibiting their function. In
addition to these nucleophilic sites importantdatalytic function, these proteins are also
extremely lysine rich, containing multiple solventposed lysine residues, in addition to
other nucleophilic cysteine residuddgure 5.3). Although these latter residues are not
necessarily known to be functionally active, maddifion at any of these sites may
indirectly alter protein structure and function.

Additionally, caspase modification, as well as cyi@mec modification, may
inhibit proper functionality of downstream eventsthe apoptosis pathway. This could
include the proteolytic cleavage of PARP-1 by caspd which is a signature event
during apoptosis. PARP-1 is a nuclear enzyme wuedin DNA repair, DNA stability,
and regulation of transcription. PARP-1 migratessites of DNA damage, binds the
strand breaks, and transfers long, branched polip#ibDose) polymers to the nicked
DNA using NAD+ as a substrate. Continual activatad PARP-1 leads to recurring
NAD+ synthesis, and thus eventual depletion of &EP pool. Following ATP
depletion, the mode of cell death can be greatigcedd, enabling cells to shift from
apoptosis to necrosis (Herceg et al. 1999). Clgavat PARP-1 by caspase-3 renders

PARP incapable of being recruited to sites of DN#lndge (Boulares et al. 1999; Los et
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al. 2002), thus ensuring that the cell undergoemabapoptosis by preventing depletion
of intracellular NAD+ and ATP (Herceg et al. 1999)/Vith caspase inhibition, PARP-1

cleavage is prevented which would increase thenpiatdor necrotic cell death.
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Figure 5.3. Caspase-7 structural features.

(A) Primary sequence of caspase-7 showing multygime (purple) and cysteine (blue)
residues contained within the protein sequence.e tThtalytic cysteine residue is
underlined and shown in red. (B) 3-D structureca$pase-7 where the lysine residues
are shown in purple. This structure indicates thany of these residues are solvent
exposed making them likely targets for electroghitiodification. The multiple cysteine
residues are shown in yellow and the active sigtatye (Cys 186) is shown in red.
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Several chemical toxicants capable of covalentlglifiyong proteins exhibit electrophilic
properties (Cohen et al. 1997b). As a result, tegipusly discussed nucleophilic sites on
cytochromec and caspase proteins are potential targets fordhetive electrophilic
toxicants. Quinones form covalent adducts with girst because of their electrophilic
properties, and this adduction to cellular macrauoles results in toxicity. Quinones
are also capable of redox cycling, creating oxigastress, and consequently producing
ROS. BQ is an example of a reactive quinone thatni environmental toxicant. It is
known to form conjugates with GSH, and followingstltonjugation, the subsequent
GSH conjugates of BQ produce renal proximal tubngerosis. BQ, NACBQ, and
MGHQ have been utilized in the current studiesdtedmine the structural and functional
implications of target proteins following expostioegthese reactive metabolites of BQ.
We have utilized recombinant proteins, caspaseeBcaspase-7 to characterize
BQ adduct formation on these important proteolgticymes and to understand how this
adduct formation could contribute to necrotic cdikath. Additionally, we have
attempted to search for cytochromenodificationsin vivo, as well as to determine a
functional response observed with effector caspasmspase-7 and caspase-3.
Observing the impact of PTMs on critical proteingdlved in the apoptosis pathway
may provide a potential mechanism for the inability engage apoptosis following
quinone-thioether exposure, and the resulting riecresponse. Oun vivo model for
guinone-thioether adduct hunting consists of kidiseyated after dosing of Long Evans

rats with MGHQ. The OSOM of treated and contrahels were used for studies to
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determine the impact of quinone-thioethers on theptosis pathway, in particular on

cytochromec and effector caspase proteins.
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5.2. Materials and methods
5.2.1. Chemicals

BQ and IAA were purchased from Aldrich (Milwauké#]); MGHQ and NAC-
BQ was synthesized and purified as described pusiyoand used at greater than 98%
purity (Person et al. 2003; Fisher et al. 2007)PLB-grade solvents were purchased
from EMD Chemicals. Sequencing-grade trypsin ahotaer reagents, unless otherwise

specified, were from Sigma (St. Louis, MO).

5.2.2. 1,4-BQ, NAC-BQ, and IAA modification on cgsase-7

Recombinant caspase-7 was purified via dialysisidéSA-Lyzer, Pierce)
overnight at 4°C in pD. Protein concentrations were measured usingddteprotein
assay. Aliquots (1 mg/mL) were used for contral éreated samples. 0.5 M Tris-HCl,
pH 7.5 was spiked into the sample for a final cor@ion of 50 mM Tris-HCI, pH 7.5.
BQ was dissolved in methanol at 5 mg/mL. Caspas&s reacted with BQ at a molar
ratio of 1:10 or 1:1 at room temperature for 30 mifhe mixture was extracted with 3
volumes of ethyl acetate to remove excess BQ. NALBas dissolved in ¥ at 1
mg/mL and caspase-7 was reacted with NAC-BQ at déammatio of 1:10 or 1:1,
depending on subsequent experimental use. Exc&€sBQ was removed through use
of 3,000 MW cut-off filters. 1AA was dissolved water at 5 mg/mL and reacted with
caspase-7 at a molar ratio of 1:1. Excess IAA rmeasoved using Microcon 3000 MW

cut-off filters (Millipore). Control and treatedaspase-7 were treated similarly. The
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control and treated caspase-7 samples were spmttedthe MALDI target, and whole

protein spectra were acquired.

5.2.3. MALDI-TOF

MALDI-TOF spectra were acquired on an Applied Bistgyns Voyager DE-STR
instrument with a 2-meter flight path in the pogtiion mode. The instrument was
equipped with a nitrogen laser operating at 337 nAu.laser intensity of 1200 was
utilized with a delay time of 900 ns. The caspasmntrol, BQ-caspase-7, NAC-BQ-
caspase-7, and IAA-caspase-7 were diluted 1:ldgano-4-hydroxycinnamic acid, and
1 puL was drop-dried on a target plate. Whole pnospectra 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 proteinsewesolved by first diluting
them in 2x sample buffer [0.1M Tris pH 6.8, 0.1%\WSDS, 25% (v/v) glycerol, 0.02%
(w/v) coomassie blue G-250, and 0.2M dithiothrefdITT)]. Samples were heated to
100 C for 5 min, and 1-10hwgy of protein/lane was loaded onto 10% Tris/Tricine
Protein/Peptide minigel. Proteins were loaded &t\L{constant voltage) through the 3%
(w/v) acrylamide stacking gel and resolved at 15€hkugh the 10% (w/v) acrylamide
resolving gel. The gel was then stained with 0.0&86émassie 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 ample buffer [0.1M Tris pH
6.8, 0.1% (w/v) SDS, 25% (v/v) glycerol, 0.02% (yvboomassie blue G-250, and 0.2M
dithiothreitol (DTT)]. Samples were heated to 100f@ 5 min, and 10-100wg of
protein/lane was loaded onto a 10% Tris/Tricinet&ndPeptide minigel. Proteins were
loaded at 100 V (constant voltage) through the 3¢)(acrylamide stacking gel and
resolved at 150 V through the 10% (w/v) acrylamm@solving gel. Proteins were
transferred to PVDF (0.4%m, Bio-Rad Laboratories) electrophoretically inXsM Tris
and 0.12 M glycine buffer (pH 8.3) containing 209%v} reagent grade methanol at 10V
(constant current) for 30min and 60V (constant exnty for 3h using a Bio-Rad Trans-
Blot cell. Duplicate gels were stained with 0.05\) Coomassie Blue. After transfer,
gels were stained with Coomassie Blue to ensureia@ity of transfer. Only blots with

efficient transfer were immunostained.

Immunoblots were first blocked for 1 min in 0.003%/v) poly(vinyl alcohol)
and then blocked overnight in blocking buffer [0M1Tris and 0.15 M sodium chloride
buffer (pH 7.6) containing 0.02% (w/v) merthiolaad 2.5% casein]. Blots were then
incubated for 90 min at room temperature with #ffapurified rabbit anti-BrHQ-NAC
antibodies diluted 1:20 in washing buffer [0.01 NMisTand 0.15 M sodium chloride
buffer (pH 7.6) containing 0.02% (w/v) merthiolaa@d 0.5% casein] (Kleiner et al.
1998a). Blots were then washed for 5 min (room tenafpire) in detergent buffer

(washing buffer containing 0.5% Triton X-100 and%. SDS), rinsed with water three
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times, and washed with washing buffer twice for ih @ach. Blots were incubated with
goat anti-rabbit IgG (HRP-labeled) diluted 1:3000nashing buffer for 90 min at room
temperature, washed for 5 min in detergent buffiesed three times in water, washed for
5 min in washing buffer, rinsed three times withtevawashed for 5 min in Tris-saline
[0.05 M Tris and 0.20 M NaCl (pH 7.4)], rinsed taregmes in water, and then incubated
for 1 min in electro-chemiluminesence solution (BECEinally blots were exposed to
Hyperfilm ECL for 1h. The duplicate gel was theaiged with 0.05% Coommassie

stain.

The BrHQ-NAC antibody was then stripped from theDF®membrane using
Stripping buffer (4 mL 10% SDS, 1.25mL 1M Tris p860.140 mL B-mercaptoethanol,
g.s. up to 20 mL with dpD). This buffer was incubated for 20 min at 509 a
subsequently washed for 30 min with Tris-bufferadine with 0.1% Tween (TBS-T)
changing every 5 min. The membrane was then btbokernight in 5% milk/TBS-T,
and then incubated for 90 min at room temperatutle monoclonal anti-cytochrome
7H8.2C12 (BD Pharmingen). Blots were then wasloedbfmin at room temperature in
1X TBS-T 3 times. Blots were incubated with goati-snouse IgG (HRP-labeled)
diluted 1:3000 in 5% milk/TBS-T for 90 min at rodemperature, washed as above, and
then incubated for 1 min in ECL. Finally blots wengposed to Hyperfilm ECL for 1-5
min. Bands that stained in the gel and were immuosiive for cytochrome in the
Western blot were excised and digested as deschbkmnlv. These same blots were
stripped again as described above and re-probeahtoraspase-7 (9492, Cell Signaling)

or -3 (9662, Cell Signaling).
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5.2.6. LC-MSMS Analysis

Excised immunopositive/coomasie-stained proteindbafollowing 1D SDS-
PAGE were digested in trypsin (10g/mL) at 37°C overnight (Hunt et al. 1986;
Shevchenko et al. 1996). LC-MSMS analyses of intggsin digested protein bands
were carried out using a linear quadrupole ion tipermoFinnigan LTQ mass
spectrometer (San Jose, CA) equipped with a Michi@anadigm MS4 HPLC, a
SpectraSystems AS3000 autosampler, and a nanesigcay source (Shevchenko et al.
1996). Caspase-7 control, caspase-7-BQ, and ca3dds€-BQ were reduced with
DTT, alkylated with I1AA, and digested in trypsinQ(lug/mL) as described above. In a
separate experiment caspase-7-BQ was not reducaillygated, and was again digested
with trypsin (10 pg/mL) for only 3 h at 37°C. Adf these samples were treated similarly
following trypsin digestion. Peptides from digebtgel bands, as well as caspase-7
peptides, were eluted from a 15 cm pulled tip d¢ailcolumn (100mm I.D. x 360mm
0.D; 3-5 um tip opening) packed with 7 cm Vydac GH&speria, CA) material (Bm,
300A pore size), using a gradient of 0-65% so\Rr{®8% methanol/ 2% water/ 0.5%
formic acid/ 0.01% triflouroacetic acid) over a B0R period at a flow rate of 350
nL/min. The LTQ electrospray positive mode sprajtage was set at 1.6 kV, and the
capillary temperature at 180 C. Dependent datarsngnwas performed by the Xcalibur
v 1.4 software (Andon et al. 2002) with a defalltuge of 2, an isolation width of 1.5
amu, an activation amplitude of 35%, activationetiaof 30 msec, and a minimal signal of
100 ion counts. Global dependent data settings a®fellows, reject mass width of 1.5

amu, dynamic exclusion enabled, exclusion masshwadtl.5 amu, repeat count of 1,
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repeat duration of 1 min, and exclusion duratiob afin. Scan event series included one
full scan with mass range 350 - 2000 Da, followgd3bdependent MSMS scans of the

most intense ion.

5.2.7. Database searching
Tandem MS spectra of peptides were analyzed withbhdREQUEST , a

program that allows the correlation of experimentaldem MS data with theoretical
spectra generated from known protein sequencee$¥atal. 1995). The peak list (dta
files) for the search were generated by Bioworls Barent peptide mass error tolerance
was set at 1.5 amu and fragment ion mass tolemsaseset at 0.5 amu during the search.
The criteria that were used for a preliminary pesipeptide identification were: peptide
precursor ions with a +1 charge having a Xcorr »32 Xcorr > 1.5 and +3 Xcorr > 2.0.
A dCn score > 0.08 and a fragment ion ratio of expental/theorical >50% were also
used as filtering criteria for reliable matched g identification (Cooper et al. 2003).
All matched peptides were confirmed by visual exation of the spectra. All spectra
from the excised gel bands were searched agaiesipiRAT v3.31 database from
EMBL, downloaded October 06, 2006. At the time lo¢ tsearch the ipiRAT protein
database from EMBL contained 41,336. Tandem MS tepeunf peptides were also
analyzed with X!Tandem (www.thegpm.org; version 200.01.1). X!Tandem was
programmed to search the ipi.RAT.v3.31 databasqué&d was programmed to search
the ipi.RAT.v3.31.fasta.hdr database (41251 entreessuming the digestion enzyme

trypsin. The caspase-7 samples were searched agam$iuman caspase-7 sequence
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(P55210) from EMBL (Chai et al. 2001; Juan et 897). Sequest and X!Tandem were
searched with a fragment ion mass tolerance of D&@nd a parent ion tolerance of 1.5
Da. Oxidation of methionine, iodoacetamide derwaif cysteine, +105 Da (HQ), +268
Da (NAC-HQ), +226 Da (CSHQ); at Lys, Arg, and Ghere specified in Sequest and
XITandem as variable modifications. Scaffold (versiScaffold-01_07_00, Proteome
Software Inc., Portland, OR) was used to validateM% based peptide and protein
identifications. P-Mod was also used to searchcdmpase-7 samples, as this program
provides efficient analysis for single protein segces 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 proteingolved in the apoptosis
pathway are targets of quinol-thioether toxicants,determined the adduction profile of
caspase-7 with BQ. Following reaction of caspasetidi BQ at a 1:10 molar ratio in
H,0, the reaction was followed by analysis every 1@ for 1 h. The reaction of
caspase-7 with BQ immediately showed BQ adduct &ion, which remained constant
over the 1 h time-course in,8 (data not shown). When this same reaction was
performed in 50 mM Tris-HCI, pH 7.5, BQ adduct fation was immediate and
following the 1 h time course, the protein begarmptecipitate out because of increased
BQ-adduct formation. A representative MALDI speatr following BQ reaction with
caspase-7 in 50 mM Tris-HCI, pH 7.5 after 30 miacteon time reveals as many as 14
BQ adducts with a mass of 107 Da in comparisohéccbntrol caspase-7 under the same
reaction conditionsHigure 5.4). Because of the large number of adducts, ikedy that
MALDI analysis would not be able to completely riesothe exact extent of BQ adduct
formation. It is likely that the BQ-caspase-7 nwolkes may be cross-linking with
adjacent BQ-caspase-7 molecules, leading to thedton of protein aggregates. To
further examine the extent of BQ-caspase-7 adduehdtion, gel electrophoresis was
performed. Additionally, caspase-7 was reactech UlilA at a 1:10 molar ratio to
compare the IAA-caspase-7 adduct profile with tifaBQ-caspsae-7. IAA is known to
alkylate free thiol groups on proteins, and carm d@sget basic residues such as lysine

and arginine (Person et al. 2005), but does no¢@pi be as reactive with caspase-7 as
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BQ. Following gel electrophoresis and Coomassa&nstg, the control recombinant
caspase-7 migrated in the gel as expected. Theckspase-7 behaved similarly to
control caspase-7. However, BQ-caspase-7 did pymeax to migrate into the gel at all,
and remained mostly at the topiqure 5.5. The results suggest that multiple BQ
adducts form on individual caspase-7 moleculed) wibss-linking between BQ-caspase-

7 molecules to form aggregates that cannot migtht®ugh 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 aridlér ratio in 50 mM Tris-HCI,
pH 7.5. (A) MALDI spectra of control caspase-7, e the peak at 32910 Da
corresponds to full-length caspase-7, and peak43@05 Da and 19717 Da both
correspond to cleavage products associated withasas/ cleavage. During expression
of recombinant caspase-7, the protein often cleawes resulting in identification of
these products using MALDI-TOF analysis. (B) MALDOF spectra following reaction
of caspase-7 with BQ. The two cleavage produdlisretain intact as indicated by
peaks with molecular masses of 13205 Da and 197l7 However, the peak at 32910
observed in the control is now much larger, withteid4 BQ modifications, each with an
addition of 107 Da. This indicates caspse-7 avig modified by BQ, and is likely
forming inter-molecular BQ-caspase-7 adducts.
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Figure 5.5. Gel electrophoresis following recombent caspase-7 reaction with BQ
and IAA.

Control and treated recombinant caspase-7 proteuese analyzed using gel
electrophoresis on a 10% Tris/Tricine peptide g#lofved by Coomassie staining.
Caspase-7 was reacted with BQ and IAA at a 1:1Gnmaltio in 50 mM Tris-HCI, pH
7.5. Control caspase-7 was analyzed in this saunfferband also with the addition of
MeOH to account for the amount added during BQtreac The reaction of caspase-7
with BQ indicates multiple adduct formation becatise protein complex is not able to
migrate through the porous gel matrix, whereas nobstaspase-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 formationt 4:1 molar ratio

Because caspase-7 appears to be extremely readtiv8Q, the amount of BQ
was decreased to aid in the identification of speeific BQ modifications. With
increased BQ adduct formation on caspase-7, ther®{@cules likely cross-link with
one another creating intermolecular linking of G 7-BQ with adjacent caspase-7-BQ
protein adducts. The intermolecular interactioesrdase the solubility of the caspase-7-
BQ, making it difficult to perform LC-MSMS analysand site-specific BQ identification
on caspase-7. Aditionally, caspase-7 was reactddNWAC-BQ, which is less reactive
than BQ, with the intent of decreasing adduct fdromaon caspase-7, and increasing the
solubility of the adducted caspase-7. Thus, ca&spasas reacted with BQ or NAC-BQ
in 50 mM Tris-HCI, pH 7.5 at a 1:1 molar ratio 8@ min. Excess BQ or NAC-BQ was
removed and subsequent MALDI-TOF analysis was cotedl Following modification
with BQ, the MALDI spectra reveal up to 6 BQ modé#tions with mass additions of 105
Da (Figure 5.6) and following modification with NAC-BQ, MALDI spdra reveal
several NAC-BQ modifications with mass addition268 Da, and 105 Dd&igure 5.7).
The NAC-BQ modifications appear to be forming oe ttaspase-7 cleavage products,
which are not observed with the BQ modification aaspase-7. Addtionally, the 105-
modifications observed with NAC-BQ adductions orspgase-7 are the result of post-
adduction chemistry similar to that observed duriNAC-BQ modifications on

cytochromec (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 endldr ratio in 50 mM Tris-HCI, pH
7.5. (A) MALDI spectra of control caspase-7, whére peak at 32890 Da corresponds
to full-length caspase-7, and peaks at 13194 Da H9WD3 Da represent cleavage
products of caspase-7. (B) MALDI-TOF spectra fafilog reaction of caspase-7 with
BQ. The two cleavage products still remain unclegingith molecular masses of 13194
Da and 20120 Da. However, the peak at 32890 obdarvthe control is slightly more
visible with 6BQ modifications, each with an adalitiof 105 Da.



170

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-BQJaf anolar ratio in 50 mM Tris-
HCI, pH 7.5. (A) MALDI spectra of control caspagewhere the peak at 32888 Da
corresponds to full-length caspase-7, and peak8¥4 Da and 19703 Da correspond to
cleavage products of caspase-7. (B) MALDI-TOF gpefllowing reaction of caspase-
7 with NAC-BQ. The two cleavage products are shavith NAC-BQ modifications of
268 Da, corresponding to peaks with molecular nsae$d 2663 Da and 13462 Da both
with 1 NAC-BQ maodification, and 20818 Da with up4dNAC-BQ modifications. The
peak at 32888 observed in the control is slightlprenvisible with 6 NAC-BQ
modifications, with 4 additions of 268 Da and 2 iidds of 105 Da.
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5.3.3. BQ- and NAC-BQ-caspase-7 site-specific adauidentification following
overnight trypsin digestion

Caspase-7 was reacted with BQ and NAC-BQ as destpbeviously. Adduct
profiles were observed using MALDI-TOF analysis,dathese samples were then
reduced with DTT, alkylated with 1AA, and digestedth trypsin overnight at 37°C.
These samples were then subjected to LC-MSMS &radysl the data was analyzed
using Sequest and validated using Scaffold. Thia @as also searched for modifications
using P-Mod. These samples were run against actaaspase-7 and the search criteria
was the same for control and treated samples.satples showed sequence coverage
consistent with caspase-7 identification, with B8@-adducted peptide boxed in red in
the caspase-7-BQ sampleidure 5.8). Potential modifications on caspase-7 following
reaction with BQ include 105 Da on K, R, E, and &dxd on previous studies from our
laboratory. Potential modifications on caspaseslloWing reaction with NAC-BQ
include 268 Da on K, R, E, and C. These sampkes mlay have 105-Da modifications
because of the instability of the thioether bondN&iC-BQ, and following elimination of
the NAC moiety, because of basic conditions oraurding nucleophilic residues, BQ
will remain on the adducted residue with a mas4@8 Da. These modifications were
searched on the same residues as above. Caspf3estiewed one site specific lysine
105-Da adduct, corresponding to that of BRigure 5.9, whereas no additional
modifications were identified in the caspase-7-NBQ- samples. The peptide,

2"’HFESQSDDPHFHEKKQIPCV¥? showed 105-Da BQ modification on”R with
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sufficient coverage of b and y ions to indicate rhcdtion at this nucleophilic residue.

All of the cysteine residues in this sample werseared to be alkylated with IAA.
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Figure 5.8. Sequence coverage of caspase-7 follogvovernight trypsin digestion
and LC-MSMS analysis.

(A) Sequence coverage of control caspase-7, indgatysteines modified with 1AA in
green. (B) Coverage of caspase-7-BQ as indicatgdyellow highlighting. Cysteine
residues highlighted in green have IAA modificaicend the peptide boxed in red has
been identified with a 105-Da BQ modification orf®k (C) Caspase-7-NAC-BQ
sequence coverage again with cysteine residuesrshevgreen that are modified with
IAA. All samples show good sequence coverage aiilig the correct protein present,
however not many modifications are identified. Trhajority of the cysteines present
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appear to be modified with 1AA indicating that BQAaNAC-BQ are not stable adducts
on cysteine residues during the overnight trypgjestion.
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Figure 5.9. Site-specific BQ adduction on caspagefollowing overnight trypsin
digestion and LC-MSMS analysis.

Following reaction of caspase-7 with BQ at a 1:llaneoatio, the sample was digested
overnight in trypsin and analyzed via LC-MSMS.?®kwas identified to be modified
with a 105-Da BQ adduct. Asterisks (*) denotesito ¢overage 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 identditon following 3h trypsin digest
Because no cysteine modifications were observddwaolg reaction with BQ or
NAC-BQ on caspase-7, we concluded that the digegt@riod was too extensive and the
cysteine-BQ adducts were unstable over this peofotime. As a result, in order to
identify these types of BQ adducts, we shortened ttiipsin digestion time to 3 h.
Caspase-7 was reacted with BQ as described préyi@ml adduct profiles were
observed using MALDI-TOF analysis. The BQ-caspasetduct profile is similar to that
observed in Figure 5.9. Following the 3 h digestioC-MSMS analysis was conducted.
No reduction or alkylation was performed prior tgpsin digestion. The LC-MSMS data
was searched using Sequest and PMod, and thisndatates good sequence coverage of
caspase-7 with multiple 105-Da BQ modifications esleed on lysine and cysteine
residues Figure 5.10. The BQ-adducted peptides are boxed in the saspdBQ
sequence to identify which peptides are partictdegets of BQ. The caspase-7 peptide
®LGKCIIINNK "® was identified with a 105-Da adduct on"’Kas the only lysine
identified to be adducted in this BQ-caspase-7 $arffagure 5.11A). The peptides
139 FFIQACR™’ and % QIPCVVSMLTK?®” were identified as having 105-Da BQ
adducts on €° and &% respectively Figure 5.11B and 5.11¢. Interestingly, ¢*®is
the active site thiolate anion necessary for catalgctivity of caspase-7, and thus

adduction at this site may have critical implicagan disruption of caspase-7 function.
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Figure 5.10. Sequence coverage of caspase-7 follay\3 h trypsin digestion and LC-
MSMS analysis.

(A) Sequence coverage of control caspase-7, indgatysteines modified with 1AA in
green. (B) Coverage of caspase-7-BQ as indicatgdyellow highlighting. Cysteine
residues highlighted in green have potential 105¥dlifications and the peptides boxed
in orange, blue, and purple have all been identifigth 105-Da BQ modifications on
K®, C' and &% respectively. All samples show good sequencemme indicating
the correct protein present and following the shrwet, 3 h trypsin digestion, multiple
105-Da BQ adducts were identified on cysteine ressd
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Figure 5.11. Site-specific BQ adduction on caspa3efollowing 3 h trypsin digestion
and LC-MSMS analysis.

Following reaction of caspase-7 with BQ at a 1:lanmtio, the sample was digested for
3 h trypsin and analyzed via LC-MSMS. (A)**vas identified as modified with a 105-
Da BQ adduct as indicated by the b and y ions pteséhe unlabeled peak at 738 m/z is
likely an internal ion as a result of double clegwaf the peptide backbone. (B)*E
was identified as having a 105-Da BQ adduct withedlent coverage of b and y ions.
This adduction site is of particular interest besgait is the active site thiolate anion that
participates in protein cleavage and thus the eatignfunction of the protein. (C) %
was also identified as having a 105-BQ modificatidiis 3 h digestion was sufficient to
provide good sequence coverage, but also to altowcysteine-BQ adduct stability in
order to identify the adducted residues. BQ addace not stable on cysteine residues
following overnight trypsin digestion. Asterisky (lenotes b ion coverage on the top of
the peptide and y ion coverage below the listedigep
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5.3.5. Western blot analysis of caspase activation

Being able to identify site-specific modificatiof@lowing reaction of BQ with
caspase-7, we were interested in determining ietlv@s a functional response following
adduct formation. We utilizedh vivo samples from experiments described above to
determine whether adduct formation on caspase-yspé#a role in quinol-thioether-
mediated toxicity. Proteins from rat OSOM wereotesd by gel electrophoresis and
visualized using Coomassie staining and paralleiteva blotting for caspase-7. These
blots were probed for anti-caspase-7, an effechspase protein. The results indicate
that the control and treated OSOM show no caspaskdvage, corroborating the
necrotic cell death observed following MGHQ treainef these animals. Recombinant
caspase-7 was used as a comparison to determineatcadentification of full length
caspase-7 and cleaved caspase-7. Human renatlgpitells (HK-2) were used as a
comparison also. Full-length caspase-7 was idedtifin HK-2 cells, with the
recombinant protein observed at a slightly higheterular weight than in the rat kidney
tissue samples. Based on the recombinant proteth its corresponding cleavage
products, it appears that caspase-7 is not cleavedher the HK-2 cell lysate or in the
rat kidney tissue homogenatBidure 5.12. These blots were also stripped and re-
probed for caspase-3 cleavage. However results fih@se blots were less clear based on
the high amount of non-specific binding. These egxpents were utilized to help
validate the observed caspase-7 adduct formatiomtrioa and provide further evidence
that quinol-thioether adduct formation on critiggoptotic proteins may contribute to

toxicity observed with this type of compound expesu
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Figure 5.12. Western blot analysis of caspase-7 @ontrol and MGHQ-treated
OSOM samples.

(A) Coomassie-stained gel following electrophoregi©SOM isolated from control and
MGHQ-treated rats. These samples were analyzadstgacombinant caspase-7 and -3,
as well as a human proximal tubule cell lysate (BJKreated with NAC-BQ following
cell lysate collection (HK-2:NACBQ). (B) Westentot analysis using anti-caspase-7 to
determine if caspase cleavage occurred in the M@&dged samples. Recombinant
caspase-7 was used as a marker. The results tedic#t caspase-7 is not cleaved in
either the OSOM control (OSOM C2) or MGHQ-treateB@M (OSOM T2), as well as
in the HK-2 lysate. The recombinant caspase-7 shaleavage product around 20 kDa
and the full length caspase-7 at 35 kDa. The H&eR lysate shows the full length
caspase-7 product around 35 kDa, and the OSOMetisamples show the full-length
caspase-7 to be slightly lower, around 30kDa, with cleaved 20 kDa product.
Furthermore, the MGHQ-treated sample, OSOM T2, shawslight banding pattern
above the initial full-length band, indicating pot@l modifications mediated by
guinone-thioether exposure.
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5.3.6. Anti-NACHQ and cytochromec Western blot

To confirm that protein adduction occurred concamitwith nephrotoxicity,
Western blot analysis of OSOM proteins was condlatsing antibodies specific to
quinol-thioether derived protein adducts (Kleineak 1998b). Many protein bands were
observed in all of the lanes loaded with proteiremf MGHQ treated animals, with
immunopositive bands also observed in the contnghals. It appeared that the band
corresponding to the molecular weight associateth vaytochromec was more
pronounced in the treated sample than the contmlyever too much non-specific
binding occurred to conclude anything from thistifdata not shown). As a result, the
blot needed to be stripped and re-probed for cytouk ¢ using anti-cytochrome
(7H8.2C12). The western blot was then aligned aittarallel Coomassie stained gel to

determine that cytochronewas in fact identified in these sampléggre 5.13.
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Figure 5.13. Cytochromec detection using Coomassie staining followed by paltel
Western blotting.

The outer stripe of the outer medulla (OSOM) wadaied from control rat kidneys as
well as those treated with MGHQ. 10% Tris/Tricipeptide gel electrophoresis was
utilized to identify quinone-thioether adductedagfiromec in these samplesOSOM
C2 refers to the control rat tissue sample and OSIQMefers to the MGHQ-treated rat
tissue sample. CC refers to pure cytochrameed as a marker to guide in cytochrame
identification from a complex mixture. (A) Coomasstained gel showing cytochroroe
in both the tissue homogenates, as well as thegponding pure cytochronoeprotein.
(B) Parallel Western blot showing that cytochromis found in both the control and
treated OSOM, and is validated using the pure prase a control for the cytochronee
antibody. These cytochrontebands were subsequently removed from the staieéd g
and analyzed using LC-MSMS to try and identify cytaomec and potentially quinone-
thioether adducted cytochrome
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5.3.7. Cytochromec identification

Based on multiplein vitro experiments we concluded that cysteine, lysine,
arginine, and glutamic acid were the most likehgtds of adduction by the HQ-thioether
metabolites (Fisher et al. 2007; Liebler 2008). e Tikely metabolites adducting the
proteins are MGHQ (414Da), CysGIlyHQ, CSHQ (226 Dd)\.C-HQ (268 Da) and HQ
(105Da) itself, the latter arising as a consequaigmst-adduction chemistry (Lau et al.
1988). Cytochrome was determined to be present in the control aeated OSOM
samples based on the sequence coverage, howevatducts were identified on the
treated cytochrome. The present analyses confirm that no NAC-HQ, QSHr HQ
adducts occur on Lys, Arg or Glu residues of cytonote c (Figure 5.14. This data
indicates that cytochrome@may not be a likelyn vivo target.  This could be because
these compounds do not enter the mitochondria giratlromec is not released during
this toxicant exposure, or because cytochrommteracts with Apaf-1 immediately
following release from the mitochondria if releassdall. Alternatively, we may not
have identified the modified cytochronebecause the native proteins are in greater
abundance than the modified proteins, and if susmall percentage of the proteins are
modified, they will not be detected by the masscBpeneter. The protein may also be so
heavily modified, that the cell recognizes it asndged, and thus the protein is degraded,

resulting in no detection of modified cytochrome
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Figure 5.14. Sequence coverage of cytochroraéollowing LC-MSMS analysis from
OSOM control and MGHQ-treated samples.

Gel bands were excised from the Coomassie staiakdluggtrated Figure 5.3, reduced
with DTT, alkylated with iodoacetamide, digestedhwirypsin, and analyzed using LC-
MSMS and Scaffold database searching. In each@2sefers to control OSOM and T2
refers to MGHQ-treated tissue. (A) Metabolic aation of MGHQ results in CSHQ
adduct formation with an adducting mass of 226-8mthe raw data was searched to
identify cytochromec tryptic peptides with a mass modification of 226. D& both
samples, the native cytochromevas identified with no modifications. (B) Activah of
MGHQ also results in NAC-HQ adduct formation with @adducting mass of 268-Da, and
the raw data was subsequently searched for mas$icatidns of 268-Da on cytochrome
c tryptic peptides from control and treated sampls®. modifications were identified in
either C2 or T2. (C) MGHQ metabolism and posttaudidn chemistry results in 105-Da
adduct modification on target proteins. As a redhle cytochrome tryptic peptides
from the control and treated samples were seartdrethis mass modification, and no
modifications were identified. In each analysigtochromec was identified, indicated
by the percentage of peptides identified in eachpéa, however no modifications were
found for any of the above searches.
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5.4. Discussion

The initiator caspases and effector caspasesaadl hctive site cysteine residues
that would make them viable targets for electraphadduction, as well as oxidative
modification. The active site cysteine in casppsateins is extremely acidic, with
increased nucleophilicity due to enhanced ionizatibthe thiol to the thiolate anion, as a
result of the surrounding residues in the tertisityicture of the caspase (Poole et al.
2004; Thomas et al. 2001). This characteristithefactive site cysteine makes this thiol
functional group a site for oxidation/reduction chstry (Poole et al. 2004). Caspases
can be modified by nitric oxide (NO), the activeéeghiol being the site of modification
by either covalent attachment of the NO group orolkidative reactions (Mohr et al.
1997; Torok et al. 2002; Zech et al. 2003; Bratébral. 2000b). NO can modify the
enzyme by either S-nitrosation, oxidation, or dhi@nylation (Li et al. 1997; Zech et al.
1999). Caspases are redox sensitive and the csll maintain a reducing environment
for caspase function, so oxidation by NO can createenvironment that inhibits
apopotosis due to excessive oxidative stress asplsa dysregulation (Hampton et al.
1998). S-nitrosation of caspases has been showe ® reversible modification on the
enzyme because addition of dithiothreitol (DTT)toess capsase function (Zech et al.
2003). Additionally, recent literature has suggesteat NO may possibly block the
processing of the procaspases and inhibit the ifumobf the active enzyme in an
irreversible manner as a result of NO-mediatedugitson of protein-protein interactions,
specifically inhibition of apoptosome assembly hesa of caspase modification.

Consequently, this disruption would interfere wiitle execution of cell death (Zech et al.
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2003). Protein sulfhydryls are not only targetchémical-mediated adduction and NO-
mediated nitrosylation, but also targets of othddative-mediated events that can result
in reversibly oxidized or irreversibly oxidized fos of protein sulfhydryls (Thomas et al.
2001). Excessive thiol oxidation reactions du@tweased oxidative stress can result in
sulfinic or sulfonic acids, both of which are ireegible modifications (Zech et al. 2003;
Zech et al. 1999).

Caspases also possess multiple nucleophilic seésgosed lysine residues, that
may be sites for quinone-thioether adduction. @diyh these sites may not be critical for
protein function, modification at these sites manpact the structure of the protein such
that the active site is affected by the modificatio Amino acid modifications at sites
distal from functionally important residues do iedeimpact protein structure and
function in vitro (Fisher et al. 2007), however this is less cleadyined forin vivo
models. Protein adduct formation is dependent umactivity of intermediates and
subcellular localization of protein targets, anésth are major factors in determining
chemical-mediated toxicities (Yang et al. 2006)c&ese caspases are cytosolic, and also
contain multiple nucleophilic sites, they may bg&ely in vivo targets for protein
adduction by reactive intermediates, such as q@bioether metabolites.

We have utilized recombinant caspase-7 and caspé&saletermine then vitro
impact of BQ and NAC-BQ on these proteins. Thedatlicates that the caspases are
far more reactive towards BQ than cytochromewith interactions occurring under a
variety of experimental conditions. Caspase-7 foinmtermolecular cross-links in the

presence of BQ, creating a large, multimeric agageeghat does not migrate during gel
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electrophoresis. The multiple lysine and cysteesdues are the likely targets of BQ.
Although MALDI-MS data indicate that NAC-BQ and B§pth modifiy caspase-7, only
site-specific modifications on caspase-7-BQ weenitied by LC-MSMS. A 3 h trypsin
digestion was sufficient for protein sequence cager in addition to identification of BQ
adducts on cysteine residues. Following overniglpsin digestion, the cysteine
residues were no longer adducted by BQ, confirnBqyadduct instability on cysteine
residues. Lysine residues were targets of adduatiboth of the caspase-7-BQ samples,
(overnight and 3 h digestions). Furthermore, thetasne residue that is necessary for
catalytic function of caspase-7 was also modifigdBR.

Caspase-7 in renal homogenates treated with MGH@oiscleaved, which is
consistent with the necrotic mode of cell deatlhiese tissues. However, there may be
guinone-mediated modifications on caspase-7 iretlBasnples as shown by the banding
pattern in the western blot, where multiple bands a@bserved at a slightly higher
molecular weight in the treated sample comparedh& control. Quinone-thioether
modifications on these proteins might be respoasibt shifting the molecular weight
slightly higher in these samples.

To further extend oun vivo studies, we attempted to identify cytochrocrenin
vivo quinone-thioether target. Although much effort wewested in identifying
cytochromec as anin vivo target, we were unable to observe MGHQ-modified
cytochromec in rat kidney tissue. A number of reasons maytrdaute to our inability to
detect modified cytochrome in viva Although cytochromec is released from

mitochondria during times of stress, it may be thgtochromec remains in the
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mitochondria following exposure of kidney cellsM&sHQ. Thus, cytochrome may not
be accesible to the quinone-thioether metabolitdsch are unable of penetrating the
mitochondrial membrane in sufficient concentratiobs adduct cytochromec.
Alternatively, cytochrome& may be released from the mitochondria during #sponse
to quinone-thioethers, but following release it ndiectly interact with Apaf-1, with
little time for quinone-thioether exposure. Beausultiple target sites on cytochrome
are also known to interact with Apaf-1, it is ligethat Apaf-1 wraps itself around
cytochromec, thus covering all of the accessible sites on dytome c that would
otherwise be available for adduction. Because ¢ytmoec was shown to be an unlikely
target in vivo, this points to the caspase protams additional cytosolic proteins as even
more important candidates for BQ modification ahdirt role in the quinone-thioether-
mediated toxicity.

Caspase-7 is a critical effector protein that idgpropriately modified could
adversely impact the ability to induce apoptodidultiple other protein targets are also
required to initiate apoptosis. Bid, a Bcl-2 hoogy 3 containing protein, is important
for cross-talk between the death-receptor and imaodrial pathways, and this
interaction is initiated by caspase-8 cleavage wf. BFollowing Bid cleavage, it is
translocated to the mitochondria as tBid and inducelease of cytochrome
(Kandasamy et al. 2003). Cytochromerelease is mediated by Bid activation of
proapoptotic protein, Bax, which inserts into th@éochondrial membrane and allows
release of cytochrome from the mitochondrial intermembrane space in® tltosol

(Eskes et al. 2000). Bax and Bak are critical tfee release of cytochromg and
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mutations in either one of these genes renders pedistant to apoptosis. Additionally,
cells void of Bax or Bad were also resistant to mpsis following treatment with
anticancer agents or UV irradiation (Wang et aD20Nei et al. 2001; Zong et al. 2001).
Because Bid functions upstream of cytochramelease, disruption of Bid cleavage via
post-translational modification or ROS-mediated dgem by quinone-thioether
metabolites could cause inhibition of apoptosithase effected cells.

Additionally, the BH3 domain of pro-apoptotic peots is necessary for binding
to antiapoptotic proteins such as Bcl-2 and Bc{Pinto et al. 2004). If this BH3 domain
is compromised in any way, these proapoptotic prstewill no longer bind to
antiapoptotic proteins Bcl-2 and Bgl; and will result in loss of apoptotic activity
(Kelekar et al. 1998). Furthermore, evidence ie literature suggests that there are
critical cysteine residues that are redox sens@sessary for Bax activation and
translocation to the mitochondria. Mutation ofgaeesidues renders the protein inactive
(Nie et al. 2008). These results indicate thatethe a sensitive balance for activation of
proapoptotic proteins, and chemical toxicants ld@none-thioethers could not only
disrupt this balance via ROS generation, they calkb chemically modify critical
cysteine residues within these proteins and disngstmal function of the apoptosis
pathway. Taken together, multiple proteins witthie apoptosis pathway may serve as
qguinone-thioether targets, and it is likely thatdiigation or inactivation of multiple
targets work in concert to dictate the toxic resgmorelicited by these reactive

intermediates.
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CHAPTER 6: CONCLUDING REMARKS

6.1. Introduction

The biotransformation of xenobiotics leads to fatioraof a variety of biological
reactive intermediates. Reactive intermediates alano be formed as by-products of
cellular metabolism, including reactive oxygen amiogen species, as well as reactive
dicarbonyl degradation products, such as methyigliy@yao et al. 2007). Additionally,
many of these reactive intermediates damage cellm@mbranes, resulting in lipid
peroxidation, which results in the formation of eml a,b-unsaturated aldehydes,
including 4-HNE (Carini et al. 2004). Many reactiv@ldehydes are generated
endogenously during glycation, amino acid oxidatiand lipid peroxidation, and may
contribute to disease progression, including dedband atherosclerosis (Halliwell 2000;
Uchida et al. 1998). Although much work regardimaxitity and carcinogenesis
mechanisms of these reactive intermediates hasédoon DNA modifications, the effect
these electrophilic species on proteins has recegdined attention. Because the
majority of reactive intermediates are electroghifi nature, this facilitates their ability
to adduct nucleophilic residues within target pirtge

The binding of reactive intermediates to protemgyéss has long been regarded as
nonselective in nature. However, many reactiveabyadites have a preference for
arylation of target cysteine thiols, such as 4-HNHhis a,b-unsaturated aldehyde
covalently binds cysteine residues, such as CysB9Reat shock protein 90, which

disrupts protein function (Carbone et al. 2005&urthermore these same reactive
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metabolites bind protein nucleophiles in a revéesimanner at low concentrations
(Doorn et al. 2006). Indeed, many electrophil®s form reversible protein adducts, and
still produce biological consequences, including@ tnansient inhibition of enzyme
activity. Other reactive electrophiles, such asagues, produce toxic effects as a result
of covalent protein adduction and the generatioROS. It is important to note that these
two effects of quinones are not mutually exclusismce protein-bound quinones can
remain redox active. Quinones form protein addwdgth nucleophilic residues within
target proteins, including lysine, cysteine, argtitline residues (Fisher et al. 2007; Koen
et al. 2006; Meier et al. 2005; Person et al. 2005)

Because reactive electrophiles are capable of fagyntovalent adducts with
proteins, they may subsequently alter the struchma function of target proteins. Such
functional alterations may include interference hwijtrotein-protein interactions and
subcellular protein localization, and disruption a#llular signaling pathways. It is
important to emphasize that not all protein addwuglisproduce a toxicological response,
as some protein adducts do not affect protein fanct As a result, determining which
protein targets do play a role in the overall torgsponse is still an overwhelming
challenge facing the future of chemical-inducedidibx. However, use ofn vitro
models can provide some guidance and applicatierarts thein vivo relevance of
protein adduction and which proteins may be likiglggets for certain electrophiles as

well as the structural and functional implicatiaighis adduction.
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6.2. Quinone-thioether adduct characterization andstability

In vitro models provide a useful tool to identify and cleégaze protein adduct
formation by reactive electrophilic intermediateglthough this is a simple platform,
adduct formation and any post-adduction chemisary ke identified in simplistic terms,
and then extrapolation of this information can liézed for in vivo analysis of protein
adduct formation by similar electrophiles. BQ atsdquinone-thioether metabolites have
affinity for solvent-exposed lysine-rich regions oftochromec (Fisher et al. 2007;
Person et al. 2005; Person et al. 2003). Cytocarorhas multiple solvent exposed
lysine residues that fall into a motif of KXK or KK This peptide sequence, in
combination with the 3D structure of the proteiasfallowed us to determine the quinone
binding profile on a single protein under multigdaysiological conditions. Quinone-
thioether metabolites form in a pH dependent-mararetd final adduct formation is
dictated by the microenvironment of the protein f€a2.1). Quinone-thioether
metabolite stability is largely dependent upon thiee of adduct formation, in
combination with the protein region surrounding @ctdormation. The NAC-BQ adduct
on cytochromec is most stable with a modifying mass of 268-Da ghatamic acid
residues in regions of the protein containing adopKa. In contrast this same adduct in
not stable when bound to lysine residues in regadrtee protein with a higher pKa, and
as a result modifies proteins with a mass of 105 Diais is indicative of the BQ portion
of NAC-BQ, where the NAC moiety is eliminated degent upon the protein

microenvironment (Table 2.1, Figure 2.9, Figured2.1
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Furthermore, reactions with BQ and NAC-BQ on recorabt caspase-7 provided
additional insight into quinone-thioether adduatniation. Thus, caspase-7 is extremely
reactive with BQ, with multiple BQ adducts beingrfeed (Figure 5.4. Figure 5.6, and
Figure 5.7). Caspase 7 contains abundant lysidegsteine residues, which may likely
predispose this protein as a target for modificatoy BQ and NAC-BQ. Following
overnight digestion in trypsin, only lysine residugere identified as BQ targets (Figure
5.8 and Figure 5.9). However, a shortened digestio3 h, BQ adducts on cysteine
residues wre also identified, indicating that thessidues are unstable (Figure 5.10 and
Figure 5.11). Cysteine adducts thus likely occndar physiological conditions, but
because they are unstable may serve as “redoxrsénsofact, the active site cysteine of
caspase-7 is modified by B vitro (Figure 5.11B), and this could certainly impact the
progression of the apoptosis pathway because ea3pas an effector caspase and is
necessary to facilitate appropriate apoptotic @edith.

We have shown that not only is final adduct fororatdependent upon protein
microenvironment, it also may be dependent on sanmpeparation conditions for
proteomic analyses. Protein adduct hunting from iouvivo studies showed that
following dosing with MGHQ mostly BQ (105-Da) addsc and CSHQ (226-Da)
adducts were identified. Because of the largebarmf 105-Da adducts, we determined
that their may be post-adduction chemistry musbbeurring following initial adduct
formation, thus resulting in elimination of the G®IH NAC moiety. Additionally, we
have identified lysine, arginine, and glutamic aadtlucts, but no cysteine adducts from

guinone-thioether metabolites. Standard sample@gpation for proteomic analyses
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includes the use of buffers such as 0.1 M ammorbigarbonate, pH 8 and/or 0.05 M
Tris-HCI, pH 7.5 for trypsin digestion purposesypically the samples remain in these
buffers for up to 17 h, which is standard for tigpdigestion of proteins into peptides for
mass spectral analysis. We therefore performeatietwsing peptide and protein models
containing free cysteine residues to determineanerthioether adduct formation under
conditions necessary for proteomic analysis. Adudilly, we performed studies to
determine the stability of MGHQ under standard c¢oowls for proteomic analyses.
MGHQ is stable in 0.1 M ammonium bicarbonate fprto 8 h but then degrades,
most likely via elimination of the GSH moiety frothe BQ ring (Figure 4.1). The
peptide and protein models showed that BQ doescadgsteine residues, but the adduct
is unstable and BQ is eliminated from the cystegmdues (Figure 4.2 and Figure 4.4).
Cysteine residues are likely targets of many reactlectrophiles, in particular, -
unsaturated aldehydes. In many cases cysteinduessiare also critical sensors for
modulating cellular signaling, including the intetian between Keapl and Nrf2. Keapl
contains several reactive cysteines, and uponiogaatith electrophiles, these cysteine
residues form intermolecular disulfide bridges. isTleads to disruption of the Keapl-
Nrf-2 interaction and release of Nrf-2 and actieatiof antioxidant genes (Dinkova-
Kostova et al. 2002; Wakabayashi et al. 2004). sTkione example where reactive
electrophiles may bind to thiol residues withintgins and trigger downstream signaling
events that can lead to increased gene transgeriptia decrease in protein function. Itis
likely that quinone-thioether metabolites also siantly alkylate critical thiols on target

proteins, and result in a cellular response simdathat observed with Keapl and Nrf2.
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However, identification of quinone-thioether modé#tions on cysteine residues still

remains a challenge because of the stability isgte=sented herein.

6.3. Structural consequences of quinone-thioeth@dduct formation

Not all chemical-induced protein adducts resula itoxic response. In fact, often
a desired effect of the chemical is to form a pmotadduct for a beneficial
pharmacological effect, as in many anticancer draigd proton pump inhibitors. For
example, omeprazole was designed to bind covaldotlthe proton pump of gastric
parietal cells to aid in the management of gastcid-related diseases (de Korwin et al.
2004). In this case, the intended effect of theyds to covalently bind to target proteins
and results in a desired pharmacological respoighlitionally, many oxidative
modifications formed from metabolism of reactivéeimediates are necessary for redox
balance and appropriate cellular survival. On dtteer hand, many of these oxidative
modifications become deleterious for cellular suaViwhen they overcome the cell's
antioxidant response and GSH levels are overwhelm&drthermore, some protein
adducts that are formed have no measurable effecprotein function and normal
cellular homeostasis is maintained. However, pmaeduct formation frequently occurs
in portions of the protein necessary for proteiat@in interaction, cellular localization
recognition domains, and/or regions important foot@n polymerization. Finally,
adduct formation can occur on regions of the protlistant from sites necessary for

function, which may cause structural alteratiorag ttan impact normal protein function.
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Using cytochromec as a model protein, we investigated potential cstinal
changes associated with quinone-thioether adduabdiion. BQ forms a diquinone
adduct with a mass modification of 196 Da linkirdjezent lysine residues (Person et al.
2003). We subsequently incorporated this diquinadduct onto target residues K25-
K27 using Insight I, and following molecular dyna visualized the impact of this
adduct on cytochrome (Figure 2.2). Additional modeling of NAC-BQ addson other
target residues of cytochrontewere also performed. Since quinone-thioether eiddu
were also identified on five of eight residues impot for cytochrome protein-protein
interactions with Apaf-1. The structural analysiscluding molecular modeling and
circular dichroism revealed local structural reagaments following adduct formation,
in the absence of major protein structural chan{§egure 2.8, Figure 2.9, Figure 2.10,
and Figure 2.11). Because these studies wereuctew using a mixture of native
cytochromec and BQ-adducted cytochronte we subsequently separated the various
BQ-adducted cytochrome species from native cytochrome Liquid isoelectric
focusing was used to separate the various spet®garhromec (Figure 3.2 and Table
3.1). Following this separation we conducted stmat analyses to determine the impact
of BQ adduction on cytochronee The data indicated that the BQ adducted cytoukro
c formed a more alpha-helical structure (Figure ,3@gating a more rigid protein
structure, with a greater potential impact on profenction. Cytochrome contains
many lysine residues, rendering this protein qgfiérible, which must be an important
aspect of its interaction with Apaf-1. When thausture becomes more rigid, this likely

impacts the binding of cytochronedo Apaf-1, and subsequent apoptosome formation.
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Molecular modeling of the protein with the quinetheoether adducts is only a
predictive measure of structural impact followirddact formation. However, this can
be used to help determine the effect of chemicaliated changes on protein structure.
These models predicted local structural rearrangésrassociated with quinone-thioether
adduction, and this may in fact contribute to abgeyved functional changes associated
with these adductions. Alternatively, it is liketitat the quinone-thioether adduct is
simply masking the lysine residues such that tireyn® longer able to electrostatically
interact with Apaf-1 via the necessary protein-piotinteractions, and consequently

disrupting apoptosome formation in this manner.

6.4. Functional consequences associated with addfarmation

It remains important to determine if there is irctfa biological consequence of
chemical-induced adduct formation. We have usadctyomec as a model system to
investigate the initiation and progression of apefs in response to chemical insult. We
have determined that BQ-adducted cytochramesults in decreased caspase-3 activity,
as well as failure to form the apoptosome complexaipurely reconstituted system
(Figure 2.12). This is evidence that protein addognation does in fact correlate with a
loss of protein function. Thig vitro model is designed to serve as a tool to elucittete
mechanism of quinone-thioether adduct formatiord #&m gain an understanding of a
potential mechanism for inhibition of apoptosis elved following exposure to this type
of toxic insult. These functional studies werefpened using a mixture of native

cytochromec and BQ-cytochrome, and were also performed following separatiorhef t
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native cytochromec from the BQ-adducted cytochrome Additionally, the BQ-
adducted cytochrome species were separated into various species, sgite species
containing up to 6 BQ adducts and other speciesacong only 1 or 2 BQ adducts.
These species were also individually assayed fgpase-3 activity, and this activity was
decreased following removal of native cytochrarrfeom the BQ-adducted cytochrome
mixture. Thus, native cytochrontecan interfere with estimates of the impact of BQ o
cytochromec protein function in thesi vitro studies.

Because quinone-thioether metabolites not onlyueidgdroteins, but also redox
cycle, the ROS they generate may in fact play @elarole in oxidative protein
modification and alter signaling in this manner.amy of the proteins involved in the
apoptosis pathway contain cysteine residues tieat@cessary for function, including the
caspases and proapoptotic Bax (Denault et al. 28@2¢t al. 2008). Cysteine residues
are a target of BQ, albeit via a transient intaoagtbut this modification could still affect
downstream signaling events. Additionally, thessidues could be targeted for
reversible and irreversible oxidative modificatiotisat could also impact cellular
signaling events. Not only have we shown thateigst residues may be targets that
impact protein function, many of these proteinsase rich in lysine residues. Because
we have shown these residues to be targets of exdvahodification by quinone-
thioethers, they could also likely affect proteum¢tion if modified. Taken together, it is
likely that there are multiple targets of quinohéethers that contribute to the overall
necrotic response. The proteins involved in thepépsis pathway are likely just one

component of the overall toxic response elicitedH®se compounds.
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In summary, ROS generation and protein adductikelyl work in concert to
create the observed toxicity produced by thesdiveaintermediates. It is also likely that
alterations in structure and/or function of mukipbroteins collectively produce the
cellular alterations that result in cell death. efidfore, it is essential to identify and
characterize the site-specific PTMs on criticagjédrproteins and the associated structural
and functional changes. Success in determiningtimmal changes to cytochronceand
caspase-7 following electrophile-induced PTMs wdtve as a model which we can build
upon to examine the consequences of protein fumatichanges as a result of such
PTMs. These results have advanced our understamdithe role electrophile-protein
PTMs play in the response to environmental chemicald the associated disease

progression.
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CHAPTER 7: FUTURE DIRECTIONS

7.1. Introduction

Metabolism of xenobiotics leads to formation ofaaigty of reactive electrophilic
intermediates. Because reactive electrophilescapable of forming covalent adducts
with proteins, they may subsequently alter thecstime and function of target proteins.
Such functional alterations may disrupt proteintgio binding, protein organelle
localization patterns, and interfere with approjerieell signaling pathways for normal
cellular homoestasis. We have shown here thatatitn of in vitro model systems
provides an extremely useful tool in the analysis structural and functional
consequences following toxicant insult. We haveeneined that certain topological and
chemical features, or motifs within proteins (“é¢tephile binding motifs”), predispose
certain proteins to chemical adduction. Furtheeneve have attempted to assess the
biological or toxicological consequences followiadduction by reactive intermediates.
The information gained from thegsa vitro studies has proven to be essential for
successful adduct identificatiam vivo and will likely contribute to an overall mechanism
of how quinone-thioethers elicit toxicity.

Although information gathered from the use of theseitro models proved to be
helpful in the arena of chemical-protein adductting) there are obvious drawbacks in
these models. We utilized cytochrom® investigate structural consequences following
PTM and also the effects of PTM-cytochromaeon the initiation and progression of
apoptosis. Additionally, we investigated the sfeeffects of chemical-induced PTM

on the structure and function of caspase-7 ancetfeets on progression of apoptosis.
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This knowledge provided several avenues with whighinvestigate how chemical-
induced PTMs could impact structure and functioncofical target proteins and the

potential pathways involved in each case.

7.2. In vivo protein targets during initiation and progressionof apoptosis

Cytochromec is clearly a quinone-thioether target vitro due to the solvent-
accessibility of multiple lysine residues withireefrophile binding motifs. Furthermore,
PTM-cytochromec decreased the ability to form the apoptosome, \&ithubsequent
decrease in caspase activation, in a purely requambsystem. Whether cytochromes
anin vivo target of MGHQ proved to be much more challengifgllowing dosing of
rats, we were unable to identify adducted cytoclwam Because MGHQ induces
proximal tubule necrotic cell death, we speculatiegt one potential mechanism for
inhibition of apoptotic cell death is via chemigatluced PTM of cytochrome and
inhibition of apoptosome formation. However, otlpeoteins involved in the apoptotic
pathway may also be targets of MGHQ.

Caspase-7 is not cleaved in either untreatedeatdd rat tissue. However, based
on western analysis, caspase-7 may potentially daifred by metabolites of MGHQ. In
order to determine if this protein is actually nfeel in vivo, it would be critical to
conduct further studies by isolating this proteia 2-D gel electrophoresis with parallel
western blotting, followed by excision of proteipog(s) that correspond to caspase-7.
These samples could then be prepared and analyze@-MSMS. Because this protein

has been shown to be in the full-length form, tbenplexity of identifying caspase-7
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would be decreased. The isolated OSOM from MGH@tad rats could also be used to
determine the extent of cytochromé&ranslocation from mitochrondria. Following tigsu
isolation, the mitochrondrial and cytosolic fracts could be separated, and then
cytochromec could be probed in both the control and treatedtions. This would
provide information regarding the localization gftachromec in the control tissue in
comparison to its localization following treatmevith MGHQ.

In addition to caspase proteins, multiple othetgins may be targets of quinone-
thioether metabolites. Again because of the olesenecrotic cell death, it is likely that
additional proteins involved in apoptosis upstreafncytochromec release may be
affected. This would include apoptotic proteinglswas Bax, Bad, and Bid. These
proteins contain a BH3 domain important for bindiagntiapoptotic proteins, Bcl-2 and
Bcl x.. If this region of the protein(s) becomes modifa structurally altered, this may
inhibit binding to antiapoptotic proteins, and atf@poptotic cell death. Additionally,
Bid cleavage via caspase-8 activation links theiresit death-receptor pathway to the
intrinsic death receptor pathway because Bid theilitates Bax-mediated cytochrome
release. Because these proteins work upstreanmytothtome c release, quinone-
thioether-mediated modification at their BH3 donsaioould inhibit cytochromec
release, and thus inhibit the instrinsic apoptp#thway.

A comparative model for studying quinone-thioetherdiated PTM of
cytochromec and additional apoptotic proteins includes stugyihe effects of these
compounds on human promyelocytic leukemia cells -@8).  Quinone-thioether

metabolites have been identified in the bone maradwats and mice exposed to a
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combination of HQ and phenol, or benzene (Brattbrale 1997). These quinone-
thioether metabolites have been shown to contritiuteenzene-mediated hematotoxicity
in vivo (Bratton et al. 1997)In vitro analysis using HL-60 cells has revealed that certa
guinone-thioether metabolites, TGHQ, as well as Hi@luce apoptotic cell death
(Bratton et al. 2000a). Furthermore, quinone-ttinee metabolites have been shown to
cause cytochrome release in HL-60 cells prior to the observed apoptcell death
(Yang et al. 2005). Because of the observed apmptm this cell line, further
investigation of quinone-thioether PTM on cytocheoerand effector caspase-7 proteins
may be of interest. It would be valuable to coreparodification of these apoptotic
proteins in HL-60 cells or bone marrow samples frimmvivo studies to these same
proteins in rat tissue homogenates, where we has@qusly observed necrotic tissue
following quinone-thioether metabolite dosing. Td@ne marrow samples isolated from
the in vivo studies using MGHQ dosing into Long Evans ratslc¢dalso be used to
analyze caspase-7 or caspase-3 cleavage followong marrow isolation and cellular
lysis. This would be an indicator of apoptoticracrotic cell death within the control
and MGHQ-treated samples from thasevivo studies and could help elucidate the

mechanism of observed bone marrow toxicity assediatith compound exposure.

7.3. Adduct characterization
The peptide and protein models used in this promavided a guide for
characterizing quinone adduction and also quindmeastry following adduction. This

type of chemistry can be useful in the pharmacalti@ustry when trying to determine
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toxic adducts formed from reactive intermediatesdoig molecules. In attempts to
answer questions regarding quinone-thioether adstability, ourin vitro work provided
critical insight regarding covalent adduction orsihe, arginine, and glutamic acid
residues. Additionally, we determined that quintimeether metabolites likely form
reversible adducts with cysteine residues of pngtainder physiological conditions.
However, the issue of quinone-thioether adduct ilghabis still not completely
understood. Here we utilized apocytochromas a model protein for many of these
studies of cysteine residue adduction. Althougjoad model for initial characterization
of quinone-cysteine adducts, the physiologicalvahee of such a model is limited. We
have briefly addressed the question of quinone fizadion on a caspase recombinant
protein to determine if the active site cysteinghis protein is a potential site for quinone
alkylation. This is a more physiologically relevanodel, and we determined that the
active site cysteine in caspase-7 is indeedimawitro target. However, additional
experiments need to be conducted to further inyati the stability of BQ adduct
formation on cysteine residues of caspase-7 amad&pase-3. Furthermore, it would be
interesting to determine if this active site madhtion does indeed impact caspase
function in a purely recombinant system. Becaussdlproteins are rich in cysteine and
lysine residues, these potential targets couldigeomuch relevant information regarding
quinone adduct formation and the resulting toxicitinvestigating more mechanistic
answers into quinone-mediated impact on criticateye residues could provide more
convincing evidence that these types of adductsseave as “signaling molecules”, in

addition to their well-documented ability to formaversible adducts with target proteins.
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APPENDIX A: QUINONE-THIOETHER-MEDIATED PTM ON
ACTIN AND THE RESULTING IMPACT ON CHROMATIN
REMODELING

A.1l. Introduction

In addition to investigating then vitro effects of BQ and its quinol-thioether
metabolites using cytochrome and apoptosome formation as a model, we have
identified a number of proteins as targets from ithevivo studies using BQ and its
quinol-thioether metabolites, such as actin. Blzitg additional models to investigate
structural and functional impact as a result ohque-thioether exposure, including use
of actin in chromatin remodeling, we can gain fartlinsight into the mechanisms by
which these compounds elicit their toxic effect apghly these concepts to additioial
vivo studies.

The cellular genome is packaged into nucleosomdsngaip the fundamental
units of eukaryotic chromatin. Nucleosomes are Igigitdered structures intended to
package genetic information into the cell nucleuslevstill allowing access to these
genomes. They consist of DNA supercoiled arouriistone octamer, containing 2
copies of each core histone H2A, H2B, H3, and H&win 2004). However,
transcriptional events are prevented when the ptemegions of genes are organized
into nucleosomes. As a result, the cellular mamtyirhas developed several ways to
activate gene transcription through chromatin reelind. Two methods have been
adapted to remodel the chromatin for access to gi@mnegions of genes. This includes

PTMs on histones that disrupt histone-histone augons, as well as histone-DNA
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interactions, both of which expose regions of DNAcessary for gene transcription
(Cosgrove et al. 2004; Ye et al. 2005). The secamethod for altering DNA
accessibility is that of ATP-dependent chromatimedeling which requires energy from
ATP hyrolysis to disrupt histone-DNA interactionsdainduce nucleosome mobilization
(Ko et al. 2008; Lewin 2004; Whitehouse et al. 998ukaryotic cells contain a number
of ATP-dependent chromatin remodeling complexesh €antaining an ATPase subunit
from the SNF2/SWI2 superfamily (Shen et al. 2003v@ et al. 2002). In this type of
model, the chromatin remodeling process binds ® ¢hromatin. Following ATP
addition, nucleosomes change conformation due ® dheration of DNA-histone
interactions, which results in chromatin remodeliddnis remodeling may result in
transfer of histone octamers to different DNA segteeor in sliding the octamer to a
different position in the same DNA molecukgdure A.1).

Conventional actin comprises the network of theoskgleton and its role in the
cytoplasm is well understood. Recent studies snmvn a classical, new function of
actin and actin-related proteins in the nucleusy®let al. 2002; Wada et al. 1998). Arps
and actin have been identified as components otipnodein complexes in the cell
nucleus involved in chromatin remodeling enzymecfion needed for alteration of
nucleosome architecture and DNA processing (Botyal. 2000; Rando et al. 2000; Shen
et al. 2003b). ATP-dependent chromatin remodetmmplexes are characterized by the
presence of an ATPase subunit from the SWI2/SNR#réamily of proteins. The
SWI2/SNF2 subfamily of complexes includgscerevisia&WI/SNF, RSC (remodels the

structure of chromatin), and INO80.com, Drosoplleahma, and human SWI/SNF
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(containing one of two Swi2/Snf2-like ATPases, BRG1BRM — also called BAFs)
(Fyodorov et al. 2001; Neely et al. 2002). Nuclaetin has been shown to be critically
important as a subunit of these chromatin remodadimmplexes because of its intrinsic
ATPase activity (Olave et al. 2002). Moreover,sthatudies have suggested that actin
shuttles between the cytoplasm and the nucleustipgito the fact that actin is one of
the most regulated proteins in the cell (Olavel.e2@02). Because we know actin to be a
target of BQ and quinone-thioether metabolites frpraviousin vivo studies in our
laboratory, and because actin is tightly regulatéthin the cell and necessary for cell
survival, we are interested in determining the &ftd PTMs on nuclear actin. We have
used components of tHe. cerevisiadNOS80 chromatin remodeling complex, including
actin and Arps to further investigate the role dfemically-induced PTMs on the
structure and function of these critical proteifgy(re A.2). S. cerevisiagrovide an
excellent model for studying the function of adbiecause unlike other animal models,
yeast actin is derived from a singly copy gene (ALmaking the yeast model much less
technically challenging than using a mammalian rhoddecause actin and Arp-
containing chromatin remodeling complexes are eiwaarily conserved from yeast to
humans, the knowledge we gain from these studiasbeadirectly applied to studies
extending to rat and human models.

Arps have been classified based on their sequbaoo®logy to conventional
actin, with Arp 1 being the most closely relatedu(Mr et al. 2005). Eight Arp
subfamilies, in addition to actin, are conservemhfryeast to humarfFgure A.3) (Chen

et al. 2007). The INO80 chromatin remodeling carphas up to 12 different proteins
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acting in concert to perform these actions. Adtas been shown to have intrinsic
ATPase activity and the combined activities of thgs might provide chaperone

functions for histone octamers, where Arp 5 and8Anpve been shown to bind directly
to core histones (Shen et al. 2003a). Potentialification of actin at the NES sites or
nearby locations may inhibit actin from returnigthe cytoplasm, and the PTM on actin
would create additional ROS generation within tiieleus. Furthermore PTM of actin
may disrupt normal functionality of the protein it the nucleus and disrupt its role in
chromatin remodeling.

Studies reported herein reveal that site-specifiecrBediated PTMs of the INO80

protein complex cause functionally relevant struaituchanges. Moreover, present
studies confirm that electrophile-mediated PTMs axtin and the INO80 protein

complex can alter the function of each of thesegims or protein complexes.
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Figure A.1. INO8O involvement in ATP-dependent chomatin remodeling.

Multi-protein complexes have been shown to bindDINA and initiate chromatin
remodeling with recruitment of ATP. Complexes sashINO8O in S. cerevisiae are
known to bind to the chromatin and have protein ponents such as actin and actin-
related proteins that contain DNA binding activdy intrinsic ATPase activity. These
functions allow the complex to interrupt DNA-hiseiinteractions and/or to transfer
histone octamers to other portions of DNA for taiional activity (Vignali et al.
2000).
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Figure A.2. Yeast INO80 chromatin remodeling comx.

INO80 complex is a member of the SWI/SNF chromatimodeling complexes
containing ATPase activity. Arp 8 is shown to biedhistones H3 and H4 and actin is
shown to have DNA-binding activity. Additional subts of ION8O 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 vamoto play a role in actin
polymerization or chromatin remodeling. These @r have sequence homology to
conventional actin and are conserved from yealstitoan (Chen et al. 2007).
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A.2. Materials and Methods
A.2.1. Chemicals

All chemicals and reagents were of highest puritg abtained from Sigma-
Aldrich (St. Louis, MO) unless otherwise indicatedMGHQ 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 lwi5% nitric acid at a
concentration of 50 mg/ml. Approximately 5mg ofver oxide was added and the
solution was vortexed for 1 min. The solution widtered through a 0.2 um syringe
filter. The solution was then purified by HPLC. Shimadzu HPLC system (LC-10AS)
was used with a UV-Vis spectrophotometric dete@&0 nm) and an Ultrasphere ODS
Cyis column (5 pm packing, 10 mm x 25 cm, Beckman-Gollt The mobile phase was
acetic acid: methanol: water (1:10:90 v/v.) Alitaiof oxidized MGHQ (200 pl) were
injected into the HPLC system and separated iscaft at 3.0 ml/min. The product
eluted at 23 min. The yellow product was then yred by ESI-MS on a Finnigan MAT
TSQ 7000 triple quadrupole mass spectrometer (ToElectron, San Jose, CA). MGBQ

was the dominant product (414m/z).

A.2.3. Yeast manipulations
All S. cerevisiaeare in the S288C background. To generate stf@nBQ

phenotype experimentgrp5 , arp8 , ancl , andnhpl0 strains were obtained from
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Research Genetics. Mutations were confirmed by ,P&Rl then transformed with
pINO80-2F. The chromosomBIO80 gene was tagged at the C-terminus by integrating
a pRS406 plasmid containing the Xhol-Hindlll fragmh@f INO80 in which a double
Flag sequence was introduced right before the&idpn. The tagged INO80-Flag strain
was confirmed by Southern blotting, PCR and sequgn&hen 2004; Shen et al. 2000).
The tagged chromosomal INO80 gene was construaeddrification of wild-type
complex and any of the previously described mutantplexes can also be purified from
an INO80-FLAG strain (Shen et al. 2003a). Phenotgpalysis was achieved by 10-fold
serial dilutions of WT and mutant yeast cultured anbjecting the cells to varying BQ
concentrations. BQ in concentrations of 0 mM, 24, mM, 10 mM, and 20 mM, was
added to YEPD media/agar solutions and then paatedglates. Subsequently, the cells
were added and the plates were incubated at 3G°tree days and then scored (Shen et
al. 2000). These BQ doses are much higher thasethised in epithelial cell models
(typically uM concentrations used) and the expl@amafor this may be the lack of a
plasma membrane in yeast, but instead these @lsdncell wall. As a result, increased

amounts of compound would be needed to penetristbarier.

A.2.4. Preparation of yeast whole cell extract

Preparation of whole-cell extracts and FLAG immufioay purification were
described in detail previously (Shen 2004). Byiefl patch of INO80-FLAG is grown on
a plate containing YEPD media (25 ml) at 30°C. ofoay of cells from this plate is then

grown in 100ml YEPD preculture overnight. Thistavé (25 ml) is inoculated overnight
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in YEPD (1 L) in 4 L flasks, and shaken vigorousilya thermoshaker for 1 to 2 days at
30°C. Cells are then centrifuged in 1 L bottlesSanin at 4000 rpm in a Beckman JS4.2
rotor at 4°C, and then the cell pellets washed amite a total of 50 mL HO (with 2.5
mM DTT, 2 mM MgC}, and 1x protease inhibitor cocktail (ethanol, 0gpd@MSF, 0.79 g
benzamide chloride, 3.43 g pepstatin 10 mg/mL inSIM 0.64 g leupeptin 10mg/mL in
DMSO, 5 mg chymostatin 10 mg/mL in DMSQO) and cdagred again for 5 min at 3500
rom. The subsequent pellet is washed again witmbMuffer H-0.3 (25 mM HEPES-
KOH pH 7.6, 1 mM EDTA, 10% glycerol, 0.02% NP-403MM KCI, 2.5 mM DTT, 2
mM MgCl,, 1X protease inhibitor cocktail) and centrifugediral time for 5 min. The
cell pellet is placed in 60 mL syringe and extrudbtbugh the syringe opening (no
needle) into a plastic container filled with liqunitrogen to form “noodles”, which are
then blended in prechilled Oster Mini-Blend jarsi@oning dry ice on the highest setting
for 20 min while shaking occasionally. The cells aubsequently thawed and buffer H-
0.3 (0.3% KCI) added in equal volume to cell volum&he cell mixture is then
transferred into SW28 centrifuge tubes and cemgefufor 2 h at 25,000 rpm at 4°C in a
Beckman Ultra-centrifuge. Following completiona&ntrifugation, the white lipid layer
is removed with a Pasteur pipette and the cledegélact transferred into 5 mL aliquots,

flash frozen and stored at -80°C.

A.2.5. Treatment of INO80-FLAG yeast with BQ and absequent extraction
Using a stock solution of 0.5 M BQ in methanol, LINO80-FLAG yeast are

treated with BQ (0, 0.5, 1 or 5mM), and collectedacubated at 30°C for 4 h in
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thermoshaker. Following centrifugation, cell ptdl@are collected, washed twice with

sterilized HO, and treated as described above.

A.2.6. Purification of INO80 complex by FLAG-immunoaffinity chromatography
Aliquots of whole cell extracts (5 mL) are thaweat furification of INO80
complex from these whole cell extracts. Sigma AWAG M2 agarose affinity beads
(0.6 mL) are equilibrated by washing the beads imLL H-0.2 buffer (low salt, 0.2%
KCI) 5 times. These beads (0.6 mL) were addedrd.Gliquot(s) of whole cell extracts
and binding of the INO80 complex to the FLAG beadsurred by rotating the mixture
for 2-3 hours at 4°C. The mixture is then cengéd at 2,000 rpm for 30 s to pellet the
beads, the supernatant removed with glass Pasieeitey and transferred to Eppendorf
tubes in 1 mL H-0.2 (low salt, 0.2% KCI) buffer.h@ beads are then washed 8 times for
5 min each with 1 mL H-0.2 buffer at 4°C, and 3dsrfor 5 min each with 1 mL H-0.1
(0.1% KCI) buffer at 4°C. The INO80 complex is teld by adding 0.2 mL FLAG
peptide (Sigma) at 1 mg/mL in H-0.1 buffer to theabtls and mixing gently for 30 min at
4°C. The Flag-tagged protein is filtered through4b pum 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-FLA® Mgarose as stated
above and washed 5 times with H-0.2 buffer. 2t@ghione-S-yl)benzoquinone

(MGBQ) (0.5 mM and/or 5 mM) is added to the INOS8fbtpin/bead mixture and
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incubated at room temperature while rotating fdr. The samples are briefly pulsed at
2,000 rpm to pellet the INO80 protein/bead mixtamed to remove the supernatant
containing MGBQ. The resulting protein/bead migtis washed with H-0.1 buffer and

eluted as described above.

A.2.8. Protein analysis

Standard protein techniques such as SDS-PAGE, Wiebtetting, and silver
staining were used to analyze the resulting whak extracts and INO80 protein
complexes. Following BQ treatment, as describeav@pwhole cell extracts and the
purified INO80 complexes were visualized using cassie blue and silver staining for
protein changes associated with compound exposufdiese same samples were
subjected to Western blot analysis using a monetlBhAG antibody (M2, Sigma) to
track INO8O protein changes. Quantitative Westeloiting was used to normalize

complexes used in assays.

A.2.9. In vitro activity assays

Standard electromobility shift reactions (10 puLnhtzoned 10 mM Tris-HCI (pH
7.5), 50 mM NaCl, 3 mM MgG} 1 mM b-mercaptoethanol, 17.1 nM DNA, and 1.2-30
nM INO80 complex (Ino80 equivalent) control and MnBQ-treated. The reactions
were incubated at 30°C for 30 min and then sepdratea 4% PAGE gel in TE with
extensive buffer circulation. Gels were staineth'8YBR Green | and documented with

a Fuji Image Reader LAS-1000.
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A.3. Results
A.3.1. INO8O protein alterations following in vivoS. cerevisia&losing

Previous data from our laboratory shows actin talarget of BQ and quinol-
thioether-mediated PTMs. Furthermore, actin iskméo have functions that exist in the
cytoplasm as well as the nucleus, including invioieat in multicomponent enzyme
complexes specifically in chromatin metabolism.isT$uggests that actin, in conjuction
with additional proteins perform important functsom the cell nucleus by participating
in the chromatin-remodeling process (Shen et @02@hao et al. 1998). Because actin
is know to be multi-functional and also shown toee¢arget of electrophiles, we have
chosen to investigate the effect of PTMs on INO&@csure and function inS.
cerevisiae TheS. cerevisiadNO80 complex was identified as a complex thatadats
chromatin, facilitates transcription vitro and displays 3’ to 5° DNA helicase activity
(Shen et al. 2000; Shen et al. 2003a). The INO8Mhptex contains about 12
polypeptides, including Ino80, actin, three actated proteins, Arp4, Arp5, Arp8, Rvbl
and Rvb2 helicase proteins, Nhp10 (HMG-1-like proteand Ancl/Taf30. Mutagenesis
studies with INO80 complex proteins have revealadoedered assembly of Arps in
INO80 complex formation and chromatin remodelingdiion (Shen et al. 2000; Shen et
al. 2003a). To examine the impact of PTMs on rarclactin, Arps, and chromatin
remodeling, we used a previously developed andackenized FLAG-tagged INOS8O
yeast strain (Shen 2004). To explore the physiokbgresponse of INO80 to an
electrophilic toxicant, we investigated the phepetyf the wild-type INO80-FLAG cells

in response to increasing doses of BQ. Seriatidiig of cells from wild-type yeast were
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given increasing doses of BQ ranging from 0 mM B®ta 20 mM BQ. The cells
showed sensitivity at doses of 5 mM BQ and upwattere cell viability was completely
diminished at 20 mM BQHigure A.4). Thearp5 , arp8 , ancl mutant cells appear to
be slightly more sensitive to higher BQ doses ttiat of the WT andhhpl10 mutant
cells, although all of the yeast strains appedolfow a similar trend in response to BQ.
However, because these cells were analyzed foplibaotype response while plated, it
was important to determine a cell wet weight folllegvexposure to increasing doses of
BQ ranging from 0 mM BQ to 20 mM BQ for 4 h. Dosepéndent cytotoxicity in yeast
cells in largely dependent upon cell wet weight sueaments following toxicant
exposure. The BQ concentrations used here are maugér than those associated with
epithelial cell cytotoxicity, indicating that thégsma membrane of the epithelial cells has
a much more permeable membrane than that of thet gethwall. Cell survival was only
50% following 10 mM BQ dosing (data not shown), dmses exceeding 10 mM BQ
could not be used. Doses of 0.5 mM, 1 mM, and 5 B@Awere selected, and following
incubation with INO80-FLAG yeast strains, whole |cektracts were analyzed using
SDS-PAGE followed by coomassie staining to ensuogem survival. At concentrations
of 5 mM BQ, cellular proteins are less visible,igading less cell survival at this dose
(Figure A.5A). The INO80 complex was then purified from thieole cell extracts at
each concentration (0 mM BQ, 0.5 mM BQ, 1 mM BQd & mM BQ). The proteins
associated with the INO80 complex were then andlymeng SDS-PAGE followed by
silver staining. There are definite changes to gheteins associated with the INO80

complex at doses of 1 mM BQ and highBrgUre A.5B). The most affected proteins
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were 1n080, Arp 4, Arp 5, Arp 8, actin, and Anc$ubtle changes were detected at 0.5
mM BQ. Purification of INO80 complex following def 5 mM BQ shows very small
amounts of INO80 complex, if any, remaining at tbsse. To confirm these results,
Western blot analysis was conducted on purified 88@t each dose and an anti-FLAG
antibody was used to detect Ino80 protein. Ino88 detected at 0.5 mM BQ and 1 mM
BQ, but not at 5 mM BQ, indicating that there mayrn In080 remaining at this high
dose, or the epitope is modified such that thebadi no longer recognizes the complex
(Figure A.5). Ongoing studies are being conducted to identifjch proteins are targets
following BQ dosing and how these modifications Idoworrespond to changes in

chromatin remodeling by the INO80 complex.
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Figure A.4. Analysis of WT and Ino80 mutant phenogpes in response to BQ
exposure.

Serial dilutions of cells from indicated straingicluding WT, show sensitivity to
increasing doses of BQ (0 mM, 2.5 mM, 5 mM, 10 navid 20 mM). These doses were
used to indicate BQ dose-dependent cytotoxicitg.ioerevisiae
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Figure A.5. Impact ofin vivo BQ doses on INO80-FLAG yeast strain. Doses used
for each analysis include 0 mM BQ, 0.5 mM BQ, 1 mMBQ, and 5 mM

BQ.

(A) Coomassie staining of whole cell extracts résvd¢laat proteins are still visible up to 1
mM BQ and at 5 mM BQ most of the proteins are mgéy viable. (B) Silver staining
of INO80 complex purified from each whole cell edr at each respective BQ dose. At
doses of 1 mM BQ, visible changes can be seenverakof the INO80 complex proteins
including Arp 4, Arp 5, Arp 8, actin, and Ancl. )(GNVestern blot using Anti-FLAG to
confirm the Ino80 protein remains detectable follgpBQ dosing.
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A.3.2. INO8O protein alterations followingin vitro reaction with MGBQ

In order to determine a more direct interactiorthef INO80 complex with BQ,
INO80 was isolated from INO80-FLAG yeast straind amacted with BQ. The reaction
was performed on the anti-FLAG agarose becausexbess BQ that did not react with
INO8O could then be washed away. Following thectiea, the INO80 complex was
washed several times, eluted with FLAG peptide, tieth analyzed by SDS-PAGE and
silver staining. The reaction was performed witld®, and 5mM MGBQ. Surprisingly,
but reassuringly, the results parallel those foutth thein vivo BQ dose response. It
was presumed that less MGBQ would be requiredhferrt vitro reaction because more
BQ is neededn vivo to penetrate the yeast cell wall, but the beagseapto interfere
with the reaction. However, there remain changesoa@ated with the proteins in the
INO80 complex, including potential modifications 8inp 4, Arp 5, Rvb1/Rvb2 helicase
proteins, Nhp10, and possible actigure A.6A). This data was confirmed by Western
blot analysis indicating that the Ino80 protein amppear less visible with increasing

concentrations of MGBQHjgure 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 followingn vitro MGBQ reaction with doses of 0
mM MGBQ, 0.5 mM MGBQ, and 5 mM MGBQ. Visible alsgions are observed for
Arp 4, Arp 8, Rvb1l/Rvb2, actin, and Nhpl10. (B) $twen blot using Anti-FLAG to
confirm the Ino80 protein remains intact followimgy vitro BQ reaction with INO80
complex.
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A.3.3. INO80 complex binding to DNA is decreasedhithe presence of BQ

INO8O is a DNA-stimulated ATPase that increase®ssibility to, and facilitates
transcription (Shen et al. 2000; Shen et al. 2Q0034preover, the INO80 complex can
also bind directly to free DNA (a 359 bp INO1 praerosequence) (Shen et al. 2003a).
Thus, DNA binding was determined following vivo dosing with 1 mM BQ and
isolation of INO80. The results reveal that untedalNO80 complex is able to bind
directly to free DNA, whereas the BQ-exposed ING8Mibits decreased free DNA

binding Figure A.7).
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Figure A.7. INO80 complex binds to DNA and BQ-INO8® complex has decreased
DNA binding.

Native PAGE showing gel mobility shift of 359 O1 DNA (17.1 nM) in the presence
of increasing amount of wild-type- and BQ- INO8(rgquexes.
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A.4. Discussion

To further identify the role chemically-mediated N3 have on protein structure
and function, analysis of nuclear actin and ArpHofing toxicant exposure was
conducted. Actin is known to have functions spagnfrom the cytoplasm to the
nucleus, where the protein in known to be veryttigregulated (Olave et al. 2002; Wada
et al. 1998). It is able to shuttle back and fdrim the cytosol to the nucleus via its
nuclear export sequences (NES-1 and NES-2). Nudein has also been shown to
have ATPase activity as a subunit of chromatin msliog complexes in multiple
organisms (Olave et al. 2002; Rando et al. 200Burthermore, our laboratory has
recently identified actin as a target of BQ andqtsnol thioether metabolites in Long
Evans rats (unpublished data). Modification oktprotein could thus not only disrupt
this nuclear export process, allowing accumulatbmodified actin in the nucleus, and
result in extensive nuclear damage via excessive Béheration, but also disrupt its role
in chromatin remodeling. Together, these ideagessigthat modification of actin could
disrupt DNA transcription, as well as cause extendDNA damage without intact
cellular machinery capable for repair and contedtiot chemical induced carcinogenesis.

As a result, we speculate that nuclear actin, ai ag Arps, involved in
mammalian chromatin remodeling, may also be a tasfeuinol-thioethers. Because
the S. cerevisiaedNO80 complex is involved in chromatin remodeliagd DNA damage
repair, this allowed for analysis of PTMs on nuclpeoteins inS. cerevisiaeand their
resulting effects on chromatin remodeling. cerevisiadNO80 complex is homologous

to the mammalian counterpart SWI/SNF, including BomSWI/SNF, where the
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Swi2/Snf2-like ATPase subunit of each of these demgs remodel nucleosomes in an
ATP-dependent manner (Shen et al. 2000; Phelah #989). Furthermore, each of the
protein complexes contains between 8 and 15 suhywseweral of which are conserved
among yeast and humans (Phelan et al. 1999). Weipaté that BQ-mediated actin
PTMs shown here will mimic those of a mammaliantays SDS-PAGE and silver
staining revealed that BQ induced protein alteretim the INO80 complex (Figure A.5,
A.6) in particular Arps, and actin, may be prefétartargets. Mutagenesis studiesSn
cerevisiaeidentified Arp 5 and Arp 8 as critical for DNA ldimg activity of the INO80
complex. Additionally, because the Arps form tHhdOBO complex in an ordered
assembly, modification of any of these proteinsl wdmpromise appropriate INO80
ATPase activity, DNA binding, and nucleosome mdhilion (Shen et al. 2003a).
Consistent with this view, we observe a decread@Ni-binding activity of the INO80
complex following BQ treatment d. cerevisiagFigure A.7), suggesting that BQ can
induce structural modifications in INO80 proteinsffieient to inhibit correct INO80
complex assembly, and impairment of DNA binding/anédTPase activity.

In summary, chemical-induced PTMs can alter thhactire of proteins with
consequences that impair protein function. Here, INO80 protein complex was used
collectively to gain insight into the affect PTMaue on protein structure and function.
More specifically, environmentally relevant elegthiles are capable of creating PTMs in
cytochromec and INOS8O that alter protein structure and inhil@itessary protein-protein
interactions. In particular, decreased DNA-bindaaiivity of the INO80 complex was

observed following exposure &. cerevisiado BQ, suggesting that electrophiles can



230

alter the structure and function of a chromatin edaling complex. The contribution of
chemical-induced PTMs to the toxicity associatethwhemical exposure remains to be
determined, but will likely involve multiple proteitargets as demonstrated herein.
Assessing which of these PTMs alter structure amdtfon 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 knowmplay a role in chemical-
induced toxicities. Many of these chemicals thatseatoxicity do so through metabolism
of the parent compound into reactive intermedi@iésnks et al. 1988). These reactive
chemicals consist of electrophilic environmentalicants (Lau et al. 1990; Qing et al.
1996; Bratton et al. 2000a) , and also many aredoas parent drug molecules, in
addition to reactive metabolites formed via metednolof certain drug molecules (Baillie
2006; Monks et al. 1988). These reactive chemicedate damage via reactive oxygen
species (ROS) formation leading to oxidative strasswell as binding to nucleophilic
amino acid residues of cellular proteins (Monks @0Bhou et al. 2005). This adduct
formation can disrupt protein structure and/or tiorg which results in damage to sub-
membrane organelles, critical cellular protein l@edion patterns, metabolic pathways,
and ultimately can lead to disease progressiondtiojm et al. 2005; Gomes et al. 2008;
LoPachin et al. 2008). Because many of these cangmproduce ROS, endogenous
reactive species can also be formed, resulting xidabive modifications. These
modifications usually target cysteine thiol growgsproteins and includ&-sulfenation,
Snitrosation, andS-glutathiolation, where most of these modificaticare reversible,
however they have been shown to modulate enzyraetinity of target proteins (Ying et
al. 2007; Salmeen et al. 2005; Clavreul et al. 200&tt et al. 2000). Following

oxidative damage, formation of -unsaturated aldehydes can occur, including 4-HNE,
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which results from peroxidative degradation ofdgi These, -unsaturated aldehydes
are also able to bind to cellular proteins andugisnormal cellular functions (Petersen et
al. 2004; Shonsey et al. 2008).

As stated previously, many of these chemically treaccompounds can form
adducts with multiple nucleophilic residues witlpirotein targets, however little data has
shown which protein adduct formation leads to thseoved toxicity associated with
many of these compounds (Evans et al. 2004; Lopaehial. 2005). Additionally,
identification of the low abundant protein moditicms adds to the difficulty in
determining which target protein adduction is these for observed toxicities following
exposure to reactive chemicals. Many of these dbwndant protein modifications are
not detectable, and enrichment methods must beogexblto identify them. Many
techniques have been designed for enrichment eéipradducts, with examples such as
enrichment of phosphorylated proteins, including ws immobilized metal affinity
chromatography (IMAC) (Oda et al. 2001; Sykorale807) and affinity tag reagents,
including biotin-tagging and click-chemistry-basstlategies (Ying et al. 2007; Salih
2005; Speers et al. 2003; Gurcel et al. 2008; Raf2808). Many of these strategies
have been used to identify endogenous protein meatibns, such as cysteine sulfenic
acid formation, phosphorylation, and 3-nitrotyr@siormation (Nuriel et al. 2008; Poole
et al. 2007; Kwon et al. 2007). However, theseesatrategies can be employed to detect
other chemically-mediated protein adducts (Gurcelake 2008). These enrichment
processes, coupled to advancements in mass spetitydmve increased capabilities and

detection limits of protein modifications that m@gult in a toxicological response.
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Quinones consist of a group of electrophilic commpmts acting as the
pharmacophore of many existing drug molecules, afgb are found in many
environmental pollutants. These compounds are knimicreate oxidative damage and
adduct cellular protein targets, creating altersgion structural components of target
proteins, as well as resulting in a toxicologicedponse (Fisher et al. 2007; Peters et al.
1997; Lau et al. 1990; Kleiner et al. 1998b). KQ@sed as an anti-oxidant in the rubber
industry, an intermediate in the manufacturingaafd antioxidants, as a developer in the
photo industry, and also found as a metaboliteemizene (Melikian et al. 2008; Snyder
2007). HQ has been used as a model for quinaoxieitioin these studies. HQ is
metabolized to several GSH conjugates, includirfgl@tathioneS-yl)hydroquinone, 2,5-
(bis-glutathioneSyl)hydroquinone, 2,6His-glutathioneSyl)hydroquinone, 2,3,5k(s-
glutathionSyl)hydroquinone (TGHQ), and the mercapturic acidoduct 2-\-
acetylcysteins-yl)hydroquinone (NAC-HQ). These quinone-thioetltempounds have
all shown to be potent nephrotoxicants (Peterd. et9®7; Peters et al. 1996; Hill et al.
1994).

We have developed several chemical tagging mettodscrease the likelihood
of protein adduct identification with these quingh@ether compounds. Additionally,
we have employed the use of these tags to helgemtifying protein adduct localization
within cellular components. These strategies Wélp guide us in determining which
protein targets may in fact play a role in the iedd toxic response observed by these
guinone-thioether compounds. We have developddotin-tagged HQ compound

(Figure B.1A) possessing similar toxicity to that of HQ in imrtadized renal cell lines.
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Following the reaction of HQ with protein nucleolgsiin vivo, the biotinylated proteins
could then be isolated using avidin-biotin affintiiromatography (Kwon et al. 2007),
and this would in fact enrich our sample for HQ-nfied proteins. Furthermore, we
were interested in monitoring cellular localizatiohquinone-thioether compounds. The
biotinylated-HQ compound could not be visualizediuwe cells because an interaction
with a fluorescently-labeled avidin is required itmluce a fluorescent response, and
avidin cannot cross the cellular membrane for \izadon. However, we were able to
view the quinone-thioether adduct cellular locdlma by developing an m-
nitrobenzadiazole (NBD) modified quinone compouNBD-NAC-HQ) (Figure B.1B).

In summary, we have developed a modified HQ toxidaiotinylated-HQ, which can be
used to extract HQ-protein adducts from complextanes, allowing for enrichment and
identification of HQ-mediated protein adducts. tRarmore, employment of the
modified HQ metabolite, NBD-NAC-HQ, has allowed tasmonitor cellular structures
that are affected by these quinone compounds, dsaw@rovide some insight into the

action and toxicity of HQ and its quinone-thioetheztabolites.
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Figure B.1. HQ-tagged compounds for adduct huntingnd sucellular quinone-
thioether metabolite visualization.

(A) The biotin-tagged HQ has been developed faicement of quinone-thioether
adducted proteins and will allow for isolation ¢fese adducted proteins froim vivo
complex mixtures. (B) The m-nitrobenzadiazole (Bnodified quinone compound
(NBD-NAC-HQ) was developed to visualize cellularngmartmentalization of these
quinone-thioether metabolites and also to determqenone-adduct subcellular
localization and the resulting protein targets.
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B.2. Materials and Methods
B.2.1. Cell lines and culture conditions

HK-2 cells (American Type Culture Collection, Rodle; MD), an immortalized
renal proximal tubule epithelial cell line derivedm normal adult human kidney, were
maintained in keratinocyte serum-free medium (K-SHwVitrogen, Carlsbad, CA)
supplemented with epidermal growth factor (EGFghml) and bovine pituitary extract
(BPE; 40 pg/mL) in a 37°C, 5% G@egulated incubator. LLC-PKcells (American
Type Culture Collection, Rockville, MD), a renalogimal tubule epithelial cell line
derived from the New Hampshire minipig, were mamgd in Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA) taiming 10% fetal bovine serum
(FBS) in a 37°C, 5% Cg&regulated incubator. Cells at 70-90% conflueneyewsed for

all experiments.

B.2.2. LLC-PK1 compound treatment

LLC-PK; cells were grown in 24-well plates to 70-90% coafice. Cells were
washed twice with DMEM containing 25mM HEPES andrthreated with 0, 25, 50,
100, 150, 200, 300, and 500 uM biotin-hydroquin@nietin-HQ) or HQ in media with
1% DMSO. Separately, LLC-Rkeells treated with 0, 200, 400, 600, 800, and 1,000
NAC-HQ or m-nitrobenzadiazole 2NfacetylcysteinSyl)hydroquinone (NBD-NAC-
HQ). Following dosing of these compounds into LP&; cells, plates were incubated
for 2 h at 37°C and 5% GOTo determine LLC-PK1 cell viability after challemgj with

various concentrations of toxicants, cells werehgdswith DMEM containing 25 mM
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HEPES and Neutral red uptake was determine asqusyi described (Weber et al.

1997).

B.2.3. HK-2 compound treatment

HK-2 cells were grown in 96-well plates to 70-90%nfluence. Cells were
washed twice with DMEM containing 25 mM HEPES ahdrt treated with 0, 200, 400,
600, 800, and 1000 uM NAC-HQ or NBD-NAC-HQ. Follmg dosing of compounds
into HK-2 cells, plates were incubated for 2 h @@ and 5% C® To determine HK-2
cell viability after challenging with multiple coentrations of NAC-HQ and NBD-NAC-
HQ, cells were washed with DMEM containing 25 mM PMES, and MTS assay was
performed as described previously (Ryan et al. 188dn et al. 2005; Somji et al. 2004).
Absorbance was determined with a microplate reg@Rarkin-Elmer) at 490 nm.
Additionally, HK-2 cells were pretreated with proteeid (1, 2, and 4 mM) for 2 h
following growth in 96-well plates to 70-90% cordglcy. Cells were then treated with
NBD-NAC-HQ (0, 200, 400, 600, and 1000 pM) in medigh 1% DMSO for 2 h at
37°C and 5% C@® Cells were washed with DMEM containing 25 mM HESR, and

MTS assay was performed.

B.2.4. Fluorescence Imaging
LLC-PK1 and HK-2 cells were grown in 60 mm plates70-90% confluence.
Cells were washed with DMEM containing 25 mM HEP&® treated with 500 uM

NBD-NAC-HQ in media with 1% DMSO for 2 h at 37°CdaB% CQ. Following
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dosing, the uptake of compound was monitored bgrésicence microscopy using a
Nikon Eclipse TE2000-U microscope equipped with #fCite 120 fluorescence
illumination system. Images were taken at 15 mterials for up to 2 h. Additionally,
HK-2 cells were grown in 60 mm plates to 70-90%f@nce and were pretreated with
1 mM probenecid for 2 h. Cells were then treatéti %00 puM NBD-NAC-HQ in media
with 1% DMSO for 2 h at 37°C and 5% @COFollowing dosing, uptake of the compound

was measured by fluorescence microscopy every hSani2 h.
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B.3. Results
B.3.1. Hydroquinone and Biotin-tagged hydroquinondoxicity profiles

We have previously shown that a metabolite of HGHD, induces oncotic cell
death in LLC-PK1 cells (Tikoo et al. 2001), with agidence for apoptotic cell death. To
confirm that affinity tagging HQ with Biotin wouldesult in a similar toxicity profile to
that of previously determined quinone-thioetherabetites, we compared the results of
toxicity screening between HQ and Biotin-HQ. Treant of LLC-PK1 cells with HQ or
Biotin-HQ (0-500 uM) for 2 h resulted in a concenion-dependent decrease of cell
viability determine by neutral red uptakeidure B.2). HQ and the biotin modified HQ
also have similar toxicity profiles in LLC-PK1 cellSimilar toxicity profiles indicate that
the two compounds potentially act on the cell viailar pathway(s). Biotin-tagged
hydroquinone cannot be imaged in live cells asraction with a fluorescently labeled
avidin is required to induce a fluorescent resppms® avidin cannot cross the cell
membrane into a live cell; therefore the cells mestfixed and then treated for use of
visualizing Biotin-HQ-modified proteins. Biotin-nddied HQ, however, remains a
viable option for extracting HQ-modified target fims from a complex mixture, as well
as visualization in tissue or fixed cell sampl&sr the purpose of this study, to develop a
toxicant that would be visible within a live celsn m-nitrobenzadiazole modified

hydroquinone was developed.
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Figure B.2. Biotin-HQ and HQ toxicity screening inLLC-PK1 cells.

Cell viability in HQ- and Biotin-HQ-treated cell$ multiple concentrations for 2 h. Cell
viability was determined by measuring lysosomaltredued uptake by live cells, and
neutral red uptake compared with untreated cells@®trol) represents cell viability after
treatment. LLC-PK1 cells were treated with muligloncentrations of Biotin-HQ and
HQ (0, 25, 50, 100, 150, 200, 300, and 500 pMpfor
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B.3.2. NAC-HQ and m-nitrobenzadiazole (NBD)- NAC-H) toxicity profiles

Following synthesis of NBD-NAC-HQ, the compound wé&sund to be
fluorescent as expected aimdvitro work was initiated. We needed to determine that t
toxicity profile of the NBD-modified quinone wasnsiar to that observed using a non-
modified quinone. Treatment of LLC-PK1 cells wiAC-HQ or NBD-NAC-HQ (0-
1000 uM) for 2 h resulted in a concentration-degenddecrease of cell viability
determine by neutral red uptakeidure B.3A). Additionally, treatment of HK-2 cells
with NAC-HQ or NBD-NAC-HQ (0-1000 uM) for 2 h alsesulted in a dose-dependent
decrease in cell viability determine by the MTSags@igure B.3B). Since NBD-NAC-
HQ and NAC-HQ are both mono substituted hydroqguenoompounds, it was expected
that they would behave similarly in cells and resnol similar toxicity profiles. And
indeed in both cell lines, we noted similar toxicgrofiles. The results indicate that
following doses greater than 500 uM, there is il difference in cell viability
following treatment with NBD-NAC-HQ and the NAC-H&one. Furthermore both cell
lines show about 50% cell viability around the %0@ dose range, so this was chosen as
the dose for future studies using NBD-NAC-HQ. Tdieserved difference in toxicity
observed for LLC-PK1 cells is thought to derivenfrdhe ease of oxidation of the
hydroquinone to the benzoquinone with increasedstgubon. It is known that bis
substituted hydroquinones require less energy thano substituted hydroquinones to
oxidize to the benzoquinone, thus increasing tl®xecycling of the parent molecule
(Monks et al. 1997). The NBD decorated compouiitl gissessed a similar toxicity,

and the NBD is small enough to transport into thiéand can be imaged in live cells.
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Figure B.3. NBD-NAC-HQ and NAC-HQ toxicity screenng in LLC-PK1 cells and
HK-2 cells.

(A) Cell viability was determined by measuring neuteal uptake in LLC-PK1 cells, and
neutral red uptake compared with untreated cells@®trol) represents cell viability after
treatment. (B) Cell viability was determed by MT&say in HK-2 cells, and cell number
was compared with untreated cells (% control) regméng cell viability after treatment.
Both LLC-PK1 cells and HK-2 cells were treated witiultiple concentrations of NBD-
NAC-HQ and NAC-HQ (0, 200, 400, 600, 800, and 1000 for 2 h. Toxicity profiles
in both cell lines and using both NBD-NAC-HQ and GAIQ were similar.
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B.3.3. Fluorescence imaging of NBD-NAC-HQ

In order to determine whether quinone-thioetherafelites could in fact enter
our model cell lines and also to determine whees¢hcompounds may be localizing
within the cell, the synthesized NBD-NAC-HQ compdumas utilized in these cell lines.
Following growth of LLC-PK1 cells and treatment witBD-NAC-HQ (500 uM), these
cells were visualized using fluorescence microscimpymage uptake of this compound
into the cells. Additionally, HK-2 cells were als@ated with NBD-NAC-HQ (500 uM)
and visualized using fluorescence microscopy. kiptaf NBD-NAC-HQ into HK-2
cells was rapid and seen after 15 min incubatidrhe intensity of the fluorescence
continued to increase over the 2 h time perieidure B.4A). Contrary, uptake in the
LLC-PK1 cell line was lessened and the fluorescemas minimal over the 2 h time
course Figure B.4B). These results indicate that the NBD-NAC-HQ ising
transported into the HK-2 cell line, whereas ittremsport 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 NBD-NAC-HQ for 2 h and
cellular transport of NBD-NAC-HQ into HK-2 cells wavisualized using fluorescence
microscopy. Time points were taken at 15 min felleg dosing and subsequently every
15 min for 2 h. (A) HK-2 cells showed a rapid u@af NBD-NAC-HQ into the cells
measured by an increase in fluorescence as comparedntrol cells. Uptake was
observed following 15 min and continued to increager 2 h. This is observed in the
top panel which shows the fluorescence image, dred ottom panel shows the
fluorescent image overlaid with the light imageB) ( LLC-PK1 cells showed small
amounts of fluorescence in the NBD-NAC-HQ-treatetlscover 2 h. The control LLC-
PK1 cells appeared similar to the treated celldicating NBD-NAC-HQ was not taken
up into the LLC-PK1 cells. This is observed vitd fluorescence in the top panel. This
image was overlayed with the light image of thdscahd is shown in the bottom panel.
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B.3.4. Probenecid pretreatment and the resultingaxicity and fluorescence of NBD-
NAC-HQ in HK-2 cells

Probenecid is able to block drug and metabolitespart via organic anion
transporters (Rankin et al. 2008). Because wereedeuptake of the NBD-NAC-HQ
compound into HK-2 cells via fluorescence microsgopve were interested in
determining the NBD-NAC-HQ transport mechanismolf@necid was used to determine
if the main route of NBD-NAC-HQ uptake into HK-2 [ls'ewas via organic anion
transporter (OAT). First, the toxicity of NBD-NABQ was measured in HK-2 cells, as
well as LLC-PK1 cells for comparison, following fenecid pretreatment. A dose of
1mM probenecid was used for 2 h pretreatment, iiabb by increasing doses of NBD-
NAC-HQ (0, 200, 400, 600, 1000 uM) for 2 h. Toxycecreening was measured in
LLC-PKZ1 cells using neutral red uptake and in HK&ls using the MTS assay which
determines live cell count. No loss in toxicity swabserved for LLC-PK1 cells and HK-
2 cells following pretreatment with probenecid rating that the mechanism of toxicity
is likely not reliant upon these compounds entethwgy cell Figure B.5A). Additional
doses of probenecid (2 mM and 4 mM) were also ityaied and no difference was
observed in toxicity among the three doses (datasimown) and because the effect was
similar, 1 mM probenecid was used for further stadiNext, the uptake of NBD-NAC-
HQ into the cell was measured following pretreatmeith probenecid. Because these
compounds are known to enter the cell via orgammra transport, blocking this
transporter with probenecid would likely decreals®rescence if these compounds are

indeed entering the cell via this mechanism. NBDENAQ (500 uM) was treated for 2 h
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in HK-2 cells and fluorescence was monitored fortap2 h. In fact, a decrease in
fluorescence is observed in HK-2 cells following@fpeatment with probenecid indicating
that NBD-NAC-HQ is blocked from entering the cekwrganic anion transporfigure

B.5B-C). These experiments were not conducted in LLC-#&lls because these cells

exhibited no fluorescence at all with NBD-NAC-H@dtment.
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Figure B.5. Probenecid pretreatment followed by NB-NAC-HQ treatment in HK-
2 cells.

(A) HK-2 cells were pretreated with probenecid (M)rfor 2 h followed by NBD-NAC-
HQ (500 uM) for 2 h and cell viability was deterrathby MTS assay. Control cells
represent those cells that did not receive probdn@etreatment. Similar toxicity was
observed for probenecid pretreated cells in coraparto control. (B) HK-2 cells were
treated with NBD-NAC-HQ (500 uM) for 2 h and celduluptake was measured using
fluorescence microscopy. The top panel shows therdscent image and the bottom
panel shows the light image overlayed with the risgent image to better visualize
cellular uptake of NBD-NAC-HQ. (C) HK-2 cells wepetreated with probenecid (1
mM) for 2 h prior to NBD-NAC-HQ (500 pM) for 2 h. éllular uptake was again
measured using fluorescence microscopy where dbairtop image is the fluorescent
image and the bottom image is the light image eyed with the fluorescent image.
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B.4. Discussion

Numerous strategies have been employed in receats y® perform more
guantitative and qualitative advancements in pmies, including stable-isotope
labeling, 2D-gel electrophoresis, and affinity ta@ggents (Salih 2005). Utilization of
these techniques in combination with mass spectrgnend advancements in data
analysis software, has provided much success mif@tion of proteins and peptides
from complex biological samples. Furthermore, ¢héschniques can be applied to
identification of modified proteins and peptidesthin complex biological mixtures.
Because many of these modified proteins occur ithmiower abundance than their
unmodified counterpart, enrichment methods mustdéeesloped to successful identify
these protein targets. Often the proteins are fieddin response to chemical insult,
where the chemical is electrophilic in nature dnastable to bind to protein nucleophiles,
as is the case with hydroquinone and its quinoraether metabolites. These
compounds have been shown to bind cellular protentsproduce oxidative stress, and
as a result these compounds are potent nephrottgifisher et al. 2007; Person et al.
2005; Kleiner et al. 1998a). In order to determihe cause of toxicity, the protein
targets of these reactive electrophiles, as wetledisilar localization of these chemicals,
need to be determined.

We employed use of affinity tagging to be ablestoich our modified proteins
and extract them out of complex biological sampéesyvell as to visualize our toxicants
within live cells and attempt to determine the imipan critical cellular structures within

proximal tubule cells. We developed a biotin-tady¢¢Q compound, and because the
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tagging of HQ created different structural propstof HQ, toxicity testing was needed
to determine if this modified HQ compound produeesimilar toxicity profile to that of
HQ alone. We utilized an immortalized pig kidneyiteelial cell line (LLC-PK1) to
conduct our toxicity screening assay, and we dete@nthat biotin-HQ and HQ had
similar toxicity profiles in this cell line. Thisesult may indicate that these compounds
may be acting upon the same mechanism to achiexse thimilar toxicity profiles.
Because biotin has a strong affinity for avidinsttagged compound could then be used
for in vivo dosing, and following protein modification, the lugical sample could be
isolated by streptavidin affinity chromatographye@ch et al. 2008). Following this
procedure the modified protein would successfubxteacted out of the complex mixture
and prepared for mass spectral analysis to idethtéycorresponding HQ target proteins.
Because not all proteins that are modified bydamis actually contribute to the
overall toxic response, it is critical to determiwbich proteins may play a pivotal role.
Visualization of toxicant location within a live leevould provide crucial evidence as to
which organelles are most affected by these toxscamnd potentially which protein
targets may be involved in the observed toxiciys a result, we developed an NBD-
modified quinone toxicant, NBD-NAC-HQ. An N-acetykteine moiety was added to
the HQ ring to increase the water solubility of tRBD-HQ compound, resulting in
NBD-NAC-HQ. This compound was determined to berfiscent, and was then assayed
for toxicity in LLC-PK1 cells, as well as an immalized proximal tubule epithelial cell
line from normal adult human kidney (HK-2). In hatell lines similar toxicity profiles

were observed, indicating the NBD-NAC-HQ compount represent similar behavior
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by NAC-HQ when viewed in live cells. We succedsfuleveloped two HQ derivatives
that can be utilized in vitro or in vivo withoutahging the toxicity observed with use of
the parent compound.

The NBD-NAC-HQ compound was then dosed into HKr2l 4 LC-PK1 cells
and uptake of the compound into the cells were toosdl by fluorescence microscopy.
The images indicated that the compound was takereaghly in the HK-2 cell line and
fluorescence increased over the duration of 2 hottewever, much less fluorescence
was observed in the LLC-PK1 cell line, indicatingry little if any uptake of the NBD-
NAC-HQ into the cell. As stated previously, muasearch has shown that organic
anions, such as NAC-HQ, will enter into cells Ve torganic anion transporter (OAT)
(Burckhardt et al. 2003; Zhou et al. 2008). Sulbegraor OAT include weak acids
containing a net negative charge on carboxylateubonyl residues at physiological pH
(Dantzler et al. 2003; Wright et al. 2004). The Ofamily of transporters include are
primarily located on the basolateral membrane ofkipnal tubule cells, and the major
contributors to transport of organic anions consfsDAT1 and OAT3 (Robertson et al.
2006; Dantzler et al. 2003).

Because these transporters exist on the basolateraibrane of the proximal
tubule cells, this becomes problematic to transpayanic anions into the cell when these
cells are grown on a solid support (Goh et al. 2@moto et al. 2002). As previously
stated, LLC-PK1 cells are known to not contain OAMertens et al. 1988), however
this is less well defined for the HK-2 cell lineRecent literature has suggested that

hOAT4 is expressed in the kidney and appears todadized to the luminal membrane
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of human proximal tubule cells (Cha et al. 2000bB&t al. 2002). Our data indicates
that the HK-2 cells are able to uptake the NBD-NHQ-compound, suggesting that a
route of entry may occur via OAT4 that exists oe faminal membrane, as these
compounds have no access to the organic anionptretess that may be located on the
basolateral membrane of this cell line. Furtheenowe observed a decrease in
fluorescence in HK-2 cells pretreated with probémefollowed by dosing with NBD-
NAC-HQ, indicating inhibition of NBD-NAC-HQ uptakeith probenecid pretreatment.
Recent literature has indicated that probenecidbie to inhibit uptake by hOAT4
(Enomoto et al. 2002), providing further suppodtthOAT4 may be a potential route of
entry for the NBD-NAC-HQ compound into the humamal proximal tubule cells.
However, the toxicity profiles for NBD-NAC-HQ renmasimilar for LLC-PK1 and HK-2
cells, indicating that the compound does not neednter the cell to contribute to the
overall nephrotoxicity associated with these commasuin vitro. OAT4 mRNA
expression has been shown to only be 5-10% of OAmd,OAT2 expression and OAT3
expression are about equal but still greater tihah of OAT4 (Motohashi et al. 2002;
Wright et al. 2004). This indicates that althougbAT4 may transport in the NBD-
modified NAC-HQ, only small amounts may be enterithg cell due to the low
abundance of this transporter, and thus no chamgeerall toxicity observed in HK-2
cells with this compound treatment. Furthermoreyus work from our laboratory has
indicated thatin vivo pretreatment with probenecid protected againsicityxof 2-Br-
(diINAC)HQ (Monks et al. 1991; Hill et al. 1992),dicating probenecid would protect

against NBD-NAC-HQ uptakm vivo.
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In summary, we have developed two tagged quinongpounds to help guide us
in defining the role of HQ and its quinone-thiogthmetabolites in observed
nephrotoxicity following cellular exposure to thes®mmpounds. Biotin-HQ was
developed to help enrich and extract HQ-modifiedget proteins from complex
biological samples. We were successful in develpghis tag and determining that
Biotin-HQ has a similar toxicity profile as that BfQ alone. In future studies we plan to
utilize this tag to help us further identify HQ-mfed proteins and determine their role
in the HQ-associated toxicity. Additionally, wevaéoped an NBD-modified quinone,
NBD-NAC-HQ, used for visualizing compound localimat via fluorescence microscopy
following cellular uptake. We determined the tatyiqrofiles of NBD-modified NAC-
HQ was similar to that of NAC-HQ alone in LLC-PKhdaHK-2 cells, and then we
determined that HK-2 cells were able to transpoet NBD-NAC-HQ into the cell. We
plan to use these fluorescently-tagged compoumés/o studies to try and follow target
sites of HQ and its quinone-thioether metabolitékiw cellular compartments. This will
provide us a method of determining which cellulamponents are most affected by
these quinone-thioether compounds, as well as rdeterg which target proteins

contribute to the observed toxicities associateti Wiese quinone-thioether compounds.



253

References

Alberts, B. (1994). Molecular biology of the cellew York, Garland Pub.

Anderson, W. B., P. G. Board and M. W. Anders (900&lutathione transferase zeta-
catalyzed bioactivation of dichloroacetic acid:ats@an of glyoxylate with amino
acid nucleophiles.” Chem Res Toxiddi(5): 650-62.

Andon, N. L., S. Hollingworth, A. Koller, A. J. Gealand, J. R. Yates, 3rd and P. A.
Haynes (2002). "Proteomic characterization of wheahyloplasts using
identification of proteins by tandem mass spectitoyrieProteomics2(9): 1156-
68.

Ashkenazi, A. (2002). "Targeting death and decagpéors of the tumour-necrosis factor
superfamily.” Nat Rev Cance@(6): 420-30.

Babu, E., M. Takeda, S. Narikawa, Y. KobayashiEAomoto, A. Tojo, S. H. Cha, T.
Sekine, D. Sakthisekaran and H. Endou (2002). "Rélauman organic anion
transporter 4 in the transport of ochratoxin A.6&iim Biophys Actdl 590(1-3):
64-75.

Baillie, T. A. (2006). "Future of toxicology-metalmo activation and drug design:
challenges and opportunities in chemical toxicolbgthem Res Toxicol(7):
889-93.

Batthyany, C., F. J. Schopfer, P. R. Baker, R. bula M. Baker, Y. Huang, C.
Cervenansky, B. P. Branchaud and B. A. Freeman6(20Reversible post-
translational modification of proteins by nitratiadty acids in vivo." J Biol Chem
281(29): 20450-63.

Bennett, K. L., T. Matthiesen and P. Roepstorff @0 "Probing protein surface
topology by chemical surface labeling, crosslinkimgnd mass spectrometry.”
Methods Mol Biol146 113-31.

Bolton, J. L. and G. R. Thatcher (2008). "Potentradchanisms of estrogen quinone
carcinogenesis.” Chem Res Toxi@d(1): 93-101.

Bolton, J. L., M. A. Trush, T. M. Penning, G. Drystuand T. J. Monks (2000). "Role of
guinones in toxicology.” Chem Res Toxidd(3): 135-60.

Boulares, A. H., A. G. Yakovlev, V. Ivanova, B. A&toica, G. Wang, S. lyer and M.
Smulson (1999). "Role of poly(ADP-ribose) polymerad’ARP) cleavage in
apoptosis. Caspase 3-resistant PARP mutant inaeades of apoptosis in
transfected cells.” J Biol CheR74(33): 22932-40.

Boyer, L. A. and C. L. Peterson (2000). "Actin-teth proteins (Arps): conformational
switches for chromatin-remodeling machines?" Biags22(7): 666-72.

Bratton, S. B. and G. M. Cohen (2003). "Death remepleave a caspase footprint that
Smacs of XIAP." Cell Death DiffetQ(1): 4-6.

Bratton, S. B., S. S. Lau and T. J. Monks (199Igeritification of quinol thioethers in
bone marrow of hydroquinone/phenol-treated rats muncke and their potential
role in benzene-mediated hematotoxicity.” Chem Regcol 10(8): 859-65.

Bratton, S. B., S. S. Lau and T. J. Monks (2000B)e putative benzene metabolite 2,3,
5-tris(glutathion-S-yl)hydroquinone depletes glbtahe, stimulates




254

sphingomyelin turnover, and induces apoptosis in-G8Lcells." _Chem Res
Toxicol 13(7): 550-6.

Bratton, S. B., M. MacFarlane, K. Cain and G. M.h€o (2000b). "Protein complexes
activate distinct caspase cascades in death recepdostress-induced apoptosis.”
Exp Cell Re®2561): 27-33.

Bratton, S. B., G. Walker, D. L. Roberts, K. Camdas. M. Cohen (2001a). "Caspase-3
cleaves Apaf-1 into an approximately 30 kDa fragiibiat associates with an
inappropriately oligomerized and biologically inaet approximately 1.4 MDa
apoptosome complex.” Cell Death Difi&@): 425-33.

Bratton, S. B., G. Walker, S. M. Srinivasula, X. Bun, M. Butterworth, E. S. Alnemri
and G. M. Cohen (2001b). "Recruitment, activationl aetention of caspases-9
and -3 by Apaf-1 apoptosome and associated XIAPptexas.”" EMBO RQ(5):
998-10009.

Brouwers, O., T. Teerlink, J. van Bezu, R. Barto, Stehouwer and C. Schalkwijk
(2007). "Methylglyoxal and methylglyoxal-arginineddgucts do not directly
inhibit endothelial nitric oxide synthase."” Ann NA€ad Sci

Burckhardt, B. C. and G. Burckhardt (2003). "Trao$pof organic anions across the
basolateral membrane of proximal tubule cells.” Raysiol Biochem Pharmacol
146 95-158.

Bushnell, G. W., G. V. Louie and G. D. Brayer (1R90High-resolution three-
dimensional structure of horse heart cytochromg &4bl Biol 214(2): 585-95.

Cain, K., S. B. Bratton and G. M. Cohen (2002). éTApaf-1 apoptosome: a large
caspase-activating complex." Biochingé(2-3): 203-14.

Cain, K., S. B. Bratton, C. Langlais, G. Walker, G. Brown, X. M. Sun and G. M.
Cohen (2000). "Apaf-1 oligomerizes into biologiga#ictive approximately 700-
kDa and inactive approximately 1.4-MDa apoptosommmexes.” J Biol Chem
2759): 6067-70.

Cain, K., D. G. Brown, C. Langlais and G. M. Coh@®99). "Caspase activation
involves the formation of the aposome, a large @amately 700 kDa) caspase-
activating complex.” J Biol Che@i74(32): 22686-92.

Carbone, D. L., J. A. Doorn, Z. Kiebler, B. R. Iskand D. R. Petersen (2005a).
"Modification of heat shock protein 90 by 4-hydrooyenal in a rat model of
chronic alcoholic liver disease." J Pharmacol ExerB151): 8-15.

Carbone, D. L., J. A. Doorn, Z. Kiebler and D. Retdétsen (2005b). "Cysteine
modification by lipid peroxidation products inhibiprotein disulfide isomerase."
Chem Res Toxical§(8): 1324-31.

Carini, M., G. Aldini and R. M. Facino (2004). "Maspectrometry for detection of 4-
hydroxy-trans-2-nonenal (HNE) adducts with peptidmsd proteins.”_Mass
Spectrom ReR3(4): 281-305.

Casarett, L. J., C. D. Klaassen, M. O. Amdur anBalll (1996)._Casarett and Doull's
toxicology : the basic science of poisoridew York, McGraw-Hill, Health
Professions Division.

Cha, S. H., T. Sekine, H. Kusuhara, E. Yu, J. YnKD. K. Kim, Y. Sugiyama, Y. Kanai
and H. Endou (2000). "Molecular cloning and chaaegation of multispecific




255

organic anion transporter 4 expressed in the ptaceh Biol Chen?756): 4507-
12.

Chai, J., Q. Wu, E. Shiozaki, S. M. SrinivasulaSEAInemri and Y. Shi (2001). "Crystal
structure of a procaspase-7 zymogen: mechanisnactofation and substrate
binding." Cell107(3): 399-407.

Chandra, D., S. B. Bratton, M. D. Person, Y. Ti&n,G. Martin, M. Ayres, H. O.
Fearnhead, V. Gandhi and D. G. Tang (2006). "leffalar nucleotides act as
critical prosurvival factors by binding to cytocme C and inhibiting
apoptosome.” Cell257): 1333-46.

Chen, M. and X. Shen (2007). "Nuclear actin andna&lated proteins in chromatin
dynamics." Curr Opin Cell Bidl9(3): 326-30.

Chodavarapu, S., H. Hertema, T. Huynh, J. Odettéjifker, A. Fullerton, J. Alkirwi, D.
Hartsfield, K. Padmanabhan, C. Woods and J. D. Beck (2007). "Reversible
covalent inhibition of a phenol sulfotransferasedmgnzyme A." Arch Biochem
Biophys457(2): 197-204.

Clavreul, N., M. M. Bachschmid, X. Hou, C. Shi, Wrizovic, Y. Ido, D. Pimentel and
R. A. Cohen (2006). "S-glutathiolation of p2lras pgroxynitrite mediates
endothelial insulin resistance caused by oxidized-density lipoprotein.”
Arterioscler Thromb Vasc Bidt6(11): 2454-61.

Codreanu, S. G., D. G. Adams, E. S. Dawson, B. &dxWski and D. C. Liebler (2006).
"Inhibition of protein phosphatase 2A activity bglective electrophile alkylation
damage." Biochemistr45(33): 10020-9.

Cohen, G. M. (1997a). "Caspases: the executioriapaptosis.” Biochem 326 ( Pt 1)
1-16.

Cohen, S. D., N. R. Pumford, E. A. Khairallah, Koa&elheide, L. R. Pohl, H. R.
Amouzadeh and J. A. Hinson (1997b). "Selective ggnotovalent binding and
target organ toxicity.” Toxicol Appl Pharmach431): 1-12.

Cooper, B., D. Eckert, N. L. Andon, J. R. Yates &d\. Haynes (2003). "Investigative
proteomics: identification of an unknown plant &@rfrom infected plants using
mass spectrometry.” J Am Soc Mass Specttd(i): 736-41.

Cosgrove, M. S., J. D. Boeke and C. Wolberger (200Regulated nucleosome mobility
and the histone code." Nat Struct Mol Bid(11): 1037-43.

Craig, R. and R. C. Beavis (2003). "A method fatugng the time required to match
protein sequences with tandem mass spectra.” Rapmdmun Mass Spectrom
17(20): 2310-6.

Craig, R., J. P. Cortens and R. C. Beavis (200@peh source system for analyzing,
validating, and storing protein identification datd Proteome Re¥6): 1234-42.

D'Amici, G. M., A. M. Timperio and L. Zolla (2008)Coupling of native liquid phase
isoelectrofocusing and blue native polyacrylamidd electrophoresis: a potent
tool for native membrane multiprotein complex safian.” J Proteome Ré&%3):
1326-40.

Damsten, M. C., J. N. Commandeur, A. Fidder, AH@Ist, D. Touw, D. Noort and N. P.
Vermeulen (2007). "Liquid chromatography/tandem sngisectrometry detection




256

of covalent binding of acetaminophen to human sealioomin." Drug Metab
Dispos35(8): 1408-17.

Dantzler, W. H. and S. H. Wright (2003). "The mallec and cellular physiology of
basolateral organic anion transport in mammalianalretubules.” _Biochim
Biophys Actal6192): 185-93.

de Korwin, J. D., P. Ducrotte and T. Vallot (2004)New-generation proton pump
inhibitors: progress in the treatment of pepticdadiseases?]." Presse Med
33(11): 746-54.

Demozay, D., J. C. Mas, S. Rocchi and E. Van Obitmrg2008). "Faldh Reverses the
Deleterious Action of Oxidative Stress Induced e tLipid Peroxidation
Product, Hne, on Insulin Signaling in 3t3-L1 Adigtes." Diabetes

Denault, J. B. and G. S. Salvesen (2002). "CaspaSesr Protoc Protein ScChapter
21 Unit 21 8.

Dinkova-Kostova, A. T., W. D. Holtzclaw, R. N. Col&. Itoh, N. Wakabayashi, Y.
Katoh, M. Yamamoto and P. Talalay (2002). "Direetdence that sulfhydryl
groups of Keapl are the sensors regulating induaiophase 2 enzymes that
protect against carcinogens and oxidants." Prod ANead Sci U S A99(18):
11908-13.

Discover_3 ESFF (extensible systematic force fied85 Scranton Road, San Diego,
CA, 92121, Molecular mechanics force fields, Insiglh 2000.3L, Molecular
Modeling Software, Accelrys, Inc., .

Dong, J., S. Ramachandiran, K. Tikoo, Z. Jia, S.a.and T. J. Monks (2004). "EGFR-
independent activation of p38 MAPK and EGFR-depahdetivation of ERK1/2
are required for ROS-induced renal cell death.” AnPhysiol Renal Physiol
287(5): F1049-58.

Dooley, G. P., W. H. Hanneman, D. L. Carbone, ML&gare, M. E. Andersen and J. D.
Tessari (2007). "Development of an immunochemicatection method for
atrazine-induced albumin adducts.” Chem Res Tox6(l): 1061-6.

Doorn, J. A., T. D. Hurley and D. R. Petersen (900@hibition of human mitochondrial
aldehyde dehydrogenase by 4-hydroxynon-2-enal angoAon-2-enal.” Chem
Res Toxicoll9(1): 102-10.

Eidhammer, 1. (2007)._Computational methods for gnapectrometry proteomics
Chichester, England ; Hoboken, NJ, John Wiley &sSon

Ellman, G. L. (1959). "Tissue sulfhydryl groups.fch Biochem Biophy82(1): 70-7.

Enomoto, A., M. Takeda, M. Shimoda, S. Narikawa,Kb6bayashi, T. Yamamoto, T.
Sekine, S. H. Cha, T. Niwa and H. Endou (2002)tehaction of human organic
anion transporters 2 and 4 with organic anion artsinhibitors."_J Pharmacol
Exp Ther301(3): 797-802.

Eskes, R., S. Desagher, B. Antonsson and J. C.irMart(2000). "Bid induces the
oligomerization and insertion of Bax into the outeitochondrial membrane."”
Mol Cell Biol 20(3): 929-35.

Evans, D. C., A. P. Watt, D. A. Nicoll-Griffith an@. A. Baillie (2004). "Drug-protein
adducts: an industry perspective on minimizing thetential for drug




257

bioactivation in drug discovery and developmenttie® Res Toxicoll7(1): 3-
16.

Fenn, J. B., M. Mann, C. K. Meng, S. F. Wong and MC. Whitehouse (1989).
"Electrospray ionization for mass spectrometry asjé biomolecules.” Science
2464926): 64-71.

Fisher, A. A., M. T. Labenski, S. Malladi, V. GokeaM. E. Bowen, R. S. Milleron, S.
B. Bratton, T. J. Monks and S. S. Lau (2007). "@uim electrophiles selectively
adduct "electrophile binding motifs" within cytocme c.” _Biochemistryt6(39):
11090-100.

Forman, H. J., J. M. Fukuto and M. Torres (200Redox signaling: thiol chemistry
defines which reactive oxygen and nitrogen speaes act as second
messengers.” Am J Physiol Cell Physi8I/(2): C246-56.

Fyodorov, D. V. and J. T. Kadonaga (2001). "The ynfates of chromatin remodeling:
SWitching beyond transcription.” CdlDg5): 523-5.

Ghezzi, P. and V. Bonetto (2003). "Redox proteomidentification of oxidatively
modified proteins.” ProteomicX7): 1145-53.

Go, Y. M., P. J. Halvey, J. M. Hansen, M. ReedPdhl and D. P. Jones (2007).
"Reactive aldehyde modification of thioredoxin-1tiaates early steps of
inflammation and cell adhesion.” Am J Pathadll(5): 1670-81.

Goh, L. B., K. J. Spears, D. Yao, A. Ayrton, P. igan, C. Roland Wolf and T. Friedberg
(2002). "Endogenous drug transporters in in vitnal an vivo models for the
prediction of drug disposition in man." Biochem Rhacol64(11): 1569-78.

Goldberg, M. E., F. Schaeffer, Y. Guillou and L.aiz@di-Ohaniance (1999). "Pseudo-
native motifs in the noncovalent heme-apocytochreansemplex. Evidence from
antibody binding studies by enzyme-linked immunbsat assay and
microcalorimetry.” J Biol Cher@74(23): 16052-61.

Gomes, R. A., L. M. Oliveira, M. C. Silva, C. Asem A. Quintas, G. Costa, A. V.
Coelho, M. Sousa Silva, A. E. Ferreira, A. Poncesré and C. Cordeiro (2008).
"Protein glycation in vivo: Functional and stru@leffects on yeast enolase.”
Biochem J

Gupta, S., M. Elias, X. Wen, J. Shapiro, L. BritsoVN. Lu and S. C. Lee (2008).
"Detection of clinically relevant levels of proteamalyte under physiologic buffer
using planar field effect transistors." Biosensdbaztron

Gurcel, C., A. S. Vercoutter-Edouart, C. Fonbonkle,Mortuaire, A. Salvador, J. C.
Michalski and J. Lemoine (2008). "ldentification néw O-GIcNAc modified
proteins using a click-chemistry-based tagging."alABioanal Chem39Q(8):
2089-97.

Habib, S. L., M. N. Phan, S. K. Patel, D. Li, TMonks and S. S. Lau (2003). "Reduced
constitutive 8-oxoguanine-DNA glycosylase expressamd impaired induction
following oxidative DNA damage in the tuberin déficst Eker rat.”
Carcinogenesig4(3): 573-82.

Halliwell, B. (2000). "Lipid peroxidation, antioxahts and cardiovascular disease: how
should we move forward?" Cardiovasc R&E3): 410-8.




258

Hampton, M. B., B. Fadeel and S. Orrenius (199Bedox regulation of the caspases
during apoptosis.” Ann N Y Acad S8b4 328-35.

Hansen, B. T., S. W. Davey, A. J. Ham and D. Cbldge(2005). "P-Mod: an algorithm
and software to map modifications to peptide segemising tandem MS data.” J
Proteome Re4(2): 358-68.

Herceg, Z. and Z. Q. Wang (1999). "Failure of pApP-ribose) polymerase cleavage by
caspases leads to induction of necrosis and enthamaptosis.” Mol Cell Biol
19(7): 5124-33.

Hill, B. A., K. L. Davison, D. M. Dulik, T. J. Monkand S. S. Lau (1994). "Metabolism
of 2-(glutathion-S-yl)hydroquinone and 2,3,5- (lwigathion-S-yl)hydroquinone in
the in situ perfused rat kidney: relationship tgpm®toxicity." Toxicol Appl
Pharmacoll291): 121-32.

Hill, B. A., T. J. Monks and S. S. Lau (1992). "Tk#ects of 2,3,5-(triglutathion-S-
yhhydroquinone on renal mitochondrial respiratfupction in vivo and in vitro:
possible role in cytotoxicity." Toxicol Appl Pharea 1172): 165-71.

Hunt, D. F., J. R. Yates, 3rd, J. Shabanowitz, $nsfén and C. R. Hauer (1986).
"Protein sequencing by tandem mass spectrometrg¢ Natl Acad Sci U S A
83(17): 6233-7.

Isom, A. L., S. Barnes, L. Wilson, M. Kirk, L. Cowhand V. Darley-Usmar (2004).
"Modification of Cytochrome ¢ by 4-hydroxy- 2-nor&nevidence for histidine,
lysine, and arginine-aldehyde adducts.”" J Am SosdV#pectrom5(8): 1136-47.

Jerina, D. M. and J. W. Daly (1974). "Arene oxidasiew aspect of drug metabolism."
Sciencel85151): 573-82.

Jia, Z., M. D. Person, J. Dong, J. Shen, S. C. ldgnd. L. Stevens, T. J. Monks and S.
S. Lau (2004). "Grp78 is essential for 11-deoxyté6edimethyl PGE2-mediated
cytoprotection in renal epithelial cells.” Am J RBlol Renal Physiol287(6):
F1113-22.

Jiang, X. and X. Wang (2000). "Cytochrome c prorea@spase-9 activation by inducing
nucleotide binding to Apaf-1." J Biol Che?A7540): 31199-203.

Jorgensen, W. L., J. Chandrasekhar, J. D. Madurs®y.Rmpey and M. L. Klein (1983).
"Comparison Of Simple Potential Functions For Siming Liquid Water."
Journal Of Chemical Physi@®(2): 926-935.

Juan, T. S., I. K. McNiece, J. M. Argento, N. Anlims, D. J. Gilbert, N. G. Copeland
and F. A. Fletcher (1997). "Identification and mimgp of Casp7, a cysteine
protease resembling CPP32 beta, interleukin-1dmtaerting enzyme, and CED-
3." Genomics((1): 86-93.

Kamal, A., R. Ramu, V. Tekumalla, G. B. Khanna, $4.Barkume, A. S. Juvekar and S.
M. Zingde (2007). "Synthesis, DNA binding, and dgtadcity studies of
pyrrolo[2,1-c][1,4]benzodiazepine-anthraquinonejagates.” Bioorg Med Chem
15(22): 6868-75.

Kaminskas, L. M., S. M. Pyke and P. C. Burcham B)00Differences in lysine
adduction by acrolein and methyl vinyl ketone: ioglions for cytotoxicity in
cultured hepatocytes." Chem Res Toxit8§(11): 1627-33.




259

Kandasamy, K., S. M. Srinivasula, E. S. AlnemriBCThompson, S. J. Korsmeyer, J. L.
Bryant and R. K. Srivastava (2003). "Involvemenpafapoptotic molecules Bax
and Bak in tumor necrosis factor-related apoptogiscing ligand (TRAIL)-
induced mitochondrial disruption and apoptosis:fedéntial regulation of
cytochrome ¢ and Smac/DIABLO release."” Cancer@3€g): 1712-21.

Kang, P., D. Dalvie, E. Smith, S. Zhou, A. Deesed ah A. Nieman (2008).
"Bioactivation of flutamide metabolites by humaweli microsomes." Drug Metab
Dispos36(7): 1425-37.

Kankova, K. (2008). "Diabetic threesome (hypergmoga, renal function and nutrition)
and advanced glycation end products: evidencehmiultiple-hit agent?” Proc
Nutr Soc67(1): 60-74.

Kari, F. W., J. Bucher, S. L. Eustis, J. K. Haseraad J. E. Huff (1992). "Toxicity and
carcinogenicity of hydroquinone in F344/N rats 88C3F1 mice." Food Chem
Toxicol 30(9): 737-47.

Kaufmann, S. H. and G. J. Gores (2000). "Apoptasiscancer: cause and cure."
Bioessay22(11): 1007-17.

Kelekar, A. and C. B. Thompson (1998). "Bcl-2-faynproteins: the role of the BH3
domain in apoptosis.” Trends Cell BR(B): 324-30.

Klatt, P. and S. Lamas (2000). "Regulation of groteinction by S-glutathiolation in
response to oxidative and nitrosative stress."JHBiochen?267(16): 4928-44.

Kleiner, H. E., T. W. Jones, T. J. Monks and S.L&u (1998a). "Immunochemical
analysis of quinol-thioether-derived covalent piotadducts in rodent species
sensitive and resistant to quinol-thioether-mediatephrotoxicity.”"_Chem Res
Toxicol 11(11): 1291-300.

Kleiner, H. E., M. |. Rivera, N. R. Pumford, T. Monks and S. S. Lau (1998b).
"Immunochemical detection of quinol--thioether-ded protein adducts.” Chem
Res Toxicoll1(11): 1283-90.

Ko, M., D. H. Sohn, H. Chung and R. H. Seong (200®hromatin remodeling,
development and disease." Mutat Res

Koen, Y. M., W. Yue, N. A. Galeva, T. D. Williamswa R. P. Hanzlik (2006). "Site-
specific arylation of rat glutathione s-transferaske and A2 by bromobenzene
metabolites in vivo.” Chem Res Toxicti(11): 1426-34.

Kumar, S. (1999). "Mechanisms mediating caspaggadicn in cell death.” Cell Death
Differ 6(11): 1060-6.

Kussmann, M., U. Lassing, C. A. Sturmer, M. Przghyland P. Roepstorff (1997).
"Matrix-assisted laser desorption/ionization mgsscgometric peptide mapping
of the neural cell adhesion protein neurolin pedfiby sodium dodecyl sulfate
polyacrylamide gel electrophoresis or acidic priatpn.” J Mass Spectrom
32(5): 483-93.

Kwon, S. J., E. Y. Choi, J. B. Seo and O. K. P&@0(F). "Isolation of the Arabidopsis
phosphoproteome using a biotin-tagging approacho!' G&lls24(2): 268-75.
Landar, A., J. Y. Oh, N. M. Giles, A. Isom, M. Kjrk. Barnes and V. M. Darley-Usmar
(2006). "A sensitive method for the quantitativeasiwement of protein thiol

modification in response to oxidative stress.” Hreglic Biol Med4((3): 459-68.




260

Lau, S. S., B. A. Hill; R. J. Highet and T. J. ManiL988). "Sequential oxidation and
glutathione addition to 1,4-benzoquinone: correlatof toxicity with increased
glutathione substitution.” Mol Pharma@i(6): 829-36.

Lau, S. S., T. W. Jones, R. J. Highet, B. A. Hildar. J. Monks (1990). "Differences in
the localization and extent of the renal proximabular necrosis caused by
mercapturic acid and glutathione conjugates of nbghthoquinone and
menadione.” Toxicol Appl Pharmacbhd4(2): 334-50.

Lau, S. S. and V. G. Zannoni (1981). "Bromobenzepexidation leading to binding on
macromolecular protein sites." J Pharmacol Exp Pi&2): 563-72.

Leon, C., R. Taylor, K. H. Bartlett and K. M. Was@005). "Effect of heat-treatment
and the role of phospholipases on Fungizone-indegéatoxicity within human
kidney proximal tubular (HK-2) cells and Aspergdldumigatus.”_Int J Pharm
298(1): 211-8.

Lewin, B. (2004). Genes VIIUpper Saddle River, NJ, Pearson Prentice Hall.

Li, H., H. Zhu, C. J. Xu and J. Yuan (1998). "Clage of BID by caspase 8 mediates the
mitochondrial damage in the Fas pathway of apopto€iell94(4): 491-501.

Li, J., T. R. Billiar, R. V. Talanian and Y. M. Kinfl997). "Nitric oxide reversibly
inhibits seven members of the caspase family viaitt®sylation." Biochem
Biophys Res Commu24(0(2): 419-24.

Liebler, D. C. (2008). "Protein damage by reactiedectrophiles: targets and
consequences." Chem Res Toxi2d{1): 117-28.

Lin, D., H. G. Lee, Q. Liu, G. Perry, M. A. Smitmé L. M. Sayre (2005). "4-Oxo0-2-
nonenal is both more neurotoxic and more proteactree than 4-hydroxy-2-
nonenal.” Chem Res ToxicbB(8): 1219-31.

Lin, Y. H., Y. H. Yang and S. M. Wu (2007). "Expexental design and capillary
electrophoresis for simultaneous analysis of arhinjic acid and hydroquinone
in cosmetics.” J Pharm Biomed Arl(1): 279-82.

Lindsey, R. H., Jr., R. P. Bender and N. Oshe2005). "Effects of benzene metabolites
on DNA cleavage mediated by human topoisomerasépha: 1,4-hydroquinone
is a topoisomerase Il poison.” Chem Res Toxi@j): 761-70.

LoPachin, R. M., D. S. Barber and T. Gavin (2008jolecular mechanisms of the
conjugated alpha,beta-unsaturated carbonyl derasti relevance to
neurotoxicity and neurodegenerative diseases."cbb8ci104(2): 235-49.

Lopachin, R. M. and A. P. Decaprio (2005). "Protagiduct formation as a molecular
mechanism in neurotoxicity." Toxicol S86(2): 214-25.

Los, M., M. Mozoluk, D. Ferrari, A. Stepczynska, 8troh, A. Renz, Z. Herceg, Z. Q.
Wang and K. Schulze-Osthoff (2002). "Activation arghspase-mediated
inhibition of PARP: a molecular switch between iblast necrosis and apoptosis
in death receptor signaling." Mol Biol CdlB(3): 978-88.

Luo, J., B. G. Hill, Y. Gu, J. Cai, S. Srivasta¥a,Bhatnagar and S. D. Prabhu (2007).
"Mechanisms of acrolein-induced myocardial dysfiorct implications for
environmental and endogenous aldehyde exposure."JARNysiol Heart Circ
Physiol2936): H3673-84.




261

Luo, X., I. Budihardjo, H. Zou, C. Slaughter and Wang (1998). "Bid, a Bcl2
interacting protein, mediates cytochrome c reldas®a mitochondria in response
to activation of cell surface death receptors.'l Gé(4): 481-90.

Macedo, S. M., S. C. Vaz, E. L. Lourenco, G. desaoMda, A. P. Ligeiro-Oliveira, J.
M. Ferreira, Jr., S. R. Almeida, W. T. de Lima &hdH. Farsky (2007). "In vivo
hydroquinone exposure impairs allergic lung inflaation in rats.”_Toxicology
241(1-2): 47-57.

MacFarlane, M. and A. C. Williams (2004). "Apop®sand disease: a life or death
decision." EMBO Re5(7): 674-8.

Mason, D. E. and D. C. Liebler (2000). "Charactsicn of benzoquinone-peptide
adducts by electrospray mass spectrometry.” CheslBeicol13(10): 976-82.

Matthews, A. M., D. W. Roberts, J. A. Hinson and R. Pumford (1996).
"Acetaminophen-induced hepatotoxicity. Analysistofal covalent binding vs.
specific binding to cysteine.” Drug Metab Disfi#11): 1192-6.

Medower, C., L. Wen and W. W. Johnson (2008). "Ctome P450 oxidation of the
thiophene-containing anticancer drug 3-[(quinoligihethyl)-amino]-thiophene-
2-carboxylic acid (4-trifluoromethoxy-phenyl)-amidéo an electrophilic
intermediate.” Chem Res Toxic®1(8): 1570-7.

Meier, B. W., J. D. Gomez, A. Zhou and J. A. Thoomp$2005). "Immunochemical and
proteomic analysis of covalent adducts formed bynape methide tumor
promoters in mouse lung epithelial cell lines." @hRes Toxicoll8(10): 1575-
85.

Melikian, A. A., K. M. Chen, H. Li, R. Sodum, E.dfa and K. EI-Bayoumy (2008). "The
role of nitric oxide on DNA damage induced by bereenetabolites.” Oncol Rep
19(5): 1331-7.

Meri, S. and M. Baumann (2001). "Proteomics: pasttational modifications, immune
responses and current analytical tools." Biomol E8(&): 213-20.

Mertens, J. J., J. G. Weijnen, W. J. van DoornSgenkelink, J. H. Temmink and P. J.
van Bladeren (1988). "Differential toxicity as asué of apical and basolateral
treatment of LLC-PK1 monolayers with S-(1,2,3,4,4-
pentachlorobutadienyl)glutathione and N-acetyl-2,3,4,4-
pentachlorobutadienyl)-L-cysteine.” Chem Biol I@teti65(3): 283-93.

Mohr, S., B. Zech, E. G. Lapetina and B. Brune {@99Inhibition of caspase-3 by S-
nitrosation and oxidation caused by nitric oxidg@idchem Biophys Res Commun
2382): 387-91.

Monks, T. J. (2006). "Introduction.” Drug Metab R&8(4): 599-600.

Monks, T. J., T. W. Jones, B. A. Hill and S. S. 1(d991). "Nephrotoxicity of 2-bromo-
(cystein-S-yl) hydroquinone and 2-bromo-(N-acetytystein-S-yl)
hydroquinone thioethers." Toxicol Appl Pharmatall(2): 279-98.

Monks, T. J. and S. S. Lau (1988). "Reactive intsliates and their toxicological
significance."” Toxicologyp2(1-2): 1-53.

Monks, T. J. and S. S. Lau (1997). "Biological teaty of polyphenolic-glutathione
conjugates.” Chem Res Toxictl(12): 1296-313.




262

Monteiro, H. P., R. J. Arai and L. R. Travassos0@0 "Protein tyrosine phosphorylation
and protein tyrosine nitration in redox signalinditioxid Redox Signall((5):
843-90.

Moran, L. K., J. M. Gutteridge and G. J. Quinlaro@2). "Thiols in cellular redox
signalling and control.” Curr Med Che®(7): 763-72.

Motohashi, H., Y. Sakurai, H. Saito, S. Masuda,Urakami, M. Goto, A. Fukatsu, O.
Ogawa and K. Inui (2002). "Gene expression leval$ mmmunolocalization of
organic ion transporters in the human kidney." J 3oe Nephroll3(4): 866-74.

Muller, J., Y. Oma, L. Vallar, E. Friederich, O. ¢hoand B. Winsor (2005). "Sequence
and comparative genomic analysis of actin-relateotemns.” Mol Biol Cell
16(12): 5736-48.

Murty, V. S. and T. M. Penning (1992). "Charactatian of mercapturic acid and
glutathionyl conjugates of benzo[a]pyrene-7,8-ditayetwo-dimensional NMR."
Bioconjug Chen8(3): 218-24.

Neely, K. E. and J. L. Workman (2002). "The comglexf chromatin remodeling and
its links to cancer.” Biochim Biophys Aci®031): 19-29.

Nicholson, D. W. (1999). "Caspase structure, pigteosubstrates, and function during
apoptotic cell death.” Cell Death Diffé¢11): 1028-42.

Nie, C., C. Tian, L. Zhao, P. X. Petit, M. Mehrpamnd Q. Chen (2008). "Cysteine 62 of
Bax is critical for its conformational activatioma its proapoptotic activity in
response to H202-induced apoptosis.” J Biol CR8((22): 15359-69.

Nuriel, T., R. S. Deeb, D. P. Hajjar and S. S. Gr(008). "Protein 3-nitrotyrosine in
complex biological samples: quantification by higlessure liquid
chromatography/electrochemical detection and enmersge of proteomic
approaches for unbiased identification of modifmatsites.”" Methods Enzymol
441 1-17.

Oda, Y., T. Nagasu and B. T. Chait (2001). "Enrieninanalysis of phosphorylated
proteins as a tool for probing the phosphoprotebidat Biotechnol19(4): 379-
82.

Olave, I. A., S. L. Reck-Peterson and G. R. Crab{@002). "Nuclear actin and actin-
related proteins in chromatin remodeling." Annu Bgechem71: 755-81.

Osburn, W. O. and T. W. Kensler (2007). "Nrf2 sigmgt An adaptive response pathway
for protection against environmental toxic instidutat Res

Pagano, G. (2002). "Redox-modulated xenobioticaciind ROS formation: a mirror or
a window?" Hum Exp Toxicd?1(2): 77-81.

Person, M. D., D. E. Mason, D. C. Liebler, T. J.is and S. S. Lau (2005). "Alkylation
of cytochrome c¢ by (glutathion-S-yl)-1,4-benzoquiro and iodoacetamide
demonstrates compound-dependent site specifi€iyem Res Toxical8(1): 41-
50.

Person, M. D., T. J. Monks and S. S. Lau (2003) Itegrated approach to identifying
chemically induced posttranslational modificatiamsng comparative MALDI-
MS and targeted HPLC-ESI-MS/MS." Chem Res Toxi®{b): 598-608.

Peter, M. E., P. Legembre and B. C. Barnhart (20@x)es CD95 have tumor promoting
activities?" Biochim Biophys Acta7551): 25-36.




263

Peters, M. M., T. W. Jones, T. J. Monks and S. & (1997). "Cytotoxicity and cell-
proliferation induced by the nephrocarcinogen hgdioone and its nephrotoxic
metabolite 2,3,5-(tris-glutathion-S-yl)hydroquinche Carcinogenesis 18(12):
2393-401.

Peters, M. M., M. I. Rivera, T. W. Jones, T. J. Me@and S. S. Lau (1996). "Glutathione
conjugates of tert-butyl-hydroquinone, a metabotifethe urinary tract tumor
promoter 3-tert-butyl-hydroxyanisole, are toxic kiminey and bladder." Cancer
Res56(5): 1006-11.

Petersen, D. R. and J. A. Doorn (2004). "Reactmnd-hydroxynonenal with proteins
and cellular targets." Free Radic Biol M&¢7): 937-45.

Pettit, G. R., A. J. Thornhill, B. R. Moser andHogan (2008). "Antineoplastic Agents.
552. Oxidation of Combretastatin A-1: Trapping tbeQuinone Intermediate
Considered the Metabolic Product of the Correspund?hosphate Prodrug.”" J
Nat Prod

Phelan, M. L., S. Sif, G. J. Narlikar and R. E. ¢Ston (1999). "Reconstitution of a core
chromatin remodeling complex from SWI/SNF subuhitgol Cell 3(2): 247-53.

Pinto, M., J. J. Perez and J. Rubio-Martinez (200¥)olecular dynamics study of
peptide segments of the BH3 domain of the proapigppooteins Bak, Bax, Bid
and Hrk bound to the Bcl-xL and Bcl-2 proteins.'Cémput Aided Mol Des
18(1): 13-22.

Poli, G., F. Biasi and G. Leonarduzzi (2008). "4dryxynonenal-protein adducts: A
reliable biomarker of lipid oxidation in liver diases.” Mol Aspects Me2i9(1-2):
67-71.

Poole, L. B., P. A. Karplus and A. Claiborne (2Q0%rotein sulfenic acids in redox
signaling.” Annu Rev Pharmacol Toxictd 325-47.

Poole, L. B., C. Klomsiri, S. A. Knaggs, C. M. FurdK. J. Nelson, M. J. Thomas, J. S.
Fetrow, L. W. Daniel and S. B. King (2007). "Fluscent and affinity-based tools
to detect cysteine sulfenic acid formation in pitge Bioconjug Chenil8(6):
2004-17.

Price, C. L. and S. C. Knight (2007). "Advanced oglyon: a novel outlook on
atherosclerosis." Curr Pharm DEX36): 3681-7.

Qing, W. G., K. L. Powell and M. C. MacLeod (1996Kinetics of the reaction of a
potential chemopreventive agent, 2,6-dithiopurengd its major metabolite, 2,6-
dithiouric acid, with multiple classes of electrdmh toxicants." Chem Res
Toxicol 9(8): 1298-304.

Raftery, M. J. (2008). "Enrichment by organomeraligigarose and identification of cys-
containing peptides from yeast cell lysates." AbRém80(9): 3334-41.

Ragunathan, N., J. Dairou, B. Pluvinage, M. MartlsPetit, N. Janel, J. M. Dupret and
F. Rodrigues-Lima (2008). "Identification of therabiotic-metabolizing enzyme
arylamine N-acetyltransferase 1 (NAT1) as a newehof cisplatin in breast
cancer cells: molecular and cellular mechanismshabition." Mol Pharmacol

Rando, O. J., K. Zhao and G. R. Crabtree (2000®ar&hing for a function for nuclear
actin." Trends Cell Biol0(3): 92-7.




264

Rankin, G. O., S. K. Hong, D. K. Anestis, J. G. IBahd M. A. Valentovic (2008).
"Mechanistic aspects of 4-amino-2,6-dichlorophendliced in vitro
nephrotoxicity."” Toxicologyp451-2): 123-9.

Rexach, J. E., P. M. Clark and L. C. Hsieh-Wils@0(8). "Chemical approaches to
understanding O-GIcNAc glycosylation in the braihat Chem Biol4(2): 97-
106.

Riddles, P. W., R. L. Blakeley and B. Zerner (198Beassessment of Ellman's reagent.”
Methods Enzymo91: 49-60.

Robertson, E. E. and G. O. Rankin (2006). "Humaralr@rganic anion transporters:
characteristics and contributions to drug and dmegtabolite excretion.”
Pharmacol Thet093): 399-412.

Ross, D. (2000). "The role of metabolism and specifetabolites in benzene-induced
toxicity: evidence and issues." J Toxicol Enviroeatth A61(5-6): 357-72.

Ruiz-Ramos, R., M. E. Cebrian and E. Garrido (200Benzoquinone activates the
ERK/MAPK signaling pathway via ROS production in 48D cells."_Toxicology
209(3): 279-87.

Ryan, M. J., G. Johnson, J. Kirk, S. M. Fuerstegh&. A. Zager and B. Torok-Storb
(1994). "HK-2: an immortalized proximal tubule dyatial cell line from normal
adult human kidney." Kidney 1#t5(1): 48-57.

Salih, E. (2005). "Phosphoproteomics by mass speelry and classical protein
chemistry approaches." Mass Spectrom R48): 828-46.

Sallustio, B. C., S. Nunthasomboon, C. J. Drogeenwdind K. M. Knights (2000). "In
vitro covalent binding of nafenopin-CoA to humaweli proteins.” Toxicol Appl
Pharmacoll632): 176-82.

Salmeen, A. and D. Barford (2005). "Functions arethanisms of redox regulation of
cysteine-based phosphatases.” Antioxid Redox Sikfbeb): 560-77.

Samali, A., M. O'Mahoney, J. Reeve, S. Logue, Eeg8zdi, J. McMahon and H. O.
Fearnhead (2007). "Identification of an inhibitdroaspase activation from heart
extracts; ATP blocks apoptosome formation." Apoist@(3): 465-74.

Sampey, B. P., D. L. Carbone, J. A. Doorn, D. Aedsel and D. R. Petersen (2007). "4-
Hydroxy-2-nonenal adduction of extracellular sigregulated kinase (Erk) and
the inhibition of hepatocyte Erk-Est-like proteiradtivating protein-1 signal
transduction.” Mol Pharmacd@li(3): 871-83.

Scaffidi, C., I. Schmitz, J. Zha, S. J. KorsmeyerH. Krammer and M. E. Peter (1999).
"Differential modulation of apoptosis sensitivity CD95 type | and type I cells.”
J Biol Chem274(32): 22532-8.

Sethi, G., K. S. Ahn and B. B. Aggarwal (2008). ifgeting nuclear factor-kappa B
activation pathway by thymoquinone: role in suppi@s of antiapoptotic gene
products and enhancement of apoptosis.” Mol CarRes6(6): 1059-70.

Sethuraman, M., N. Clavreul, H. Huang, M. E. McCoBbE. Costello and R. A. Cohen
(2007). "Quantification of oxidative posttranslat&d modifications of cysteine
thiols of p21ras associated with redox modulatibadativity using isotope-coded
affinity tags and mass spectrometry.” Free Radit Bied 42(6): 823-9.




265

Shapiro, R. and J. F. Riordan (1983). "Criticaligsresidue at the chloride binding site
of angiotensin converting enzyme." Biochemist®23): 5315-21.

Shen, X. (2004). "Preparation and analysis of @80 complex." Methods Enzymol
377 401-12.

Shen, X., G. Mizuguchi, A. Hamiche and C. Wu (2008 chromatin remodelling
complex involved in transcription and DNA procegsirNature4066795): 541-
4.

Shen, X., R. Ranallo, E. Choi and C. Wu (2003ajv8lvement of actin-related proteins
in ATP-dependent chromatin remodeling.” Mol CEX1): 147-55.

Shen, X., H. Xiao, R. Ranallo, W. H. Wu and C. WA0@3b). "Modulation of ATP-
dependent chromatin-remodeling complexes by inbpdtyphosphates.” Science
2995603): 112-4.

Sherwood, L. (2004). "Human physiology : from cétissystems." 5th.

Shevchenko, A., M. Wilm, O. Vorm and M. Mann (1996Mass spectrometric
sequencing of proteins silver-stained polyacrylamgels.”"_Anal Chen68(5):
850-8.

Shi, Y. (2002). "Apoptosome: the cellular enging the activation of caspase-9."
Structurel((3): 285-8.

Shonsey, E. M., S. M. Eliuk, M. S. Johnson, S. BarrC. N. Falany, V. M. Darley-
Usmar and M. B. Renfrow (2008). "Inactivation of nman liver bile acid
CoA:amino acid N-acyltransferase by the electrophipid, 4-hydroxynonenal.”
J Lipid ResA9(2): 282-94.

Snyder, R. (2007). "Benzene's toxicity: a constéidashort review of human and animal
studies by HA Khan." Hum Exp Toxic86(9): 687-96.

Snyder, R., T. Chepiga, C. S. Yang, H. Thomas, IKitRnd F. Oesch (1993). "Benzene
metabolism by reconstituted cytochromes P450 2RIL 241l and its modulation
by cytochrome b5, microsomal epoxide hydrolase, gintathione transferases:
evidence for an important role of microsomal epexigydrolase in the formation
of hydroquinone." Toxicol Appl Pharmacb?22): 172-81.

Somiji, S., S. H. Garrett, M. A. Sens, V. Gurel dhdA. Sens (2004). "Expression of
metallothionein isoform 3 (MT-3) determines the iceobetween apoptotic or
necrotic cell death in Cd+2-exposed human proxitublule cells.” Toxicol Sci
80(2): 358-66.

Speers, A. E., G. C. Adam and B. F. Cravatt (20083tivity-based protein profiling in
Vivo using a copper(i)-catalyzed azide-alkyne [3]€ycloaddition." J Am Chem
Soc12516): 4686-7.

Standing, K. G. (2003). "Peptide and protein deonsequencing by mass spectrometry."
Curr Opin Struct Bioll3(5): 595-601.

Stellwagen, E., R. Rysavy and G. Babul (1972). "Oomformation of horse heart
apocytochrome c." J Biol Chedd7(24): 8074-7.

Stennicke, H. R. and G. S. Salvesen (1999). "Ciatabyoperties of the caspases.” Cell
Death Differ6(11): 1054-9.




266

Stevens, J. F. and C. S. Maier (2008). "Acroleaurses, metabolism, and biomolecular
interactions relevant to human health and diseddel"Nutr Food Re$2(1): 7-
25.

Stewart, B. J., J. A. Doorn and D. R. Petersen {R0QResidue-specific adduction of
tubulin by 4-hydroxynonenal and 4-oxononenal cawsess-linking and inhibits
polymerization.” Chem Res Toxica((8): 1111-9.

Sugiyama, Y., N. Sueyoshi and |. Kameshita (200&wo-dimensional expression
pattern analysis of protein kinases after separdijoMicroRotofor/SDS-PAGE."
Anal Biochem3592): 271-3.

Sumi, D. and Y. Kumagai (2007). "[Chemical biologfyl,2-naphthoquinone, a novel air
pollutant that affects signal transduction pathvdygakugaku Zasshil2712):
1949-56.

Sykora, C., R. Hoffmann and P. Hoffmann (2007).ri&ment of multiphosphorylated
peptides by immobilized metal affinity chromatodmgpusing Ga(lll)- and
Fe(lll)-complexes." Protein Pept Lat4(5): 489-96.

Thomas, J. A. and R. J. Mallis (2001). "Aging anxidation of reactive protein
sulfhydryls." Exp Geronto36(9): 1519-26.

Thornberry, N. A. and Y. Lazebnik (1998). "Caspasesemies within."_Science
281(5381): 1312-6.

Tikoo, K., S. S. Lau and T. J. Monks (2001). "HrstdH3 phosphorylation is coupled to
poly-(ADP-ribosylation) during reactive oxygen spscinduced cell death in
renal proximal tubular epithelial cells.” Mol Phaaoo|60(2): 394-402.

Torok, N. J., H. Higuchi, S. Bronk and G. J. Go(@€02). "Nitric oxide inhibits
apoptosis downstream of cytochrome C release hbysyiating caspase 9."
Cancer Re$2(6): 1648-53.

Truong, H., S. Lomnicki and B. Dellinger (2008). éghanisms of molecular product and
persistent radical formation from the pyrolysishgfdroquinone.” Chemosphere
71(1): 107-13.

Uchida, K., M. Kanematsu, K. Sakai, T. MatsudaHdttori, Y. Mizuno, D. Suzuki, T.
Miyata, N. Noguchi, E. Niki and T. Osawa (1998).rdtein-bound acrolein:
potential markers for oxidative stress." Proc Matdd Sci U S A05(9): 4882-7.

van lersel, M. L., J. P. Ploemen, M. Lo Bello, @dErici and P. J. van Bladeren (1997).
"Interactions of alpha, beta-unsaturated aldehyded ketones with human
glutathione S-transferase P1-1." Chem Biol Intet®&1-2): 67-78.

Verrax, J., M. Delvaux, N. Beghein, H. Taper, B.l&aand P. Buc Calderon (2005).
"Enhancement of quinone redox cycling by ascorbatfuces a caspase-3
independent cell death in human leukaemia cellsinAntro comparative study."
Free Radic Re39(6): 649-57.

Vignali, M., A. H. Hassan, K. E. Neely and J. L. WWman (2000). "ATP-dependent
chromatin-remodeling complexes.” Mol Cell BRIX6): 1899-910.

Voyager (2004). Voyager Biospectrometry Workstatibraining. Forester City, CA,
Applied Biosystemslinear/Reflector v 5.1




267

Wada, A., M. Fukuda, M. Mishima and E. Nishida (829'Nuclear export of actin: a
novel mechanism regulating the subcellular locéitimaof a major cytoskeletal
protein." EMBO J17(6): 1635-41.

Wakabayashi, N., A. T. Dinkova-Kostova, W. D. Holaav, M. |. Kang, A. Kobayashi,
M. Yamamoto, T. W. Kensler and P. Talalay (2004rdtection against
electrophile and oxidant stress by induction of piese 2 response: fate of
cysteines of the Keapl sensor modified by indut&msc Natl Acad SciU S A
101(7): 2040-5.

Wang, G., G. A. Ansari and M. F. Khan (2007). "llwement of lipid peroxidation-
derived aldehyde-protein adducts in autoimmunityliaed by trichloroethene." J
Toxicol Environ Health A70(23): 1977-85.

Wang, G. Q., B. R. Gastman, E. Wieckowski, L. Aldatein, A. Gambotto, T. H. Kim,
B. Fang, A. Rabinovitz, X. M. Yin and H. Rabinowid2001). "A role for
mitochondrial Bak in apoptotic response to antieandrugs.”_J Biol Chem
276(36): 34307-17.

Weber, T. J., T. J. Monks and S. S. Lau (1997).ER@ediated cytoprotection in renal
epithelial cells: evidence for a pharmacologicaistinct receptor.” Am J Physiol
2734 Pt 2): F507-15.

Wegner, A. and G. Isenberg (1983). "12-fold diffexe between the critical monomer
concentrations of the two ends of actin filamentphysiological salt conditions."
Proc Natl Acad Sci U S 80(16): 4922-5.

Wei, M. C., W. X. Zong, E. H. Cheng, T. Lindsten, Ranoutsakopoulou, A. J. Ross, K.
A. Roth, G. R. MacGregor, C. B. Thompson and SKdrsmeyer (2001).
"Proapoptotic BAX and BAK: a requisite gateway t@onhondrial dysfunction
and death."” Scien@925517): 727-30.

Whitehouse, I., A. Flaus, B. R. Cairns, M. F. WhiteL. Workman and T. Owen-Hughes
(1999). "Nucleosome mobilization catalysed by tleast SWI/SNF complex."
Nature400(6746): 784-7.

Williams, D. P., C. J. O'Donnell, J. L. Maggs, J.L8eder, J. Uetrecht, M. Pirmohamed
and B. K. Park (2003). "Bioactivation of clozapihg murine cardiac tissue in
vivo and in vitro." Chem Res Toxic@b(10): 1359-64.

Wright, S. H. and W. H. Dantzler (2004). "Moleculkand cellular physiology of renal
organic cation and anion transport.” Physiol Ré{8): 987-1049.

Yan, L. J. and R. S. Sohal (2002). "Analysis ofdative modification of proteins.” Curr
Protoc Cell BiolChapter 7: Unit 7 9.

Yang, M. Y., S. S. Lau and T. J. Monks (2005). ;2-8is(Glutathion-S-yl)hydroquinone
(TGHQ)-mediated apoptosis of human promyelocytikémia cells is preceded
by mitochondrial cytochrome c release in the abseot a decrease in the
mitochondrial membrane potential." Toxicol 8€(1): 92-100.

Yang, X. X., Z. P. Hu, S. Y. Chan and S. F. Zho00&). "Monitoring drug-protein
interaction.” Clin Chim Act&8651-2): 9-29.

Yao, D., T. Taguchi, T. Matsumura, R. Pestell, @ektein, I. Giardino, G. Suske, N.
Rabbani, P. J. Thornalley, V. P. Sarthy, H. P. Hasand M. Brownlee (2007).
"High glucose increases angiopoietin-2 transcriptio microvascular endothelial




268

cells through methylglyoxal modification of mSin3AJ _Biol Chem28242).
31038-45.

Yates, J. R., 3rd, J. K. Eng, A. L. McCormack and Szhieltz (1995). "Method to

Ye, J.

correlate tandem mass spectra of modified peptiolesmino acid sequences in
the protein database.” Anal Ch&(8): 1426-36.

, X. Ai, E. E. Eugeni, L. Zhang, L. R. Caran M. A. Jelinek, M. A. Freitas and

M. R. Parthun (2005). "Histone H4 lysine 91 acdtgla a core domain
modification associated with chromatin assemblyd! Kell 18(1): 123-30.

Ying, J., N. Clavreul, M. Sethuraman, T. Adachi aRd A. Cohen (2007). "Thiol

Yoon,

Yu, T.

Zech,

oxidation in signaling and response to stress:atiete and quantification of

physiological and pathophysiological thiol moditicams." Free Radic Biol Med

43(8): 1099-108.

H. S., T. J. Monks, C. L. Walker and S. Sul(2001). "Transformation of kidney
epithelial cells by a quinol thioether via inactiem of the tuberous sclerosis-2
tumor suppressor gene." Mol Carcirdi(1): 37-45.

, X. Wang, C. Purring-Koch, Y. Wei and G. McLendon (2001). "A mutational

epitope for cytochrome C binding to the apoptosttgase activation factor-1." J
Biol Chem276(16): 13034-8.

B., R. Kohl, A. von Knethen and B. Brune (2D0'Nitric oxide donors inhibit

formation of the Apaf-1l/caspase-9 apoptosome artt/agion of caspases.”
Biochem JB371(Pt 3): 1055-64.

Zech, B., M. Wilm, R. van Eldik and B. Brune (1999Yass spectrometric analysis of

Zhao,

nitric oxide-modified caspase-3." J Biol Che&T(30): 20931-6.

K., W. Wang, O. J. Rando, Y. Xue, K. Swidergk Kuo and G. R. Crabtree
(1998). "Rapid and phosphoinositol-dependent bigpdihthe SWI/SNF-like BAF
complex to chromatin after T lymphocyte receptgnaling.” Cell95(5): 625-36.

Zhou, F., W. Xu, K. Tanaka and G. You (2008). "Camgon of the interaction of human

Zhou,

Zong,

organic anion transporter hOAT4 with PDZ proteiregween kidney cells and
placental cells." Pharm R@§(2): 475-80.

S., E. Chan, W. Duan, M. Huang and Y. Z. C(t&005). "Drug bioactivation,
covalent binding to target proteins and toxicityevance."_Drug Metab Rev
37(1): 41-213.

W. X., T. Lindsten, A. J. Ross, G. R. MacGregnd C. B. Thompson (2001).
"BH3-only proteins that bind pro-survival Bcl-2 fdgnmembers fail to induce
apoptosis in the absence of Bax and Bak." GeneslB@?2): 1481-6.




