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ABSTRACT 

Arsenic is a potent toxicant and known human carcinogen. Arsenite [As (III)], a 

major inorganic form of arsenic, can stimulate oxidative stress, decrease DNA repair, 

alter gene expression, modulate stress signaling, and damage proteins in numerous model 

systems. This dissertation focuses on the effects of low-level arsenite on the ubiquitin-

proteasome pathway. Ubiquitin is a small protein that acts as a post-translational 

modification of other proteins within the cell, hi most cases, modification of a protein by 

ubiquitin acts as a signal for its degradation by the proteasome. Studies performed in 

rabbit renal cortical slices and HEK293 cells demonstrated that 24 hr exposure to 0.5-10 

|aM As (III) caused a dose dependent accumulation of ubiquitin-protein conjugates within 

cells. This accumulation was shown to correlate with decreases in cellular 20S 

proteasomal activity. As (III) did not increase ubiquitin-conjugating activity. Depletion 

of cellular glutathione exacerbated the effects of As (III) on ubiquitin-protein conjugates 

in HEK293 cells. To characterize this perturbation of the ubiquitin pathway within As 

(III) exposed cells, a proteomics method was developed to purify and identify the specific 

proteins modified by ubiquitin. A cell line expressing epitope tagged His(6X)-Ub-GFP 

was developed by stably transfecting HEK293 cells. Ubiquitinated proteins were purified 

using Ni-affmity chromatography and digested into peptides. Complex mixtures of 

peptides were separated by reverse phase chromatography and analyzed using the LCQ 

ion-trap mass spectrometer. In purified samples from transfected cells, ubiquitin and 22 

other proteins were confidently identified using Sequest. These proteins included many 

of the expected carriers of ubiquitin including ubiquitin-conjugating enzymes and histone 
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proteins. In samples from transfected cells treated with 10 |LIM AS (III) (24 hr), a number 

of unique proteins were identified, including the DNA repair protein, and known 

ubiquitin substrate, PCNA. This proteomics method, developed for the analysis of 

ubiquitinated proteins in As (III) treated cells, will allow for large-scale characterization 

of ubiquitin-protein conjugates in numerous physiological and pathological states. These 

results suggest that low-level arsenic may facilitate its detrimental health effects through 

perturbation of the ubiquitin-proteasome pathway, and that future investigations into 

interactions between arsenic, ubiquitin and protein homeostasis are warranted. 
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CHAPTER 1 

INTRODUCTION 

Arsenic and Environmental Health 

Historical background 

Arsenic is a naturally occurring element distributed widely throughout the world. 

Arsenic is both a potent toxicant and a known carcinogen in humans. In ancient times, 

arsenic was regularly used as an intentional human poison. The first occupational 

exposure to arsenic was described as early as 1556 by Agricola (Aposhian, 1997). 

During the 19'^ and early 20"' centuries, a significant number of arsenic intoxications 

resulted from the ill prescribed use of arsenic compounds as pharmaceutical agents. The 

carcinogenic effects of arsenic were first reported in 1887 among individuals treated with 

arsenicals (National Research Council, 1999). However, modem advances in molecular 

medicine have begun to reapply the pharmacological use of arsenic compounds against 

certain forms of cancer (Novick and Warrell, 2000). Arsenic exposures through drinking 

water and occupational sources remain a top environmental health concern. As recently 

as 2001, arsenic was the number one toxic chemical on the Priority List of Hazardous 

Substances published by the Agency for Toxic Substances and Disease Registry 

(ATSDR, 2001). 

Environmental and occupational arsenic exposures are derived from a number of 

sources (National Research Council, 1999). Arsenic compounds were used extensively 

throughout the 20"^ century in agriculture as pesticides and herbicides. Industrially, 



arsenic has been used in the manufacturing of glass, paints, alloys and semiconductors. 

Because arsenic is prevalent in the geology of many areas, mining and smelting activities 

have contributed to the level of environmental arsenic pollution. The burning of fossil 

fuels releases arsenic as particulate air pollution. Li addition, arsenic occurs naturally in 

drinking water throughout the world. Arsenic in the groundwater is derived from 

dissolved arsenic containing sulfides, desorption from iron oxides within the rock, and 

direct upflows from geothermal sources (Welch et ah, 1999). 

Chemical forms 

Various forms of arsenic are present in drinking water, food, air and the soil 

(Table 1) (National Research Council, 1999). The main environmental forms of arsenic 

are the inorganic forms, arsenite [As (III)] and arsenate [As (V)]. These inorganic forms 

can be enzymatically converted into the numerous organic forms of arsenic. The main 

organic arsenicals include monomethylated (MMA) and dimethylated (DMA) forms. 

Inorganic arsenic, MMA and DMA each exist in the trivalent (III) and pentavalent (V) 

oxidation states. Other forms of arsenic have been studied for their relevance to human 

health including arsenobetaine, a form found mainly in seafood, and arsenosugars from 

vegetable matter grown in contaminated soils. Although these two forms contain arsenic, 

neither of them is believed to be of toxicological significance at this time. In addition to 

these, arsine gas (AsHs), the hydride form of arsenic, has been thoroughly studied and is 

known to be a potent and deadly toxicant (National Research Council, 1999). 
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TABLE 1 
Chemical Forms of Arsenic 

AS (III) Arsenite H3ASO3 

As (V) Arsenate H3ASO4 

MMA(V) Monomethylarsonic acid CH3ASO(OH)2 

MMA (III) Monomethylarsonous acid CH3AS(OH)2 

DMA (V) Dimethylarsinic acid (CH3)2ASO(OH) 

DMA (III) Dimethylarsinous acid (CH3)2ASOH 

AsB Arsenobetaine (CH3)3AS+CH2CH20H 

— Arsine ASH3 

— Arsenosugar SEE BELOW 

R-CH2—O O—CH2-CH2-Y 

OH HO 

R = (CH3)2As(0)- ; (CH3)3AS+-
X = -OH ; -NH2 
Y = -OH ; 0P03HCH2CH(0H)CH20H ; -SO3H ; OSO3H 



In general, the inorganic forms of arsenic, particularly As (III), have been of the 

greatest concern in human exposures. The majority of all environmental arsenic is 

comprised of a mixture of arsenite, As (III), and arsenate. As (V). At physiological pH, 

As (III) remains uncharged because of its high pKa (pKai = 9.23, pKa2 = 12.13, pKas = 

13.4), whereas As (V) is readily ionized to a divalent anion (pKai = 2.22, pKai = 6.98, 

pKas =11.53). Once As (III) and As (V) are taken into the body, they can be readily 

interconverted through redox chemistry, or methylated by a multi-enzyme system 

(National Research Council, 1999). 

For many years, methylated arsenicals were believed to be absent from most drinking 

water. While MMA and DMA remain very low in many water supplies (National 

Research Council, 1999), technical advances in sample handling and speciation have 

proven that in some rare instances, methylated arsenicals can reach as high as 59% of the 

total arsenic species (Anderson and Bruland, 1991). Since ingestion of methylated 

arsenicals plays such a minor role in arsenic toxicity, interest in these chemical forms 

focuses almost exclusively on their production by enzymes within the body. 

Exposed human populations 

In several regions of the world, human populations are regularly exposed to high 

concentrations of arsenic through their drinking water. The most significant arsenic 

exposed populations exist in Taiwan, India, Chile, Mexico, and Bangladesh (National 

Research Council, 1999). In West Bengal, India, arsenic concentrations range from 10 

ppb up to 1095 ppb, with approximately 50% present in the form of As (III) (Das et al. 
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1995). In the endemic Blackfoot disease areas of Taiwan, the mean arsenic concentration 

was 671 ppb, with 72% of the arsenic in the form of As (III) (Chen et al, 1994). In 

neither area was any significant amount of MMA or DMA detected. By comparison, 

standards set by both the World Health Organization and United Stated Environmental 

Protection Agency for arsenic in the drinking water are both 10 ppb, down from a 

maximum contaminant level (MCL) of 50 ppb just two years ago. 

In the United States, arsenic exposure is far less significant than throughout the 

rest of the world. In 1996, the Safe Drinking Water Act Amendment mandated a 

lowering of the arsenic concentrations in drinking water throughout the United States. 

Nonetheless, several states including California, Utah, Nevada, Michigan, Nebraska, 

Arizona and New Hampshire, have regions in which arsenic levels reach into the 

questionable range of 10 to 50 ppb, and in some areas even surpass 50 ppb. According to 

the United States Geological Survey, approximately 350,000 Americans are exposed to 

drinking water with arsenic levels greater than 50 ppb, while over 2.5 million individuals 

are exposed to levels above 25 ppb (Fig. 1). 

In New Hampshire, 10% of the state's wells contain arsenic in concentrations 

between 10 and 50 ppb (Karagas et al, 2002). In Millard County, Utah, site of the most 

extensive epidemiological study done to date on an American population, drinking water 

arsenic concentrations ranged from 14 to 166 ppb (Lewis et ah, 1999). At its worst, in 

areas surrounding Fallon, Nevada, wells have been found to supply water containing over 

1300 ppb arsenic, greater than 20 times the MCL set by the United States EPA (Warner 

et al, 1994). 
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Figure 1. Distribution of arsenic contaminated wells in the United States 
This figure was obtained from www.waterindustry.org/images/ arsenic-map.gif. The 
original rendering of this was verified through the United States Geological Survey at 
http://co.water.usgs.gOv/trace/pubs/fs-063-00/figl.html. 

http://co.water.usgs.gOv/trace/pubs/fs-063-00/figl.html
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Human epidemiology studies: Cancer 

The adverse health effects of arsenic exposure are relevant to populations both in 

the United States and throughout the world. The initial epidemiological evidence for 

arsenic as a human carcinogen focused on skin cancer among people living in the 

Blackfoot endemic area of Taiwan (Tseng et al, 1968). In this study, drinking water 

arsenic concentrations ranged from below 10 ppb to above 1 ppm. Of the wells tested, 

only 7% had arsenic concentrations below 50 ppb, while 84% had arsenic concentrations 

above 250 ppb. As such, the majority of individuals in this study received chronic high-

level arsenic exposure, often described as arsenic poisoning. Of the 47921 participants, 

approximately 0.9% got skin cancer, with a skin cancer frequency as high as 25.5% in the 

highest risk group (60 yrs+, drinking water arsenic concentration greater than 600 ppb). 

The prevalence of skin cancer was increased in a dose dependent fashion relative to the 

arsenic exposure. This study provided strong evidence that arsenic was a human 

carcinogen. 

Numerous other epidemiological studies in arsenic exposed populations have 

focused on skin cancer (Morton et al, 1976; Harrington et al, 1978; Chen et al, 1985; 

Wong et al, 1992). In 1983, (Cebrian et al, 1983) compared two groups in Region 

Lanugera, Mexico that drank water with arsenic concentrations of 7 ppb and 410 ppb, 

respectively. Individuals in the arsenic exposed group were at a significantly greater risk 

of developing squamous and/or basal cell carcinoma. In addition, chronic arsenic 

exposure was clearly linked to skin abnormalities including hyperkeratosis and 

hyperpigmentation. In most cases, arsenic exposures that have been attributed to 



increased risk of skin cancer have been at or above 100 ppb, 10 times the current MCL 

set by the U.S. EPA. As was noted by Lewis et al., (Lewis et al, 1999), "the highest 

exposures in US studies are similar to the lowest exposures in studies from other 

countries." 

Besides skin cancer, arsenic exposed populations have consistently proven to be 

at increased risk for other forms of cancer, particularly of the bladder (Bates et al., 1995; 

Hopenhayn-Rich et al, 1996; Guo et al, 1997; Smith et al, 1998) and lung 

(Hopenhayn-Rich et al, 1998; Smith et al, 1998; National Research Council, 2001). 

Correlations between arsenic exposure and increased risk of kidney cancer have proven 

less conclusive than for skin, lung and bladder (National Research Council, 2001). 

Nonetheless, a number of studies do show an association between arsenic exposure and 

kidney cancer (Chen et al, 1985; Enterline et al, 1995; Hopenhajm-Rich et al, 1998). A 

retrospective analysis suggested that one of several hypotheses must be true in order to 

explain the complicated nature of dose-response relationships between arsenic and its 

associated cancers. The first is that arsenic is a co-carcinogen; the second is that 

metabolism of arsenic is involved; the third is that arsenic has differential molecular 

effects in the skin than it does in internal organs (Byrd et al, 1996). The cellular and 

molecular mechanisms supporting these theories are currently being investigated by a 

number of research groups in the field. 

Human epidemiology studies: Non-cancer endpoints 
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Besides the cancer endpoints, mounting epidemiological evidence suggests a link 

between chronic arsenic exposure and cardiovascular disease. Epidemiological studies 

have shown an increased prevalence of atherosclerosis (Chen et al, 1988) and 

hypertension (Chen et al, 1995) among As (III) exposed populations in Taiwan. These 

results may apply to U.S. populations, as similar findings were described among exposed 

groups in Millard Co., UT (Lewis et al, 1999). Additional studies suggest possible links 

between arsenic exposure and diabetes in foreign populations (Lai et al, 1994; Rahman 

et al, 1998; Smith et al, 1998), but these results were not replicated in the Utah study 

(Lewis et al, 1999). hi addition, chronic arsenic exposure has been correlated with 

pulmonary, immunological, neurological, reproductive and developmental effects 

reviewed in (National Research Council, 2001). 

Summary of epidemiological evidence 

After a review of the epidemiology studies from arsenic exposed populations, 

several generalizations have become apparent. First, arsenic is causing the promotion 

and/or progression of many diseases simultaneously. Second, while arsenic seems to 

increase the risk for acquiring both cancer and non-cancer diseases, genetic and/or 

environmental predispositions must be playing a key role in determining which diseases 

are manifested, and with what severity. Among these contributing factors are 

environmental coexposures, nutritional status, metabolic capability, and potentially 

others. Genetic and/or acquired deficiencies in processes such as immune function, or 

cellular damage repair may also be playing a role. 
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The adverse health effects, rather than being bimodally distributed (high-dose 

effects vs. low-dose effects), appear to be acutely affected by the presence or absence of 

these additional variables. Coexposures are playing some role in determining the nature 

and extent of disease, as noted by distinct differences in groups with unique exposures, 

such as copper smelter workers (Enterline et al, 1995), or a lack thereof, as with 

Mormon families (Lewis et al, 1999). The role of nutritional status, as it relates to 

socioeconomic condition, has not been sufficiently addressed as a contributing factor. It 

appears that the predominance of individuals living in chronic arsenic exposed areas 

survive in lower socioeconomic conditions such as underdeveloped areas of Southeast 

Asia and South America. These factors may further contribute to the identity and extent 

of disease. For further investigation of issues including coexposures, the role of genetic 

background, and the contribution of nutritional status to the pathologies caused by 

chronic arsenic exposure, laboratory experiments are well suited. 

Pathophysiology of Arsenic Toxicity 

Arsenic affects many organ systems. In the case of acute poisoning, death results 

from circulatory collapse due to fluid and electrolyte imbalances. In slightly lower doses, 

arsenic causes a painful peripheral neuropathy. Peripheral neuropathic conditions 

correlate with loss of both myelinated and unmyelinated neurons, and are marked by 

partial nerve fiber regeneration (Goebel et al, 1990). Arsenic was found in myelinated 

nerve fibers. The effects of chronic exposure to arsenic are manifested in a lower grade 



29 

peripheral neuropathy and electrocardiographic changes associated with an increased risk 

of myocardial infarction. In addition, chronic exposures are associated with bone marrow 

suppression, liver enlargement, increased serum liver enzymes and cirrhosis (Franzblau, 

1994). Hepatotoxicity of arsenic is regularly seen in acute and therapeutic exposures to 

arsenic, but rarely from drinking water exposures. In a study of exposed individuals, 

histopathological analysis indicated that non-cirrhotic portal fibrosis and hepatomegaly 

were associated with 91.3% and 76.6% of arsenic exposed individuals tested (Santra et 

al, 1999). 

Effects of Arsenic in the Kidney 

The effects of arsenic on the kidney are important for a number of reasons. In 

exposed individuals, the majority of all arsenic is excreted in the urine (National 

Research Council, 1999). Thus, the kidney receives a significant exposure to the 

toxicant, even following a low to moderate exposure. Immediately following arsenic 

exposure (30 min), accumulation of arsenic [As (III) and As (V)] can be detected in the 

kidney. This accumulation is transient, as kidney does not accumulate arsenic 

compounds (Lindgren et al, 1982). While renal toxicity of arsenic has been demonstrated 

at high concentrations, the effects of lower doses remain unclear. 

In addition to the direct toxic effects of arsenic, the kidney is of interest because 

of significant links between As (III) exposure and bladder cancer (Bates et al, 1995; 

Hopenhayn-Rich et al, 1996; Quo et al, 1997; Smith et al, 1998). Renal metabolism 
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may bioactivate arsenicals before they reach the bladder. Finally, because of its fiinction 

in urine formation, molecular changes in the kidney provide a detectable endpoint 

potentially suitable for a human biomarker. 

Importance of Arsenic Metabolism and Disposition 

Interconversion of arsenic species 

Arsenic is readily interconverted between the various inorganic and methylated 

forms (Fig. 2). The disposition of arsenic compounds plays an active role in their 

physiological and toxicological effects. A constant interconversion between As (V) and 

As (III) exists within many cells. Superoxide and hydrogen peroxide, produced as 

byproducts of xanthine oxidase metabolism and other processes, are responsible for 

oxidizing As (III) to As (V) (Stewart et al, 1985). In contrast, reduction of As (V) to As 

(III) is performed by the enzyme purine nucleoside phosphorylase (arsenate reductase) 

(Radabaugh et al, 2002). This reaction can occur independently of glutathione (GSH), 

but does require a dithiol reducing agent such as dihydrolipoic acid. As (III), but not As 

(V), subsequently can be methylated to form MMA (V). Methylation of As (III) to 

MMA (V) is catalyzed by arsenite methyltransferase, which utilizes S-adenosyl 

methionine (SAM) (Zakharyan et al, 1995). MMA (V) can then be reduced to MMA 

(III), by the MMA(V) reductase enzyme recently identified as glutathione-S-transferase 

omega (GSTQ) (Zakharyan et al, 2001). Again, the trivalent arsenical, MMA (III), can 

be methylated by arsenite methyltransferase/SAM, to produce DMA (V) 



31 

Purine Nucleoside 

Phosphorylase 

inosine, lipoic acid 

As (V) ^ 
H2O2,02"' 

Xanthine Oxidase 

As (III) 
^ Arsenite 

Methyltransferase 

\ S-adenosylmethionine 

DMA (V) 

MMA (V) 

Arsenite 
Methyltransferase 

S-adenosylmethionine MMA (III) 
Glutathione-S-

Transferase £2 
glutathione 

Glutathione-S-
Transferase £2 

glutathione 
DMA (III) 

Trivalent 
Arsenicals 

Figure 2. Metabolism of arsenic 
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(Zakharyan et al, 1995). This DMA (V) is further reduced by GSTQ to produce the 

trivalent DMA (III). In addition to the processes described, many of these enzymatic 

processes are catalyzed in the reverse direction. The combined activities of these 

multifunctional enzymes, as well as transporter functions, act to set the equilibrium for 

arsenic metabolites within the cell (Rosen, 2002). 

Toxicity of arsenite and arsenate 

The oxidation state of inorganic arsenic plays an important role in determining its 

toxicity. Considerable differences exist between the effects of As (III) and As (V) on 

such endpoints as cytotoxicity, enzyme inhibition and alteration of signal transduction. 

In nearly every case, As (III) is more potent than As (V). In normal human epidermal 

keratinocytes. As (III) causes cytotoxicity at 100-fold lower concentration than As (V). 

At low concentrations (1-10 nm). As (III) was capable of stimulating cell proliferation, 

while As (V) showed no such effect (Vega et al., 2001). In Chang human hepatocytes. 

As (III) is 20 to 50-fold more toxic than As (V) depending upon the assay used (Petrick et 

al, 2000). In addition. As (III) is more efficacious than As (V) at transforming cells in 

culture (Lee et al, 1985), causing embryotoxicity (Chaineau et al, 1990), promoting 

chromosomal aberrations (Kochhar et al, 1996) and inhibiting enzymes including lactate 

dehydrogenase, hexosaminidase, succinate dehydrogenase, acetylcholinesterase (Repetto 

et al, 1994). In isolated kidney tubules. As (III) was nearly 8 times more toxic than As 

(V) (Muckter et al, 1993). 
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In mice, As (III) is 3 to 4-fold more toxic than As (V) (Franke and Moxin, 1936). 

In another mouse study, As (III) was 3-fold more potent than As (V) in the induction of 

metallothionein in the liver (Kreppel et al, 1993). In a two year study of rats and dogs. 

As (III) was significantly more toxic than As (V) (Byron et al, 1967). 

Toxicity of methylated arsenicals 

Methylation of inorganic arsenic to MMA and DMA has been long considered a 

detoxification reaction important for efficient excretion of the arsenicals. Much to the 

contrary, recent evidence has shown that at least one of the organic forms of arsenic 

[MMA (III)] is significantly more toxic than the inorganic forms of arsenic (Petrick et al., 

2000). MMA (III) proved to be more cytotoxic than all other major arsenicals in Chang 

human hepatocytes (Petrick et al, 2000), primary rat hepatocytes, primary human 

hepatocytes, epidermal keratinocytes, bronchial epithelial cells and the UROtsa cell line 

(Styblo et al, 2000). The molecular mechanisms behind MMA (III) toxicity have not yet 

understood. 

Arsenic concentrations 

For purposes of this dissertation, concentrations of As (III) below 10 |aM are 

considered low-doses. As (III) concentrations between 10 jaM and 50 i^M will be 

referred to as moderate doses, while any dose above 50 |J,M is considered a high dose 

(Table 2). These designations have not been clearly defined in the literature, but are 
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TABLE 2 
Arsenic Concentrations and Conversions 

High 

Moderate 

Low 

As - 74.92 g/mol 

100 mM As (III) 7.5 mg/ml As 7500 ppm 

100 laM As (III) 7.5 mg/l As 7.5 ppm 

50 |LIM AS (III) 3.75 mg/l As 3.75 ppm 

10 ^iM As (III) 750 |ig/l As 750 ppb 

1 |liM AS (III) 75 |Lig/l As 75 ppb 

0.1 ^iM As (III) 7.5 |ig/l As 7.5 ppb 



derived from a multitude of in vitro studies as well as the human epidemiological studies 

described throughout this dissertation. By comparison, the current MCL for arsenic in 

the drinking water of the United States is 10 ppb, and approximately corresponds to 0.1 

fa,M As (III). By extrapolation, even the highest doses in endemic arsenic exposed areas 

(1000 ppb) correspond to 10 ju,M, the upper cutoff of what will be considered low-dose. 

Above this concentration, both in vitro and in vivo, arsenic begins to show acute toxic 

effects. With few exceptions, concentrations of As (III) above 50 [O-M appear to be 

wholly incompatible with life, and are thus are considered high-level exposures. 

Molecular Mechanisms of Arsenic Toxicity 

Current status of the field 

The mechanisms underlying the detrimental health effects of chronic, low-level 

arsenic exposures have been thoroughly debated, but remain unclear. Because of 

continued relevance to exposed human populations, and the broad foundation of current 

knowledge on its cellular and molecular effects. As (III) remains the most widely studied 

form of arsenic. As (III) is known to cause sulfhydryl depletion, inhibit numerous 

enzymes, generate reactive oxygen species, stimulate signal transduction cascades and 

alter gene expression (Kitchin, 2001). While high concentrations of As (III) are clearly 

toxic through these known mechanisms, the molecular effects of low-level As (III) are 

less clear. 

The current hypotheses suggest that low-level arsenic causes oxidative stress, 

decreases DNA repair, alters gene expression, modulates stress signaling, and possibly 



damages proteins or inhibit enzymes (National Research Council, 1999; Kitchin, 2001). 

Low-level As (III) has been shown to cause alterations to numerous regulatory proteins, 

although there are many differences between model systems (Kitchin, 2001). While the 

relative contributions of each of these to the pathophysiology of arsenic is debatable, an 

examination of arsenic literature suggests its effects are likely multifactorial. 

Role of oxidative stress 

The importance of oxidative stress to the molecular effects of low-level As (III) is 

an area of ongoing research. Low to moderate concentrations of As (III) are known to 

directly increase the production of oxidants. This has been independently confirmed 

using ESR spectroscopy (spin-trapping) (Barchowsky et al, 1999; Liu et al, 2001), 

chemiluminescence assays (Lynn et al, 2000), and fluorescent probes (Liu et al, 2001). 

In human aortic vascular smooth muscle cells (VSMC), treatment with 2.5 |LIM AS (III) 

for 4 hr stimulated a two-fold increase in the production of superoxide by protein 

extracts. This increase was not detectable following 5 min exposure (Lynn et al, 2000). 

In CHO cells, exposure to As (III) (7-15 |aM, 5 min) caused a dose-dependent activation 

of the fluorescent probe 5', 6'-chloromethyl-2',7'dichlorodihydro-fluorescein diacetate 

that was completely ablated by co-treatment with 0.1% DMSO (Liu et al, 2001). In 

addition, (Barchowsky et al, 1999) demonstrated that 5 [iM As (III) stimulated a 40% 

increase in superoxide detected by EPR spectrometry. This increase in superoxide was 

completely inhibited by co-exposure to superoxide dismutase, diphenyleneiodonium 

(DPI) or apocynin. 
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Recent advances support the hypothesis that oxidative stress generated by low-

level As (III) results from increased activity of NADH and/or NADPH oxidase (Lynn et 

al., 2000; Smith et al, 2001). In the human aortic vascular smooth muscle cells, NADH 

oxidase activity, superoxide production, and DNA damage all occurred following 4 hr, 10 

I^M As (III) treatment. The increased production of superoxide and the corresponding 

DNA damage, were almost completely reversed by superoxide dismutase and DPI 

(general oxidase inhibitor), but not L-NAME (nitric oxide synthase inhibitor). 

Convincingly, antisense-DNA targeting p22phox, a component of NADH oxidase, almost 

completely reversed the effects of 10 |aM As (III) on both superoxide formation and 

DNA damage (Lynn et al, 2000). Similar results were obtained in porcine aortic 

endothelial cells, demonstrating that 5-10 |LIM AS (III) for 1 hr could activate NADPH 

oxidase (Smith et al, 2001).These results support earlier work suggesting the importance 

of oxygen radicals, but not nitrogen radicals, following low-level As (III) exposure 

(Barchowsky a/., 1999). 

Additional support to the oxidative stress theory has been obtained through studies 

utilizing L-buthionine (S-R)-sulfoximine (BSO), an inhibitor of glutathione synthesis. 

Depletion of GSH has dramatic effects on other endpoints of As (III) exposure. 

Treatment of rat L6 myoblasts with 1-25 |j,M BSO for 24 hr prior to As (III) and As (V) 

treatment caused significant and dose dependent decreases in cell viability and metabolic 

integrity. GSH depletion potentiates the induction of c-myc and metallothionein by As 

(III) (Shimizu et al, 1998). 
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If proven to be functionally significant, oxidative stress produced by As (III) has 

major implications on the proposed mechanisms of arsenic carcinogenesis. This link 

between As (III) and oxidative stress would allow the application of the oxidant theory of 

carcinogenesis. Of particular interest is a proposed correlation between oxidants, 

cellular senescence and cancer (Krtolica et ah, 2001; Dilley et al, 2003). 

Effects on gene expression 

Low-level As (III) alters the gene expression profiles of a wide array of genes. 

Alterations in gene expression vary widely depending on the model system used. A 

small fraction of the genes differentially expressed following As (III) exposure appear to 

be conserved across a wide array of models. Heme oxygenase 1 has been shown to be 

upregulated by arsenic in numerous in vivo models including liver and kidney from 

mouse, rat, and guinea pig, in vitro models including rabbit renal slices and rat lung 

slices, as well as in human cell lines of hepatoma (HegG2), fibroblasts (EK3), melanoma 

(A375), leukemia (HL60), adenocarcinoma (HeLa, CL3) and embryonic kidney HEK293 

(Del Razo et al, 2001; Zheng et al, 2003). Other genes that were repeatedly upregulated 

in these various studies were metallothionein and members of the heat-shock protein 

family. 

Microarray studies have been performed in multiple model systems to assess the 

global picture of altered gene expression following As (III) exposure. Zheng et al., 

(2003) looked at gene expression changes in HEK293 cells following 6 hr exposure to 1, 

10, and 25 |a,M As (III). In this study, the majority of genes differentially expressed were 



associated with cellular redox status and stress response. The major genes upregulated 

included heme-oxygenase-1, several metallothionein isoforms, thioredoxin reductase, and 

multiple genes controlling GSH levels. Similar results were seen in normal human 

epidermal keratinocytes (NHEK) for all the genes above, and in addition p21, AP-1, 

superoxide dismutase, STK-25, and NQOl (Hamadeh et al, 2002). Other groups who 

performed microarray analysis of As (III) treated cells observed gene alterations among 

genes involved in stress responses, cell proliferation, apoptotic control, and signal 

transduction (Chen et al, 2001b; Yih et al, 2002). 

Effects on signal transduction 

The stress signaling associated with As (III) exposure varies widely not only 

among different models, but also across the dose range. In a number of models, 

including rat lung slices (10-100 |^M As (III), 4 hr) (Wijeweera et al, 2001), human 

GM847 fibroblast cells (0.1-5 |aM, 3-24 hr) (Hu et al, 2002), and porcine aortic 

endothelial cells (2 i^M, 1 hr) (Barchowsky et al, 1996), As (III) exposure has been 

shown to up-regulate NF-KB activity. In contrast, NF-KB activity is down-regulated by 

As (III) in HEK293 and Beas2B cells (500 |aM As (III), 1 hr) (Roussel and Barchowsky, 

2000), HeLa cells (12.5-100 |aM As (III), 2 hr) (Kapahi et al, 2000), and Caco-2 cells 

(0-500 i^M, 1 hr) (Hershko et al, 2002). As is seen with NF-KB, As (III) stimulates 

conflicting dose and time-dependent effects on a p53 protein (Salazar et al, 1997; 

Hamadeh et al, 1999; Yih and Lee, 2000; Vogt and Rossman, 2001). 
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Effects on proteins 

Arsenic is known to inhibit over 200 different enzymes (Abemathy et al, 1999). 

The majority of these effects have been attributed to the affinity of arsenic compounds for 

cysteine residues within proteins. Vicinal dithiols, two cysteine residues adjacent to one 

another in a protein, have a particularly strong affinity for arsenicals. The majority of 

these conclusions have been based upon studies performed with thiol inhibitors of arsenic 

binding and toxicity, including mercaptoethanols, dithiothreitol (DTT), dimethylsuccinic 

acid (DMSA) and dimethylpropane sulfonate (DMPS) (Muckter et al, 1993). Inhibition 

of enzymatic activity by arsenic is rapidly reversed upon addition of competitive dithiol 

compounds (Spiegel et al, 1976; Aposhian et al, 1984). In addition to cysteine residues, 

arsenic has the potential to bind to other amino acids including histidine, and others 

(personal communications with W.R. Cullen). One possibility that needs fiirther 

exploration is whether transient interaction of arsenicals with proteins can lead to 

conformational changes and protein misfolding. 

Coexposures and cocarcinogenesis 

Currently, arsenic is thought to act in concert with other environmental exposures 

as a cocarcinogen. Major support for the theory of arsenic cocarcinogenesis is lent by 

the failure of arsenic alone to cause cancer in a relevant animal model (Rossman et ah, 

2001). Human epidemiological evidence linking arsenic exposure and cancer comes 

from studies with populations exposed to complicated mixtures of chemicals. In one 

study, arsenic exposure to individuals working in a copper smelting plant was positively 



correlated with cancers of the lung, kidney, bone, mouth, throat, large intestine and 

rectum (Enterline et al, 1995). 

In vivo evidence for cocarcinogenesis between arsenic and UV irradiation has 

been established. In mice exposed concurrently to 5.7 ppm As (III) via the drinking 

water and 1.7 kJ/m^ of UV radiation (85% UVB, <1% UVA, 4% UVC and remainder 

visible) irradiation three times per week for 26 weeks, a significant number of skin 

cancers were seen. Coexposure to As (III) increased the multiplicity of tumors per mouse 

by 3-fold, and the total size of the tumors in all cases compared to UV exposure alone. 

The relevance of this study to human exposures is unclear, since the doses used equate to 

levels far above those seen in chronically exposed human populations (Rossman et al, 

2001). 

The importance of coexposures have been further demonstrated in vitro. In the 

c37 hepatoma cell line. As (III) caused an 18-fold increase in DNA adducts formed by 

0.1 |aM benzo-(a)-pyrene (BaP). This synergistic effect of BaP and As (III) was shown to 

be dose dependent for As (III). Furthermore, depletion of GSH by BSO (20 |aM, 2 hr) 

exacerbated the effect of As (III) on BaP-DNA adducts. The co-exposure proved to be 

mutagenic at concentrations where mutations were not seen with either toxicant alone 

(Maier et al, 2002). Similar synergistic effects were described between As (III) and 

ionizing radiation, where 0.1 p,M As (III) treatment prevents p53 and p21 activation by 6 

Gy of radiation in WI38 human fibroblasts (Vogt and Rossman, 2001). 
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Ubiquitin Pathway 

Background 

Ubiquitin (Ub) is a highly conserved 76 amino acid protein that functions as a 

covalent modification of target proteins. In the classical ubiquitin paradigm, 

modification of a target protein by Ub directs it to the proteasome, where it is degraded 

(Fig. 3). Recent developments in the field have broadened the functional significance of 

Ub-modifications to a variety of proteasome-independent regulatory functions including 

DNA repair, kinase activation, and membrane receptor internalization (Pickart, 2001b). 

Perturbations on the Ub- pathway by physiological or pharmacological methods have 

profound effects on cellular homeostasis. 

The ubiquitin (Ub) pathway is critical to nearly every cellular function, including 

cell cycle, gene transcription, membrane protein localization, apoptosis, and stress 

responses (Hershko and Ciechanover, 1998). Ub acts as a post-translational modification 

of target proteins within the cell, many of which are short-lived regulatory proteins. In 

addition to the known cellular effects of Ub, perturbations of the Ub-pathway are 

involved in human pathological conditions such as cancer (Human Papilloma Virus), 

muscle wasting syndrome (cancer cachexia), cystic fibrosis, and neurodegenerative 

diseases (Alzheimer's and Parkinson's) (Schwartz and Ciechanover, 1999; Glickman and 

Ciechanover, 2002). Many links exist between Ub and human disease and much is 

understood about the role of Ub during cellular stress, yet less is known about the specific 

role of Ub in following exposure to environmental chemicals. 
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Figure 3. The ubiquitin-proteasome pathway 
Conjugation and degradation of a target protein by the ubiquitin-dependent 
proteolytic pathway 
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Gene and Protein Structure 

In humans, Ub protein is encoded by three separate genes located on distinct 

chromosomes (Fig. 4). Two of the three genes, UbA52 (UbA) and UbA80 (UbB) encode 

ribosomal fusion proteins with corresponding mRNA of approximately 600 and 1000 

nucleotides, respectively. The third, UbC, is a polyubiquitin gene, encoding nine 

subunits of Ub in an mRNA of approximately 2500 bp. In UbA52 and UbASO, the 228 

nucleotides encoding Ub (76 amino acids) immediately precede gene sequences encoding 

ribosomal proteins of 52 and 80 amino acids, respectively. In polyubiquitin, the 228 bp 

encoding Ub run in a " head-to-tail spacerless array" (Baker and Board, 1991). 

As its name suggests, the Ub gene is ubiquitously expressed in all cell types. The 

main genes responsible for maintaining basal expression of Ub are Uba52 and UbASO. 

In addition to its basal expression, Ub is also considered a stress gene and is upregulated 

following a number of cellular insults including the alkylating agent methylmethane 

sulfonate (Fomace et al, 1989), heat shock, ethylphenyl propionate, the tumor promoter 

12-0-tetradecanoylphorbol-13- acetate (TPA) (Finch et al, 1992), and arsenite (Bond et 

al, 1988). Most commonly, stressful stimuli upregulate transcription of the UbC 

promoter and production of the polyubiquitin gene product (Watt and Piper, 1997). 

Within the amino acid sequence for Ub are a number of critical functional 

residues (Fig. 5). The C-terminal amino acid of Ub, glycine-76 (G76), is the active 

residue in Ub-conjugation. Ub is transcribed as a fusion protein with either a ribosomal 

protein or in the form of poly-Ub. Functional Ub is produced when the Ub-fusion is 

cleaved distal to G76 by a member of the Ub-C-terminal hydrolase family (UCH). Thus, 
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Figure 4. Multiple human genes encode ubiquitin protein 
Ub is produced by the combined expression of three distinct genes. UbA and UbB are 
encode ribosomal fusion proteins, while UbC encodes 9X-poly-Ub. 
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IQKESTLHLV LRLRGG 
63 75 76 

Figure 5. Amino acid sequence for ubiquitin protein 
Ub is attached to its substrate proteins through an isopeptide bond between G76 and a 
lysine residue within the target protein. Poly-Ub chains form through G76 isopeptide 
bond formation at K48, K63, Kll and K29 within Ub. 



the function of UCH is essential to the production of active Ub. G76 becomes affixed to 

the s-amino group of lysine (K) resides within the target protein via an isopeptide bond. 

Lysine residues within the Ub protein itself are critical for the formation of poly-Ub 

chains. The classical paradigm of Ub modification requires poly-Ub chain formation 

through K48, linked through an isopeptide bond to G76 of a second Ub molecule. Newer 

discoveries in the Ub field have implicated K6, Kll, K29 and K63 in the formation of 

alternate poly-Ub chains. Emerging evidence suggests that K63 poly-Ub chains are 

required for specific signaling and DNA repair processes (Pickart, 2001b), while both 

K63 and K29 poly-Ub chains play a protective role following cellular stress (Amason 

and Ellison, 1994). Poly-Ub formation through K11 was recently shown to play role in 

formation of a protein chaperone complex, and sorting of proteins at the proteasome 

(Alberti et al, 2002). In addition, evidence supporting the existence of K6 and K27 poly-

Ub chains has been shown (personal communications with S.P. Gygi). 

Conjugation to target proteins 

The covalent attachment of Ub to target proteins, and the formation of poly-Ub 

chains, requires the collaborative actions of three families of Ub-conjugating enzymes; 

El, E2, and E3 (Fig. 6). In the first step of the process. El enzyme activates ubiquitin 

via a two-step intramolecular reaction. This ATP dependent process forms a high-energy 

thioester bond between critical cysteine residue(s) on El and the functional C-terminal 

glycine of ubiquitin (Glickman and Ciechanover, 2002). The next step in the formation 

of a Ub-protein conjugate is the transfer of the activated ubiquitin to a ubiquitin-carrier 



47 

High-energy 
thioester bond 

Isopeptide bonds 

Figure 6. Ubiquitin-conjugation and deubiquitination 
Ub is attached to its substrate through an isopeptide bond. Isopeptide bonds are 
formed by the combined actions of El, E2 and E3 enzymes. During this process, Ub 
is covalently linked to both El and'El through high-energy thioester bonds. 
Activation of Ub (attachment to El) requires ATP. Deubiquitination is performed by 
the Ub-specific protease (USP) family of proteins. 
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protein in the E2 family. Ub is bound to E2 through a second thioester bond. E2 

enzymes have binding sites for the E3 ubiquitin conjugating enzymes, and on occasion 

for the ultimate protein substrate (Glickman and Ciechanover, 2002). 

Specificity in the conjugation process, and consequently in protein degradation, is 

controlled through the E3 family of Ub-conjugating enzymes (Pickart, 2001a). The 

diversity and substrate specificity among the vast number of E3 ligases is yet to be fully 

understood. In general, E3 enzymes act by recognizing the target for modification by Ub. 

E3 ligases form a complex with the activated E2-Ub and the target protein. Once 

complexed with the E2-Ub, and in close proximity to the substrate, E3 enzymes catalyze 

the transfer of the Ub from the high-energy thioester bond with E2 into the isopeptide 

bond with lysine(s) on the target protein. In some cases the transfer of ubiquitin is 

directly from E2 to substrate, while in others, a short-lived E3-Ub intermediate is formed 

as the ubiquitin is transferred. Additionally, recent studies have proposed the existence 

of E4 proteins which may act as separate scaffolds and play a role in the elongation of 

poly-Ub chain formation (Glickman and Ciechanover, 2002). 

Deubiquitination 

Ubiquitination of a protein is a very dynamic process. The resultant ubiquitin 

modification status of a protein results from an equilibrium between Ub-conjugating 

processes and deubiquitination processes carried out by a family of proteins known as 

ubiquitin specific proteases (USP). The US? enzymes cleave Ub-isopeptide bonds within 

target proteins as well as poly-Ub chains (Fig. 6). Thus, they play a critical role in 
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modulating protein degradation as well as cell-free ubiquitin pools (Valero et al, 2001). 

Currently, 29 separate USP enzymes have been identified. These enzymes share limited 

homology, mainly surrounding cysteine and histidine residues within their active sites 

(Chung and Baek, 1999). Substrate specificity for each enzyme appears to be the key 

factor contributing to the diverse functions of USP family members. The specific targets 

for most USP enzymes remain unknown. One member of this family, HAUSP, was 

recently shown to act as a specific deubiquitinating enzyme for p53. Its expression and 

activation were critical to stabilizing p53 protein levels and maintaining active p53 (Li et 

al, 2002). 

Functionally, USP enzymes are known to be involved in a number of key 

processes. Since free poly-Ub chains greater than four Ub in length can inhibit 

proteasomal degradation of proteins (Piotrowski et al, 1997), it has been suggested that 

USP enzymes may indirectly regulate proteasomal activity within the cell. From mutant 

studies, USP family enzymes have been shown to play a role in such processes as growth 

and development, differentiation, oncogenesis, memory, chromosome structure and 

neurodegenerative disease (Chung and Baek, 1999). 

Proteasomal degradation 

In most cases, conjugation of a protein by Ub targets the Ub-protein conjugate to 

the 26S proteasome and signals its rapid degradation. The 26S proteasome is a 2.5 MDa, 

heterotrimeric complex responsible for degrading proteins. It is composed of the 700 kD 

20S subunit and two 900 kD 19S subunits (Glickman and Ciechanover, 2002). The 20S 
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subunit has a barrel-like structure that contains tryptic, chymotryptic and peptidyl-

glutamyl peptidase catalytic sites. The 20S barrel is capped at both ends by 19S subunits. 

The 19S caps play a critical role in the deubiquitination and unfolding of proteins prior to 

their entry into the 20S pore. Proteins bearing poly-Ub modifications are recognized by 

Ub binding sites on the 19S subunits and recruited to the 26S proteasome where they are 

rapidly degraded. A tetra-ubiquitin chain is the minimum structural motif recognized by 

the 19S subunit. Enzymatic activities contained within the 19S regulatory subunits are 

responsible for deubiquitinating (Yao and Cohen, 2002) and unfolding the proteins so 

they can enter the barrel of the 20S subunit in a linear, rather than globular, fashion 

(Braun et al., 1999). The loss of deubiquitination or protein unfolding activities greatly 

inhibits the proteolytic function of the proteasome (Yao and Cohen, 2002). 

Functional Significance of Ubiquitin 

Classic ubiquitin paradigm 

The Ub-proteasome pathway has been shown to degrade damaged and misfolded 

proteins, as well as a growing number of tightly regulated cellular proteins (Hershko and 

Ciechanover, 1998). Among these, the Ub-proteasome pathway specifically and rapidly 

degrades proteins involved in the cell cycle [cyclins (reviewed in (Hershko and 

Ciechanover, 1998)], apoptosis [BAX (Li and Dou, 2000), Bid (Breitschopf et al, 

2000)], stress response [p53 and IKB (Hershko and Ciechanover, 1998)], transcription [c-

Jun (Treier et al, 1994), c-myc (Gross-Mesilaty et al, 1998), HIF-la (Huang et al, 

1998)], and signaling [protein kinase C (Lee et al, 1996), p-catenin (Aberle et al. 
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1997)]. Additional targets of the ubiquitin dependent proteolytic pathway are continually 

being uncovered. 

Proteasome independent processes 

Recent evidence suggests that in some cases, conjugation of Ub to a protein does 

not target it for degradation. Post-translational ubiquitination of proteins appears to be a 

major mechanism for controlling cell signaling. Ub-conjugation has been found to 

directly activate kinase signaling and control DNA repair. Ubiquitination of the kinase 

TAKl activates it towards its downstream substrates (Wang et al, 2001). This activation 

of TAKl is dependent upon the nontraditional poly-Ub chains formed through K63 

linkages, rather than the K48 linkages associated with proteasomal degradation of a 

protein (Deng et al, 2000; Wang et al, 2001). 

In addition to its effects on kinase signaling, evidence from yeast points to an 

additional role for K63-linked Ub. The Ub-conjugating enzyme family Uev plays a 

significant role in the Ub-mediated DNA repair process. Mms2, a member of the Uev 

family, assists in the formation of a stable, high affinity complex allowing for the 

assembly of K63-linked ubiquitin chains. The formation of these K63 poly-Ub chains are 

essential for error-fi"ee postreplicative DNA repair in yeast (Hofmann and Pickart, 1999). 

While much of this system remains undescribed, it is known that Ub-conjugation to 

PCNA by MMS2 and Ubcl3 is critical (Hoege et al, 2002; Pickart, 2002). Importantly, 

comparison of protein sequences for these yeast DNA-repair modulators shows that each 
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bears significant homology with human and mouse homologs, suggesting that similar Ub-

mediated DNA repair occurs in mammalian systems (Ashley et al, 2002). 

Ubiquitin during stress and disease 

The ubiquitin pathway appears to be very sensitive to cellular stress and protein 

damage. Accumulation of high-molecular weight Ub-protein conjugates has been shown 

following a number of insults including H2O2 (Shang and Taylor, 1995), Cd^"^ and 

canavinine (Tsirigotis et al, 2001), as well as heat shock (Fujimuro et al, 1997). 

Ubiquitin actively tags proteins misfolded by the endoplasmic reticulum and stimulates 

their rapid degradation (Glickman and Ciechanover, 2002). Overall, Ub plays the key 

role in maintaining protein homeostasis within the cell under both basal and stress 

conditions. 

Alterations in the Ub-pathway appear to be directly involved in a number of 

disease models including cancer, cachexia and muscle wasting, neurodegenerative 

diseases including Parkinson's, Alzheimer's, amyotrophic lateral sclerosis and 

Huntington's, viral infections (esp. human papilloma virus, Epstein-Barr virus), and 

cystic fibrosis. In a majority of these diseases, such as cystic fibrosis, HPV infection and 

neurodegenerative disease, aberrant ubiquitination of proteins is directly involved in the 

pathogenesis (reviewed in (Glickman and Ciechanover, 2002). In neurodegenerative 

diseases such as Parkinson's and Alzheimer's, the question of whether accumulated Ub-

protein conjugates play a causative role, or simply demonstrate a cellular response to 

disease progression, remains unclear. While previous views of the Ub-pathway might 
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have originally classified its presence as an insufficient protective response, conflicting 

evidence suggests that Ub-protein conjugates may themselves be pathogenic. 

Interactions between of As (III) and the Ubiquitin Pathway 

Effects of arsenic on the Ub-proteasome pathway have been previously described. 

The original work by (Klemperer and Pickart, 1989) showed that high concentrations of 

arsenite inhibited the activity of multiple steps within the ubiquitin pathway. Preliminary 

evidence showed that treatment of reticulocyte lysate with 1-2 mM As (III) prevented the 

global degradation of proteins within the lysate. Pretreatment of the reticulocyte lysate 

with arsenite inhibited the Ub-dependent proteolysis of specific radiolabeled proteins 

including reduced/carboxymethylated bovine serum albumin (LC5o= 3.3 mM) and bovine 

a-lactalbumin (LCso^ 25 |aM). As (III) treatment (2 mM, 15 min) was further capable of 

preventing Ub-conjugation to both substrates biochemically. In a later paper, Klemperer 

et al. purified an E2 Ub-conjugating enzyme and showed that As (III) inhibited its 

function through a proposed interaction with critical cysteine residues (Klemperer et al, 

1989). The relative importance of this enzymatic inhibition to the effects seen was never 

elaborated upon. 

Interestingly, As (III) was found to have an additional inhibitory activity. As (III) 

(2 mM) prevented the deubiquitination and/or degradation of existing Ub-protein 

conjugates. Since these studies all were performed with purified enzymes and lysate 

fractions, this work did not address the biological effects of As (III) within the cell. In 
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their discussion, Klemperer and Pickart discussed the kinetics of the system and 

suggested that the rate hmiting step in the Ub-pathway, as it pertained to As (III), 

appeared to be Ub-conjugate turnover (Klemperer and Pickart, 1989). 

The first indication that As (III) caused accumulation of Ub-protein conjugates 

within living cells was described in chicken embryo fibroblasts (Bond et al, 1988). 

When these cells were exposed to a moderately-high dose of As (III) (50 |a.M) for 30 and 

60 min, Ub-conjugated protein increased by 1.8-fold and 2.6-fold respectively. After 60 

min, As (III) increased the level of free ubiquitin by 1.6-fold as well. Overall, even while 

free-Ub levels were elevated at 60 min following As (III) treatment, the overall 

percentage of fi"ee Ub within the cell decreased from 55% in untreated cells to 43%. In 

As (III) stressed cells, this suggested an overall increase in Ub-conjugation processes . 

High-dose As (III) (-900 jj-M, 2-4 hr) was further confirmed to cause an 

accumulation of high-molecular weight Ub-conjugates in SKBr3 cells (Mimnaugh et al., 

1997). In this study, the levels of high-molecular weight Ub-protein conjugates 

increased, just as the levels of Ub-conjugated histones decreased. This study showed that 

while As (III) may increase the overall level of the stress protein Ub (Bond et al, 1988), 

it can also mobilize ubiquitin from other pools present within cells. Histone-Ub appears 

to be a major reservoir of Ub protein within the cell. 

Recently, (Chen et al, 2002) demonstrated an accumulation of Ub-conjugated 

Cdc25c in Beas-2B cells following low-level (5-10 |j.M) As (III) for 2-12 hr. This 

increase in a specific Ub-protein conjugate is the first described for arsenite, and the first 

direct indication that low-level As (III) affects the Ub-proteasome pathway. The 



ubiquitination of Cd25c by As (III) was blocked by mutation of a motif described as the 

KEN-box (K-E-N-X-X-X-N/D), a E3 recognition sequence found in a small subset of Ub 

targets. The KEN-box, and a corresponding ubiquitin target motif, the D-box (R-X-X-L-

X-X-X-X-N), allow recognition of specific Ub target proteins such as cyclin Bl, Cdc20 

and Cdc25c by the E3 enzyme APC (Pfleger and Kirschner, 2000). Of note, P-catenin, 

another substrate of the E3 enzyme APC, contains neither a KEN-box nor a D-box. 

In the literature, there are many indications of As (III) affecting the Ub-

proteasome pathway. Arsenic trioxide (AS2O3), the chemotherapeutic form of arsenic, 

has been shown to cause modification of the oncoprotein PML-RARa by the ubiquitin-

like protein SUMO-1 (Muller et al, 1998) leading to its proteasomal degradation 

(Lallemand-Breitenbach et al, 2001). As (III) exposures have been shown to elicit 

changes in a number of Ub-controlled proteins including p53 (Hamadeh et al, 1999); 

(Vogt and Rossman, 2001), cyclin D (Vogt and Rossman, 2001), IKB (Roussel and 

Barchowsky, 2000)and GADD45 (Chen et al, 2001a). Taken together, these studies 

imply that low-level As (III) might be exerting effects on the Ub-proteasome pathway 

and that the importance of these effects to the issue of low-level As (III) exposures 

should be further considered. 

The overall effects of low-level As (III) on the Ub-pathway are certainly the 

summation of multiple effects. While many of these processes have been examined at 

high concentrations, their relevance to low-level As (III) exposures is not known. Since 

As (III) is known to interact with proteins, it has the potential to cause structural changes 

that might lead to increased ubiquitination. As a stress agent. As (III) may be increasing 



expression of the Ub gene. Through its inhibitory properties, As (III) has the potential to 

inhibit deubiquitination and/or proteasome functions. In addition. As (III) may be acting 

on the activity of the Ub-conjugation processes. 
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Hypothesis 

The hypothesis of this dissertation is that low-level As (III) exposure directly 

perturbs the Ub-proteasome pathway. 

Rationale for the Hypothesis 

Previous work has not sufficiently proven whether alterations in the Ub-pathway 

play a role in the human pathophysiology of arsenic. Published studies have shown that 

high concentrations of arsenic perturb the enzymology and cellular function of Ub. Yet, 

prior to this work, the effect of environmentally relevant arsenic concentrations on the 

cellular status of Ub-protein conjugates had not been described. 

The importance of the Ub-pathway in arsenic pathophysiology is mechanistically 

logical because Ub is known to mediate protection against oxidative stress and protein 

damage (Shang and Taylor, 1995; Tsirigotis et al, 2001). Low-level arsenic has been 

shown to produce oxidants (Barchowsky et al, 1999; Liu et al, 2001; Smith et al, 2001) 

and is known to inhibit the activity of 200 separate enzymes (Abemathy et al, 1999). 

Currently, the relative importance of oxidative stress versus proteotoxicity following low-

level arsenic exposures is unknown. Ultimately, activation of either of these toxic 

processes could explain the mechanisms underlying the detrimental effects of chronic 

low-level arsenic exposure on human health. 



Aside from the proposed effects of low-level As (III) on oxidants and cellular 

proteins, As (III) likely regulates a number of contributors to Ub-protein homeostasis. 

Changes in ubiquitination of specific protein targets are important to consider. Altered 

levels and patterns of ubiquitination within As (III) exposed cells would affect numerous 

signaling pathways and critical regulatory processes (Hershko and Ciechanover, 1998). 

Processes downstream of the Ub-pathway may be acutely affected by changes to the 

equilibrium between Ub-conjugation and deubiquitination processes. Such an effect 

would drastically change the physiology of a cell, and again could explain the 

toxicological effects of low-level arsenic. 

Overwhelming evidence supports the idea that arsenic is a multifactorial toxicant. 

In vivo, in vitro and biochemical experiments have shown that the effects of arsenic are 

greatly potentiated by coexposures (Vogt and Rossman, 2001; Maier et al., 2002). 

Because Ub lies at the crossroads of so many cellular processes, one proposed 

explanation is that arsenic perturbs the Ub-pathway, which in turn potentiates the effects 

of other toxicants. This hypothesis has been explored through this research and will be 

discussed in this dissertation. 

Finally, it is known that As (III) and As (V) are the main arsenic metabolites 

implicated in human exposures. Since As (III) is far more toxic than As (V) in nearly 

every case. As (III) was chosen for these studies of the effects of arsenic on the Ub-

dependent proteolytic pathway. 
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CHAPTER 2 

MATERIALS AND METHODS 

Materials 

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) 

unless otherwise indicated. Arsenic, used in these studies, is classified as a human 

carcinogen by International Agency for Research on Cancer (lARC, 1987). All 

appropriate safety precautions and disposal procedures were followed as mandated by the 

University of Arizona Department of Risk Management and Safety. 

Models 

Rabbit Renal-Cortical Slices 

Materials 

Slicing media was obtained in dry form from Gibco/Invitrogen Life Sciences 

(Rockville, MD). Sodium-pentobarbital was purchased from Western Medical Supply, 

(Arcadia, CA). The Brendel-Vitron tissue slicer, roller incubator, and titanium rollers 

were purchased from Vitron (Tucson, AZ). 

Animals 

New Zealand White Rabbits (Harlan, Indianapolis, IN) were housed and cared for 

by University Animal Care under guidelines set forth by the Institutional Animal Care 
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and Use Committee. Rabbits were euthanized by i.v. overdose injection of sodium-

pentobarbital. 

Slice Preparation 

Rabbit renal-cortical slices for low-level arsenic studies were prepared as 

previously described (Parrish et al, 1999). Following euthanasia, kidneys were rapidly 

excised and chilled in Krebs-bicarbonate slicing buffer. Cores (8 mm in diameter) were 

obtained and tissue slices (250 fam thick) prepared from the cortical region using a 

Brendel-Vitron slicer (Fig. 7). From each kidney, four cores could be produced along the 

cortico-papillary axis, hi addition, approximately 6-8 additional cores could be obtained 

from the cortical surface of the tissue. From a single rabbit, approximately 60-100 renal-

cortical slices could be prepared. 

Slices were maintained in Waymouth's media (2.24 g/1 sodium bicarbonate, 50 

|ag/ml gentamicin) and incubated in roller culture (95% O2/ 5% CO2). hi culture, each 

slice rested on a titanium-metal rollers fitted with a titanium mesh screen (Fig. 7). 

Titanium rollers carrying two slices were placed in 25 ml glass liquid scintillation vials 

supplied with 1.7 ml Waymouth's media. Slices were preincubated for 2 hr to allow 

sloughing of cells damaged during slice preparation. Slices were then dosed with As (III) 

following a 2 hr preincubation period. Following treatment, slice viability was assessed 

using the KVDNA assay (Parrish et al, 1999). For Western blots, slices were snap frozen 

in liquid nitrogen and stored at -80° C for up to one week prior to analysis. For 

proteasome and in-vitro conjugation assays, slice homogenates were prepared 
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Figure 7. Rabbit renal-cortical slices 
Slices were prepared from New Zealand white rabbits. Kidneys were isolated and 
rapidly cooled. 8-mm cores of the cortical tissue were obtained and sliced. Slices 
were incubated in roller culture using a titanium insert. 
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immediately using a ground glass homogenizer. 

Treatments 

As (III) solutions were prepared fresh by dissolving NaAs02 in MilliQ water. 

Dosing solutions were prepared by serial dilution from a 100 mM As (III) stock prepared 

as 12.99 mg/ml NaAsOi immediately prior to dosing. Dosing solutions were prepared at 

100-fold above the desired final concentrations, and 17 |j,l added to 1.7 ml of culture 

media. Slices were treated with As (III) treatments for periods as long as 48 hr. 

MG132 treatments were performed in rabbit renal slices. MG132 was prepared in 

DMSO at a concentration of 5 mM, and 17 |j.l dosed to make a final concentration of 50 

|j,M. MG132 treatments were performed for as long as 24 hr. See HEK292-Treatments 

section for information about lot variability and differences between manufacturers. 

K'/DNA assay 

Slices were collected at the assigned time points by placing them in 1 ml MilliQ 

water. Slices were stored for up to three days at 4° C. To disrupt the tissue, slices were 

sonnicated for 15-20 sec using a Kontes Micro Ultrasonic Cell Disrupter (Vineland, NJ) 

at power level 9. Slice homogenate (400 )a,L) was added to a 10 mm x 100 mm plastic 

tube. To this, 50 jil bovine serum albumin (5 mg/ml) and 25 |ul concentrated perchloric 

acid were added. Tubes were briefly vortexed and centrifliged at 12000 rpm in swinging 

bucket centrifuge (RT6000 Refrigerated Centrifuge, Savant Instruments Inc., 
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Farmingdale, NY). Standard curves of both KCl (range: 0 - 2.0 |a.M K"^) and sheared 

salmon sperm DNA (range: 0-25 )ag) were prepared in MilliQ water and treated 

identically to samples. 

Potassium concentrations were measured from supematants of all samples using a 

Bacharach Coleman Model 51CA flame photometer (Pittsburgh, PA). A standard curve 

was generated using solutions. Minimum (0 |j,M) and maximum K"^ (2 )iM) 

concentrations were used to manually set the 0% and 100% levels of detection. Sample 

concentrations are extrapolated from the standard curve line. The standard curve line was 

calculated by linear regression using Microsoft Excel. 

In order to normalize intracellular K"^ concentrations, and adjust for variations in 

the size and weigh of individual slices, DNA concentrations were determined for each 

sample. Insoluble pellets obtained following perchloric acid addition/centrifugation were 

saved, and DNA was resolublized in 4 ml acidified ethanol (0.03% HCl in ethanol). 

Tubes with DNA pellets and acidified ethanol were vortexed and then shaken vigorously 

for 1 hr. Samples are then recentrifuged for 15 min at 12000 rpm in a swinging bucket 

centrifuge to precipitate insoluble material. 

To quantitate DNA, acidified ethanol supematants were decanted and the DNA 

pellets dried overnight. To each tube, 100 |j,l diaminobenzoic acid (DABA, 30% w/v in 

MilliQ water) was added. DABA-DNA samples and standards were incubated for 30 

min at 75°C in a heated water bath protected from light. DNA was quantitated using a 

fluorescent spectrophotometer (F-2000, Hitachi Ltd., Tokyo, Japan) with a 3 second 

sipping time. Again, the standard curve line was calculated by linear regression using 
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Microsoft Excel, and sample concentrations extrapolated from it. Data is presented as the 

ratio of nmol KVjig DNA. 

HEK293 Cells 

Materials 

Cell culture products including media, trypsin, and antibiotic-antimycotic were 

purchased from Invitrogen/Gibco (Rockville, MD). FBS was obtained through both 

Invitrogen/Gibco and Gemini Bio Products (Woodland, CA). In order to maintain 

continuity between lots of serum, incoming lots were type-matched and selected for their 

similarity to previous FBS reagents as closely as possible. 

Culture Conditions 

Human embryonic kidney cells (HEK293) were obtained from American Type 

Culture Collection and cultured according to their recommendations. Cells were seeded 2 

X 10^ per 10 cm plate and grown in DMEM/ 10% FBS/1% antibiotic-antimycotic at 

37°C/ 5% CO2. HEIv293 cells were subcultured every 5 days. Cells were cultured for no 

more than 35 passes before replacement with fresh cultures from cryopreservation. 

Cryopreservation of HEK293 cells during early passages allowed the maintenance 

of cellular homogeneity throughout the duration of my work. To freeze cells, 10-cm 

dishes of cells were allowed to grow to confluence. Cells were trypsinized for 

approximately 30 sec - 1 min. Cells were gently pipetted in 10 ml of completely 

supplemented DMEM (10% FBS/1% antibiotic-antimycotic) and centrifuged for 5 min 
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at 400 rpm in a swinging bucket centrifuge. DMEM supernatant was removed from the 

cell pellet and discarded. The cells were gently resuspended in 1 ml freezing media (40 

% DMEM, 10 % DMSO, 50% FBS). Actual freezing of the cells was performed 

stepwise over a 2-day period. After resuspension in cryopreservation media, cells were 

initially frozen overnight at -20° C. The following day, cells were moved to -80° C for 

24 hr. Finally, cells were placed into liquid nitrogen for long-term storage. 

Treatments 

All As (III) solutions were made up fresh in MilliQ water immediately prior to 

dosing as previously described. As (III) was added to HEK293 cell culture plates at the 

indicated times prior to harvest. As with rabbit renal slices, dosing solutions were 

prepared at 100-fold above the final dose, and 100|il added to the 10 ml of cell culture 

media. 

When indicated, cells were co-administered BSO as an inhibitor of glutathione 

(GSH) synthesis. BSO was prepared in MilliQ water and dosed at a concentration of 25 

I^M for 24 hr. Treatment of cells with BSO occurred concurrent to treatment with As 

(III). Experimental evidence has previously shown that such a dose decreases cellular 

GSH levels by approximately 60% (Shimizu et al, 1998). 

MG132, the reversible inhibitor of the proteasome used in many experiments, was 

prepared exactly as in rabbit renal slice experiments (5 mM stock in DMSO). In 

HEK293 cells, the maximum tolerated dose was 50 |J,M for 4 hr. The efficacy of 

different lots of MG132 was found to vary widely depending upon the manufacturer. In 



early slice experiments, MG132 (also referred to as Z-Leu-Leu-Leu-al) was obtained 

from Peptides International (Louisville, KY). MG132 was also obtained from 

Calbiochem (San Diego, CA) and Sigma (manufactured by Peptides International). 

Empirical observations suggested that MG132 from Calbiochem had significantly less 

efficacy at equimolar concentrations compared with the Peptides International/Sigma 

product. These observations are based on the relative time and dose required to trigger 

cell rounding and apoptosis. 

Viability 

During regular passage and maintenance of cells in culture, cell viability was 

assessed by monitoring cell morphology. During passage, cell viability counts were 

performed using the trypan blue dye exclusion method. Growth kinetics were constantly 

monitored to detect phenotypic changes within the cell line. 

In order to perform trypan blue dye exclusion studies, cells were trypsinized to 

remove them from the cell culture dishes. Cells were gently mixed to make a 

homogenous suspension, and then diluted 1:10 (100 fxl cell suspension, 100 )al trypan 

blue, 800 |il PBS). Cells in this 1:10 dilution were counted using a hematocytometer on 

the light microscope. Each of the four comers of the grid were counted and an the 

number of cells averaged. Cells staining blue in each area were counted as dead cells. 

The total number of cells in the undiluted cell suspension was calculated by the equation: 

# Cells/ ml = 10"^ X 10 x average number of cells per grid. 
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During experiments, mitochondrial function was used as the main biochemical 

gauge of cellular viability. Mitochondrial function was measured using the tetrazolium 

salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Loveland et 

al, 1992). For MTT assays, cells were cultured in 6-well plates and analyses were 

performed as cells reached 95% confluence. Cell culture media was removed and cells 

were washed gently with room temperature PBS. Because mechanical forces easily 

disrupted attachment of HEK293 cells to the surface of cell culture dishes, PBS could not 

be pipetted directly onto the cell surface, but was gently introduced along the outer edge 

of the plate. This was critical in MTT assays, since physical removal of a certain fraction 

of cells directly impacted the amount of enzymatic activity detected. 

After washing, cells were incubated with 500 )al MTT (0.2 % w/v in PBS) and 

100 nl PMS (phenazine methosulfate, 0.35% w/v in MilliQ water) for 75 min at 37°C in 

the cell culture incubator. Following this incubation, MTT/PMS solutions were gently 

removed from cell culture dishes, and the tetrazolium salt solublized with 1 ml 

isopropanol/HCl (0.032% HCl in isopropanol). Plates were incubated with 

isopropanol/HCl for 15 min at room temperature with gentle rocking. 

On several occasions, 75 min treatment of HEK293 cells with MTT/PMS caused 

the cells to physically detach from the surface of the culture plate. In these cases, cells 

suspended in MTT/PMS were collected and gently centrifuged at low speed in a 

microcentrifuge. The MTT/PMS solution was decanted and isopropanol/HCl added to 

the cells in the microcentrifuge tube. Cells were disrupted by repipetting the cell pellet 
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with the isopropanol/HCl. hisoluble cell debris was pelleted by centrifuging the sample 

for 5 min at 12000 x g. 

Reduction of the MTT salt by a mitochondrial reductase enzyme forms l-(4,5-

dimethylthiazol-2-yl)-3,5-diphenylformazan, a dark purple precipitate. To quantitate the 

amount of this precipitate formed, 200 ^il of the isopropanol/HCl supernatant was 

measured on a 96-well spectrophotometer (Skatron) with an absorbance wavelength of 

545 nm. The maximal absorbance wavelength for reduced MTT is 570 nm, but testing 

showed 545 nm to be an acceptable alternative. 

Establishment of Stable His-Ub-GFP Transfected Cells 

HEK293 cells were grown as described above. To establish the stable cell line, a 

double transfection strategy was employed. HEK293 cells were cotransfected with the 

gene of interest (His-Ub-GFP) as well as a selection vector (dsRed). This more 

complicated approach was necessary since the His-Ub-GFP construct (generously 

donated by Doug Gray Ph.D., University of Ottawa) contained no antibiotic selection 

marker. Cotransfection with dsRed allowed for the selective killing of untransfected cells 

using the antibiotic G418. 

For transfection, cells were grown for 48 hr (30-50% confluency). Immediately 

prior to transfection, cell culture media was removed and replaced with 5 ml OPTI-

MEM® (Invitrogen, Rockville, MD) media lacking both FBS and antibiotic/antimycotic. 

FBS is believed to interfere with transfection efficiency. Transfections were performed 

with a total of 5 tolO |a,g plasmid DNA using FuGENE6 according to manufacturers 
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instructions (Roche Biochemical, Indianapolis, IN). FuGENE6 is a cationic liposomal 

method for transfection of DNA into eukaryotic cells in culture. FuGENE6 liposomal 

preparations were prepared in 100 |al total volume using OPTI-MEM®. To maximize 

transfection efficiency, 3 p,l FuGENE was added to liposomal preparations for each 1 |ig 

DNA used in the transfection, as per manufacturers instructions. FuGENE-liposomal 

preparations were added to cells drop-by-drop, swirling the plate between each drop. 

Transfections were performed with the FuGENE-DNA mixture for 16-20 hr. FuGENE6 

liposomal preparations contained a 10:1 ratio of His-Ub-GFP DNA: dsRed vector DNA. 

The goal of this approach was to maximize the number of cells coexpressing dsRed 

(G418 resistance) and His-Ub-GFP, while minimizing the number of cells expressing 

dsRed alone. 

Following transfection, cells were grown for 48 hrs, and then subcultured at a 

ratio of 1:10 (~2 x 10^ cells/plate). Cells were maintained in fully supplemented DMEM 

containing 1 mg/ml G418 for approximately 2 weeks. Media was changed every 1-2 

days with fresh DMEM containing G418. Individual colonies were selected for 

subculture only if 100% of the cells were determined to express GFP under fluorescent 

microscopy. Colonies were selected by hand using cloning rings, sterile vacuum grease 

and 20 )al trypsin. Newly isolated colonies were grown in a single well of a 96 well plate, 

and subcultured sequentially into 24-well, 6-well and 10 cm plates. All subculturing was 

performed under selective growth conditions in media supplemented with 1 mg/ml G418. 

Ultimately, colonies were selected and subcultured from plates transfected with 

both 10 |j,g His-Ub-GFP/1 |ag dsRed and with 5 |ag His-Ub-GFP/0.5 |ag dsRed with 



equal success. Selected colonies were grown continually in 1 mg/ml G418 for 3-4 weeks 

to establish the cell line before characterization began. After characterization, cells were 

continually grown in DMEM with G418 and regularly checked for 100% expression of 

GFP. In cells grown without G418, loss of transgene expression was seen after 

approximately 6-8 weeks in culture. To avoid any confounding results, colonies were 

regularly restarted whenever GFP expression was notably decreased, or if subpopulations 

of cells were noted to have completely lost transgene expression. All transfected cells 

used experimentally were grown for a minimum of one passage in DMEM without G418 

to allow for true comparisons with untransfected HEK293 cells. 

Transgenic cell lines have been established for wild-type (WT) His-Ub-GFP, as 

well as for strains containing Ub with point mutations at lysine-48 (K48R) and lysine-63 

(K63R). Preliminary work was performed using K48R cell lines until the DNA for the 

WT transfections could be obtained from Dr. Gray. All proteomics work in this 

dissertation describing identification of Ub-conjugated proteins using Ni-affmity 

purification techniques was performed in the WT cell lines (Fig. 8). 

Experimental Protocols 

Protein Determination 

BCA Assay 

The BCA assay was used to measure protein levels for all western blot studies 

(Smith et al, 1985). In this assay, proteins reduce alkaline Cu (II) to Cu (I) in a 

concentration-dependent manner. Bicinchoninic acid (BCA) specifically reacts with Cu 



Figure 8. His-Ub-GFP transgenic cells 
His-Ub-GFP transgene was co-transfected with dsRed (containing G418 resistance 
gene) to prepare stably transfected cell lines expressing his-tagged Ub. Pictures are 
from G418 selected cells showing a) light and b) fluorescent images.. 
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(I), forming a purple complex with an absorbance maximum at 562 nm. The absorbance 

is directly proportional to protein concentration. For these studies, the BCA 

chromophore was detected in a 96-well plate at the nearest available wavelength, 570 nm 

and subtracted from a reagent blank. 

Total protein for each sample was determined in triplicate, from 5 |al aliquots of 

the sample protein. For very dilute samples, as with purified proteins for proteomics 

studies, 20 )al aliquots of protein were used to determine protein concentration. A 

standard curve was prepared with each BCA assay with a range of 1 )j,g protein to 24 f4,g 

protein. All standards and samples were brought up to 20 |j.l using the appropriate 

protein lysis buffer. BCA solution was prepared as a 50:1 ratio of bicinchonic acid and 

CuS04 (4 mg/ml w/v). To each well, 200 |j,l BCA solution was added. The reaction was 

incubated 10-15 min and measured using the Skatron plate reader. Standard curves were 

generated by Microsoft Excel and always had values greater that 0.95. Protein 

concentrations for each sample were determined by extrapolation from the standard curve 

line. 

Bradford Assay 

The Bradford Assay was used for protein samples in which the BCA assay was 

inappropriate (Bradford, 1976). Specifically, the Bradford assay was used to measure 

proteins prior to Ub-conjugation and kinase assays, in which DTT from the reaction 

buffer actively reduced Cu (11) independently of protein. 
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Bradford assays were performed in 1-cm plastic cuvettes and measured using the 

DU640 spectrophotometer. Sample absorbance was measured at 595 nm and compared 

against a reagent blank. A standard curve was prepared just as with BCA assays, but in 

individual cuvettes. Total protein in samples were measured in individual cuvettes from 

5 1^1 - 20 |j,l of protein lysate. For each measurement, 500 fil Bradford reagent was used. 

Again, total protein was determined by extrapolation from the standard curve. 

SDS-PAGE 

Sodium-dodecyl sulfate-polyacrylamide gel electrophoresis was used for 

separation and analysis of samples by western blotting, Coomassie staining, Ub-

conjugation assay, kinase assay, and proteomics studies. SDS-PAGE gels were prepared 

with a 1.5 cm stacking gel (250 mM Tris pH 6.8, 0.1% SDS, 0.1% ammonium persulfate, 

5.2% acrylamide) on top of a separating gel (375 mM Tris pH 8.8, 0.1% SDS, 0.1% 

ammonium persulfate, 5%-15% acrylamide (w/v)). For ubiquitin studies, nearly all gels 

were run using 10%) SDS-PAGE gels. Except when noted, all gels were prepared and run 

using the Mini-Protean II system (BioRad, Hercules, CA). Proteins were separated by a 

potential difference between 60-100 V for 2-4 hr. 

Coomassie Staining 

SDS-PAGE gels identical to those used for Western blot analysis are used to 

confirm equal loading in western blot experiments. Additionally, Coomassie stained gels 

were prepared for in-gel proteomic analysis of proteins. When electrophoresis was 



complete, SDS-PAGE gels were incubated with Coomassie Blue staining solution 

(0.025% Coomassie Blue G250, 10% glacial acetic acid, in MilliQ water) overnight. To 

destain these gels, Coomassie Blue staining solution was removed and the gel was gently 

washed once with Coomassie destain (10% methanol/10% Acetic Acid/ MilliQ water). 

To complete the destaining step, an absorbent pad was placed into the solution with the 

gel for 30 min to capture excess Coomassie blue as it was purged from the gel 

Ub Western Blots 

For Western blots, HEK293 cells were rinsed once with cold PBS and 

immediately scraped into lysis buffer (10 mM Tris pH 7.4, 1% NP-40, 10 |ag/ml aprotinin 

10 ng/ml leupeptin, 10 )J.g/ml soybean trypsin inhibitor, 1 mM PMSF) with 10 mM N-

ethylmaleimide to prevent deubiquitination processes (Waxman et al, 1987). Rabbit 

renal slices were homogenized in the same lysis buffer using a ground glass 

homogenizer. Protein concentrations were determined using the BCA assay. Proteins 

were diluted 1:1 in SDS-PAGE sample buffer (105 mM Tris pH 6.8,4% SDS, 20% 

glycerol, 0.2% bromophenol blue, 2% P-mercaptoethanol) and denatured by boiling for 5 

min. For each sample, protein was separated by SDS-PAGE as described above, and 

transferred to PVDF membrane (Millipore, Bedford, MA). Immunoblotting was 

performed for Ub using monoclonal anti-Ub antibody (SC-8017), an HRP-conjugated 

secondary antibody (SC-2005) from Santa Cruz Biotechnologies (Santa Cruz, CA) and 

ECL solution (100 mM Tris pH 8.5, H2O2, luminol, and coumaric acid) prepared fresh. 

MG132 (50 |aM, 4 hr), a reversible inhibitor of the proteasome, was used as a positive 



control for increased ubiquitination (Lee and Goldberg, 1996). Images were scanned 

using a Scanjet 5370C (Hewlett Packard, Palo Alto, CA) at maximum resolution and 

cropped in Adobe Photoshop 3.0. Ub smears from individual lanes were quantitated using 

the Scion Image software package (download available at www.scioncorp.com). 

Ub-Conjugating Assay 

Lysates from rabbit renal slices and HEK293 cells were prepared in conjugation 

lysis buffer (50 mM Tris pH 7.6, 1 mM DTT). Reactions (50 fxl) were prepared in 1.5 ml 

microcentrifuge tubes with 30 |ag protein and a reaction mixture including 2 mM ATP, 10 

mM creatine phosphate, 5 ^g creatine phosphokinase, 1 mM DTT, 5 mM MgCli, 30 p-M 

MG132, and 1 pCi ^^^I-Ub according to the method of (Shang et al, 1997) (Fig. 9).'^^I-

Ub was prepared with the assistance of Tom Davis Ph.D. and Richard Egleton Ph.D. 

using a chloramine-T method (Bolton, 1986). ^^^I-Ub was separated by reversed-phase-

HPLC, and diluted in PBS to a concentration of 0.2 )a,Ci/|j,L. Control reactions were run 

in the absence of ATP, creatine phosphate, and creatine phosphokinase, and in the 

presence of an ATP depleting system consisting of 12 mM 2'-deoxyglucose and 4.5 U 

hexokinase. Reactions were incubated for 1 hr at 37 °C and halted by the addition of 10 

|al Laemelli's buffer. Reactions were immediately separated by SDS-PAGE to resolve 

free '^^I-Ub from '^^I-Ub covalently attached to cellular proteins. Gels were dried for 1 

hr and results were obtained using autoradiography (24-72 hr). 

http://www.scioncorp.com
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Figure 9. Ubiquitin-conjugating assay 
Assays were prepared using lysate from either kidney slices or HEK293 cells. 
Reactions were performed in the presence of ATP, the proteasome inhibitor MG132, 
and radiolabeled ^^^I-Ub. 
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20S Proteasome Assay 

The proteasomal activities of homogenates from rabbit renal sHces and HEK293 

cells were measured using the proteasome-specific substrate LLVY-AMC (Biomol, 

Plymouth Meeting, PA) (Reidlinger et al, 1997). LLVY-AMC is specifically degraded 

by the chymotrypsin subunits within the 20S barrel portion of the proteasome. 

Homogenates were prepared in 1 ml proteasome assay buffer (50 mM Tris pH 7.5, 150 

mM NaCl, 0.5 mM EDTA, 0.5% NP-40 pH 7.4) from both rabbit renal slices and 

HEK293 cells treated with As (III). Reactions (100 pi) containing homogenate and the 

proteasome-specific fluorescent substrate, LLVY-AMC, were prepared in triplicate. For 

each reaction, 250 p-g protein (HEK293 cells) and 100-250 pg protein (rabbit renal slices) 

were used, respectively. The proteasome specific substrate LLVY-AMC was diluted in 

proteasome assay buffer and added to a final concentration of 75 |U.M. Assays were 

incubated 1 hr at 30° C in microcentrifuge tubes and fluorescence was measured using 

96-well plates with excitation A.360/ emission A,460. Reactions run in the presence of 

MG132, a proteasome inhibitor, served as negative controls. Background fluorescence 

was determined from negative control reactions (Lee and Goldberg, 1996) and was 

subtracted from sample fluorescence values as blanks. All fluorescence values are 

presented as a ratio of sample fluorescence from an As (III) treated lysate to a matched 

sample from an untreated rabbit renal slice or HEK293 cell homogenate. 

USP12 Quantitative PCR 



Total RNA was isolated from HEK293 cells using the RNeasy kit (Qiagen, 

Valencia, CA) according to manufacturers instructions. RNA purified from the micro-

spin column at the final step was quantitated and assessed for integrity using the DU640 

spectrophotometer (Beckman-Coulter, Fullerton, CA). Absorbance readings were taken 

at both 260 nm and 280 nm. Samples that obtained a 260:280 ratio of greater than 1.7 

were considered to contain quality RNA for quantitative-PCR analysis. 

PCR primers were designed using the computer program Mac Vector in the 

laboratory of Dr. John Regan and purchased from Sigma Genosys (The Woodlands, TX). 

The primers were designed to encode a 665-nucleotide PCR product generated from 

within the coding region of the gene (nucleotide-315 through nucleotide-979). The 

forward and reverse primers designed to amplify USP12 were as follows: 

Forward: CGGCATTAGAGAAAGAGATTGGTCC 

(25 nt, 48.0 % G+C, T^ =58.4° C) 

Reverse: TGCTTCCTGTTTGCTGCGACAC 

(25 nt, 54.5% G+C, T™ =59.9° C) 

PCR primers were tested using RNA isolated from an untreated, confluent plate 

of HEK293 cells. Reverse transcriptase (RT) reactions were prepared with 3 |ag total 

RNA. The RT-PCR reaction mix was obtained through Roche Biochemical 

(Indianapolis, IN). RT reactions contained 5 mM MgCb, lOX PCR Buffer II (final 

dilution IX), 1 mM dGTP, 1 mM dATP, 1 mM dCTP, 1 mM dTTP, 1 U/^il RNase 
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inhibitor, 2.5 }J,M random hexamers and 2.5 U/^1 MuLV Reverse Transcriptase in a total 

volume of 20 |al. For PCR, 2.5 U AmpliTaq DNA polymerase was added, and PCR 

primers added to a concentration of 0.5 )aM. The ]V[gCl2 concentration was readjusted to 

2 mM, and PCR Buffer II was added to a final IX concentration. The final reaction 

volume was brought to 100)a,l. Samples were run on a DNA engine thermocycler (MJ 

Research, Waltham, MA) in the laboratory of Dr. Qin Chen. The PCR thermocycle 

protocol was as follows: 

1) Initial Denaturation: 5 min @ 95 °C 

2) Denaturation 30 sec @ 95° 

3) Annealing 30 sec @ 56°C 

4) Extension 45 sec @ 72°C 

5) Repeat steps 2-4 

6) Final extension 5 min @ 72° C 

Samples of the PCR reaction were taken at 20, 25, 30, and 35 cycles and 

separated on a 1.0% TBE-Agarose gel to look for increasing production of the cDNA 

product (Fig. 10_a). Because successfiil quantitative PCR was the ultimate goal, it was 

critical that the PCR conditions produced a single cDNA product. For this reason, 

stringent PCR conditions with the maximum reasonable annealing temperatures and 

shortest possible annealing/extension times were developed for quantitative PCR studies 

ofUSP12. 
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Figure 10. USP12 analysis by quantitative PGR 
a) Verification that PGR conditions produce a single band of cDNA 665 bp in length. 
b) Setting of arbitrary threshold value in qPGR samples to determine cycles to log 
phase amplification value. 
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For quantitative PCR studies, lOX Sybr Green PGR Buffer (Applied Biosystems, 

Foster Gity, GA) was used the place of lOX PGR buffer. Intercalation of SYBR Green I 

dye into a double-stranded, but not single stranded DNA, allows the quantitation of PGR 

without requiring gene specific probes. To maximize the efficiency and maintain 

consistency among quantitative PCR experiments, AmpliTaq Gold DNA polymerase 

replaced the AmpliTaq polymerase used during initial experiments. This optimized DNA 

poljmierase is activated during the initial denaturation step, when heating to 95° G breaks 

an inhibitory antibody-polymerase bond and exposes the enzyme's active site. 

Quantitative PGR studies were performed with slight variations on the above 

protocol. The PGR protocol established above was repeated exactly as described. Rather 

that the MJ Research DNA Engine, quantitative PGR studies were performed on a 

SmartGycler II (Gepheid, Sunnyvale, GA) instrument in the laboratory of Dr. Gharlene 

McQueen. Reactions are pipetted into SmartGycler 25 fxl tubes and centrifiiged to 

position the sample in line with the fluorescence detector. During each PGR cycle, data 

acquisition software tabulates the total fluorescence of each sample based upon the total 

amount of double-stranded cDNA product present. The amount of USP12 mRNA 

present in each sample was determined by the cycle number where logarithmic 

amplification crosses an arbitrary threshold. The arbitrary threshold for these studies was 

set at 30 fluorescence units (Fig. 10_b) 

TAKl Protocols 

HA-TAKl Transient transfections 



HEK293 cells were prepared and cultured as described above. For transient 

transfection studies (Fig. 11), cells were grown for 48 hr (30-50% confluency) and 

transfected with 1-10 )ag plasmid DNA using FuGENE6 as described above. Cells were 

transfected with the epitope-tagged HA-TAKl gene or the pcDNAS vector as a negative 

control. For kinase assay studies, cells were co-transfected with HA-TAKl and FLAG-

TAB 1. Following transient transfection, fully supplemented DMEM was replaced and 

cells were allowed to grow for an additional 24 hr to maximize transgene expression prior 

to As (III) dosing. Cells were treated with As (III) doses ranging from 0.1 |j,M to 50 |aM 

for 4 hr. As a positive control for increased ubiquitination, certain samples were treated 

with 50 )J,M MG132 for 4 hr to facilitate the accumulation of significant levels of Ub-

TAKl protein conjugates. Because MG132 inhibits the proteasome, it was supposed that 

the majority of these Ub-protein conjugates would carry K48-linked poly-ubiquitin 

chains (Pickart, 2001a; Glickman and Ciechanover, 2002). 

HA-TAKl DNA was obtained from the laboratory of Richard Vaillancourt Ph.D. 

HA-TAKl had been previously cloned into the pcDNA3 mammalian expression vector. 

FLAG-TAB 1, for use in kinase assay experiments, was generously donated by Kunihiro 

Matsumoto Ph.D. at Nagoya university in Japan. The sequence identities of the HA-

TAKl and FLAG-TAB 1 genes were confirmed by DNA sequence analysis through the 

DNA Sequencing Core available through the University of Arizona Genetic Analysis and 

Technology Core. The HA-epitope (MYPYDVPDYA) was expressed as the first 10 

amino acids at the amino-terminus of the protein. Initial studies investigating the effects 
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Figure 11. Ubiquitin-TAKl immunoprecipitation experiment 
HEK293 cells were transiently transfected with HA-TAKl or vector control, and 
treated with varying concentrations of As (III) or MG132. Cell lysates are prepared 
and immunoprecipitations performed with an antibody recognizing the HA-epitope. 
Western blots were run to visualize changes in Ub-TAKl conjugates. 
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of As (III) on the ubiquitination of TAKl were performed with the kinase inactive, 

K63M mutant of TAKl. K63 is the amino acid within TAKl responsible for ATP 

binding (not to be confused with K63 of ubiquitin, responsible for alternate poly-Ub 

chain formation). Later studies were performed with the wild type form of TAKl. 

HA-lmmunoprecipitations 

Following As (III) treatments, cells were washed once in ice cold PBS. Lysates 

were prepared by scraping cells in 500 |j,L EB buffer (10 mM Tris pH 7.4, 50 mM NaCl 5 

mM EDTA, 1% Triton-XlOO) (Adams et al, 2002) containing a protease/phosphatase/ 

deubiquitination inhibitor mixture (10 mM N-ethylmaleimide, 1 mM PMSF, 10 }J.g/ml 

soybean trypsin inhibitor, 10 ^ig/ml aprotinin, 10 )J.g/ml leupeptin). Lysates were 

centrifuged for 10 min at 14000 x g and supematants collected. Protein concentrations 

were determined by BCA. 

Immunoprecipitations were performed with the maximum amount of protein 

available, usually 1 mg per IP. Primary (Rat anti-HA, Roche) and secondary (Rabbit 

anti-Rat IgG, Zymed, San Francisco, CA) antibodies were incubated on ice for 2 hr and 

45 min respectively. Secondary antibody was required due to poor binding affinity of rat 

IgG for protein-A. Protein-A agarose (Roche Biochemical, Indianapolis, IN) was then 

added, and incubated at 4° C for 90 min with constant mixing. Protein-A-Agarose 

antibody bound complexes were purified by slow-speed benchtop centrifiigation of 

immunoprecipitation samples. IP preparations were washed once with PAN-NP-40 

buffer (10 mM PIPES, 100 mM NaCl, 10 |ag/ml Aprotinin, 0.5% NP-40) and once with 
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PAN buffer lacking NP-40 (Adams et al, 2002). Following washes, intact complexes 

were collected again by slow-speed centrifugation. 

Western Blots 

For Western blot analysis of IP samples, proteins were dissociated from Protein-

A-agarose beads by boiling samples for 5 min in SDS-PAGE sample buffer (105 mM 

Tris pH 6.8, 4% SDS, 20% glycerol, 0.2% bromophenol blue, 2% p-mercaptoethanol). 

Proteins were separated by SDS-PAGE and transferred onto PVDF membrane. 

Membranes were incubated for a minimum of 1 hr with 10% dry milk and incubated with 

primary antibody for 1-3 hr at 25° C. The primary antibodies recognizing Ub (mouse 

mAb) and TAKl (rabbit pAb) were obtained from Santa Cruz Biotechnologies while 

anti-HA antibodies (rat mAb) were purchased from Roche. Horseradish-peroxidase 

conjugated secondary antibodies recognizing mouse and rabbit were obtained from Santa 

Cruz Biotechnologies while those recognizing rat were obtained from Zymed. Secondary 

antibodies were incubated for 1 hr at 25°C and membranes were visualized using ECL 

solution (100 mM Tris pH 8.5, H2O2, luminol, and coumaric acid). 

Kinase Assay 

For kinase assays, immunoprecipitations were performed exactly as described 

above. Following the final wash with PAN buffer, protein-A-agarose was washed an 

additional time using kinase reaction buffer (25 mM Tris pH 7.5, 25 mM MgCli, 1 mM 

EGTA, 2 mM DTT, 0.5 mM NaV04, 25 mM p-glycerolphosphate). Kinase reactions 
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were prepared with 1 |al y^^P-ATP (in the presence or absence of purified MKK6) and 

incubated for 20 min at 30° C. Reactions were halted with Laemelli's buffer and 

separated by SDS-PAGE. Gels were dried and visualized using autoradiography. 

Proteomics Protocols 

Tryptic Digests 

Proteolytic digests of protein solutions, affinity purified proteins, and 

immunoprecipitated (IP) proteins are performed using the in-solution digest approach, 

with only slight variations. During preliminary studies, tryptic digests were performed by 

the staff of the Southwest Environmental Health Sciences Center (SWEHSC) 

Analytical/Proteomics Core facility. For studies of Ub-protein conjugates obtained 

through Ni-affmity purification, all digests were performed in our laboratory according to 

the same procedure. 

The enzymatic activity of trypsin is optimal in a pH range from 7.6 to 8.0. As 

such, all samples were buffered into this range prior to digestion. To do so, protein 

samples were prepared in 0.1 N ammonium bicarbonate pH 8 (AMBIC). In situations 

where dialysis has been necessary, proteins have been dialyzed against this same 

solution. 

In Solution Digests 

This procedure was developed by the SWEHSC Proteomics Core, and adapted for 

this work. Solutions prepared for digest were tested to ensure that they had the 
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appropriate basic pH. In order to facilitate more efficient digestion, disulfide bonds were 

reduced and alkylated prior to the addition of trypsin. To do so, protein solutions were 

treated with excess DTT from a 10 mM stock solution. Samples were incubated at 56° 

for 45 min to fully reduce all disulfide bonds. Once the samples had cooled to room 

temperature, alkylation was performed by treating the sample with excess iodoacetamide 

from a 55 mM stock. Alkylation reactions were incubated in the dark, at room 

temperature, for 30 min. 

Modified sequencing grade trypsin (Promega, Madison, WI) was used for 

digestion of samples for proteomic analysis. This modified form of the enzyme is 

methylated at key basic residues within the protein to prevent its self-cleavage and the 

further contamination of samples with tryptic peptides of trypsin. Trypsin is diluted to a 

concentration of 0.1 |j.g/|j.l in 50 mM AMBIC pH 7.8 provided by the manufacturer. 

Protein concentrations of solutions to be digested were determined by either BCA 

or Bradford methods prior to digestion. From these concentrations, the amount of trypsin 

added was calculated according to the ratio 1 ^g trypsin per 50 |ag protein. Tryptic 

digests were performed in microcentrifuge tubes, and incubated at 37°C for 2 hr. 

Following 2 hr digestion, additional trypsin was added in an amount equal to the first 

addition. Tryptic digests were then incubated overnight. The following day, trypsin was 

inactivated and digests stopped by the addition of 10 |j,l concentrated formic acid. 

Digested peptide solutions can be stored indefinitely at -20 °C prior to analysis. 

In Solution Digests of IP and Ni-beads 



Digestion of proteins attached to agarose or Sepharose beads were performed 

nearly identically to the solution digest described above. These protocols were used to 

try to identify proteins purified using immunoprecipitation and Ni-affinity purifications. 

Following IP, the beads and precipitated proteins are incubated in 0.2 N AMBIC. 

Disulfide bonds are reduced and alkylated using DTT and iodoacetamide as was 

described above. Since Bradford and BCA protein assays are not well suited to 

determining the concentration of proteins coupled to beads, in all cases, total protein on 

the IP beads was estimated to be 0.1 mg/ml. The amount of trypsin required for the 

digest was calculated accordingly at a ratio of 1:50 relative to the estimated amount of 

protein. Digestion reactions were again performed for 2 hr and allowed to proceed 

overnight. Reactions were stopped by the addition of 10 )al formic acid and peptide 

digests briefly centrifuged. The peptide containing solution was collected and the beads 

discarded. As before, peptide solutions were stored at -20° C for LC-MS analysis. 

In Gel Digests 

Techniques for the digestion of proteins held within gel bands and extraction of 

the tryptic peptides was used in numerous steps throughout this project. Coomassie 

stained gel bands were cut by hand and all excess polyacrylamide trimmed away. Gel 

bands were stored overnight at 4° C in MilliQ water. Trypsin digests were performed 

using the protocol developed at the SWEHSC Proteomics Core. 

Gel slices were cut into ~ 1 mm cubes and washed successively in ddHiO, 50:50 

acetonitrile (ACN)/ddH20, pure ACN, 100 mM AMBIC and 50:50 AMBIC/ACN. The 



remaining solution was removed and the gel cubes were dried completely using a Savant 

SpeedVac (Savant Instruments Inc., Farmingdale, NY). When applicable, alkylation was 

performed using DTT and iodoacetamide as described in the solution digest section. 

Digestion was performed using trypsin from Promega (Madison, WI) 

reconstituted according to manufacturers instructions (described above in solution digest 

section). Dry gel cubes were covered with enzyme solution and incubated 45 min on ice 

to allow for the uptake of enzyme into the gel. If all of the trypsin solution was absorbed 

after 45 min, more was added successively until it was no longer taken up by the gel 

pieces. Once the protease containing solution had been absorbed by the gel slices, any 

excess solution was removed, the gel slices were covered with digestion buffer (5 mM 

CaCb, 50 mM AMBIC) and allowed to incubate/digest overnight at 37°C. 

Digests were stopped by the addition of 10 ml 2% TFA (triflouroacetic acid). 

Tryptic peptides were extracted from post-digest gel bands by successive extractions with 

0.1% TFA in H2O, 30% ACN in 0.1% TFA, 60% ACN in 0.1% TFA, and pure ACN. 

Each extraction was run for 30 min in a sonnicating water bath. 

Model Branched Peptide 

The model peptide was purchased from Gemini Health Technologies (Gainesville, 

FL) (Fig. 12). The sequence of the peptide was AVAK*AAR, with a GG branch 

attached through the C-terminus of glycine (G) to the peptide via the s-amino group of 
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Figure 12. Model peptide structure 
The peptide sequence was AVAK*AAR. K* represents lysine modified by -GG via its 
8-amino group. 



the central lysine (K*). The neutral mass of the peptide was confirmed to be 799 by the 

MS identification of the singly charged 800 ion. Both sequence and branching were 

confirmed by Edman sequence analysis by the quality assurance group prior to our 

receiving the product. 

Ub-Immunoprecipitations 

Immunoprecipitations were performed to purify Ub-modified proteins for 

selective identification by LC-MS techniques. For these immunoprecipitations, 

polyclonal antibody recognizing Ub (cat # SPA-200, Stressgen Biotechnologies, Victoria, 

BC, Canada) was used. Protein samples were prepared in IP Lysis Buffer (2% Triton-

XlOO, 1% NP-40, 300 mM NaCl, 20 mM Tris pH 7.4, 2 mM EDTA, 2 mM EGTA, 

supplemented with the protease/phosphatase/deubiquitinating enzyme inhibitors 

previously described). Equal protein amounts (1-2 mg) were quantitated and placed in 

microcentrifuge tubes. 

To prevent the non-specific purification of proteins, samples were precleared with 

20 lal complete horse serum. Protein-A Agarose beads were prewashed twice in 1 ml 

immunoprecipitation buffer and added to protein sample-horse serum. Preclearing 

reactions were incubated 2 hr at 4° C on a rotating rod. After 2 hr, protein-A agarose 

beads were collected by a brief centrifugation. The supernatant fraction was collected 

and saved, while any proteins precipitated by the horse serum were discarded with the 

protein-A agarose beads. 



Precleared protein samples were then prepared for immunoprecipitation. Again, 

prewashed protein-A agarose beads were added to the protein sample. To this IP, 10 )a,l 

polyclonal anti-Ub antibody (SPA-200) was added and the purification incubated 

overnight at 4° C on the rotating rod. Following this incubation, samples were briefly 

centrifuged to collect beads at to the bottom of the tube. The protein supernatant was 

decanted and discarded. IP beads were then washed four times with IP Lysis buffer, and 

collected after each wash by a brief centrifugation. Purified proteins were eluted from 

the beads using Immunopure Elution Buffer pH 2.5 (Pierce Biotechnology, Rockford, 

IL). Using this technique, antibodies were also eluted into the purified protein solution 

and expected as contaminating proteins. 

Ni-Affinity Purifications 

Ni-affmity purifications were begun as small-scale preparations and ultimately 

scaled-up to high-throughput operations (Fig. 13). Protein lysate collected from four 

confluent 10-cm plates of cells was pooled together (approximately 10 mg total protein in 

total volume 1 ml) and 20 |al of Ni-NTA-Agarose bead slurry was added (Qiagen, 

Valencia, CA). Ni-purifications were incubated for 2 hr at 4° C on a rotating rod. Beads 

were collected by slow speed centrifugation on the benchtop for 5 sec. Ni-NTA-Agarose 

beads from up to 80 plates of protein were pooled together in a single 1.5 ml 

microcentrifuge tube, accruing a maximum of 400 |xl of total beads. Supernatant was 

discarded and beads washed 4 times with 1 ml Ni-wash buffer (PBS/10 mM 

imidazole/1% Triton-XlOO). Purified proteins were eluted from the beads by two 
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Figure 13. His-Ub-GFP transgene and purification approach. 
His-Ub-GFP transgene used to prepare stable transfected cell lines expressing his-
tagged Ub. His(6X)Ub and proteins conjugated to His(6X)Ub were purified using Ni-
affinity chromatography 



consecutive elutions with 0.1% TFA. Samples were mixed with 0.1 M AMBIC to buffer 

the TFA to a basic pH amenable to tryptic digests. Samples were then washed and 

concentrated using a NanoSep Omega 3000 molecular-weight cutoff spin-filters (Pall, 

Ann Arbor, MI). 

Spin filters were prewashed with 5 consecutive washes of 500 |uil each, 0.2 N 

NaOH, MilliQ water, 70% methanol, 70% methanol, and MilliQ water respectively. 

Purified protein samples were added to prewashed filters 500 fil at a time, and 

centrifuged for 10 min at 12000 x g at 4° C. Proteins were then washed five times with 

ice cold 0.1 M AMBIC to remove any potential polymer contamination and equilibrate 

the proteins in this digestion solution. 

In solution tryptic digests were performed as described above, but done on top of 

the centrifuge filters. When digests were completed, peptides were collected by 

centrifuging the peptides through the spin-filter for collection in a lower tube. 

Approximately 200-300 |al of digested peptides were obtained. Each sample was the 

dried using the Speed-Vac to an approximate volume of 100 |al for analysis by the LCQ. 

The tubes used for all steps of these experiments had to be specially washed to 

remove contaminant polymers remaining from the manufacturing process. The highest 

quality polymer free tubes available (Sarstedt brand, cat #72-690) were purchased from 

VWR (West Chester, PA). These tubes were placed in 100% methanol and gently boiled 

in the presence of boiling stones for 1 hr. Tubes were inverted and placed in racks to dry 

overnight. All solutions used in these steps were prepared in glass bottles or these 

methanol washed tubes to prevent the further contamination of samples. 
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To confirm the quahty of Ni-affinity purifications, western blots recognizing the 

His-epitope were performed. Western blots were performed as previously described 

using the monoclonal antibody a-RGS-His (Qiagen). 

Liquid Chromatography-Mass Spectrometry 

All samples were run by the staff of the SWEHSC Analytical/Proteomics Core 

Facility. The instrument employed was a Finnigan LCQ Classic quadrapole ion-trap 

mass spectrometer with MS" capabilities equipped with a Finnigan MAT Spectra System 

quaternary pump P4000 HPLC. For early studies, a Finnigan electrospray ion source 

with positive ESI was used to ionize the peptides and introduce them to the mass 

spectrometer. The model peptide was analyzed by flow-shot injection directly into the 

LCQ. Peptide digests were separated on a gradient reversed-phase Cis microcolumn 

(Vydac, 250 mm x 1 mm) by a 3-95% acetonitrile gradient in 0.5% formic acid/ 0.01% 

TFA over a period of 60 min. Peptide MS/MS spectra were acquired in data-dependent 

scanning mode. Twenty scans per min were obtained with MS precursor ion selection 

through a m/z window of 300-1500. The most abundant peaks were selected for CID and 

MS/MS analysis. To prevent re-analysis of previously analyzed ions, a dynamic 

exclusion window of 5 min was set. 

During the course of this project, technological advances in the field facilitated an 

upgrade to a nanospray ionization source. The LCQ ion-trap mass spectrometer was fitted 

with Nano LC-MS/MS capabilities (Finnigan) allowing greater sensitivity in acquisition 

of peptide spectra. Peptides are separated on a reverse-phase Cig column (Vydac, 100 
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mm X 0.1 mm) by a 3-95% methanol/water/TFA gradient with run times of either 60 or 

120 min. hi Nano-LC-MS, 65 scans per min were obtained with full-scan MS detection 

through a default m/z window of 300-1200. The most abundant ions were selected for 

collision-induced-dissociation (CID) and MS/MS analysis. To prevent re-analysis of 

previously analyzed ions, a dynamic exclusion window of 5 min was used. In later 

studies, m/z windows were manipulated to maximize the number of useful peptide 

spectra. In these experimental analyses, duplicate samples were run with full scan mass 

ranges of m/z 300-600, 600-900, and 900-1200. 

Mass spectral data from LCQ runs was collected in the form of *.dta files using 

Qualbrowser software (Finnigan). Each *.dta file represents the average MS/MS spectra 

of CID fragments derived from a single ion identified during full-scan MS mode. 

Data Analysis 

Sequest Searching 

MS/MS data files obtained during LC-MS experiments were analyzed by the 

Sequest database searching algorithm (Yates et al, 1995). Datasets were searched 

against a regularly updated version of the human protein database, available through 

NCBI (http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?db=Protein). Sequest 

functions by comparing actual spectra against theoretical MS/MS spectra generated for 

every peptide in the human protein database. Results of initial experiments, including 

those from Ub-immunoprecipitation and Histone 2A/B studies, were searched against the 

entire non-redundant database. These searches were found to take approximately 24 hr to 

http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?db=Protein


complete, as compared to one hr for searches of the human database. To extend our data 

searching capabilities for protein targets in our human cell preparations, the decision was 

made to utilize the more focused searching strategy using the human database. 

One modification was made to the basic Sequest search application. To include 

the possibility of identifying spectra containing the branched peptide of ubiquitin, a 

modified amino-acid residue was added to the search criteria. K* was designated to 

represent an amino acid with a mass of 242 amu, the mass of GG-modified lysine. A 

thorough discussion of this modified amino acid will be presented in the proteomics 

section of this dissertation. Manual inspections of MS/MS spectra were performed to 

confirm the quality of protein identifications. Further discussion of Sequest scoring 

criteria and discrimination between high and low-quality spectra will again be described 

later in the proteomics chapter. 

SALSA Searching 

The SALSA search algorithm was used to search MS/MS data files characteristics 

believed to be present in Ub-peptides (Hansen et al, 2001). Among characteristics 

searched were ion pairs/ion series for known sequences of Ub-modified proteins, ion 

pairs for modified K* residues (MW=242), neutral losses of MW=114 (A = -57) and 

charged losses of MW=114 (A = -114, both corresponding to GO modification on K 

residue). In addition, sequence searches for LRGG and neutral and charged loss of 

LRGG were performed. Additional discussion of SALSA searching techniques will be 

provided in the proteomics section of this dissertation. 
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Statistics 

Data from KV DNA, MTT, Western blots and proteasome assays are expressed as 

the average of 3 to 5 experiments and presented as the mean ± SEM. Representative 

Western blots were chosen to show the qualitative and quantitative nature of the changes 

described. For the proteasome results, Student's two-sided t test was used to compare As 

(III) treated samples to control samples. Statistical significance was determined to be p < 

0.05. 
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CHAPTER 3 

AS (III) INCREASES UB-CONJUGATED PROTEINS 

IN RABBIT RENAL-CORTICAL SLICES AND HEK293 CELLS 

Specific Aim 

The goal of these studies was to determine if the Ub-pathway was perturbed by 

low-level arsenic, and to determine the mechanism of the perturbation. These studies 

focused on the molecular, cellular, and enzymatic processes of the Ub-pathway. 

Viability studies 

Rationale 

While studies had been published describing the effects of arsenic on the Ub-

pathway, no studies had looked at the effects of low concentrations. The viability studies 

were undertaken to define our model systems and determine what concentrations were 

appropriate for these low-level studies. The goal was to select a wide range of 

concentrations that were sub-cytotoxic and spanned the approximate range of human 

exposures. 

Slice Results 
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Slices were exposed to As (III) for 24 hr in concentrations ranging from 0.1 )a,M 

to 10 fiM. K'^/DNA analysis of As (III) treated slices showed no detectable effect of As 

(III) on viability at concentrations below 10 [J.M in rabbit renal slices (Table 3). The 

KVdNA ratios for slices varied between 24 and 31 nmol KV|xmol DNA for control and 

As (III) treated samples. By comparison, positive controls for cytotoxicity (0.1% Triton-

XlOO, 2 hr) had values of less than 5 nmol K"^/|j,mol DNA. 

The KVDNA assay has been shown to be the most appropriate way to measure 

cytotoxicity in the tissue slice model (Ruegg et al, 1987). The assay detects the loss of 

the intracellular potassium gradient as cell viability decreases. At overtly cytotoxic 

exposures, this decrease in intracellular potassium levels is attributed to the complete loss 

of cell membrane integrity. Following less severe insults, those in which membrane 

integrity remains more or less unaltered, decreases in intracellular potassium levels are 

attributed to the loss of ATP dependent Na'*"/K^ transport function. Calculating the 

amount of DNA within a slice provides a simple and direct method for normalizing data 

to the size of the tissue in each sample. 

HEK293 Results 

MTT analysis showed that mitochondrial activity began to decrease following 24 

hr exposure of HEK293 cells to 1 |aM As (III), and was reduced by 43% in cells treated 

with 10 |aM As (III) (Table 4). Although low-level As (III) has been reported to 



TABLE 3 
Rabbit Renal Slice Viability, K+/DNA assay 

As (III) treatment K+/DNA (nmol/p,g) 

Control 26.3 ± 2.5 

As (III) 

0.01 [iU 30.6 ± 5.4 

0.1 [iU 27.4 ± 2.2 

1 \xM 24.2 ± 1.7 

10\xM 26.1 ± 1.8 

Note. Viability of rabbit renal-cortical slices following 24 hr As (III) 
exposure. Values represent means ± SEM. Assay results are displayed 
in units of nmol K+/ DNA (n = 5) 

TABLE 4 
HEK293 Cell Viability, MTT assay 

As (III) treatment MTT Reduction, (AU) 

Control 1.33 ±0.09 

As (III) 

0.1 ^iM 1.21 ± 0.09 

0.5 juM 1.23 ± 0.07 

1 [iU 1.12 ± 0.04 

5 i^M 0.97 ± 0.14 

lO^iM 0.76 ± 0.07 

25 |iM 0.64 ± 0.08 

Note. Viability of HEK293 cells following 24 hr As (III) exposure. 
Values represent means ± SEM. Assay results are displayed in the 
arbitrary units of AU (n = 3) 
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stimulate proliferation of some cells in culture in the nanomolar dose range (Vega et al, 

2001), no such increases in MTT activity were detected in these studies. Positive 

controls for cytotoxicity (0.1% Triton-XlOO, 2 hr) completely abolished all detectable 

MTT activity. 

Microscopically, cell morphology remained unaltered in all cells treated with less 

than 10 iiiM As (III). Some cell rounding was apparent at concentrations at or above 10 

I^M for 24 hr. By comparison, 4 hr treatment of HEK293 cells with 50 |^M MG132 

caused extensive cellular rounding associated with the induction of apoptosis as 

previously described (Shinohara et al, 1996). 

Analysis of mitochondrial function in the HEK293 cells allowed the detection of 

early homeostatic changes that precluded cell death. The greater sensitivity of the MTT 

assay to cellular homeostasis was expected and seen throughout the course of this work 

compared with results from trypan blue exclusion studies 

Summary: Selection of concentration range for future studies 

The goal of this project was to assess the effects of low-level As (III). As such, 

the concentration ranges for future studies were set with the goal of maintaining as close 

to 100% viability as possible. Since As (III) concentrations at and below 10 |iM failed to 

produce any signs of cytotoxicity in kidney slices, these same concentrations were chosen 

for Ub analyses. At the time when these studies began, the lowest concentrations of As 

(III) believed to have biological effects were at or above 0.1 |aM. Since this time, groups 
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performing cell culture studies have reported results using As (III) concentrations as low 

as 5 nM (Hamadeh et al, 2002). 

The HEK293 cell model was chosen to use in evaluating the molecular endpoints 

of the Ub-pathway and confirm results obtained from slice studies. Cytotoxicity studies 

performed in HEK293 cells showed they did have a detectable sensitivity to As (III) at 

concentrations between 1 |aM and 10 |j,M As (III). Although this sensitivity to As (III) 

could be detected in the MTT assay, cell morphology was unaffected at these same 

concentrations. As such, it was concluded that As (III) concentrations between 1 )aM and 

10 juM were causing biochemical perturbations to the cells, but remained subcytotoxic. 

For future studies, concentrations below 10 |^M As (III) were selected. Several 

experiments were performed using 25-50 )aM As (III) treatments with the knowledge that 

such a concentration caused significant cytotoxicity following 24 hr treatment. 

Ub Western Blot Studies 

Rationale 

The main hypothesis of this work has been that As (III) causes global 

perturbations in the Ub-proteasome pathway. Western blot analysis of protein lysates is 

the simplest and quickest way to assess cellular changes in the Ub-pathway. 

Commercially available antibodies allow the detection of both free-Ub and conjugated-

Ub within the cell. While it was hypothesized that low-level As (III) would affect the 

Ub-pathway, such an effect could result from one of a number of mechanisms. It had 

already been shown that As (III) inhibited multiple Ub-related processes at 
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concentrations between 2 and 3 orders of magnitude higher concentration (Klemperer and 

Pickart, 1989). Through its effects on gene expression and protein function, As (III) has 

the potential to effect Ub gene and protein expression, Ub-conjugation, deubiquitination 

and/or proteasome function. Using western blot studies, it was possible to look at the 

summation of all these effects, and assess the overall effect of As (III) on the Ub-

pathway. 

Slice Results 

Western blots of protein lysates from rabbit renal slices treated for 24 hr with As 

(III) showed increases in high-molecular weight Ub-protein conjugates at all 

concentrations examined (0.1-10 |j,M As (III) (Fig 14_a). Densitometry and image 

analysis showed that high-molecular weight Ub-proteins increase by approximately 30% 

following 24 hr As (III) exposure (Fig 14_b). These increases were not seen prior to 24 

hr in the rabbit renal slice model. In analogous studies with 4 and 8 hr As (III) exposures, 

the levels of high molecular weight Ub-protein conjugates showed no differences 

compared to time matched controls (data not shown). 

Slice studies of Ub-conjugated proteins within rabbit renal slices provided a 

significant challenge. Results fi"om these slice studies had significant variation. One 

concern was that As (III) was affecting a subpopulation of cells within the kidney slice, 

and the results were being masked by the cells within the rest of the slice. A number of 

other possible explanations can be proposed to explain the variance in Ub western blots 
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Figure 14. As (III) causes accumulation of Ub-conjugated proteins in rabbit 
renal-cortical slices 
(a) Western blot showing increasing high-molecular weight proteins (>100 kD) 
following As (III) exposure from 0.1 ^iM to 10 ^iM. (b) Densitometry analysis of 
Western blots from rabbit renal slices compared to control. Values shown are mean ± 
SEM (n = 5). 
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from slice studies, including physical variations between slices, differences in sample 

handling, or technical difficulties in perfecting Ub western blot technique. In total, data 

from 5 separate experiments were analyzed to ensure that increases in the levels of Ub-

conjugated proteins seen following low-level As (III) exposure were both reliable and 

reproducible. 

HEK293 Results 

Western blot analysis of As (III) treated HEK293 cells showed that low-level As 

(III) stimulated an increase in the level of Ub-conjugated proteins. Increases in Ub-

protein conjugates were seen at doses as low as 0.5 |aM following 24 hr As (III) (Fig 

15_a). A clear dose-response relationship between low-level As (III) exposure and 

accumulation of high-MW Ub-protein conjugates was seen (Fig 15_b). As in the rabbit 

renal slice model, no increases in Ub-protein conjugate levels were detected at time 

points earlier than 24 hr. 

Several factors were found to play a role in the accumulation of Ub-protein 

conjugates within As (III) treated HEK293 cells. It was found that the nutritional status 

of the cells helped determine the extent of As (Ill)-mediated effects. Increases in Ub-

protein conjugates stimulated by As (III) treatment could be partially reversed by 

replacing the cell culture media with fresh media immediately before dosing the cells 

(Fig. 16). This result suggests that one or several components in the media had 

protective effects for the cells and likely became depleted during the As (III) exposure. 
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Figure 15. As (III) causes accumulation of Ub-conjugated proteins HEK293 
cells, (a) Western blot showing dose dependent increases of high-molecular weight 
proteins (>100 kD) following As (III) exposure from 0.1 to 10 |J,M. (b) 
Densitometry analysis of Western blots from HEK293 cells compared to control. 
Values shown are mean ± SEM (n = 4). 
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Figure 16. Nutritional status of HEK293 cells affects As (III) mediated 
accumulation of Ub-conjugated proteins. 
(a) Western blot showing dose dependent increases of high-molecular weight 
proteins (>100 kD) in insoluble fraction of protein following As (III) exposure from 
0.1 |a-M to 25 jiM in cells under normal cell culture conditions, (b) Western blot 
showing dose dependent increases of high-molecular weight proteins (>100 kD) 
following As (III) exposure from 0.1 [iM to 25 ^iM in cells which received fresh cell 
culture media for 24 hr during As (III) treatment. 
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Another interesting discovery was made when protein lysates were separated into soluble 

and insoluble fractions. When Western blot analysis was performed on both fractions 

from control and As (III) treated cells, increases in Ub-protein conjugates following 

exposure were more dramatic in the insoluble fraction (Fig. 17). As (III) appeared to 

greatly increase the amount of Ub-protein conjugates found in insoluble fractions. These 

results suggest that low-level As (III) might be having interesting effects on insoluble 

proteins within the cell. 

Summary 

Taken together, these studies provide significant evidence that low-level As (III) 

increases Ub-protein conjugates. For both the rabbit renal slice model and the HEK293 

cell model, similar dose response and temporal relationships were seen. The delayed 

onset of these changes suggest several possibilities. One possible explanation is that the 

molecular effects of low-level As (III) on protein within the cell begin immediately, but 

proceed slowly and are not detectable until 24 hr after exposure to the toxicant. Although 

unlikely, another possibility is that accumulation of Ub-protein conjugates only begins 

after a certain exposure threshold exposure has been overcome. This has been discounted 

due to the dose dependency of the effects seen, without a threshold dose seen in these 

studies across 2 full orders of magnitude. Additionally, studies described in Chapter 4 

and published reports from another group (Chen et al, 2002) both support this assertion 

that Ub effects may be occurring at earlier timepoints. 
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Figure 17. As (III) stimulated accumulation of Ub-conjugated proteins 
signincant among insoluble proteins. 
(a) Western blot showing dose dependent increases of high-molecular weight 
proteins (>100 kD) following As (III) exposure from 0.1 |iM to 25 |uiM in the 
insoluble fractions of cells, (b) Western blot showing dose dependent increases of 
high-molecular weight proteins (>100 kD) following As (III) exposure from 0.1 nM 
to 25 fxM in the soluble fractions of cells 
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As (III) and BSO Coexposure Studies 

Rationale 

Glutathione is known to play a key role in protecting the cell from arsenic 

intoxication (Chang et al, 1991). As was previously described, depletion of cellular 

glutathione by pretreatment of cells with BSO greatly enhances the cytotoxicity of As 

(III). Furthermore, a number of biochemical and molecular effects of As (III) treatment 

are synergistically increased by pretreatment with BSO (Shimizu et al., 1998). The 

effects of BSO coexposure on As (III) mediated increases in Ub-protein conjugates were 

examined. 

Results 

HEK293 cells were treated with 1-10 |aM As (III) for 24 hr in the presence or 

absence of 25 |u,M BSO. Co-exposure to BSO and As (III) greatly increased the levels of 

Ub-protein conjugates compared to As (III) alone at each concentration examined (Fig. 

18). The levels of Ub-conjugated proteins detected in 10 |aM As (III) and 25 |aM BSO co-

treated cells were comparable to those seen with the 4 hr 50 |j,M MG132 treatment. BSO 

treatment alone did not increase the level of Ub-protein conjugates above basal levels. 

Treatment of cells with 25 juM BSO alone showed no observable effects on cell 

growth or viability. By contrast, cells co-treated with As (III) and BSO were notably 

more sensitive to arsenic toxicity. A modest amount of cell rounding was apparent in 

cells co-treated with 5 jaM As (III) and 25 |J,M BSO. In contrast, cells co-treated with 10 
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BSO (25 uM) 

As (uM) 

Figure 18. Depletion of glutathione exacerbates As (III) mediated accumulation 
of Ub-conjugated proteins in HEK293 cells. 
Western blot demonstratinging dose dependent increases of high-molecular weight 
proteins following As (III) exposure from 1 fiM to 10 [aM in the presence or absence 
of 25 nM BSO. Levels of Ub-protein conjugates were exacerbated by BSO at each 
concentration 
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|J,M As (III) and 25 |LIM BSO showed severe cell rounding and apparent apoptosis, 

analogous to the effects seen with 4 hr MG132 treatment. 

Summary 

Depletion of cellular glutathione significantly increases the effects of As (III) on 

Ub-protein conjugates. At this concentration, 25 |iM BSO has been shown to deplete 

glutathione levels by approximately 60% (Shimizu et al, 1998). Future studies should be 

performed to ascertain the relative effect of BSO in this cell model. In any case, these 

data support previous evidence that GSH plays a critical role in protecting the cell from 

arsenic toxicity. The protective effects of GSH may be associated with protection from 

arsenic induced oxidative stress and/or protection of proteins from damage associated 

with an As (Ill)-protein interaction. In this area, future studies are warranted. 

Ub-Conjugating Assay Studies 

Rationale 

One hypothesis to describe the accumulation of high-molecular weight Ub-protein 

conjugates in rabbit renal slices and HEK293 cells is that low-level As (III) triggers an 

up-regulation of Ub-conjugating activity. A similar effect of increased Ub-conjugating 

activity was described by (Shang and Taylor, 1995) in bovine lens epithelial cells 

following oxidative insults. In their studies, this group described an assay to measure 

Ub-conjugating enzyme activity within a cell/tissue homogenate. The assay measures the 

125 activity of Ub-conjugating machinery by measuring the incorporation of I-Ub onto 
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cellular protein targets. To test whether As (III) increased Ub-conjugating activity within 

the cells, this in vitro conjugation assay was adapted. 

Slice and HEK293Results 

1 ^ C 
In both model systems, As (III) treatment had no effect on the amount of I-Ub-

f 
protein conjugates (Fig. 19_a/b). I-Ub could be detected in Ub-conjugates ranging 

from below 30 kD to over 200 kD. Incorporation of '^^I-Ub did not occur in reactions 

lacking ATP (Fig. 19_a/b). 

Summary 

The original explanation for increases in Ub-conjugated protein following low-

level As (III) exposure was expected to hinge upon changes in Ub-conjugating activity. 

Our results show this to not be the case. Under no circumstances tested was As (III) 

1 
exposure shown to increase the incorporation of -I-Ub to cellular proteins. 

The use of this assay had several advantages and disadvantages. This assay nicely 

separated the ubiquitination of proteins from their proteasomal degradation by running 

the reactions in the presence of MG132. In addition, the true cellular substrates of 

ubiquitination during cellular As (III) exposure were again the targets in this assay. 

Unfortunately, this assay could have been improved by the addition of a deubiquitination 

inhibitor. The result of 'no increase' in Ub-conjugation must be considered in light of the 

fact that the true experimental result was the combined effects of ubiquitination and 

deubiquitination. 
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Rabbit 
Renal Slices 

Figure 19. As (III) does not cause an increase in Ub-conjugating activity in rabbit 
renal-cortical slices or HEK293 ceils. 
Autoradiography of an SDS-PAGE gel is shown for reactions containing samples 
from in vitro conjugation assays. Unconjugated ^^^I-Ub is shown at the bottom of each 
gel. No incorporation of ^^^I-Ub occurs in the absence of ATP. 
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The extent to which these experiments could be pursued was unfortunately limited to 

those studies described here by the availability of '^^I-Ub. Purchasing this radiolabeled 

protein was prohibitively expensive, while to produce it we were limited by the 

availability of collaborative resources. 

20S Proteasome Assay Studies 

Rationale 

A second hypothesis to describe the increase in high-MW Ub-protein conjugates 

is that As (III) inhibits function of the proteasome. Inhibition of the proteasome by 

chemicals such as MG132 and lactacystin is known to cause effects similar to those 

previously described. To investigate this possibility, lysates from As (III) exposed slices 

were tested for their ability to cleave the 20S proteasome specific substrate LLVY-AMC. 

Slice Results 

In rabbit renal slices, 20-40% decreases in proteasome activity were noted after 

24 hr of As (III) exposure (p < 0.05) (Fig. 20_a). Slight decreases were seen at the 4 hr 

time point, but were not statistically significant. In comparison, rabbit renal slices treated 

in culture with 50 )iM MG132 for 24 hr experienced a 50% decrease in 20S proteasome 

activity. 

HEK293Results 

In HEK293 cells, proteasomal activity decreased by approximately 10-20% after 
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Figure 20. As (III) causes decrease in cellular proteasome activity in rabbit 
renal-cortical slices and HEK293 cells. 
Proteasome activity is normalized to control values of 1.0 for each time point. 
Significant decreases in proteasome activity compared to control were seen at 24 hr 
following As (III) treatment (*p < 0.05). 
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24 hr As (III) exposure (Fig. 20_b). Similar decreases were seen following 4 hr As (III) 

exposure. At both 4 hr and 24 hr, decreases in proteasomal activity caused by 

concentrations above 0.5 |J,M were statistically significant compared to control (p<0.05). 

In comparison, HEK293 cells treated in culture with 50 )aM MG132 for 4 hr experienced 

a >90% decrease in 20S proteasome activity. 

Summary 

These results show that low-level As (III) moderately decreases proteasomal 

activity in both model systems. Several observations made during these studies allude to 

the mechanism and functional significance of these findings. In reactions performed in 

the presence of a proteasome inhibitor, 50 |iM MG132, the in vitro cleavage of the 

proteasome substrate LLVY-AMC was completely abolished. Conversely, As (III) added 

directly to the in vitro reaction, rather than to the slices or cell in culture, had no effect on 

proteasome activity in concentrations as high as 100 |aM. Therefore, these data suggest 

that low-level As (III) does not affect enzymatic function of the proteasome at the 

concentrations used, but rather, acts indirectly to decrease 20S proteasome activity within 

cells. 

USP12 Quantitative PCR studies 

Rationale 

Gene expression studies have been running concurrently during the course of this 

project to assess changes associated with low-level As (III) exposure. Microarray 
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analysis of HEK293 cells treated with As (III) suggested that USP12, a gene in the 

ubiquitin-specific protease family may have been downregulated in HEK293 cells 

following 6 hr As (III) treatment. Downregulation of a gene in this family has the 

potential to increase the levels of Ub-protein conjugates present in a cell by altering the 

equilibrium between ubiquitination and deubiquitination processes. Since basal 

expression of USP12, detected on a 5000 gene human cDNA microarray (in the Arizona 

Cancer Center Microarray Core), was low both before and after treatment, verification of 

these results were important to understanding any potential contribution of such a gene 

expression change. 

HEK293Results 

Total RNA was isolated from control and As (III) treated HEK293 cells to 

compare the levels of USP12 mRNA. In experiments performed at 6 and 24 hr, there was 

no confirmable change in the gene expression of USP12 (Table 5). SYBR green 

fluorescence, representing the amount of USP12 cDNA, showed that control samples 

reached the threshold of log phase amplification at 32.9 cycles, while 10 p,M As (III) 

treated samples at 6 and 24 hr reached log phase at 32.8 and 32.1 cycles respectively 

(Table 5). Thus, there was no detectable decrease in the expression of USP12 following 

6 hr or 24 hr As (III) exposure in HEK293 cells. 
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TABLE 5 
Ubiquitin Specific Protease 12 Quantitative PCR 

As (III) treatment Cycles to Log Phase 

Control 32.9 

As (III) 

1 [iM 6 hr 33.0 

10 |a,M 6 hr 32.8 

1 ^iM 24 hr 32.2 

10 \xM 24 hr 32.2 

Note. USP12 mRNA expression is represented by the number of PCR 
cycles required to reach log-phase amplification. Decreases in the 
number of cycles required for log-phase amplification represent 
increased levels of mRNA. Results shown are from one representative 
experiment 
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Summary 

Data obtained through quantitative PCR prove that USP12 is not down-regulated 

by low-level As (III). In fact, any change in USP12 expression may be an up regulation 

as seen by the result that less cycles of PCR were required to reach log phase 

amplification (32.1 cycles for 24 hr 10 |^M As (III) treated vs. 32.9 cycles for control). 

The data presented are from one representative experiment, with each sample run in 

duplicate. This was done to account for the variations between runs with respect to the 

number of cycles required for control samples to reach log-phase amplification. In every 

case, the trends in the data remained the same despite variations in the baseline PCR 

amplification efficiency. 

While data obtained for USP12 does not completely rule out decreased 

deubiquitination as the cause of increased Ub-protein conjugates following As (III), it 

does suggest that such a change is unlikely. Particularly, cDNA microarray studies 

performed by Xing Hui Zheng in our group showed that USP12 was the only 

deubiquitinating enzyme that appeared to have decreased expression following As (III) 

exposure. Of note, the 5100 gene cDNA microarray used by the Arizona Cancer Center 

during these experiments has cDNAs representing 19 deubiquitinating enzymes. Of 

these, none besides USP12 were found to change following As (III) treatment. 

Discussion 
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The results of these in vitro studies support the hypothesis that low-level As (III) 

directly affects the cellular Ub-proteasome pathway in the kidney. Studies have shown 

that the levels of Ub-protein conjugates are regulated by a finely tuned balance of 

ubiquitination and deubiquitination processes (Glickman and Ciechanover, 2002). Our 

data support the argument that As (III) affects the processing of Ub-proteins after 

conjugation has occurred. Results from the proteasome activity studies suggest a down-

regulation of one or more proteasome subunits at either the gene expression or protein 

level. While results from Ub-conjugating activity studies suggest that a panoramic 

increase in ubiquitination is not occurring, it does not preclude the possibility that certain 

targets are conjugated more rapidly following low-level As (III) treatment. In fact, 

identification of further substrates of the Ub-proteasome pathway that are increasingly 

modified by low-level As (III) is critical to the further understanding of this process and 

the mechanisms behind it. Studies by others suggest that specific proteins may be 

increasingly ubiquitinated following As (III) exposure (Chen et al, 2002). 

One possible explanation for these data, not considered until recently, is that 

decreased proteasome activity may not be causing the accumulation of Ub-protein 

conjugates. Recent literature suggests that poly-Ub-chains and accumulated Ub-protein 

conjugates may themselves inhibit proteasome function (Piotrowski et al., 1997; Bence et 

al, 2001). Thus, increased levels of Ub-protein conjugates may be the causing 

pathology, not just an indicator of it. Supporting this theory is the evidence that low-

level As (III) causes increased levels of insoluble Ub-protein conjugates. This suggests 

that proteotoxicity may be playing a causal role not only in the Ub-protein conjugate 
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accumulation, but additionally may explain the decreased proteasome activity. It is 

important to note that As (III) alone did not affect the enzymatic activity of the 20S 

proteasome at concentrations up to 100 |j,M in the in vitro assay . 

Arsenite is a human carcinogen that is known to potentiate many of its effects 

through its interactions with cellular proteins. While low-level As (III) exposures are 

likely not causing extensive protein damage, its effects on proteins are clearly seen 

through regulatory and signaling processes (National Research Council, 2001). Because 

the Ub-proteasome pathway plays such an integral role in homeostasis of the cellular 

proteome, it seems likely that As (III) alters its activity either directly or indirectly. 

It is likely that while Ub-protein conjugates are accumulating within the cell, 

some proteins may be less frequently ubiquitinated. This is the case with histones 2A/2B 

at high arsenic concentrations (Mimnaugh et al, 1997), and possibly other targets yet to 

be identified. In our experiments, a decreased ubiquitination of histones 2 A and/or 2B 

was noted on several occasions following low-level As (III) treatments. Results from 

proteomics studies (described in Chapter 5) suggest that the El-conjugating enzyme may 

be affected in a similar fashion following As (III)/BSO coexposure. Such changes have 

potential to perturb a large number of cell regulatory and signaling cascades through 

direct (proteasome dependent) and indirect (proteasome independent, e.g. signaling) 

mechanisms. 

While previous experiments have indicated that As (III) inhibits certain 

ubiquitination processes (Klemperer and Pickart, 1989), those studies were performed at 

more than an order of magnitude greater concentration than used here. In addition they 
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were pure biochemical and enzymology experiments without the complications of 

cellular physiology. Environmental As (III) exposures from drinking water throughout 

the world range in concentration from below the current EPA standard of 10 ppb 

(approximately 0.1 |aM) to well over 1 ppm (approximately 10 i^M) in highly 

contaminated areas. Therefore, the concentrations used here in these in vitro studies span 

the approximate range of relevant human exposures, and are an appropriate range of 

exposures for this target tissue. 

Understanding the effects of As (III) on the expression patterns of Ub-family 

genes provides for a better understanding of the balance between ubiquitination, 

deubiquitination and proteasomal degradation. Yih and colleagues (2002) presented 

altered expression of Ub-specific proteases 4 and 8 following low-level As (III) 

exposure. Microarray experiments on As (III) treated HEK293 cells conducted in our 

laboratory have shown slight down-regulation of Ub-specific protease 12 at 

concentrations between 1 fxM and 25 j^M As (III), although quantitative-PCR analysis 

described in this dissertation research were unable to confirm these findings. 

The importance of arsenic having direct effects on the kidney is significant 

considering that the majority of all arsenic consumed is eliminated from the body via 

renal filtration and urinary excretion (National Research Council, 1999). While the 

effects of arsenic on kidney cancer are debatable, its processing in the kidney may 

indirectly play a role in the increased incidence of bladder cancer in exposed individuals. 

Furthermore, with its critical role in modulating systemic blood pressure, the kidney is an 
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important organ for further study of the correlation between hypertension and chronic As 

(III) exposures in human populations (Rahman et al, 1999). 

Together, the rabbit renal cortical slice and HEK293 cell models form a 

complimentary picture of the processes affecting As (III) during a low-level exposure in 

the kidney. The rabbit renal slice model nicely represents the heterogeneous nature of 

renal-cortical tissue. The HEK293 cell model is a more homogeneous cellular system that 

mimics molecular responses seen in As (III) treated rabbit renal slices. Both models are 

known to perform As (III) metabolism, including the formation of methylated metabolites 

Combined use of the heterogeneous slice model and the homogeneous cell culture model 

provide a system for mechanistic study of the link between low-level As (III) exposures 

and the known processes of the Ub-proteasome system. 

One critical challenge facing this hypothesis of a mechanistic link between As 

(III) and the Ub-pathway is the identification of substrate proteins that are increasingly 

conjugated following As (III) exposure. While (Chen et al., 2002) eloquently described 

increases in Cdc25c conjugates, there are many other substrates that will ultimately be 

important to understanding the cellular physiology of low-level As (III) exposure. More 

importantly, questions regarding the degradation, functional activity, and signaling 

effects of these proteins remain unanswered. Overall, a better understanding of the toxic 

and carcinogenic mechanisms behind As (III) will provide evidence for more insightfiil 

strategies of disease prevention and risk management within exposed groups. 

The importance of this work is that it suggests a hypothesis that has been 

currently ignored by the arsenic research field; namely that low-level arsenic causes its 



effects through proteotoxicity. During the course of this work, studies of proteasomal 

function were undertaken to help describe the mechanism through which As (III) was 

increasing the levels of Ub-protein conjugates. Much to the contrary, these results seem 

to reflect the mechanistic effects of increased Ub-protein conjugate levels. Accumulated 

Ub-protein conjugates are capable of inhibiting the proteasome (Piotrowski et al., 1997; 

Bence et al., 2001), likely through inhibition of 19S proteasomal deubiquitination 

functions as has been alluded to (Piotrowski et al, 1997; Lam et al, 2002). This 

h3^othesis of low-level As (III) mediated proteotoxicity are further strengthened by 

evidence that accumulating Ub-protein conjugates are seen not only in the soluble 

fraction of proteins, but are significantly increased in insoluble protein fractions. Much 

as in many neuropathic states, accumulation of insoluble, Ub-conjugated protein pools 

are a clear indicator of toxicity mediated through protein based mechanisms. 

The mechanisms underlying this proposed proteotoxicity remain unclear. One 

argument may be that As (III), even in low-concentrations, is stimulating oxidative 

damage to proteins though an indirect mechanism. An altemative mechanism is that As 

(III) is interacting with proteins directly, causing misfolding and subsequent protein 

damage. Since oxidative stress is known to activate the Ub-pathway, one possibility is 

that arsenic is producing oxidants, which are damaging proteins and inciting the Ub-

response. In any case, low-level protein damage would only be detectable through 

alterations in protein degradation pathways, namely ubiquitination. This hypothesis of 

low-level As (III) mediating proteotoxicity is strongly supported by an upcoming 

publication in which overexpression of the Ub-like protein fau greatly exacerbated As 
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(III) induced toxicity and transformation (Rossman et al, 2003). This paper suggests that 

any factor which interrupts the processing of damaged proteins following low-level As 

(III) exposure has the potential to greatly exacerbate its molecular and toxicological 

effects. 

In summary, this work shows that low-level, subcytotoxic As (III) exposures 

cause accumulation of high-molecular weight Ub-protein conjugates in both the 

heterogeneous rabbit renal cortical slice model as well as the homogeneous HEK293 cell 

line. This As (III) stimulated accumulation cannot be attributed to global increases in the 

activities of the ubiquitin-conjugating enzymes, but may be partially explainable by 

decreases in proteasomal activity. Future studies into mechanisms of arsenic induced 

proteotoxicity are definitely warranted. Ultimately, As (III) appears to shift the balance 

between ubiquitination and degradation of numerous target proteins. 
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CHAPTER 4 

UBIQUITINATION OF TAKl IN AS (III) TREATED HEK293 CELLS 

Specific Aim 

The objectives of this study were to determine if As (III) caused increased 

ubiquitination of TAKl and whether As (III) caused activation of TAKl through its 

effects on the ubiquitin pathway. These studies focused on the molecular processes 

associated with TAKl signaling. 

Rationale for TAKl as a specific Ub target following As (III) treatment 

Arsenite is known to activate signaling pathways including AP-1 and NF-KB in a 

number of model systems, under various conditions (Barchowsky et al, 1996; Wijeweera 

et al, 2001; Hu et al, 2002). In this section, the effect of As (III) on ubiquitination of the 

TGF-P associated kinase 1 (TAKl), a known activator of NF-KB and AP-1 complexes, 

was examined. While ubiquitination of proteins often acts as a signal for proteolj'tic 

degradation (Pickart, 2001b; Glickman and Ciechanover, 2002), ubiquitination of TAKl 

has been shown to paradoxically activate this kinase. In a pair of landmark papers, the 

modification of TAKl by nontraditional K63-linked poly-Ub chains was shown be 

essential for its activation of downstream signaling (Deng et al, 2000) (Fig. 21). 
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Figure 21. TAKl signaling cascade 
Proposed mechanism for As (III) mediated activation of TAKl through increased 
K63-linked ubiquitination. Previously published work has shown LPS, ceramide, 
IL-1 and TGF-P to activate TAKl and its downstream components through this 
mechanism. The specific effects of As (III) were unknown. 
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Background on TAKl 

TAKl was originally identified from a yeast-two hybrid screen as a protein 

capable of activating transcription upon exposure to TGF-p (Yamaguchi et al, 1995). 

TAKl is a member of the mitogen activated protein kinase kinase kinase (MAPKKK) 

family that has been shown to activate complex array of phosphorylation cascades. TAKl 

can directly phosphorylate MKK6 and IKK, and these intermediate signals can in turn 

activate JNK and p38 MAP kinase (Lee et al, 2000). TAKl is not believed to activate 

ERK signaling pathways (Lee et al, 2000). Ultimately, activation of TAKl is capable of 

stimulating transcription through AP-1, NF-KB and Nrf2/ARE (Yu et al, 2000; Finley, 

2001; Lee et al, 2002). 

Activation of MKIK6 and IKK by TAKl was shown to be ubiquitin-dependent 

process (Wang et al, 2001) (Fig. 21). While traditional Ub-modification, marking 

proteins for proteasomal degradation, occurs through poly-L(b chains formed through 

Lysine-48 (K48) of Ub, activation of TAKl toward its downstream substrates is 

dependent upon nontraditional poly-Ub chains formed through K63-linkages (Deng et al, 

2000). The effect of K63 polyUb chains is unaffected by proteasome inhibitors, and has 

thus been proposed to be proteasome independent (Deng et al, 2000). Structurally, these 

two poly-Ub chains significantly different, lending support to the idea that K48 and K63 

poly-Ub chains perform drastically different functions. In fact, post-translational 

ubiquitination of proteins, specifically by non-traditional poly-Ub chains appears to 



131 

facilitate a wide range of proteasome independent signaling mechanisms (Pickart, 

2001b). 

One critical component of the TAKl signaling cascade is the scaffolding protein 

TABl (Shibuya et al, 1996). TABl has no known kinase activity, but plays an essential 

role by complexing with TAKl and facilitating autophosphorylation of the protein within 

its activation loop (Kishimoto et al, 2000; Sakurai et al, 2000). Recent evidence 

suggests that this autophosphorylation of TAKl may stimulate its ubiquitination by other 

members of the TAKl-TABl complex, including Ubcl3 and UevlA (Deng et al, 2000). 

UbclB and UevlA are known Ub-conjugating enzymes. 

TAKl signaling can be activated by inflammatory cytokines including TGF-P and 

interleukin-1, the pro-inflammatory lipopolysaccharride, and the sphingolipid ceramide. 

This activation of TAKl leads to the activation of the same stress response pathways 

associated with As (III) exposure, namely AP-1 and NF-KB. One study has previously 

shown a connection between As (III) exposure and TAKl activation (Yu et al, 2000). In 

that study, overexpression of a dominant-negative mutant of TAKl blocked ARE 

activation by 30 |^M As (III) treatments (Yu et al, 2000). This published result indirectly 

shows that TAKl is activated by As (III) and plays a key role in modulating antioxidant 

signals following such an exposure. A direct effect of As (III) on TAKl structure and 

function has not yet been reported. 

Procedures 
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For these studies, HEK293 cells were transfected with epitope-tagged HA-TAKl 

or pcDNAB vector as a control. Cells were treated with As (III) for 4 hr with 

concentrations ranging from 0.1 |a,M to 50 |aM. Immunoprecipitations were performed 

monoclonal with a rat antibody recognizing the HA-epitope. From these 

immunoprecipitations, western blots and kinase assays have been run. Western blots 

were performed to probe for the presence of high-molecular weight Ub-protein 

conjugates with antibodies to Ub, and the HA-epitope. Kinase assays sought to 

understand whether As (III) is capable of activating the kinase activity of TAKl. The 

experimental design is shown in Figure 11. 

Ubiquitination of HA-TAKl 

Results from HA-TAKl immunoprecipitation studies show that As (III) causes a 

dose-dependent increase in ubiquitin-conjugates of TAKl. Increases in Ub-TAKl 

conjugates are readily apparent following 4 hr exposure of HA-TAKl transfected cells to 

10-50 nM As (III) as detected by antibodies to Ub (Fig. 22_a). No Ub immunoreactivity 

is detected in identically treated samples from cells transfected with the pcDNAS control 

vector. Increased levels of Ub-protein conjugates were also seen in Western blots probed 

with antibodies recognizing the HA-epitope (Fig. 22_b). Studies run with lower 
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Figure 22. As (III) stimulates increased detection of Ub-TAKl 
Ubiquitination of TAKl increased by As (III) in transiently transfected cells. 
HEK293 cells were transfected with HA-TAKl or pcDNAB vector control. Cells 
were exposed for 4 hr with As (III) in concentrations ranging from 10 to 50 jiM. 
Proteins were isolated and immunoprecipitations performed with anti-HA antibodies. 
Western blots were performed with (a) anti-Ub and (b) anti-HA antibodies 
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Figure 23. Low-level As (III) may stimulate increased detection of Ub-TAKl 
Ubiquitination of TAKl increased by As (III) in transiently transfected cells. 
HEK293 cells were transfected with HA-TAKl or pcDNA3 vector control. Cells 
were exposed for 4 hr with As (III) in concentrations ranging from 0.1 to 50 jaM. 
Proteins were isolated and immunoprecipitations performed with anti-HA antibodies. 
Western blots were performed with (a) anti-Ub and (b) anti-HA antibodies 
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concentrations of As (III) suggest that detectable, but less robust, increases in the 

ubiquitination of TAKl do occur in the range of 0.5 to 5 fj,M As (III) (Fig. 23_a). 

In all cases, whole cell lysates were probed for HA, and showed that the level of 

unmodified HA-TAKl remained the same under all experimental conditions (Fig. 22_c, 

Fig. 23_b). Since no Ub-TAKl conjugates are detected by the HA-antibody in 

unpurified whole cell lysates (Fig. 22_c, Fig. 23_b), it suggests that only a small fraction 

of the total cellular TAKl is modified by Ub. Additionally, no HA immunoreactivity 

was seen in whole cell lysates or IP samples from cells transfected with the pcDNA3 

control vector lacking HA-TAKl (Fig. 22_b/c, Fig. 23_b). By comparison, the maximal 

level of Ub-modified TAKl was detected in HA-TAKl transfected samples treated with 

the proteasome inhibitor MG132 (50 |aM, 4 hr) (Fig. 22_a, Fig. 23_a). Lastly, traces of 

Ub immunoreactivity could be detected in pcDNA3 transfected cells treated with MG132 

(Fig. 22_a, Fig. 23_a). The levels of non-specifically purified proteins were 

inconsequential compared with those seen in HA-TAKl transfected cells, and likely 

result from the massive accumulation of Ub-protein conjugates within cells following 

MG132 treatment. 

Western blots were performed on both whole cell lysates and immunoprecipitated 

proteins using an antibody recognizing TAKl. These analyses proved wholly 

inconclusive because of difficulties with the TAKl antibody used (Santa Cruz 

Biotechnologies). This TAKl antibody appeared to recognize endogenous and 

transfected TAKl in whole cell lysates, yet was incapable of identifying TAKl from 

immunoprecipitated samples (data not shown). Further study of the effects of As (III) on 
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TAKl ubiquitination will require the use of a more reliable antibody to the TAKl 

protein. 

Kinase Activity of HA-TAKl 

Results obtained from kinase assay experiments show that transfected HA-TAKl 

protein, immunoprecipitated with anti-HA antibodies, can facilitate the phosphorylation 

of multiple substrates (see multiple bands, 10 juM and 50 juM As (III), Fig. 24_a). 

Unfortunately, these studies have not yet been able to convincingly prove that As (III) 

activates TAKl kinase as a means of activating stress-related signal transduction. 

Initial kinase assays were performed on pcDNA3 and HA-TAKl transfected 

samples identical to those described above. Results from these studies showed that 

neither pcDNAS nor HA-TAKl transfected samples were capable of facilitating the 

incorporation of y-^^P onto either MKK6 or proteins co-immunoprecipitated with the 

TAKl complex. A review of the literature suggested that cellular levels of the 

scaffolding protein TABl were too low to facilitate this in vitro reaction. Thus, studies 

were performed in cells cotransfected with HA-TAKl and FLAG-TAB 1 (generously 

donated by K. Matsumoto, Nagoya University). 

These initial experiments were performed in the presence and absence of purified 

MKK6 (generated by Zachary Derbyshire of Dr. Vaillancourt's laboratory). 

Recombinant MKK6 did not appear to be phosphorylated at any time by 
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Figure 24. As (III) may stimulate increased TAKl kinase activity in HEK293 
cells. 
Cells were transfected with HA-TAKl, FLAG-TAB 1 or pcDNA3 control vector 
and treated with Control, 50 [iM MG132, 10 [tM As (III) or 50 |iM As (III) for 4 hr. 
IP samples were prepared with mAb a-HA (a) and kinase assays performed as 
described in Materials and Methods using y^^P-ATP. Long arrow represents the 
expected position of phospho-MKK6 accoring to positive controls. The arrow 
denotes a 40 kD phosphoprotein bands detected. Kinase activity of TAKl toward 
40 kD phosphoprotein is shown (Z?). 
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immunoprecipitated proteins from control or arsenic treated cells, as noted by the 

presence of similar banding patterns in kinase assays run in the absence of MKK6. Thus, 

specific MKK6 phosphorylation by immunoprecipitated HA-TAKl will not be discussed. 

Kinase assays performed in TAKl/TABl cotransfected cells provided 

provocative results that appear worthy of future study. In TAKl/TABl cotransfected 

cells, As (III) treatment (50 |iM, 4 hr), increased the number and intensity of 

phosphorylated target proteins seen on autoradiographs (Fig. 24_a) compared to 

untreated, cotransfected controls. In the TAKl/TABl cotransfected sample treated with 

10 |iM As (III) for 4 hr, these same effects may be distinguishable, but to a significantly 

lesser degree. 

From this kinase assay, only one radioactive band (-40 kD, compared to protein 

molecular weight markers and recombinant, constitutively active MKK6) had a strong 

enough signal to analyze across all transfection/treatment groups. The contrast of this 

band was slightly enhanced to show the characteristics visible during manual inspection 

on a light box (Fig. 24_b). For this unknown protein, no phosphorylation is seen in cells 

transfected with the vector control, transfected with HA-TAKl alone, or transfected with 

FLAG-TAB 1 alone (Fig. 24_b). Very subtle, but dose-dependent, increases in 

phosphorylation of this protein were seen in HA-TAKl transfected cells treated with 10 

and 50 |a,M As (III) compared to untreated cells. By comparison, cells co-transfected 

with both FLAG-TAB 1 and HA-TAKl had a low basal level of this phosphoprotein, 

which was dramatically increased by treatment with 50 |a,M As (III) (Fig. 24_b). 
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As was expected, although MG132 increased the level of ubiquitinated TAKl by 

inhibiting proteasomal degradation (Fig. 22_a, Fig. 23_a), it did not appear to increase 

the kinase activity of TAKl (Fig. 24_b). It is important to note that several additional 

kinase assays were performed that provided data that has thus far been uninterpretable. 

These experiments include difficult to interpret results for both As (III) and MG132 

treated cells. As such, ftirther experimentation using this kinase assay approach is 

warranted before publication of this data. 

Discussion 

As (III) has been previously shown to increase the levels of ubiquitinated proteins 

in HEK293 cells (Kirkpatrick et al, 2003). Additionally, the kinase TAKl requires 

ubiquitination for activation of its kinase activity towards the downstream substrates 

MKK6 and IKK (Wang et al, 2001). The present study provides the first evidence for a 

xenobiotic stimulus that can affect the level of ubiquitinated TAKl. 

The results obtained in IP-western blot experiments support the hypothesis that 

As (III) causes increased ubiquitination of TAKl. This increase in Ub-TAKl is readily 

apparent at concentrations of As (III) above 25 |aM, and arguably present as low as 0.5 to 

5 |J,M As (III). All TAKl experiments were performed at the 4 hr time point, despite the 

fact that studies of total Ub proteins were all performed following 24 hr As (III) 

exposure. This decision was made because of the timing difficulties associated with 

transfection and expression of the transgene. By the time that the transgene was 



140 

expressed, the cells were too close to confluency to treat for 24 hr. This shortened 

interval between treatment and analysis of Ub-TAKl, compared to earlier Western blot 

studies, may account for the reason that increased levels of ubiquitinated TAKl were 

difficult to detect at lower concentrations. 

Western blot results show the presence of high-molecular weight Ub-proteins in 

samples immunoprecipitated with the anti-HA antibody. Despite the confirmation of this 

result by the multi-antibody approach, these data can still render several additional 

interpretations. From such experiments, one cannot rule out the possibility that other 

proteins in the TAKl-TAB 1 complex, in addition to TAKl, are being increasingly 

ubiquitinated following As (III) treatment. This may, in fact, be likely considering that 

the proposed mechanism for ubiquitination of TAKl suggests the importance of 

transferring the K63 linked poly-Ub chains onto TAKl from other members of the 

TAKl-TAB 1 complex (Deng et al, 2000). Additional Western blots probing for known 

members of the TAKl-TABl complex including TRAF6, UevlA, and Ubcl3 will be 

important future studies. 

Although not yet confirmed for As (III), this conjugation of TAKl has been 

shown to depend upon the formation of a complex between multiple members of the 

TAKl-TABl complex (Kishimoto et al, 2000). Experiments showing that transfection 

of HA-TAKl alone can facilitate the detection of phosphorylated proteins in kinase 

assays, but that cotransfection with TABl greatly increased the intensity of these 

processes, support this existing hypothesis. A proposed mechanism of action for arsenic 
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is shown in Figure 21, and has been adapted from the work of others in the field (Deng et 

al, 2000; Finley, 2001; Wang et al, 2001). 

Technical difficulties with the kinase assays described here have been the limiting 

factor to the progression of this research. Results show that multiple proteins are co-

immunoprecipitating with HA-TAKl in these experiments. Because these labeled 

phosphoproteins are not seen in pcDNA3 vector control transfected cells, it can be 

suggested that these are proteins truly associating with TAKl and not just those with non

specific affinity for this IP matrix. These results have yet to identify the critical targets of 

TAKl activation following As (III) exposure. Experiments performed in the presence 

and absence of MKK6 showed a similar banding pattern, and no apparent phospho-

MKK6, suggesting that MKK6 may not be actively phosphorylated in our experimental 

model. This may be due to the conditions under which these kinase assays were run, or 

something inherent to the HEK293 cell line. While the unidentified 40 kD band appeared 

to be the most readily targeted protein for phosphorylation following As (III) treatment, 

further studies with other purified proteins will be required to acquire its identity and rule 

out other potential substrates. 

As of yet, no direct evidence has been provided to show whether the level of Ub-

modified proteins seen following low-level As (III) exposure represent K48-linked 

chains, K63-linked chains, or a combination of the two forms. If ubiquitination of TAKl 

is a key step in the activation of As (III) mediated downstream signaling, it should be 

proposed that K63-linked ubiquitin, rather than K48-linked ubiquitin, will be important 

for this process. Evidence from our experiments provide limited support for this 
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hypothesis. Since the level of Ub-TAKl conjugates, but not TAKl kinase activity, was 

greatly increased by MG132 (50 |aM, 4 hr), this suggests a mechanistic difference 

between its effects and those seen with As (III). One would expect that inhibition of the 

proteasome by MG132 would lead to the accumulation of K48-linked, but not K63-

linked, poly-Ub chains on proteins such as TAKl (Pickart, 2001a; Glickman and 

Ciechanover, 2002). Of note, the greatly increased level of K48-linked Ub-TAKl 

conjugates accrued during MG132 treatment had almost no effect on kinase activity, 

while a more modest accumulation of Ub-TAKl conjugates stimulated by As (III) 

correlates with a possible increase in TAKl kinase activity. Thus, it may be proposed 

that As (III) is increasing K63-linked conjugates of TAKl (Deng et al., 2000). Further 

experimental evidence will be required to confirm or refute this proposed mechanism. 

To test this hypothesis, experiments performed in cell lines expressing K48-

mutant Ub and K63-mutant Ub were begun. Thus far, these experiments have not 

provided a solid answer to the question of the relative importance of K48 and K63 

ubiquitination following As (III). Positive or negative results from these studies will 

provide a further understanding of whether increased ubiquitination is an indicator of 

protein damage, or an active participant in stress related signaling. While studies in these 

mutant cell lines may provide evidence useful toward answering this question, it must be 

considered that these cell lines continue to express a significant fraction of wild type Ub 

from chromosomal sources. Depending upon the ratio of mutant to wild-type protein, a 

functional inhibition by the mutant Ub protein may be difficult to detect due to the effects 

of the remaining wild type Ub. 
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The effect of As (III) exposure on signal transduction has been widely studied. Its 

effects on the ubiquitin pathway are an emerging area of interest in the As (III) field. 

Here, these studies provide a potential link between the effects of As (III) on the ubiquitin 

pathway and the effects of As (III) on signal transduction. In addition, when confirmed, 

these data would be among the first evidence of an environmental agent that can affect 

K63-mediated ubiquitination. 
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CHAPTER 5 

PROTEOMIC IDENTIFICATION OF UBIQUITIN-CONJUGATED PROTEINS 

FROM CONTROL AND AS (III) TREATED CELLS 

Specific Aim 

The goal of these studies was to identify specific Ub-protein conjugates from cells 

treated with As (III). The focus of this work was to develop a method to purify Ub-

protein conjugates and identify them using liquid-chromatography and mass spectrometry 

methods. 

Rationale for Identification of Ub-proteins 

Low-level As (III) treatment (0.1 |j,M -10 )j.M) has been shown to increase the 

level of ubiquitin (Ub)-protein conjugates in HEK293 cells. It is believed that those 

proteins increasingly modified by Ub following As (III) exposure are involved in 

controlling protective and/or adaptive responses to the toxicant. Alternatively, these Ub-

modified proteins may be the initial protein targets of As (III) as it enters the cell. In 

either case, the key to identifying the role of Ub in As (Ill)-mediated pathogenesis and 

stress responses clearly lies in the recognition of its specific cellular targets. At this time, 

only two specific protein targets of arsenic induced ubiquitination have been identified. 
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In the previous chapter, increased ubiquitination of TAKl, and possibly other TAKl 

associating proteins, was described. In Beas2B cells, low-level As (III) treatment 

stimulated the increased ubiquitination of the cell cycle protein Cdc25c (Chen et al, 

2002). However, there are likely many other proteins within cells that are similarly 

affected by low-level As (III) exposure. 

Until now, there has been no efficient way to screen for Ub-conjugates without 

using laborious purification and immunodetection methods. Often, prior knowledge of a 

suspected functional target was a prerequisite to its identification as a target. In nearly all 

cases where groups have identified novel Ub-modified proteins and assigned functional 

consequences of ubiquitination, their approaches have spawned from an interest in the 

target protein, rather than in the ubiquitination process itself Three examples of this 

were the identifications of c-Jun, p53, and IKB as substrates for ubiquitination (Scheffner 

et al, 1990; Palombella et al, 1994; Treier et al, 1994). Under circumstances where 

alterations in the Ub-pathway are described, as is the case with As (III), methods are 

needed to identify those critical proteins that are affected. In other words, there is a need 

for an unbiased system of identifying proteins whose ubiquitination status is altered 

following physiological or toxicological stimuli. Newly developed proteomics 

techniques and instrumentation, coupled with simplified purification strategies, will allow 

the profiling of Ub-protein conjugates within cells (Fig. 25). 
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Figure 25. LC-MS Scheme for identifying Ub-protein conjugates 
Method for identifying novel Ub-protein conjugates includes proteolytic digestion, 
MS/MS analysis, and data mining. Sequences from unmodified peptides are 
identified by SEQUEST analysis, while branched peptides carrying Ub-modification 
sites are mined using SALSA searches for -GG modified lysine residues. 
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Background on Analysis of Ub and Ub-Protein Conjugates by Proteomics 

Due to its abundance, monomeric ubiquitin has often been used to test developing 

proteomics techniques. Early MALDI and electrospray ionization techniques were tested 

using Ub as a standard protein analyte (Hill et al, 1991; Loo etal, 1991). Ubiquitin was 

analyzed during the first successful demonstration of an ion-trap mass spectrometer 

(Henderson et al, 1999) and used to investigate the deprotonation of multicharged 

peptides produced during electrospray (Cassady et al, 1994). The amino acid sequence 

of Ub was analyzed using an automated de novo sequencing application applied to data 

obtained from a Fourier-transform mass spectrometer. Using this technique, 100% 

sequence coverage of ubiquitin was obtained (Horn et al, 2000). In total, well over 100 

studies have been reported that describe the analysis of Ub protein by mass spectrometry. 

Other groups have considered using mass spectrometry for the identification of 

Ub-conjugated proteins. In a recent study published by (Hoege et al, 2002), the protein 

proliferating cell nuclear antigen (PCNA) was identified as a substrate for Ub, as well as 

the Ub-like protein SUMO-1. This procedure employed a strain of yeast containing an 

epitope tagged form of SUMO-1, bearing both a His(6X)-tag. Large quantities of yeast 

cells were cultured and the protein isolated. Sequential purifications using Ni-affinity 

chromatography (capturing His(6X) containing proteins) and immunoprecipitation (using 

an anti-SUMO antibody) produced a population of proteins in quantities large enough to 

be visualized using Coomassie staining techniques. PCNA was identified by LC-MS 

analysis of tryptic peptides from a single gel-band (Hoege et al, 2002). The sheer 



148 

volume of material required, the complicated multi-step purifications, and the costs 

involved have thus far prevented similar approaches from being applied to mammalian 

models. 

Groups interested in specific target proteins have used this 'capture and analyze' 

technique to identify other Ub-protein conjugates. Ras-GRF2 was identified as a target 

of ubiquitination in HEK293 cells stably-transfected with FLAG-tagged GRP2 (de Hoog 

et al, 2001). Modified GRF2 was isolated through immunoprecipitation of the FLAG-

epitope. The protein was separated on SDS-PAGE and the gel band isolated. From this 

gel band, peptides representing portions of GRF2 and Ub were both sequenced using 

quadrapole-time-of flight (Q-TOF) mass spectrometry. Unfortunately, the Ub-modified 

lysine residue was not detected. Furthermore, no indication was given as to the amount 

of protein required for this analysis. 

Two groups have been able to identify the ubiquitination site of a protein by 

proteomic methods (Marotti et al, 2002); (Wang et al, 2002). The ubiquitination of the 

G-protein Gpalwas first described using an LCQ-ion trap mass spectrometer (Marotti et 

al, 2002). Ub-Gpal protein was purified from yeast transfected with DNA encoding both 

His-tagged Gpal and myc-tagged Ub using sequential cobalt-affinity and ion exchange 

chromatography. Purified Gpal protein was separated by SDS-PAGE and Ub-Gpal 

identified in gel bands using Sequest. This group identified a 6-residue tryptic peptide of 

Ub and a 14 amino acid peptide encoding Gpal (AA165-AA178) from their MS/MS 

data. The ubiquitination site of Gpal was identified as lysine 165 (K165) by MS/MS 

mapping, and shown to bear a 115 amu diglycine (-GG) modification from Ub. 
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Interestingly, the tryptic digest of a Ub-protein branch should produce an isopeptide-

linked -GG modification with a mass of 114, not 115. In total, tryptic digest of this 53.9 

kD protein is expected to yield 43 separate peptides greater than 3 amino acids in length. 

Thus, the identification of the peptide bearing the ubiquitination site, in the absence of 

other confirmatory peptides from the same protein, suggests that this identification was 

quite a fortuitous discovery. 

Wang et al, (2002) successfully identified the ubiquitination site of histone lA 

using MALDI-TOF and Q-TOF instruments. While searching for antibacterial peptides 

secreted from human granulocytes, analysis of MS/MS spectra indicated that an internal 

lysine residue from a histone 1A was modified by a moiety with a mass of 270 Da, 

corresponding to the terminal tripeptide of Ub (-RGG). Presence of the -RGG 

modification was confirmed by elemental composition analysis and MS/MS analysis of 

the peptide on the Q-TOF instrument. 

From all accounts, advances in mass spectrometry should allow us to identify 

critical cellular targets of Ub, map ubiquitination sites on proteins, and investigate the 

cellular impact of environmental chemicals on ubiquitination patterns within the cell. 

Advances in mass spectral instrumentation have lowered the level of detection such that 

low-abundance proteins and modifications of those proteins can for the first time be 

evaluated with mass spectrometry. Despite the advances, robust purification procedures 

capable of purifying large quantities of Ub-protein conjugates will be required to identify 

low-abundance ubiquitinated proteins and critical ubiquitination sites. The work 
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presented here will describe the identification of specific Ub-conjugated proteins and 

provide proteomic confirmation of K48, K63, K27/K29, and K11 poly-Ub chains. 

Experimental Procedures 

Purification of Ub-protein conjugates 

Since Ub-protein conjugates make up only a small fraction of proteins present 

within the cell, selective purification of these proteins has been essential to this work. 

During these studies, multiple enrichment strategies were utilized. During Ub-histone 

2A/B studies, subcellular fractionation and SDS-PAGE separation techniques were 

coupled. Original attempts to identify Ub-protein conjugates from complex protein 

mixtures were performed on samples immunoprecipitated with polyclonal antibodies 

recognizing Ub. Neither of these techniques was capable of providing sufficient Ub-

protein for LC-MS experiments. 

The technique that ultimately proved to be the most useful for these studies was 

Ni-affinity purification of His(6X)-Ub from stably transfected HEK293 cells. Ni-NTA-

agarose was far less expensive compared with reagents required for antibody approaches, 

and far more selective than simple fractionation or SDS-PAGE approaches. Because of 

its low-cost, the size of these experiments could be scaled up, allowing the purification of 

protein from 40-80 10-cm plates of cells per condition. Purified proteins were pooled 

into a single sample for analysis by the LCQ ion-trap mass spectrometer 

Validation ofHis(6X)-Ub-GFP Transfected Cell Lines 
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The His(6X)-Ub-GFP cell line (Fig. 8) was produced by the stable co-transfection 

of His(6X)-lJb-GFP and dsRED plasmid DNA as described in the Materials and Methods 

section. Western blots were performed to assess the effects of the His(6X)-Ub-GFP 

transgene on the levels of Ub and Ub-protein conjugates in cells. Blots probed with 

antibodies recognizing the His-epitope (Qiagen) showed that the level of transgene varied 

between colonies (Fig. 26_a). This differential expression of the transgene was dually 

noted as higher GFP expression both by fluorescence microscopy and Western blotting 

(data not shown). Together, these results showed that the transgene had been effectively 

introduced, and that His-tagged Ub was expressed as a functional protein capable of 

conjugating target proteins. No specific anti-His immunoreactivity was observed in cell 

lysate from untransfected HEK293 cells, although some non-specific binding to proteins 

from these cells was noted. 

In contrast to Western blots performed with anti-His antibodies, blots probed with 

an antibody to Ub (Santa Cruz Biotechnologies) showed that HEK293 cells and His(6X)-

Ub-GFP transfected cell lines contain equal amounts of Ub-protein conjugates (Fig. 

26_b). In addition, cell lines that produce different levels of transgenic His-Ub showed 

the same amount of total Ub immunoreactivity. This result demonstrates that the 

His(6X)-Ub-GFP transgene was not causing overexpression of Ub, but rather that 

transgenic His-Ub was incorporated into the endogenous Ub pool, essentially replacing 

Ub from chromosomal sources (Fig. 4). 

Ni-affinity chromatography was used to purify Ub-protein conjugates from 

His(6X)-Ub-GFP transfected cells as described in the Materials and Methods section. To 
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Figure 26. His-Ub and total-Ub expression in His-Ub-GFP transgenic cells 
Whole cell lysates were prepared from untransfected HEK293 cells and five separate 
colonies of transfected cells. Blots were probed with a monoclonal antibodies 
recognizing the a) His-epitope and b) total Ub. 
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verify the effectiveness of this purification approach, Western blots were performed with 

antibodies recognizing both Ub and the His-epitope tag (Fig. 27). Both results show that 

Ub-protein conjugates were greatly purified in Ni-purified fractions as compared to cell 

lysates, but only from His(6X)-Ub-GFP transfected cells. In purifications from 

untransfected HEK293 cells, nonspecific co-purification of one protein band was 

recognized by the anti-His antibody. A small amount of high molecular weight Ub-

immunoreactivity was detected by the anti-Ub antibody. Coomassie staining of the 

purified protein samples from these two cell lines showed that a significant number of 

proteins did co-purify on the Ni-NTA resin. These 'contaminant' proteins were expected 

and later identified in Sequest results from LC-MS experiments. 

Trypsin Digests in Proteomics 

Digestion of proteins with trypsin was a key technique enabling protein 

identification by the ESI-ion trap mass spectrometer. Tryptic digest was used to process 

proteins from unfractionated mixtures in solution, purified fractions attached to beads, 

and from proteins separated by SDS-PAGE and retained within excised gel bands. When 

the Ni-affmity purification procedure was used, purified proteins were digested using the 

in-solution digestion protocol. 

The enzyme trypsin cleaves peptide bonds of proteins adjacent to the basic amino 

acids lysine (K) and arginine (R). Since trypsin cleaves after 2 of the 20 amino acids, a 

tryptic peptide should average approximately 10 residues in length. In practice, tryptic 
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Figure 27. Purification of Ub-protein conjugates from His(6X)Ub-GFP 
transgenic cells 
Western blots of Ni-purified samples from HEK293 and His-Ub-GFP cells. Whole 
cell lysates were prepared from both cell lines. Ni-purifications were performed using 
Ni-NTA-Agarose and eluted using 0.1 N TFA. Blots were probed with a monoclonal 
antibodies recognizing the a) His-epitope and b) total Ub. 
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peptides vary from 1-2 amino acids to well over 20 residues. This size range is optimal 

for detection using the LCQ Ion-Trap Mass Spectrometer. 

Other enzymes were considered for this work, but appear to be less useful than 

trypsin. Chymotrypsin was used in a small subset of studies (Ub-histone studies), but 

provided poor sequence coverage of proteins known to be present in samples. Trypsin 

proved to be more robust and inexpensive, making it the tool of choice for these 

proteomics experiments. 

HPLC-MS/MS instrumentation 

The two predominant mass spectrometry techniques employed in proteomics are 

matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) and electrospray 

ionization (ESI)-ion trap. While each maintains unique advantages and disadvantages, 

the work described in this dissertation was performed exclusively using an ESI-ion trap 

mass spectrometer. Whereas MALDI-TOF has the ability to analyze full-sized proteins, 

even those in excess of 100 kD, ESI is effective with peptides and very small full-length 

proteins. Through this limited mass range, ESI provides a better platform for obtaining 

amino-acid sequence information. Important for these studies, ESI maintains the 

resolution required for mapping post-translational modifications, a capability that was 

considered essential for these Ub-proteomics studies. 

Data Analysis 
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Approximately 4000 DTA files are obtained during a single Nano-LC-MS/MS 

run. Each *.dta file represents the average of multiple MS/MS analyses of a single high 

relative-abundance peptide detected during full-scan MS. *.dta files were searched, using 

Sequest, against a regularly updated human database available through the National 

Center for Biotechnology Information (NCBI). For Ub searches, the database was 

modified to include a 21®' amino acid (K*) with a molecular weight of 242, corresponding 

>|c 

to lysine modified by two glycine molecules. K represents the branch point of a 

ubiquitinated protein following tryptic digest, where the ubiquitin has been cleaved at 

arginine-74 to leave the terminal diglycine affixed to the modified lysine (Fig. 12). The 

formation of this branched peptide will be thoroughly covered in the discussion section 

of this chapter. 

SALSA searching has been used for independent confirmation of Sequest protein 

identifications. Originally, it was believed that SALSA would provide the means to 

identify K* containing peptides based upon their unique fragmentation characteristics. 

Evidence from later sections will show how the expected fragmentation characteristics of 

peptides containing -GG modified lysine residues are absent in a significant number of 

cases. Thus, prior knowledge of a peptide sequence has been key to effective utilization 

of SALSA searching parameters. SALSA searching was not used in the final analysis of 

Ub-conjugated proteins from His(6X)-Ub-GFP transfected cells. 

Methods Development 
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Several proof of principle studies were undertaken during this project. Studies of 

a model peptide were used to verify that branched peptides from Ub-proteins could 

detected by LC-MS. Experiments identifying Ub-histone 2A/B were used to test 

proteomics strategy for identifying novel Ub-protein conjugates. In addition to these 

proof of principle studies, multiple purification strategies for the enrichment of Ub-

protein conjugates were attempted during the course of this dissertation project. Each of 

these studies are described in Appendix A. 

Experimental results 

Identification of Ub-conjugatedproteins using Ni-Affinity chromatography 

Ubiquitin conjugated proteins were identified from Ni-purified protein samples of 

protein lysates from cells transfected with His(6X)-Ub-GFP. A list of the Ub-protein 

conjugates present in His-Ub-GFP cells can be found in Table 6. The identification of 

each protein was made following a series of quantitative and qualitative assessments of 

the data from MS/MS experiments. In order to assure that proteins co-purified on the Ni-

affinity resin were not identified as Ub-conjugated proteins, a list of known co-purifying 

proteins was prepared from purification and MS/MS analysis of proteins from 

untransfected HEK293 cells. The proteins found to regularly co-purify via Ni-affmity 

chromatography are shown in Table 7. 
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TABLE 6 
Jbiquitin-Conjugated Proteins* - Untreated Cells 

% AA Protein ID 

Ubiquitin activating enzyme El 

Ubiquitin 

UbcC_ Ub-conjugating enzyme E2-17 kD 

Ubcl_Ub-conjugating enzyme E2- 25 kD 

UbcH7_Ub-conjugating enzyme E2- 18kD 

Ub5C_Ub-conjugating enzyme E2- 17 kD 

Ub-thiolesterase 

Elongation factor 1-alpha 

Glutamate dehydrogenase 

Histone 2A 

Histone 2B 

Histone 4 

carnitine palmitoyltransferase 

DNA polymerase II 

Aldehyde dehydrogenase 

Casein kinase 2 

Alpha-synuclein 

Fatty acid synthase 

TCPl_chaperonin 

Gly ceraldehy de- 3 -phosphate dehydrogenase 

5'-methylthioadenosine phosphorylase 

VCP_valosin containing protein 

TRAP1_TNF receptor assoc. protein 1 

ns were regularly identified in untreated His-Ub-GFP transfected cells, 
proteins were identified in HEK293 cells. These proteins represent a 
b-conjugated proteins present during the basal state. 
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TABLE 7 
Nonspecifically Purified Proteins** 

# % AA 
Peptides Coverage Protein ID 

20 43.5 Nuclear RNA-binding protein (NR54) 

15 22.1 Pre-mRNA splicing factor RNA helicase (DD_15) 

9 15.1 Splicing factor proline/glutamine rich 

8 12.2 Polyadenylate-binding protein (DNHUPA) 

7 29.5 DNA_K-type molecular chaperone (HSPAIL) 

5 6.8 RNA helicase-related protein 

4 8.6 POU domain, class 3, transcription factor (Bm_l) 

3 4.2 POU domain, class 3, transcription factor (Bm_2) 

4 16.4 Tubulin alpha-1 

3 5.2 Protein Phosphatase I 

2 6.0 WD repeat protein (ANl 1) 

1 — alpha actin 

1 — beta actin 

1 ~ c-cbl 

1 ~ HSP 90 

1 — caldesmon 

1 ~ TFII-alpha 

1 ~ TYY l_transcription factor 

1 — Se-Cys-specific elongation factor 

1 ~ HNRNPL 

1 ~ IFN regulatory factor 

** These proteins were regularly identified in purified samples from HEK293 and 
His-Ub-GFP cells. These proteins co-purify with Ub-conjugated proteins through 
binding to the NI-NTA agarose resin. These proteins are not considered Ub-
conjugated proteins, although several are known Ub-substrates 
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Criteria for identifying proteins 

Each MS/MS data set was analyzed using the same systematic approach. Sequest 

search results were viewed from the Summary page, grouped according to the Consensus 

format (Fig. 28). The Max Rank and Max List functions were set to the default settings 

of 3 and 5 respectively. Purported proteins listed in the Sequest summary were analyzed 

sequentially beginning with the highest confidence matches of proteins with multiple 

linked spectra. Proteins were only considered if they had peptides that were identified 

with Xcorr scores greater than 2.0, or by more than 50% of the expected b- and y-series 

ions. Proteins lacking at least one spectra matching this standard were immediately 

dropped from consideration. Additionally, peptides displaying a K* at the C-terminal 

lysine, in the absence of another internal lysine, were discarded as false identifications. 

For proteins with at least one peptide scoring Xcorr > 2.0, the linked accession 

number for the MS/MS spectra with the highest Xcorr score was checked to verify that the 

protein named on the Flicka page matched the consensus protein (Fig. 29). When the 

peptide was found to match the named protein, then the theoretical spectrum was 

compared to the combined *.dta spectrum using the Display Ions page (Fig. 30). The 

minimum criteria required to accept a peptide from the Display Ions page was the match 

of the theoretical spectra with a minimum of four from the top six most abundant ions. If 

less than six major ions were formed in the spectrum, at least 2/3 of those detected had to 

be identified. Overall, if more than 4 of the major and mid-major abundant peaks were 

not identified, the potential protein was immediately dropped from consideration. 
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Since only a small number of proteins from any single experiment are identified 

by multiple peptides, analysis of ungrouped peptides was important. For proposed 

peptides with Xcorr > 2.0, analysis of the Showout page was performed (Fig. 31). All 

potential proteins were added to an Excel spreadsheet in order of decreasing confidence. 

Proteins originating from viral genomes were excluded due to the overlapping nature of 

the human database used in these searches. Individual analysis of the matching 

theoretical spectra was performed using the Ions page. 

After this data was compiled, the Sequest summary was reorganized to list those 

spectra matching the highest ratio of expected ions (Fig. 32). From this Ion sorted page, 

each *.dta file matching greater than 50% of the expected ions was additionally analyzed. 

Excluded from this final analysis were peptides with less than 10 total expected ions 

(spectra of ions matching 8/8 were not assessed), and those that were previously assessed 

due to Consensus grouping or Xcorr score greater than 2.0. 

Validation of an identified protein 

In order for a protein to be validated, one of two criteria needed to be met. The 

first criteria was that at least two peptides matching the sequence of a protein were 

identified, with at least one of the peptides surpassing the minimum MS/MS spectral 

quality criteria previously described. In addition to those proteins grouped by the 

Consensus sorted Summary page, a number of additional peptide groupings were 

identified by manual data analysis that Sequest had failed to group. Alternatively, a 

protein could be identified by a single peptide if the corresponding MS/MS spectra met 
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not only the minimum MS/MS spectral quality criteria, but acquired additional 

confidence through one of the contributing criteria. 

One contributing criteria is full-scan MS recognition of the same product ion in 

repeated experiments of the same cell line and treatment group. When inspection of the 

MS/MS spectra from this ion illustrated qualitatively identical MS/MS spectra, additional 

confidence was assigned to the peptide and the subsequent protein. Another contributing 

factor was the presence of a high-quality MS/MS spectrum upon manual inspection. The 

qualities of high-quality MS/MS spectra will be discussed below. 

Identification ofpurified proteins from His(6X)Ub-GFP cells 

In every protein sample purified from His(6X)Ub-GFP cells, be it control or 

arsenic treated, a core group of proteins was always identified. The two proteins seen in 

every purification were Ub and Ub-activating enzyme El. In the most extensive analysis, 

18 separate peptides of Ub-El were identified providing 25% amino acid coverage of the 

protein. For Ub, a much smaller protein, 4 peptides were identified covering 67.1% of 

the sequence. In addition to these two proteins, 4 separate Ub-conjugating E2 enzymes 

were purified and confidently identified in multiple experiments. These proteins were 

UbcC (17 kD), Ubcl (25 kD), UbcH7 (18 kD) and Ub5C (17 kD). Both El- and E2-Ub-

conjugating enzymes are known to be covalently bound to Ub within cells. 

Among those proteins purified from untreated His (6X)-Ub-GFP cells were a 

number of other known Ub-modified proteins. Both Histone 2A and Histone 2B were 

identified by multiple peptides, corresponding to high quality spectra. Many of the 
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proteins identified were enzymes and proteins believed to be of high abundance within 

cells. Proteins such as elongation factor 1-alpha, fatty-acid synthase, and glutamate 

dehydrogenase were confidently identified by multiple, high quality MS/MS spectra. 

Other proteins identified by a single, high quality spectra included alpha synuclein, 

valosin containing protein, casein kinase 2 and glyceraldehyde-3-phosphate 

dehydrogenase. Numerous other proteins were seen (Table 6). The highest quality 

MS/MS spectra for each protein named in this text can be found in Appendix B. The 

Genbank accession numbers corresponding to each identified protein can be found in 

Appendix C. 

Identification of co-purifying proteins from HEK293 cells 

Purification of proteins by Ni-affinity chromatography is a robust, but relatively 

non-selective technique. It is well known that any protein containing a string of histidine 

residues in its primary structure, or an alignment of histidines within its secondary/ 

tertiary structure has the ability to non-selectively co-purify on Ni-NTA-agarose. The 

proteins that were regularly purified from untransfected HEK293 cells are shown in 

Table 7. These proteins were regularly seen in purifications of His (6X)Ub-GFP 

transfected cells as well. These proteins included multiple members of the spliceosome 

complex (Nuclear RJNA binding protein 54, RNA helicase DDI5, poly-A binding protein 

DNHUPA, Pro/Glu rich splicing factor), the DNA-K type molecular chaperone HSPAIL, 

the transcription factors Bm-1 and Bm-2, as well as tubulin. Each of these proteins was 

regularly identified by multiple, high quality spectra. 
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In addition to these regularly co-purified proteins, a number of secondary 

proteins were less efficiently co-purified/identified Table 7 (below separation line). 

Peptides matching these proteins were seen in multiple purifications of proteins from 

both HEK293 and His(6X)Ub-GFP cells, but not in every data set. Included in this list of 

proteins are alpha- and beta-actin, TFII-alpha, c-cbl, and HSP90, among others. No more 

than one peptide ever identified these proteins in a single MS/MS data set. Nonetheless, 

these proteins were regularly identified by the same peptide in both transfected and 

untransfected cell preparations. 

Examination of the proteins contained in Table 7 shows that approximately half 

of those regularly co-purified contain a significant poly-histidine sequence within their 

amino-acid structure. Of those proteins that do not have the poly-histidine stretch, their 

identification as members of the spliceosome complex suggests that the affinity of one 

member of the complex to the Ni-NTA agarose is responsible for the co-purification of 

multiple protein-binding partners. Since these co-purifying proteins were regularly 

identified in samples from HEK293 and His(6X)-Ub-GFP transfected cells, they were 

eliminated from the list of identified Ub-protein conjugates. 

Identification of the K48-Ub branched peptide 

During these studies, samples were constantly assessed for the presence of the 

branched peptide for Ub. The branched peptide from K48 poly-Ub was identified by 

Sequest analysis of purified protein samples from His-Ub-GFP transfected cells (Fig. 

33_a), but never seen in purifications from untransfected HEK293 cells. The K48 
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Figure 33. K*48 poly-Ub branched peptide identified by MS/MS 
a) Sequest identified MS/MS spectra with sequences matching poly-Ub chains 
through K48, Kll, and K29 b) SEQUEST identified this MS/MS spectra as 
LIFAGK*QLEDGR. K* here represents -GG modified K48 of a poly-ubiquitin chain. 
Manual inspection of the MS/MS spectra is shown. Included are b- and y-series ions, 
as well as the neutral loss of A114. Doubly charged ions are noted with ". 
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branched peptide has a sequence of LIFAGK*QLEDGR and a monoisotopic mass of 

1460.8 Da. The LCQ ion-trap mass spectrometer detected a doubly charged peptide with 

a m/z of 731.0, and did so in multiple samples. Manual inspection of MS/MS spectra 

from this peptide provided nearly complete amino acid sequence in y-series ions (y'^'-y^), 

including an ion pair with A242, representing the loss of a GG-modified lysine residue 

(Fig. 33_b). Additional confirmation of the GG modification was obtained by detection 

of an ion at m/z 674, representing the parent ion with a neutral loss of 114, the mass of 

the GG-modification. The branched peptide for poly-Ub has thus far never been 

described in the literature. 

Identification ofK27- and K11-Ub branched peptides 

While K48 poly-Ub chains are the most prevalent, and thus highly studied Ub 

motifs, polymeric chains are known to form through K27, K29 and K11 as well. Limited 

functional significance has been attributed to the formation of these poly-Ub chain 

structures. Similarly to confirmation of the K48 branched peptide, both K27/K29 and 

K11 branched peptides were identified by Sequest in Ni-purified proteins from His-Ub-

GFP transfected cells (Fig. 33_a). The MS/MS spectra from the K27/K29 identifying 

peptide did not provide specific ions that could differentiate between the modification 

being attached at K27 or K29. Neither K27/K29 nor K11 peptides were identified in 

samples fi^om untransfected HEK293 cells. The K27/K29 and K11 branched peptides 

were identified by Sequest as triply charged ions with a m/z ratios of 700.97 and 801.44 

respectively. The sequence assigned for the ion of 701 was TITLEVEPSDTIENVKAK . 
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Alternatively, the sequence could have been designated as TITLEVEPSDTIENVK*AK. 

The sequence assigned for the 801 ion was TLTGK*TITLEVEPSDTIENVK. The 

K27/K29 branched peptide was sequenced by a series of doubly charged y-series ions 

running from y'' to y'^ (Fig. 34). The K11 branched peptide was identified through the 

presence of significant y- and b-series coverage, including 13 singly and doubly charged 

b- and y- series ions (Fig. 35). Significant cleavage adjacent to proline-9 was seen, 

including y^ , y^ and b^^ , the three most abundant ions within the spectra. Neither 

spectra showed direct evidence for the A242 ion pair of K*, nor the neutral or charged 

loss of -GG (A114). The lack of the identifying A242 means that an unambiguous 

assignment cannot be made between K27 and K29 for the 700.97 ion. Because trypsin is 

not believed to readily cleave at modified lysine residues, it is proposed that the peptide 

identified actually represents a K27 poly-Ub chain. 

Possible identification ofK63-Ub branched peptide 

Sequest searches performed on Ni-purified proteins from His(6X)-Ub-GFP cells 

also identified the branched peptide for K63 poly-Ub (Fig. 36_a). Sequest assigned a 

sequence of TLSDYNIQK*ESTLHLVLR to a doubly charged ion with a mass to charge 

ratio of 1122.82. This ion was never seen in samples purified from untransfected 

HEK293 cells. Manual analysis of the MS/MS spectra from this proposed peptide 

matches the y-series ions fi"om y^ to y^'', less y"* (Fig. 36_b). Included in this y-series is 

an ion pair of A242 amu representing K* with the -GG modification. No neutral or 
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Figure 34. K*27 poly-Ub branched peptide identified by MS/MS 
Sequest identified this MS/MS spectra as TITLEVEPSDTIENVKAK*. K* here 
represents -GG modified K29 of a poly-ubiquitin chain. Manual inspection of the 
MS/MS spectra is shown. Included are b- and y-series ions. Doubly charged ions are 
noted with ". Actual assignment of K* cannot be unambiguously differentiated 
between K27 and K29 by this spectra. Trypsin would not be expected to cleave 
adjacent to K29 if it were modified by ubiquitin. 
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Figure 35. K*ll poly-Ub branched peptide identified by MS/MS 
Sequest identified this MS/MS spectra as TLTGK*TITLEVEPSDTIENVK. K* here 
represents -GG modified K11 of a poly-ubiquitin chain. Manual inspection of the 
MS/MS spectra is shown. Included are b- and y-series ions, as well as the neutral loss 
of A114. Doubly charged ions are noted with 
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Figure 36. K*63 poly-Ub branched peptide identified by MS/MS 
Sequest identified this MS/MS spectra as TLSDYNIQK*ESTLHLVLR . K* here 
represents -GG modified K63 of a poly-ubiquitin chain. Manual inspection of the 
MS/MS spectra is shown. Included are b- and y-series ions. Doubly charged ions are 
noted with 
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charged losses of A114 amu were present in the spectra. The overall quality of the 

spectra is only average due to a large number of highly abundant, non-assigned peaks. 

These peaks result from the fact that the total ion current for this spectrum is very low 

(5.95E4) and thus approaches the limits of detection for the instrument. Although the 

spectral evidence for this branched peptide are suboptimal, its complete absence from 

datasets derived from untransfected cells suggests that it is a credible identification. 

Identification of Ub-conjugated proteins from As (III) treated His(6X)-Ub-GFP cells 

The goal of this project has been to develop a method to specifically identify 

proteins increasingly ubiquitinated following arsenic exposure. In His(6X)Ub-GFP cells 

treated with 10 |^M As (III) for 24 hr, a small number of proteins were identified that 

were not ever found to be present in HEK293 or untreated His(6X)Ub-GFP cells (Table 

8). The four proteins with the highest confidence identifications are PCNA (proliferating 

cell nuclear antigen), glutathione synthase, and 3', 5' cyclic nucleotide phosphodiesterase. 

The best spectra for each of these proteins can be found in Appendix B. Each was 

identified in a single experiment with the exception of 3' 5' cyclic nucleotide 

phosphodiesterase, which was seen in one experimental sample exposed to 10 |J,M As 

(III), and in an additional experimental sample coexposed to 10 p,M As (III) and 25 /iM 

BSO (see below). 

All proteins identified in these studies remain at or near the limit of detection for 

our instrumentation. Proteins that are increasingly ubiquitinated following treatment, and 

thus purified in higher levels, are significantly more likely to be selected for CID and 



TABLE 8 
Ubiquitin-Conjugated Proteins Identifled -10 |iM As (III)*** 

# % AA 
Peptides Coverage Protein ID 

1 7.3 PCNA_proliferating cell nuclear antigen 

1 2.5 Glutathione synthase 

1 2.9 3' 5' cyclic nucleotide phosphodiesterase 

***Ub-conjugated proteins identified in His-Ub-GFP transfected cells treated with 
10 |iM As (III). None of these proteins were identified in untreated His-Ub-GFP 
cells or HEK293 cells 
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analyzed by MS/MS. Nonetheless, many peptides that are known to be present in a 

sample are not fragmented to obtain MS/MS spectra. Thus, some uncertainty remains as 

to whether these proteins were seen in samples treated with As (III), because they were 

more prevalent in the sample than other ions, or whether these particular MS/MS spectra 

were obtained by chance in this experiment. Further repetition of these experiments will 

allow for statistical analysis of each identified protein between control and treated 

samples. 

Identification of Ub-conjugated proteins from His(6X)-Ub-GFP cells co-treated with 

BSO and As (III) 

The goal of these studies was to apply the Ni-affmity 'capture and analyze' 

approach to experimental samples with great biological variation. Three sets of samples 

were analyzed, including HEK293 treated with 25 |xM BSO, His(6X)lJb-GFP cells 

treated with 25 )aM BSO, and His(6X)Ub-GFP cells treated with 25 |xM BSO and 10 |a,M 

As (III). Proteins were purified and analyzed for each set of samples. 

Significant alterations in overall ubiquitination patterns could be detected using 

this proteomics approach. In these samples, no El conjugating enzyme, E2 conjugating 

enzymes, Histone 2A or 2B were detected. By contrast. El conjugating enzyme was seen 

in every other purified protein sample from His(6X)Ub-GFF cells, either treated or 

untreated. E2 conjugating enzymes and histones 2A/2B were rarely absent from MS/MS 

data sets from His(6X)Ub-GFP samples. 
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TABLE 9 
Ubiquitin-Conjugated Proteins Identified -10 |i,M As (III) + 25 piM BSO**** 

# % AA 
Peptides Coverage Protein ID 

1 1.5 AIF_apoptosis inducing factor 

1 2.8 HSFl_heat shock transcription factor 1 

1 2.9 3' 5' cyclic nucleotide phosphodiesterase 

1 4.8 Protein disulfide isomerase 

1 2.4 SnoA_ski related oncogene 

1 2.5 STK4_serine/threonine kinase 4 

****Ub-conjugated proteins identified in His-Ub-GFP cells co-treated with 10 )aM As 
(III) and 25 p,M BSO. None of these proteins were identified in BSO treated His-Ub-
GFP or HEK293 cells. 
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Several unique proteins were identified in these protein samples that were not 

seen in any untreated His(6X)Ub-GFP samples (Table 9). These proteins were AIF 

(apoptosis inducing factor), HSFl (heat shock transcription factor 1), 3', 5' cyclic 

nucleotide phosphodiesterase (described in previous section), peptide disulfide isomerase, 

SnoA (ski related oncogene), and STK4 (serine-threonine kinase 4). Numerous other 

potential proteins were eliminated due to insufficient spectral qualities. The MS/MS 

spectra used to identify these proteins are also present in Appendix B. 

Discussion 

Beers and Callis (1993) first described a system in which poly-histidine tagged 

Ub was expressed within cells and captured using Ni-agarose beads. It was shown that 

along with PolyHis-Ub, Ub-conjugated proteins could also be co-purified using this 

system. In this work, Ni-affinity chromatography was used to provide a simple, robust 

and inexpensive method for enrichment of Ub-protein conjugates for analysis by mass 

spectrometry. 

The proteins that were detected in As (III) treated and As (III)/BSO co-treated 

His(6X)Ub-GFP cells each appear to have interesting potential biological significance. 

In As (III) treated samples, the identification of PCNA and glutathione synthase imply 

Ub interactions for proteins known to be actively involved during As (III) 

pathophysiology. PCNA has been previously shown to be a up-regulated at the protein 
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level by low-level As (III) treatment (Chen et al, 2001c) and separately as a substrate for 

ubiquitination critical for DNA repair (Hoege et al, 2002). As for glutathione synthase, 

its activity is known to be up-regulated by As (III) treatment to help increase the 

protective levels of GSH within stressed cells. The proposed interaction of As (III) and 

Ub in of these processes has not been previously made. It is difficult to speculate at the 

relevance of 3' 5' cyclic nucleotide phosphodiesterase in this system. 

In As (III)/BSO co-treated cells, the proteins that were identified have defined 

functional connections to Ub and the pathophysiology of As (III). AIF is a protein 

known to by released from the mitochondria through the mitochondrial permeability 

transition pore following an apoptosis-inducing treatment with As (III) (Larochette et al., 

1999). This co-exposure to As (III) and BSO produces apoptotic-looking cells, and rivals 

the levels of Ub-protein conjugates seen in MG132 treated cells (50 |aM, 4 hr) 

In situations of severe proteotoxicity, as has been shown for proteasome 

inhibitors, up-regulation of numerous heat-shock proteins through the actions of HSF-1 is 

a well-defined functional response (Baler et al, 1992; Tacchini et al, 2001). 

Interestingly, HSF-1 has been shown undergo increased proteasomal degradation 

following heat shock (Bonelli et al, 2001). The effects produced by As (III)/BSO co-

exposure are proposed to be analogous. Protein disulfide isomerase catalyzes the 

formation of disulfide bonds and functions as a molecular chaperone following cellular 

stress (Graven et al, 2002). The importance of 3' 5' cyclic nucleotide phosphodiesterase, 

SnoA, or STK4 is unknown and the role of Ub in controlling these each of these various 

proteins is as yet undefined. 
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Since most proteins are identified in the absence of direct evidence for the Ub-

protein branch (K*), the stringency of the Ub-enrichment protocols had to be thoroughly 

scrutinized to prevent false positives. Absolute validation of a ubiquitinated protein 

requires the identification of multiple peptides from a single protein, in addition to a 

high-quality spectrum matching that of a sequence containing K*. Here, the majority of 

ubiquitinated proteins were identified by high-quality spectra from Ub-enriched samples 

that match to peptides, but lack peptides containing K*. The definition of a high-quality 

spectra remains somewhat variable, but in general refers to a peptide with an Xcon- score 

of greater than 2.0, matching greater than 50% of all expected b' and y' series ions, and 

matching the majority of all predominant ions within a spectra. While manual inspection 

is the gold standard, repeated identification of a peptide in a series of experiments, and its 

absence in non-transfected protein samples, has been used here to increase the confidence 

of identified Ub-conjugated proteins. Identification of a protein from only a single 

peptide match is acceptable in cases where the single spectrum is of very high quality. In 

cases where lower quality spectra are generated, multiple peptide to spectrum matches 

from the same protein add increased certainty to the identification of the protein. Manual 

inspections and de novo sequencing were performed as needed. 

One difficulty with analysis of the 'Ubiquinome' (i.e., the collection of all 

ubiquitinated proteins in a proteome) is the challenge of measuring proteins present 

across a broad dynamic range of abundances. For example, histones are among the most 

prevalent proteins within a cell. Of this protein, approximately 10% of all Histone 2A is 

ubiquitinated, compared to approximately 1-2% of Histone 2B (Wang et al., 2002). 
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When compared to abundant proteins such as H2A/B, the total amount of any low-

abundance protein may be as much as 5-6 orders of magnitude less within a cell. 

Additionally, the percentage of a low-abundance protein that is ubiquitinated at any point 

in time is unknown. For these studies, the relative abundances of ubiquitinated proteins 

is expected to vary across a dynamic range of at least 5-6 orders of magnitude. 

To overcome the technical difficulties that come with a wide dynamic range, 

greater sensitivity will be required. One way to increase sensitivity will be to employ 

mult i -dimensional  chromatography.  For  my studies ,  proteins  were separated using a  CIS 

reversed-phase HPLC column and eluted using a gradient of acetonitrile in acidified 

water. While this separation has provided a means for the identification of proteins, 

additional separation should allow for the identification of increased numbers of low 

abundance proteins and even lower prevalence post-translational modifications. This 

multi dimensional chromatography, as described previously, was used in a large-scale 

analysis of the yeast proteome (Washburn et al, 2001). 

This multi dimensional approach to chromatography is used to enhance separation 

of peptides in the sample prior to analysis by MS/MS. The approach couples a strong 

cation exchange separation to reversed-phase separation. While coupling these two 

forms of chromatography in-line to the instrument allows for significant increases in 

protein identification, such approaches require dedicated technical expertise. An 

altemative approach to in-line, multi-dimensional chromatography, is to prefractionate 

peptides using a strong cation exchange column. Individually eluted fi"actions then are 

introduced to the reversed-phase column. For future studies of ubiquitinated proteins, this 
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additional separation may prove critical to obtaining data from very low-abundance 

proteins, especially in their modified forms. 

Since identification of branched peptides from Ub-modified provides 

unambiguous proof of ubiquitination, an understanding of this structure was important. 

As was previously described, modification of proteins by Ub occurs at lysine residues 

within the protein. Thus, the position at which the Ub is attached to a protein is a branch 

point in the protein, where the primary sequence of the peptide backbone translates the 

target protein, and the isopeptide linked sequence originating at lysine translates Ub in 

reverse (C-terminal to N-terminal). 

There are several possible ways that this branched peptide could be processed by 

trypsin. Trypsin recognizes the basic side chain of lysine and cleaves proteins directly 

adjacent to it. Thus, in order to identify Ub-modified proteins using proteomics methods, 

it was important to understand if trypsin was capable of cleaving at lysine residues 

modified by ubiquitin. Presumably, since the basic characteristics of lysine are masked 

by the Ub-isopeptide bond, it was proposed that trypsin would be incapable of such a 

cleavage. 

In order to identify Ub-conjugated proteins, trypsin also needed to digest 

isopeptide-linked Ub protein. This theoretical digest of isopeptide-linked Ub posed the 

question of whether steric hindrance from the branched chain affects the activity of 

trypsin. The final five amino acids in Ub, arginine72-leucine73-arginine74-glycine75-

glycine76 (RLRGG-substrate), contain two tryptic digest sites. With the isopeptide bond 

separated by just 2 residues from the R74-G75 tryptic digest site, it was unclear if trypsin 



could cleave the protein there. Data from this project and a recent publication (Marotti et 

al, 2002) show that trypsin is capable of cleaving between R74-G75, leaving a -GG 

modification attached an internal lysine residue. The longer C-terminal -LRGG 

modification was not seen in my analyses, or described in the literature. 

In most cases, tryptic peptides from Ub-modified proteins carry internal lysine 

residues on peptides containing the ubiquitination site. This internal lysine does not 

appear as lysine, but rather a modified form of that amino acid. Assuming trypsin is 

capable of cleaving the R74-G75 bond, these digests would produce a peptide containing 

an internal lysine residue modified by G75-G76 with a molecular weight of 242. My 

work, and the published work of others (Marotti et al., 2002), has confirmed this. 

One important point is that within a protein, only a subset of lysine residues are 

targets for ubiquitination. If for example, a 1000 amino acid protein (~110 kD) is 

theoretically digested into 50-100 peptides, only a small handful of those peptides would 

be expected to carry the GG-modified lysine residue. Thus, the partial sequence 

coverage, that is an acceptable standard with existing proteomics techniques, will often 

fail to recognize specific ubiquitination sites. 

Thus, for the large-scale identification of Ub-modified proteins, one key 

component to the method must be that proteins can be identified as targets for Ub even in 

the absence of the branched peptide. Such a method has been developed as described 

above. The identification of the branched peptide among other tryptic peptides from the 

target protein will for the time being remain the gold standard of proof. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE STUDIES 

The results presented in this dissertation demonstrate that low-level As (III) (0.5 -

10 fj-M) affects the ubiquitin-proteasome pathway. In two distinct in vitro models, low-

level As (III) stimulated the accumulation of ubiquitin-protein conjugates and altered 

proteasomal activity. Since the ubiquitin pathway directly controls protein homeostasis 

within cells, changes in the levels of ubiquitin-protein conjugates are a sensitive indicator 

of overall changes in protein homeostasis. Thus, I propose that low-level arsenic causes 

perturbations in protein homeostasis that directly contribute to detrimental health effects 

in exposed human populations. 

Arsenic and the Cellular Proteome 

From an extended survey of the literature, I believe that the effect of As (III) on 

proteins is a key mechanism underlying many of the functional effects of low-level As 

(III) toxicity. Low-level As (III) has been proven to stimulate oxidative stress, inhibit 

DNA repair, and alter the expression of numerous genes (Kitchin, 2001). Yet, the 

biochemical targets linking low-level As (III) to these processes have not been described. 

The ubiquitination of critical regulatory proteins in arsenic exposed cells could directly 

precipitate these functional changes. Alternatively, proteins that are increasingly 
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ubiquitinated following arsenic exposure may be those which are specifically damaged 

by arsenic. The proposed interactions between As (III), the cellular proteome, and the 

ubiquitin-proteasome pathway are demonstrated in Figure 37. 

From the data, I propose two potential mechanisms to describe the effects of As 

(III) on ubiquitin-protein conjugates. The first is the oxidative stress hypothesis. The 

oxidative stress hypothesis suggests that As (III) stimulates the production of oxidants 

that damage proteins (Fig. 37). Oxidatively damaged proteins are recognized by Ub-

conjugating enzymes, modified with ubiquitin, and targeted for proteasomal degradation. 

In support of this hypothesis, oxidants have been previously shown to increase the levels 

of ubiquitin-protein conjugates in cells (Shang and Taylor, 1995). My data, showing that 

nutrient deprivation and depletion of glutathione greatly exacerbate the accumulation of 

ubiquitinated proteins following As (III) exposure, further support this hypothesis. These 

results suggest that glutathione and possibly other nutrients/antioxidants protect cells 

from protein damage by low-level As (III), pointing to a role for oxidants in this process. 

The second hypothesis to describe the effects seen here is that low-level As (III) 

causes direct proteotoxicity. In this model, proteotoxicity is defined as misfolding of a 

protein due to a direct interaction between As (III) and amino acids within its polypeptide 

sequence. This proteotoxic insult would not necessarily have to precipitate loss of 

enzymatic function, but rather, only expose a degradation signal that allows for its 

modification by ubiquitin. While arsenicals are known to interact with cysteine residues, 

transient interactions of As (III) with a number of other amino acids may be involved in 

this process. Because few arsenic binding proteins have been identified, I propose that 
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Figure 37. Arsenic and the cellular proteome- Two proposed interactions 
The proposed interactions of As (III) mediated oxidative stress and proteotoxicity on 
proteins within the cell, a) As (HI) produces oxidants through a perturbation of 
NAD(P)H oxidase, b) As (III) affects protein structure through interactions with 
cysteine and other amino acids. Levels of Ub-protein conjugates are an indicator of 
cellular proteome status. The folding of cellular proteins is affected by glutathione 
(GSH) and heat shock proteins (HSP). c) Accumulations of Ub-protein conjugates 
within cells can directly affect protein processing. 
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this direct interaction is transient in nature, and likely occurs during transitions between 

more stable interactions with cellular thiols. Since glutathione would be expected to 

readily bind arsenicals and prevent their interaction with sensitive proteins, increased 

sensitivity to As (III) following glutathione depletion provides support for this hypothesis 

as well. As is the case with most proteotoxic chemicals, arsenic has not yet been shown 

to cause changes in protein folding. Direct measurement of changes in protein folding 

following toxic insults is technically difficult, but will be critical to our further 

understanding of molecular toxicology at the protein level. 

The ubiquitin pathway maintains a proper equilibrium within cells by targeting 

proteins to the proteasome for degradation. Whether arsenic causes specific protein 

targets to be ubiquitinated because of oxidative damage or direct proteotoxicity remains 

to be seen. While I believe that both oxidative stress and proteotoxicity are contributing 

to the altered levels of ubiquitinated proteins, the damage and misfolding of proteins 

through transient interactions with As (III) is an appealing scientific hypothesis. 

Arsenic and the Ubiquitin Pathway 

While As (III) appears to affect cellular proteins, changes in the processes 

associated with the ubiquitin pathway itself are also important. Studies showed that 20S 

proteasomal activity, but not Ub-conjugating activity, was altered by the low-level As 

(III) treatments used. These results suggest that the accumulation of ubiquitin-protein 

conjugates occurs secondary to the decrease in proteasomal activity. Alternatively, 
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ubiquitinated proteins which accumulate following As (III) exposure may be causing the 

proteasomal inhibition. Both poly-ubiquitin chains and aggregates of insoluble 

ubiquitinated protein have been shown to inhibit proteasomal function (Piotrowski et al, 

1997; Bence et al, 2001). While time course results suggest that decreases in 

proteasomal activity precede accumulation of ubiquitin-protein conjugates, it is intriguing 

to speculate about the dynamic interplay between ubiquitinated proteins and the 

degradation of those proteins by the proteasome. Clearly, as was seen in experiments 

performed in glutathione depleted cells, shifting of the cellular ubiquitin pools can have 

dramatic consequences. 

The applicability of these results from all the mechanistic studies is strengthened 

by the fact that the effects of low-level As (III) were qualitatively and quantitatively 

similar in two distinct in vitro models of the kidney. In addition, ongoing work has 

begun to show similar effects in the UROtsa bladder epithelial cell line. My hypothesis 

that low-level As (III) affects the ubiquitin pathway has been further validated by a 

published report showing that a specific protein target, Cdc25C, is increasingly 

ubiquitinated following low-level As (III) (Chen et al, 2002). 

The interactions between As (III), the ubiquitin pathway, and carcinogenesis are 

well demonstrated by an upcoming publication detailing how overexpression of the Ub-

like protein fau produces increased sensitivity to As (III) toxicity (Rossman et aL, 2003). 

Most interesting in this study is that overexpression of the Ub-like portion of fau causes a 

280-fold increase in cellular transformation by low-level As (III). While the function of 

the Ub-like protein fau is unknown, one exciting possibility is that this protein is capable 
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of inhibiting ubiquitin-dependent proteolytic degradation by modifying target proteins in 

the place of ubiquitin, or affixing itself to a growing poly-ubiquitin chain. 

While the kidney is a relevant model for human exposures, other target tissues 

such as bladder, skin, lung and vasculature appear to be more important in exposed 

human populations. With experiments in UROtsa cells currently in progress, other 

models that may be useful for the further study of As (III) and ubiquitination are normal 

human epidermal keratinocyte (NHEK) and Beas2B cells. Both NHEK and Beas2B 

represent cell lines from As (III) target organs (skin and lung). NHEK cells are currently 

the most sensitive cell line, with respect to low-level As (III), currently reported in the 

literature (Hamadeh et al, 2002). The effects of As (III) in NHEK cells are described at 

concentrations below 0.01 |iM. Beas2B cells are interesting because low-level As (III) (5 

)aM, 12 hr) increases the ubiquitination of Cdc25C in these cells, directly affecting the 

cell cycle. Given the varying sensitivities of each of these cell lines to arsenic toxicity 

(e.g. UROtsa-low, Beas2B-moderate, NHEK-high), comparisons could be performed to 

further dissect the mechanisms behind this low-level effect. 

Identification of Specific Ubiquitin Modified Proteins 

The key to unlocking the dynamics of low-level As (III), and its effects on 

proteins, has been the identification of target proteins that are increasingly ubiquitinated 

following exposure. For this purpose, I developed a proteomics method for the 

identification of ubiquitin-conjugated proteins from complex protein mixtures. The 
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successful approach coupled Ni-affinity chromatography, in-solution tryptic digests, and 

nano-LC-MS/MS on the LCQ-ion trap mass spectrometer. Our efforts in applying 

proteomics technology to the comparison of normal and As (III) perturbed biological 

systems have remained at the leading edge of the field. 

This proteomics approach was capable of identifying dozens of ubiquitin-protein 

conjugates. Among the proteins identified were the highest abundance Ub-conjugated 

proteins, including Ub-conjugating enzymes (El and E2) and Histones 2A, 2B, and 4. 

Identification of these expected proteins confirms the validity of this technique. From As 

(III) treated cells, several of the ubiquitinated proteins identified have immediate 

biological relevance related to the cellular effects of arsenic. Most notable is PCNA, a 

protein known to be upregulated by As (III) (Chen et al, 2001c), involved in post 

replicative DNA repair, and intimately controlled by ubiquitin modification (Hoege et al, 

2002). Further validation of PCNA as a substrate for ubiquitination following low-level 

As (III) is a top priority. 

In addition to the identification of specific proteins as ubiquitin-conjugates, 

branched peptides were identified to confirm the formation of K11, K27, K48, and K63 

poly-ubiquitin chains in HEK293 cells. None of these peptides have been previously 

reported in the literature using LC-MS methods, while functional roles for K11 and K27 

are not currently defined. 

As was previously noted, depletion of glutathione greatly increases both cellular 

and molecular indicators of arsenic toxicity. When proteins from glutathione depleted 

and As (III) exposed cells were purified and examined by this proteomics method, one 
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major discovery was that otherwise abundant ubiquitin-conjugating enzymes El and E2, 

and histones, were not detectable. This result, similar to what has been shown following 

treatment with proteasome inhibitors, demonstrates a significant shift of ubiquitin from 

cellular pools onto conjugated cellular proteins (Fig. 38). Thus, this proteomics method 

allowed for the observation of a large-scale change in cellular Ub-pools. Currently, no 

published reports of a systematic approach for analysis of the 'Ubiquinome' have been 

demonstrated. 

In conclusion, the system that is now in place can identify dozens of ubiquitin-

modified proteins from a single sample. Reports from the field suggest that an additional 

step of sample purification, using strong cation exchange chromatography, should be 

unlock the identities of several fold more ubiquitin-modified proteins. While this 

technical approach may continue to provide insights into perturbations of the 

'Ubiquinome' by arsenic, it has broad ranging applicability in the study of disease states 

where disruption of cellular proteins is known to be involved. Among these pathological 

conditions are cancer cachexia, neurodegenerative diseases, cancer, as well as xenobiotic 

intoxications by chemicals such as acetaminophen. 

Arsenic, Ubiquitin, and Human Disease: Proposed Interactions 

Low-level arsenic mediated carcinogenesis could be acting through any number 

of processes related to altered ubiquitination of proteins. Increased ubiquitination of cell 

cycle regulators, and their premature degradation, could be causing aberrant cell 
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Figure 38. Ubiquitin pools within cells 
Multiple pools of Ub exist within the cell, a) Approximately 30% of cellular Ub is 
bound to El protein, b) An additional pool of cellular Ub is conjugated to histones 
within the nucleus, c) Free, unconjugated Ub is present in every ceil. Following 
cellular stress or proteasome inhibitor exposure, significant alterations in these Ub 
pools occur. 
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proliferation. Abnormal ubiquitination of DNA repair proteins could be allowing for the 

accumulation of genetic mutations within affected cells. If proapoptotic regulators are 

being unnecessarily degraded, cells with damaged genetic material would be allowed to 

evade cell death and replicate. Increased ubiquitination of signal transduction or 

transcriptional regulatory proteins may be directly activating oncogenic signals within 

cells. 

One example of aberrant ubiquitination promoting carcinogenesis occurs in 

cervical cancer (Hershko and Ciechanover, 1998). In this situation, E6 and E7 proteins of 

human papilloma virus cause the aberrant ubiquitination and degradation of p53. The 

loss of p53 leads to loss of cell cycle control within cells of the cervical lining. While 

p53 may not be the target of arsenic in the skin, lung and bladder, any number of other 

proteins likely are. The breadth of effects seen following a change in the ubiquitin 

pathway is diverse, and thus demands the further identification of ubiquitin-modified 

proteins. 

The overall impact of this dissertation research has been to emphasize that low-

level arsenic affects the ubiquitin pathway, a process that is essential to normal cellular 

function. The ubiquitin pathway controls the function of each individual cell by 

regulating the make-up of the cellular proteome. Thus, the ubiquitin pathway is a 

crossroads for nearly every cellular function, ranging from cell cycle and growth to signal 

transduction and apoptotic death. Arsenic perturbations of the cellular proteome, and the 

ubiquitin-dependent proteolytic pathway, have wide reaching implications. 
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APPENDIXA 

PROTEOMICS STUDIES; METHODS DEVELOPMENT AND UNSUCCESSFUL 
APPROACHES 

Model peptide studies 

Model peptide studies were designed to gather information about MS/MS 

fragmentation of GG-modified peptides. The model peptide was designed with a primary 

amino acid sequence AVAK*AAR (Fig. 12). The peptide was designed to mimic a 

tryptic peptide containing a ubiquitination site. The K*, present at the 4'^ position in the 

peptide, was lysine (K) modified by a glycine-glycine (GG) dipeptide. The diglycine was 

attached to the lysine through an isopeptide bond linking the e-amino group of lysine to 

the carboxy-group of the diglycine. The K* amino acid has a molecular weight of 242, 

representing the combined molecular mass of 128 for lysine and 115 for the diglycine, 

less one proton eliminated during isopeptide bond formation. 

Analysis of the model peptide by the LCQ showed that the peptide was present as 

singly-, doubly-, and triply-charged peptides (Fig. 39). Spectra obtained during full-scan 

MS mode showed a predominant peak at 400.7 and two significant peaks at 800.5 and 

267.4 respectively. MS/MS analysis of the singly-charged and triply charged ions with 

m/z ratios of 800.5 and 267.4 respectively provided incomplete some sequence 

information. By contrast, MS/MS analysis of the doubly charged 400.7 ion provided full 

sequence coverage in both the y' (Fig. 40) and b'(Fig. 41) series directions. In addition. 
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Figure 39. Full-scan MS analysis of the branched model peptide 
MS^ of the model peptide shows that the peptide has a monoisotopic mass of 800.5. 
Doubly- and triply- charged ions are seen at 400.7 and 267.4 respectively. 



198 

400.7 

630.4 

DC 40F Charged 

170.9 555.3 
^.2 484.2 

559.3 

142.9 197.0 280.1 456.2 516.4 686.3 729.2 800.5 612^ 
~!—^—I—r 

200 300 
" 1 — ^ ^ ^ ^ ^ ^ ^ — I — ^ — r  

400 500 
m/z 

1 i I ] I ^ i r 

600 700 800 

175.1 
y2 246.2 
y3 317.2 

559.3 
y5 630.4 
y6 729.4 
y5' '315.7 

Figure 40. MS/MS analysis of the branched model peptide - y-series ions 
MS/MS analysis shows that significant y-series sequence is obtained from the model 
branched peptide. Included in this sequence is the y^-y"^ ion pair with A242, 
representing K*. Neutral and charged loss of -GG are also seen (A114). Matching y-
series ions are listed. 
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Figure 41. MS/MS analysis of the branched model peptide - b-series ions 
MS/MS analysis shows that significant b-series sequence is obtained from the model 
branched peptide. Included in this sequence is the b^-b"^ ion pair with A242, 
representing K*. Neutral and charged loss of -GG are also seen (A114). Matching b-
series ions are listed. 
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fragmentation of the -GG from the branched Ub-peptide was seen. Both neutral and 

charged losses of the -GG are seen as ions of 343 and 686.3, respectively (Figs. 40 and 

41). The neutral loss of -GG was repeatedly seen in experiments with this model peptide 

as a low-moderate intensity ion at 343. In contrast, the charged loss of -GG produced a 

very weak intensity ion at 686, that could not be detected in a number of subsequent 

analyses. 

After initial MS/MS analysis of the model peptide, LC-MS studies were designed 

to examine our capacity to detect that peptide when spiked into a tryptic digest. For these 

studies, AVAK*AAR was spiked into a tryptic lysate from cells treated with MG132. 

The three samples prepared included 1 |a.g of AVAK*AAR peptide within 10 |ag, 100 |ag, 

and 1 mg total cellular protein, respectively. This produced the added advantage that a 

complex peptide sample, known to contain the maximum possible amount of Ub-

conjugated peptides, could be concurrently searched for the presence of branched 

peptides. The peptide was readily detected by the total ion current (TIC) trace of the full-

scan MS analysis as eluting almost immediately with the solvent front. 

From these studies, a number of observations were made. First, Sequest could not 

identify the sequence of AVAK*AAR because it did not match the sequence of any 

peptides in the known protein database used. Because Sequest could not recognize the 

AVAK*AAR peptide, a true limit of detection under our desired search parameters could 

not be determined. 

In contrast, SALSA searches were capable of readily identifying the model 

peptide amongst a complex mixture of proteins. In a simple SALSA search looking for 
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an ion pair with a m/z difference of 242, the doubly charged peptide with m/z of 

approximately 400.8 were identified as the 36'^, 39'^ and 69"' highest scoring ions 

(Appendix D). The qualities of these SALSA scores were greatly improved by linking 

the additional criteria of neutral and charged losses of 114 amu. From these searches, 

ions representing the model peptide were identified as the 16*, 17"', 24"' and 31®' and 

40'^ highest scoring ions from the complex mixture (Appendix D). By knowing the 

sequence of interest (AVAK*AAR) and searching it as an ion series, SALSA was able to 

identify 6 separate MS/MS spectra obtained for m/z 400.8. SALSA ranked them as the 

1®', 2"'', 5*, 8"', 9'^ and 12"' highest scoring spectra from the data set (Appendix D). By 

comparison, almost 4000 MS/MS scans were obtained during this LCQ experiment. 

Sequest searches of this spiked model peptide experiment, while providing no 

information about the model peptide, did provide some notable results. These were the 

first experiments designed to test the modified human protein database in search of 

peptides displaying a K*. A large number of proteins were proposed to contain K*. 

Because of the sheer number of K* containing MS/MS spectra, it was clear that the 

majority of all proposed K* containing peptides had been assigned an incorrect peptide 

sequence. 

Possible identification of K* containing peptides 

The protein lysate from HEK293 cells treated for 4 hr with 50 |J,M MG132 

contains the maximum possible number of Ub-protein conjugates, as these cells are 
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actively undergoing apoptotic cell death due to extreme proteotoxicity. In these samples, 

a large number of K* containing peptides were tentatively identified by Sequest. Many of 

the potential proteins identified were known targets of ubiquitination. Of these potential 

Ub-peptides, 4 spectra were received Xcon scores greater than 3.0, while 22 additional 

spectra scored above 2.5. A list of these possible ubiquitin-conjugated proteins is shown 

in Table 10. 

Inspections of the K* containing spectra using the Display Ions page of Sequest, 

showed few of the spectra were of high enough quality to make a confident identification. 

Manual inspection of these spectra showed that few contained direct evidence of the K* 

modified amino acid residue, as noted by the absence of a A242 ion pair or a neutral loss 

of A114. Because the energetics of fragmentation may often prevent the formation of a 

clear A242 ion pair and/or A114 neutral loss fragmentation, a preponderance of A114 

shifted peaks from the -GG modified ions can also be used to confident assign a Ub-

modification site. 

These studies showed that the majority of K* containing peptides, even those with 

high Xcorr scores, were of poor spectral quality and likely represent false identifications. 

Nonetheless, because of the extremely high number of Ub-protein conjugates within 

these protein lysates, some of these may represent GG-modified peptides resulting from 

Ub-conjugated proteins. Of note, Ub protein was identified by Sequest in these studies. 

Ultimately, these studies showed that searching for K* containing peptides from 

unpurified samples was an inefficient way to identify Ub-conjugated proteins, even when 

their levels were known to be greatly elevated. 
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TABLE 10 
K* Containing Peptides from MG132 Treated Cells 

PEPTIDE PROTEIN FUNCTION 

iGDK*CHSLVGK*PK ProCaspase 6 Apoptosis 

iK*QSSGPEMA 

K*NSSHTLLQyLSPR ' 

!SOVALK*IIRNVGK* 

Cyclin E 

Rb Binding Protein-2 

CLK3 (CDC-like kinase 3) 

CeD Cycle Control 

Cell Cycle Control 

Cell Cycle Control 

!SSDIAK*TFR 

iRQQHQQIK*AELR 

FAGRK*LK 

LVSFSK*LCTSYSHSSTR 

Plastin 

Microtubule Assoc. Prot. 

Centrosome protein 

Golgi SNARE 28 

Cell Adhesion/ Motility 

Cell Structure/Mitosis 

Cell Structure/Mitosis 

Membrane Trafficking/ Fusion 

LLDLKPYK*VSWK 

K*PEAPKLSK 

MCE3 (mRNA Capping Enzyme 3) 

Spliceosome 3b subunit 

mRNA Regulation 

mRNA Regulation 

MQPEGAEKGK*SFK 
HK*MKIIK 

Aquaporin 9 

Ca2+ ATPase 

Osmotic Regulation 

Ca2+ transporter 

K*LK*EEIK 
GLNVK»HYKIR 
EGLASATK*DCSHR 
K*LEESLTVEICGK 

TEC 

Src 

Ras-RE Binding Prot 1 

DAG kinase-a 

Signal Transduction 

Signal Transduction 

Signal Transduction 

Signal Transduction 

i HAySEGTK*AVTKYTSAK* 

QQTDIAVNWAGGLHHAK* 

; K*ELTSLGFLESGSDPGOLK 

Histone 2B 

Histone Deacetylase 1 

DNA Methyltransferase 3-like 

Chromatin Structure 

Chromatin Structure 

Chromatin Structure 

|RSLPSTSSTSSTK*R 

NRIAASK*CR 

K*KPSMPNVSNDLSQK* 

i TVPGATTTSSAATETMENVK*K 

NF-IA (CCAAT-Box) 

Jun D (Stress Response) 

CBP (CREB binding Protein) 

TAF-IID 

Transcription Factor 

Transcription Factor 

Transcriptional Regulation 

Transcriptional Regulation 

GYFLTK*IFHPNVGANGEICVNVLK* 

K*AQVLSAGSR 

iEPWATVALTEARDSpSSDTDEK* 

K*IEFPPPNEEARLDILK 

VTHELOAMK*DK*IK* 

UbcE 

USP20 

USP 20 

26S Proteosome 

26S Proteosome 

Ub Conjugating Enzyme E2 

Ub Specific Protease 

Ub Specific Protease 

Protein Degradation 

Protein Degradation 
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Ub-Histone 2A/B gel band studies 

The goal of these experiments was to provide proof of principle that branched 

peptides from a known Ub-conjugated protein could be identified using LC-MS methods. 

For this work, Ub-Histone 2A and/or 2B (Ub-H2A/B) were investigated because they are 

common ubiquitinated proteins found within cells, because they are believed to act as 

storage depots for cellular Ub, because they have been proposed to help control 

chromatin structure, and because they are known to alter gene expression under certain 

circumstances (Mimnaugh et al, 1997). 

Previous studies have shown that each contains a single ubiquitination site (West 

and Bonner, 1980b; West and Bonner, 1980a). On an SDS-PAGE gel stained with 

Coomassie Blue, both can be identified in their unmodified forms as the predominant 

proteins running at 14 kD. In addition, both can be seen as a significant 22 kD band, 

presumably carrying a single Ub modification. These proteins are more readily found in 

the insoluble fraction of protein extracts. 

Insoluble fractions were prepared from HEK293 cells and separated by SDS-

PAGE. To prepare insoluble fractions, protein lysates were prepared in Western blot 

lysis buffer as described in the Materials and Methods section. Protein lysates were then 

centrifuged for 15 min at 12000 x g in a refrigerated microcentrifuge. Soluble proteins 

were decanted and insoluble proteins resolublized in Western blot lysis buffer containing 

1% SDS. Proteins were initially resolublized by vigorous pipetting, and solublization 

was completed by several brief pulses from the sonnicator (Kontes Vineland, NJ) at 
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Figure 42. Ubiquitin-histone 2A preparations for LC-MS analysis 
Western blots performed against (a) H2A and (b) Ub indicating presence of Ub-H2A 
conjugate at 22 kDa in the insoluble fraction of cell lysate from HEK293 cells. The 
box indicates the region cut from a corresponding Coomassie stained gel and used for 
in-gel digestion and subsequent LC-MS identification of Ub-H2A. Lysates used in 
the Ub Western blot came from HEK293 cells, treated either as control or with noted 
doses of As (III) for 24 hr. 
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power level 5. Western blot analysis of soluble and insoluble fractions was performed 

using an polyclonal antibody to histone 2A (Fig. 42_a). The results of this immunoblot 

show that H2A and Ub-H2A were exclusively found in the insoluble fraction of these 

samples. This same 22 kD band, but not the 14 kD band, could be detected in 

uncentrifuged whole cell lysate samples by antibodies to Ub (Fig. 42_b). Coomassie 

stained gels were prepared simultaneously with soluble/insoluble protein samples and 

analyzed for the presence of H2A. Significant blue bands were notable at both 14 kD and 

22 kD in the lanes of insoluble protein. Both bands were excised using a razor and 

submitted to the Proteomics Core facility for LC-MS analysis. 

Gel bands of molecular weights 14 kD and 22 kD, described above, were 

subjected to in-gel digestion with trypsin. In these histone gel band studies, 

iodoacetamide was not used since neither Ub nor Histone 2A/B contain cysteine residues. 

MS/MS spectra were obtained from tryptic peptide mixtures on the LCQ for both 

samples. Peptide sequences matching both Histones 2A and 2B, as well as ubiquitin, 

were independently identified using Sequest and SALSA search algorithms to mine LCQ 

data files. The combined results from three experiments provided significant sequence 

coverage for Histone 2B (44%) and ubiquitin (34%), and to a lesser extent for Histone 2A 

(18%). Furthermore, the identification of a C-terminal ubiquitin peptide covering amino 

acids E64-R72 proved that Ub-conjugated peptides would carry a short polypeptide tag 

specifically identifying the modified residue. From this peptide, we could conclude that 

the maximum length of this sequence was -LRGG. 
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These data could not confirm or deny the presence of -GG modified peptides. 

MS/MS spectra did not 3deld sequence coverage for peptides containing the lysine 

residue specifically modified by ubiquitin. Numerous data searching strategies were 

utilized through Sequest, SALSA, and pMOD, but were unsuccessful in identifying the 

branched peptide for either H2A or H2B. Despite this, analysis of Histones 2A and 2B 

contributed significantly to the understanding of MS/MS fragmentation characteristics of 

ubiquitin-conjugated proteins. These studies were the first focused searches of Ub-

protein samples, and facilitated the development of the search techniques that were later 

used in searching more complex protein mixtures 

Specifically, Ub-histone studies showed that two main peptides of Ub readily 

ionize and are detectable by the LCQ. The two Ub-derived peptides, ESTLHLVLR and 

TITLEVEPSDTIENVK, were seen throughout these course of all successful proteomics 

studies. Branched peptides were not expected nor seen for poly-Ub since poly-Ub chains 

do not form on histones 2A and 2B. The results from Ub-histone studies also emphasized 

the fact that a total reliance on the identification of a Ub-branched peptide as a strategy 

for characterization of Ub-conjugated proteins was unreliable. Even in small (short 

length), high abundance proteins such as H2A and H2B, identification of the branched 

peptide was beyond our levels of detection. 

Unsuccessful Purification Procedures 
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As Ub-protein conjugates are often in low abundance, enriching the levels of Ub-

conjugated proteins in each sample was paramount to obtaining reliable mass spectral 

identification of these modified proteins. During the course of this research, samples for 

Ub-conjugated protein analysis have been prepared by various purification techniques 

including Ni-affmity chromatography, immunoprecipitation and electrophoretic 

separation. As a guide for future researchers in this area, it seems appropriate to describe 

those technical approached that were insufficient or inappropriate for the task of 

identifying Ub-protein conjugates. 

The purification of proteins by immunoprecipitation turned out to be an 

unsuccessful approach for the identification of Ub-conjugated proteins. These studies 

were among the first purifications performed. The most effective antibody for 

performing Ub-immunoprecipitations was found to be a polyclonal anti-Ub antibody 

produced by StressGen Biotechnologies (Victoria, B.C., Canada), over monoclonal 

antibodies obtained from Zymed (South San Francisco, CA) and Santa Cruz 

Biotechnologies (Santa Cruz, CA). 

hi retrospect, the major limiting factor in these studies was the amount of starting 

material used. Purifications of Ub-conjugated proteins were attempted from the protein 

of a single plate. No proteins, including Ub itself, were confidently identified by the 

LCQ using this approach. The presence of Ub-conjugated proteins in these samples was 

verified by Western blots recognizing Ub. Because of the cost of antibodies, it was too 

expensive to scale up to these purifications from a single plate to the level of 40-80 plates 

per treatment group, as was done with successful Ni-affmity purifications. The largest 
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proteomics studies performed during this dissertation research were 180 plates (60 plates 

X 3 treatment groups). In this study, 45 separate purifications were performed (4 plates of 

cellular protein/purification. Antibody alone for this one experiment would have cost 

over $400, where by contrast, Ni-affmity purifications for all the methods development 

and LC-MS experiments described were performed using a single allotment of Ni-NTA 

agarose costing approximately $80. 

Utilizing SDS-PAGE as an additional method of protein separation was 

considered. As described above, this technique was partially successful in the 

identification of Ub and Histones 2A and 2B from unpurified samples. As judged by the 

great intensity of Coomassie gel bands analyzed in those experiments, compared to the 

depth of the information obtained, significant loss of sample occurred. Because the 

amount of protein purified by Ni-affmity chromatography was in dilute solution, and thus 

difficult to prepare for gel electrophoresis, this technique was not employed for Ni-

purified samples. In addition, it seemed unnecessary to do so considering the highly 

effective procedures for in solution trypsin digests. 
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'1 -gĵ 'Bookmatte J- Locaikin: |2Fdk_203056_Wr_BSQ%2E2590%2E2S92%2E2%2Edta&Mi3issType«0&NumAMs»1 a,ISefies«'oi boOOOTo | V^af8 Related 

:trom9try La 1-axis l2-axis 3-md& t4-axis 5-axis ! 
Control Full View Ion List Zoom 

2591 2592 Fmm 

Seq # 

s 1 88. 1 1218.4 11 
Q 2 216. 2 1131.3 10 
w 3 402. 4 1003.2 9 
s 4 489. S 817,0 8 
p 5 586. 6 729.9 7 
A 6 657. 7 632.8 6 
li 7 770. 9 561.7 5 
T 8 872. 0 448.5 4 
I 9 98S. 1 347.4 3 
S 10 1072. 2 234.3 2 
K 11 1200. 4 147.2 1 

Pocumait: Doie 

(+1) lJb5C_Ub-conjugating enzyme E2- 17 kD 
XEORR = 2.86 

IS. 

i 

Dctass spectniia 

5 

'T 
"S 

iiyii i •lii 1 fl 

n is 

I lii fa 

"f 
"S 

•r <H 

il 

S 

'U i_L 

0 
1 

m, 
to 



Be QM ym S> £ommu*att* 

S Reload Home Search Netscape Print Security Shop 

I Bookmarks U)cariion: ^ Fdk_203033_NiPure_WT%2E4002%2E400'^%2E2%2Ecte&Ma8sType»0&NumAxis°1 StSerigs^OI 0000010 What's Related 

^BioloqicaiMc ::trometr I-axis l2-axis 3--^s :i4-asis 15-axis I 
Control Full View Ion List Zoom 

4003 4004 Fuzzy 

Seq # b y C+ 

I 1 114, 2 1415. 7 12 
V 2 213. 3 1302. 6 11 
I 3 326. 5 1203. 4 10 
L 4 439. 6 1690, 3 9 
P 5 536. 7 877. 1 8 
D 6 651. 8 880. 0 7 
Y 7 815. 0 764. 9 6 
L 8 920. 2 601. 7 5 
E 9 105T. 3 488. 6 4 
I 10 1170. 4 359. 4 3 
A 11 1241. 5 246. 3 2 
R 12 1397. 7 175. 2 1 

Ub-thiolesterase 
X =3.35 

corr 

I 
j» 

JP <^5» 
; i 

f I % 

A. 

FN. 

i LLA 

m 
59 

mass spectrum 
P==PA==3 

a 
I. 

ar=#= •>& m 



^ Displaylans r Netscape. 

^ iJt lew go Qommu-fcaftr id^ 

jj ; •• •-•, Reload Home Search Netscape Print Security Shop 

•ij" Bookmatte J. Loc»ton:|Fdk_203033_NiPure_V/iri^E2810%2E2812%2E2%2Ec«aiMassType«'kNutnAris'i'&iSerie8°0100000l'0 'Vrtiafs Related 

ctrometn/ Lab l-axis h-aris l3-arig l4-axis !5-axis 

Seq # b y (+1) 

I 1 114.2 1026. 2 11 
G 2 171.2 913. 1 10 
S 3 228.3 8S6. 0 9 
1 4 341. 4  799. 0 8 
G 5 398.5 685. 8 7 
T 6 499.6 628. 7 6 
V 7 598.7 527. € 5 
5 8 695.8 428. 5 4 
V 9 795.0 331. 4 3 
G 10 852.0 232. 3 2 
R 11 1008.2 175. 2 1 

Documait: Done 

Control Full View Ion List 
2811 2812 

Zoom 

elongation factor 1-alpha 
XEORR = 2.69 

T 

•a 

' ' I lee 2@e 

I 

n. 

o w 
t 

6^ 

f, f t 
•J, , i,ii,i 

si 
• I ' I 

to 



^ Dfspla^fpns -.Netscape 

m Edt \rtew «) comma*atxr 
Reload Home Search Netscape Prim Security Shop 

il '^"Bookmarks Location: j2Fdk_20305S_WT_BSO%2E3002%2E3004%2E3%2Edta8.MaasType'0&Nuriv^s«1&iSeries'0100iiir What's Related 

f b r (•^IJ 
c i 104. 1 2199. 4 20 
h 2 XfS 2 209f 2 19 
tjf 3 274 4 262S. 2 18 
V 4 >75. 5 192S 0 17 
s S 4«S € isae 9 1£ 
V S 5S7 7 X?iX 8 IS 
p €t4 S 1£12 7 14 
r 9 X515.5 13 

9 1 ises 4 12 
& 19 94S 1 1311 3 11 
& ii 1017 2 12£4 3 10 
K 11.4 S 4 11$3 2 9 
A 13 1216 4 ioss.e S 
5^ 14 1273 5 3^3. d 7 
V IS 1372 e 92« 9 £ 

«K IS 1£14.8 S27 8 5 
1? 172S 0 SS5 € 4 

ir la ie42 1 472 4 3 p 19 1539 2 3$t 3 2 
*x £0 2181 4 2S1 2 1 

# b y C+21 
C 1 52 S 1100 2 20 
A 2 98 1 1048 19 
V 3 lt7 7 1013 1 18 
V 4 1«7 2 953 5 17 
2 S £44 8 315 9 12 
V 5 294 4 $50.4 15 
P 7 342 9 30S 8 14 
r e 41S S 7S8,3 13 
& 9 44$ 0 «84.7 12 
& 10 473 $ 55« 2 11 
A 11 509 1 €27 < 10 
X 12 $73.2 $92 1 9 
& Id not 7 0 8 
& 14 «37 3 492 5 7 
u IS $ 423 9 a 

*K 16 eo7 9 414 4 5 
Z 1*? «S4 « 293 3 4 
V 18 921 5 23e 7 3 p 970 1 179 7 2 

*% 20 1091 Z 131 1 1 

F-. VSI 

glutamate dehydrogenase 
X,.„„ = 2.39 corr 

I 
isee 

!(#NP poojmait: Doie m 
to 

oo 



^ pisplayfons - Netscapf 

Be Bit »w Qowmurfcattr 
Reload Home Search Netscape Print SeoiriV Shop ^ 
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APPENDIX C 

Accession numbers for Proteins Identified 
1 Untreated 
|gi 114758460 ubiquitin activating enzyme E1 
gi 14507761 ubiquitin 
gi 14507793 UbcC_ Ub-conjugating enzyme E2-17 kD 
gi|4885417 Ubc1 Ub-conjugatinq enzyme E2- 25 l<D 

jgi 14507789 Ubcl-l7_Ub-conjugating enzyme E2- 18I<D 
gi 14507777 Ub5C_Ub-conjugating enzyme E2- 17 l<D 
gi|2134982 U b-t hi io leste r ase 
gi 14503475 elongation factor 1-alpha 
gil6912392 glutamate dehydrogenase 
gi 14504239 histone 2A 
gi1462236 histone 2B 
gi|122102 histone 4 
gi|4758050 carnitine palmitoyltransferase 
gi11352309 DNA polymerase II 
gi|118495 aldehyde dehydrogenase 
gi 14503095 casein kinase 2 

,gi14507109 alpha-synuclein 
gi 17433799 fatty acid synthase 

Silencing mediator of retinoic acid & thyroid 
gi|7331795 hormone receptor 
gi 15453605 TCP1_chaperonin 
gi 17669492 glyceraldehyde-3-phosphate dehydrogenase 

gil4505273 5'-methylthioadenosine phosphorylase 
gi 16005942 VCP valosin containing protein 
gi|6175069 TRAP-1 TNF receptor assoc. protein 1 

As ( I I I )  
jgi [4505641 PCNA proliferating cell nuclear antigen 
gi|4504169 glutathione synthase 
gi|5921805 3' 5' cyclic nucleotide phosphodiesterase 
gi|631291 MKK2 MAP kinase activated protein kinase 2 

As( l l l )  +  BSO 
gi 14757732 AIF apoptosis inducing factor 
gi|5031767 HSF1_ heat shock transcription factor 1 
gi|5921805 3' 5' cyclic nucleotide phosphodiesterase 
gi 11085373 protein disulfide isomerase 
gi 1134593 SNOA_ski related oncogene 
gi 15454096 STK4 serine/threonine kinase 4 
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APPENDIXD 
SALSA Search Results 

rank score m/z 1 >. 1 = 2x RT Scan # matched 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 

36 
39 
6 9 ,  

8.31 
6.36 
6.2 

5.55 
5.33 
5 06 
4.46 
4.31 
4.3' 

4.17 
4.07 

4 
3.66 
3.38 
3.32 
3 29 
3.29 
3.26 
3.26 
3.14 

2.66 
2.6 
2 . 6 .  

576.01 
451.9 
522.2 

997.32 
658.53 
571.52 
465.56 
780.11 
902.36 
495.37 
502.21 
851.34 
582 38 
474.17 
435.27? 
435.87 
388.18 
708.87: 
421.691 
808.89 

400.8 
400.8 
400.8 

0.09 
0.51 
0.19 
0.1 

0.49 
0.52 

34.72-34.79 
56.69-56.74 
58.68-58.73 
133.18-133.24 
105.65-105.70 
93.61-93.67 

0.561 52.08-52.14 
0.05 60.50-60.57 
0.05 56.58-56.64 
0.61 101.99-102.03 
0.13 76.89-76.95 
0.47: 119.97-120.02 

99.78-99.82 
37.35-37.41 
42.17-42.23 
76.26-76.31 

0.7 
0.12 
0.16 
0.41 
0.04 
0.61 i 
0.25 
0.49 

0.4 
0.33 
0.33 

15.73-15.79 
83.47-83.52 
78.83-78.87 
108.22-108.27 

17.66-17.70 
22.59-22.64 
22.59-22.64 

1116-1118 
1848-1850 
1916-1918 
4652-4654 
3664-3666 
3212-3214 I 
1692-1694 
1980-1982 
1844-1846 
3524-3526 
2580-2582 
4208-4210 
3440-3442 
1204-1206 
1364-1366 
2556-2558 
0476-0478 i 

2828-2830 
2652-2654 
3764-3766 

0540-0542 
0716-0718 
0716-0718 

Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 
Ion Series: 

258.94-
472.18-
262.81-
495.95-
797.27-
444.14-
514.20-
292.91-
472.07-
501.22-
242.76-
928.40-
709.34-
214.83-
158.00-
184.88' 
128.92-
875.19-
170.79-
862.27-

-501.00 
-714.25 
-505.10 
-738.01 
-1039.36 
-686.18 
-756.19 
-534.95 
-714.19 
-743.34 
-485.09 
-1170.43 
-951.26 
-457.07 
-400.04 
-426.85 
-371.03 
-1117.28 
-412.72 
-1104.40 

Ion Series: 316.91-559.29 
Ion Series: 316.96-559.23 
Ion Series: 316.96-559.23 

Primary Search: Ion Pair A242 
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rank score m/z >.1=2xRT Scan # matched 
1 7.33 576.01 0.09 34.72- 1116-1118 Ion Series: 258.94-501.00 
2 6.33 451.9 0.51 56.69- 1848-1850 Ion Series: 472.18-714.25; : loss 

= 
114 

3 5.46 522.2 0 19 58.68- 1916-1918 Ion Series: 262.81-505.10 , 
4 5.37 488.4 0.49 86 14- 2928-2930 Ion Series: 524.17-766.28; loss 

= 
114; Loss Ion: 862.25 

5 5.03 571.52 0.52 93.61- 3212-3214 Ion Series: 444.14-686.18;; loss 
= 

114 
6 4.89 997.32 0.1 133.1J 4652-4654 Ion Series: 495.95-738.01 : 
7 4.7 658.53 0.49 105.65 3664-3666 Ion Series: 797.27-1039.36 
8 4.35 715.26 0.05 65.99- 2176-2178 Ion Series: 357.86-600.28; loss 

= 
114 

9 4 388.18 0.04: 15.73- 0476-0478 Ion Series: 128.92-371.03; loss 
= 

114 
10 3.93 465 56 0.56 52.08- 1692-1694 Ion Series: 514.20-756.19 
11 3.8 780.11 0.05 60.50- 1980-1982 Ion Series: 292.91-534.95 
12 3.79 902.36 0 05 56.58- 1844-1846 Ion Series: 472.07-714.19 
13 3.67 495.37 0 61 101.95 3524-3526 Ion Series: 501.22-743.34 
14 3.59 502.21 0.13 76.89- 2580-2582 Ion Series: 242.76-485.09 
15 3.53 851.34 0.47 119.9; 4208-4210 Ion Series: 928.40-1170.43 
16 3.5 400.79 0.331 22.59- 0716-0718 Ion Series: 316.96-559.23; loss 

= 
114 

17 3.49 400.82 0.4 17.66- 0540-0542 Ion Series: 316.91-559.29; loss = 114 

18 3.4 614.28 0.081 28.48- 0912-0914 Ion Series: 216.38-458.28; loss 
= 

114 
19 3.31 388.03 02 69.69- 2312-2314 Ion Series: 128.99-370.99; loss 

= 
114; Loss Ion: 661.14 

20: 3.23 582.38 0.7 99.78- 3440-3442 Ion Series: 709.34-951.26 

24 3.09 400.77 0.36 25.31- 0808-0810 Ion Series: 317.10-559.30; loss 
= 

114; Loss Ion: 686.63 
31 2.91 400.79 0.34 26 90- 0860-0862 Ion Series: 316.93-559.17; loss 

= 
114 

40 2.72 400.88 0.3 21.27- 0672-0674 Ion Series: 317.00-559.26; loss = 114 

Primary Search: Ion Pair A242 
Linked Search: Neutral Loss A114 
Linked Search: Charged Loss A114 
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score m/z >.1= 2x RT Scan # matched 

1 \ 11.9 : 400.9 I 0.3 21.27-: 0672-0674 ion Series: 175.03-246.07-317.00-559.26-630.27-729.53 

2 11 400.8 0.33 22.59-i 0716-0718 ton Series: 175.00-246 10-316.96-559.23-630.28 

3 10.83 429.28^ 0.49 17.94- 0552-0554 ion Series: 174.86-246.11-317,11-559.29--630.30-729.40 

4 10.33 477.32i 0.42 22.70-: 0720-0722non Seres: 175.07-246.11-316.91--559.27-630.29-800.48 

5 9.98 400.8 0.4 17.66- 0540-0542 ion Series: 17S.03-246.03-316.91-559.29-630.30 

6 9.31 401.23 0.36 23.77-; 0756-0758 ion Series: 174.96-246.10-317.03-559.21-630.30 

7 8.7i 463.32 0.38 46.34-^ 1500-1502 ion Series: i75.03-246.18-317.22-559.17-630.29-729.25 

8 8.47 400.8 0.34 26.90-. 0860-0862 ion Series: 175.10-246.12-316.93-559.17-630.28 

9 8.35 400.9 0.27 19.58- 0612-0614 ion Series: 175.04-246.09-31700-559.27-630.29 

10 8.1 451.48i 0.35 35.68-: 1148-1150 ion Series: 174.99-245.98-317.10-559.29-630.34 

11 7.69i 429.34 ^ 0.42 24.12-: 0768-0770 ion Series: 175.17-246.15-316.87-559.26-630.24-729.23 

12 7.02 400.8 0.36 25.31-, 0808-0810 Ion Series: 174.94-246.01-31710-55930-630 31 

13 6.94: 400.69 i 0.35 28.37-: 0908-0910 ion Series: 175.16-246.C2-316.90-559.22-63a.24 

14i 6.74i 429.05 0.37i 25.43-: 0812-0814: ion Series: 175.05-246.01-317.11-559.40-630.32-729.30 

15: 6.11 957.16 : 0.64: 146.07 5084-5086 Ion Series: 567.09-723.12-794.39-865.36-1107.12-1178.20-1349.11 

16 5.83 569.47 0.53 62.62-1 2056-2058: ion Series: 469.96-783.16-854,19-953.21-1024.26 

17 5 10: 400.84 0.25: 29.61-: 0948-0950 ion Series: 174.92-245.99 -317.22-559.27-630.26-729.18 

18 5.14 629.46: 0.42:79.73- 2688-2690 ion Series: 506.29-576.99-890.64-989.17-1060.28-1060.97 

19: 5.04: 980.86 0.42: 79.49-' 2680-2682: ion Series: 731.25-801.93-1186.30-1285.35-1356.24-1357.19 

20 4.94 488.37: 0.4: 42.05- 1360-1362 ion Series: 403.08-474.05-573.17-644.25 

Primary Search: Ion Series AVAK*(242)AAR 
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