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ABSTRACT 
 

 

                Stress conditions such as heat shock, UV, alkylating agents, and H2O2 have 

been shown to result in the modification of a variety of protein targets via the production 

of reactive electrophiles.  These modifications can directly impact protein function or can 

alter posttranslational modifications, thus leading to a disruption of cellular regulatory 

processes.  Recent studies have shown that stress-induced protein modifications can 

modulate posttranslational modification by the small ubiquitin related modifier (SUMO) 

family of proteins.  Unlike ubiquitination, which primarily targets proteins for 

proteasomal degradation, sumoylation exerts a variety of effects including protein 

stabilization, subcellular localization, and the alteration of protein-protein interactions 

and transcriptional activity. To investigate the effects of alkylation and oxidative stress 

on sumoylation, HEK293 cells were treated with iodoacetamide, hydroquinone, 

benzoquinone, Texas Red C5 bromoacetamide, hydrogen peroxide, and 4-

hydroxynonenal (HNE), a highly reactive product of lipid peroxidation associated with 

oxidative stress.  Western blot analysis revealed that the agents tested resulted in 

concentration-dependent changes in the patterns of SUMO-1 and SUMO-2/3 protein 

conjugation.  Localization studies using western blot analysis and confocal 

immunofluorescence microscopy demonstrated that SUMO-1 protein conjugates were 

located primarily in the nucleus, whereas SUMO-2/3 protein conjugates were more 

equally distributed between the nucleus and the cytoplasm.  SUMO-associated proteins 

were harvested from vehicle- and HNE-treated non-transfected HEK293 cells using 



  14

agarose conjugated anti-SUMO-1 antibodies or from HA-SUMO-1- and HA-SUMO-3-

expressing HEK293 cells using immunoaffinity chromatography.  Multidimensional 

liquid chromatography-tandem mass spectrometry analyses resulted in the identification 

of 54 HA-SUMO-1-associated proteins and 37 HA-SUMO-3-associated proteins in 

vehicle-treated cells and 21 HA-SUMO-1- and HA-SUMO-3-associated proteins in HNE 

treated cells.  Additionally, 27 SUMO-1-associated proteins were identified in the HNE-

treated non-transfected cells. The functional classes of proteins targeted included RNA 

binding and processing proteins, metabolic enzymes, cytoskeletal regulators, and 

chaperone proteins.  HNE treatment resulted in a near complete redistribution of both 

SUMO-1 and SUMO-3 to different targets.  There was a 15% overlap in SUMO-1 and 

SUMO-3 associated proteins in vehicle-treated cells and a 10% overlap in HNE-treated 

cells indicating that SUMO proteins target distinct protein groups.  These results indicate 

that protein modifying reactive electrophiles can regulate protein functions through the 

indirect alteration of endogenous posttranslational modifications. 
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CHAPTER 1 

 
 

 INTRODUCTION, HYPOTHESIS AND AIMS  

 

1.1   INTRODUCTION 

1.1.1   Project Rationale 

 The cellular stress response can broadly be defined as the ability to rapidly 

respond to fluctuations in both the external and internal environments utilizing a set of 

genes and pathways that are highly conserved phylogenetically and respond to a wide 

range of stressors (1).  Many of these stressors function via the formation of reactive 

electrophiles and oxidants which can be generated as a result of bioactivation of 

xenobiotic chemicals and as endogenous byproducts of oxidative damage (2-4) .  These 

reactive electrophiles can exert damaging effects either by direct modifications of DNA 

and key protein targets or by indirect alterations of protein stability and protein-protein 

interactions (2;3;5;6).   

A major focus of the work in this laboratory has been on the formation of 

covalent protein modifications by reactive electrophiles and the development of methods 

for their identification.  The method development phase of this work utilized model 

peptides alkylated by a selection of reactive electrophiles and quickly progressed to the 

identification of adducted peptides from digests of mixed proteins (7-10).  The ability to 

apply these techniques to biological samples was the next step in the developmental 
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process and was demonstrated in studies that characterized changes in rat biliary proteins 

and identified adducted proteins as a result of exposure to chemical toxicants (11).   

A great deal of research has focused on the ability of stress-induced protein 

modifications to modulate the post-translational modification by the ubiquitin and small 

ubiquitin related modifier (sumo) pathways.  While protein sumoylation has been shown 

to be highly responsive to a diverse range of protein modifying stressors (12-15) 

identification of the sumo conjugates has proven a more difficult task.  The goal of this 

project was to investigate the effects of several alkylating agents and oxidants on 

sumoylation in human embryonic kidney (HEK) 293 cells and utilize techniques 

developed in this laboratory to identify the targets of sumo-1 and sumo-2/3 conjugation 

formed in response to these reactive electrophiles.   

1.1.2   Types of Chemical Toxicity 

 Chemicals can interact with a wide range of cellular macromolecules.  When 

this interaction results in an alteration of structure, the functions of living systems often 

are modified.  The types of toxicity that result from chemical interactions can be grouped 

into categories by the underlying mechanism of that toxicity.   

Oxidative stress.  All organisms living under aerobic conditions are subjected to 

oxidative stress as a result of interactions with reactive oxygen species.  Reactive oxygen 

species can be produced during cellular respiration or as a result of exposure to 

exogenous agents and can damage multiple cellular components to include nucleic acids, 

proteins and unsaturated lipids (3;4;16).    DNA damage is primarily due to hydroxyl 

radicals, which can directly attack the DNA bases and result in a variety of base  
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Figure 1.1.  DNA lesions produced by interaction with reactive oxygen species.  (A) 
Structures of damaged base moieties, 8-oxoguanine (8-oxo-dG), 2-oxoadenine 2-oxo-
dA), and 5-hydroxycytosine (5-hydroxy-dC) produced by interaction with reactive 
oxygen species.  (B) Structure of an abasic site.  Figure adapted from Kamiya,H. (17). 

8-oxo-dG 2-oxo-dA 5-hydroxy-dC

abasic site

8-oxo-dG 2-oxo-dA 5-hydroxy-dC

abasic site
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modifications or can attack the sugar-phosphate backbone resulting in the formation of 

abasic sites (Figure 1.1) (17).  Hydroxyl radicals can also abstract hydrogen atoms form 

deoxyribose resulting in single-strand and double-strand breaks (3;17).    Proteins 

reacting with reactive oxygen species can lead to oxidation of the peptide backbone and 

many of the amino acid side-chains (Figure 1.2) with wide ranging effects.  Protein 

carbonyls can be generated through oxidative damage to the peptide backbone and the 

side chains of lysine, arganine and proline and can result in protein-protein cross linking, 

rearrangement and protein fragmentation (3;16).  Amino acid residues containing a thiol 

group are highly susceptible to oxidations that can result in the formation of disulfide 

bonds, which in turn can lead to protein misfolding (3;18).   Accumulation of unfolded 

proteins results in the disruption of cellular function and can trigger apoptosis (6).   

Oxidation of cellular lipids, lipid peroxidation, occurs via a chain reaction that 

consists of three phases: initiation, propagation, and termination (Figure 1.3).  Lipid 

peroxidation is initiated by the abstraction of a hydrogen atom from a methylene carbon 

in the lipid side chain resulting in the generation of a carbon-centered lipid radical.  

During the propagation phase the lipid radical reacts with O2 to generate a peroxyl radical 

that is capable of abstracting hydrogen from another lipid side chain generating a lipid 

hydroperoxide and a new carbon-centered lipid radical.  Termination of the chain 

reaction can result from the reaction of two radicals to form a nonradical product or as a 

result of a reaction with an antioxidant, such as α-tocopherol (19;20).    While reactive 

oxygen species are relatively short-lived, reactive lipid products generated during lipid 

peroxidation have longer half-lives, especially the aldehydes, such as 4-hydroxy-2-  
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Figure 1.2.  Structures of oxidized amino acids.  Histidine, methionine, and cysteine 
following exposure to reactive oxygen species.  Figure adapted from Marnett, et al. (3). 
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Figure 1.3.  The three phases of lipid peroxidation.  Initiation of the chain reaction occurs 
when a reactive radical abstracts a hydrogen atom from a lipid side chain generating a 
carbon-centered lipid radical.  Propagation of the chain reaction results when the lipid 
radical reacts with O2 to generate a peroxyl radical that abstracts hydrogen from another 
lipid side chain generating a lipid hydroperoxide and a new carbon-centered lipid radical.  
Chain termination occurs when the radical reacts with another radical or an antioxidant to 
form a nonradical product.   Abbreviations:  LH – lipid. L• - lipid radical, R• - reactive 
radical, LOO• - lipid peroxyl radical, LOOH – lipid hydroperoxide, NRP nonradical 
product, α-TOH - α-tocopoherol, α-TO• - α-tocopoherol radical.  Figure adapted from 
Kelly, et al. (19). 
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nonenal (HNE) and malondiadehyde (MDA), which can react with nucleic acids and 

proteins.   The damaging effects of oxidative stress and lipid peroxidation have been  

reported to contribute to diseases such as diabetes, atherosclerosis and Alzheimer’s and 

are also thought to contribute to the aging process (2;21;22). 

Covalent modification of cellular macromolecules.  Reactions of reactive 

electrophiles with nucleic acids and proteins result in the covalent modification of 

cellular macromolecules that can lead to chemical mutagenesis, carcinogenesis, and 

target organ toxicity (23).  Reactive electrophiles able to form these covalent bonds can 

result from the breakdown of unstable oxidation products or through the bioactivation of 

both endogenous and exogenous compounds (3;24).  The work by Elizabeth and James 

Miller demonstrating that azo dyes could form covalent bonds with cellular 

macromolecules (25) was the beginning of a vast body of research leading to our current 

understanding of the toxicological importance of covalent adduct formation.   

The most common interaction between reactive electrophiles and DNA takes 

place on the highly nucleophilic N7 position of guanine with less reactive species 

interacting with nucleophilic oxygens, additional sites for adduct formation include the 

C8, N2 and N4 positions of guanine (26).  The type of mutation induced is determined by 

the adduct position and its chemical and physical properties.  Aflatoxin-8,9-oxide binds 

to the N7 position of guanine (Figure 1.4), causing a nucleotide mispairing during DNA 

replication, which ultimately causes mutations in the ras proto oncogene and the p53 

tumor suppressor gene (24).  DNA adducts with benzene metabolites have been  
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Figure 1.4.  Pathway for the formation of aflatoxin-N7-guanine. Exposure to aflatoxin B1 
and activation by phase I enzymes result in the formation of aflatoxin-N7-guanine.  
Figure from Egner, et al. (27). 
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demonstrated to inhibit mRNA synthesis and have been proposed as a mechanism 

responsible for the initiation of leukemia (28).   

The severity of the toxicity that results from the covalent binding of reactive 

compounds to cellular proteins is dependent on the functions of the proteins targeted and 

the degree to which the adducts modify those functions (23;28).  Cysteine thiols, lysine ε-

amines, histidine imidazoles, and protein N-terminal amines are highly nucleophilic 

residues that are attractive targets for reactive electrophiles, such as HNE (Figure 1.5) 

(29).  Bifunctional electrophiles can link two sites within a protein or cross-link two 

proteins imposing both structural and functional constraints (24).  Adduct formation on 

critical thiol moieties contained in many proteins can disrupt catalytic activity or block 

the assembly of macromolecular complexes (24), whereas binding to proteins involved in 

growth control may be carcinogenic (26).  The reactive metabolite of halothane, 

trifluroacetyl chloride binds to lysine groups in liver proteins.  This is thought to be a 

critical event in inducing immune recognition and antibody production against the altered 

target proteins causing fulminant hepatic necrosis referred to as halothane hepatitis 

(23;30-32).  Crabb, J.W. and colleagues demonstrated that the lysosomal protease 

cathepsin B, responsible for the degradation of macromolecules within the lysosomes, is 

inactivated by the formation of HNE adducts on critical active site residues (Cys29 and 

His150) of the enzyme (33).    

Receptor mediated toxicity.   Xenobiotics that bind a receptor in place of an 

endogenous ligand exert their toxicity with a high degree of specificity (24;34).  

Receptors are proteins that normally bind with endogenous regulatory ligands such as  
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Figure 1.5.  Structures of HNE and Michael addition-type HNE adducts.  (A) HNE with 
boxes indicating sites involved in Michael addition and Schiff base formation.  (B) The 
HNE-histidine adduct,  (C) HNE-lysine adduct, and  (D) HNE-cysteine adduct all formed 
as a result of Michael addition.  Figure adapted from Uchida, et al. (35). 

A

B C D

A
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hormones, growth factors and neurotransmitters (36).  Factors that contribute to the 

effects of the natural ligand as well as that of a potential toxicant are the affinity of the 

ligand for the receptor, ligand specificity, receptor saturability and tissue distribution 

(37).  Binding to the receptor is the initiating step and can take place at the natural ligand 

binding site and function as either an agonist, activating the receptor or as an antagonist, 

blocking activation.  Alternatively, the toxicant can bind a site other than the ligand 

binding site and activate or inhibit the function of the receptor (24;37).   

The transmembrane family of receptors often regulates signaling pathways that, 

once activated, can lead to rapid changes in cell function (37;38).   This family is made 

up of three basic subfamilies: The first are receptors with enzymatic activity, the largest 

of this group are protein kinases that exert their regulatory effects through the 

phosphorylation of effector proteins.  The second are G protein-coupled receptors, which 

interact with heterotrimeric GTP-binding proteins upon ligand binding to convey signals 

to their effector proteins (36;38).  Protein kinase C (PKC) is a family of ten structurally 

related serine-threonine kinases that play a key role in both growth factor and G-protein-

coupled receptor regulated signal transduction pathways involved in cell growth, 

differentiation and apoptosis (39). Phorbol esters (PE), such as tetradecanoyl phorbol 

acetate are more effective activators of PKC than the endogenous ligand diacylglycerol 

and have been shown to function as tumor promoters in multistage carcinogenesis 

(24;40;41). Ligand-gated ion channels, the third subtype, which include 

neurotransmitters, are made up of multi-subunit proteins that convey their signal by 

altering the cell’s membrane potential or ionic composition.   Lead can act as a substitute 
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for the endogenous ligand Ca2+ in ion-dependent events at the synapse, which can result 

in the impairment of multiple neurotransmitter systems, to include the cholinergic, 

noradrenergic, dopaminergic, and GABergic systems (40).  

Intracellular receptors function as ligand-dependant transcription factors that 

induce the transcription of a specific set of genes (34;36-38).  The aromatic hydrocarbon 

receptor (AHR) mediates the toxicological effects of the environmental pollutant 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD or dioxin) by up-regulating the expression of 

multiple enzymes, most notably cytochromes P450 1A1 and 1A2 (CYP1A1 and 

CYP1A2), and by triggering stress-activated kinase pathways (42-45).  The AHR is 

located in the cytoplasm in a complex with two heat shock proteins (hsp90s), a small 

protein (p23) and an immunophilin-like protein (XAP2) that dissociates upon dioxin 

binding (45;46).  The dioxin bound AHR is then phosphorylated and travels to the 

nucleus and forms a heterodimer with the Ah-receptor-nuclear translocator (Arnt), the 

AHR:Arnt complex then binds the dioxin-responsive element (DRE) and induces the 

transcription of genes with a DRE in their upstream enhancer regions (44-46).  The 

increased levels of CYP1A1 and CYP1A2 result in an increased production of reactive 

oxygen species, which in turn result in an increase in membrane lipid peroxidation 

(42;46).  The increased levels of reactive oxygen species can also result in the activation 

of ERK, JNK, IKK, and p38 pathways by functioning as second messengers to 

intracellular signaling components, such as Ras and arachindonic acids as well as 

extracellular signal-generating agents, such as PDGF, EGF, TGFb, TNFa, and IL-1 (46).  

Dioxin toxicity has been well documented to effect multiple organs and to vary greatly 
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depending on the age, sex and species of the exposed, as well as the timing and duration 

of the exposure (45;46).   

1.1.3   Cellular Responses to Stress 

 The role of the cellular stress response is to protect the organism from 

damaging stressors.  Regardless of the source of stress, the cell responds by activating 

four basic mechanisms: cell cycle checkpoint control, DNA repair, induction of 

molecular chaperones and protein stabilizers, and degradation and removal of cellular 

proteins (1).     

 Cell cycle checkpoints.  First discovered in yeast in the 1980’s followed by 

the identification of homologous genes in higher eukaryotes, cell cycle checkpoints play 

a fundamental role in the maintenance of genome stability (47;48).  They are complex 

biochemical signaling cascades that detect defects in DNA structure and chromosome 

function and trigger a multifaceted cellular response (Figure 1.6) that rapidly delays cell-

cycle progression, help to activate DNA repair, and re-start the cycle once repair is 

complete (49).  The G1/S phase transition is governed by several checkpoints, which can 

delay the progression into S-phase in response to a removal of growth factors and DNA 

damage and involves the phosphorylation of proteins required for DNA replication 

(38;50).  The restriction point or RB pathway is one of the key G1/S regulators and has 

been researched and reviewed extensively (50;51).  The retinoblastoma protein is 

phosphorylated by the cyclin D/cyclin-dependent kinase (Cdk) 4 or Cdk 6 complex, 

which allows for the release of E2F transcription factors, which subsequently activate the 

expression of a series of genes to include cyclins E and A, and p53 (38;49;50).  In  
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Figure 1.6.  Schematic representation of mammalian cell cycle checkpoints activated by 
DNA damage.  Targets of ATM/ATR phosphorylation are indicated with a red P.  
Targets of Chk1/Chk2 phosphorylation are indicated with a black P.  The rapid and 
transient response is presented in green.  The delayed and sustained response is presented 
in blue.  Figure adapted from Lukas, et al. (51). 
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addition to the RB pathway, entry into S phase is also regulated by two distinct, but 

complementary G1 checkpoint response pathways that are activated by the same 

checkpoint transducing kinases ATM/ATR (ataxia telangiectasia mutated /ataxia 

telangiectasia related) and Chk1/Chk2 (check point kinase 1/check point kinase 2) (51).  

The first results in a rapid but transient response, in which ATM/ATR phosphorylates 

Chk1/Chk2, which in turn phosphorylates cell division cycle 25A phosphatase (Cdc25A) 

at Ser123, 178, 278, and 292, which induces its ubiquitin-mediated proteasomal 

degradation.  Without the Cdc25A activation of Cdk2 in the cyclin E/Cdk2 and cyclin 

A/Cdk2 complexes the cell cycle progression is disrupted (52-54).  The second utilizes 

the tumor suppressor p53, which is directly phosphorylated by ATM/ATR at Ser15 as 

well as by Chk1/Chk2 at Thr18 and Ser20.  This in turn induces the expression of p21 the 

cyclin-dependent kinase inhibitor that blocks the function of Cdk2, which results in the 

delayed but sustained arrest of the cell-cycle at the G1/S transition (38;50;51).  The 

G2/M phase transition is also governed by checkpoints that are responsive to DNA 

damage.  Mailand et al. recently reported that Cdc25A also plays a critical role in the 

rapid delay of G2/M transition by activating cyclin B/Cdk1.  The two components 

function in an autocatalytic loop in which cyclin B/Cdk1 phosphorylates Cdc25A at Ser 

17 and 115 resulting in its stabilization and prolonged activity (55).   A more sustained 

delay of the G2/M transition occurs through the long-term silencing of cyclin B/Cdk1 by 

the p53 induced GADD45 and 14-3-3σ proteins (51). 

 As an alternative to cell cycle arrest, p53 can respond to DNA damage by 

initiating apoptosis, which involves condensation and peripheralization of chromatin, 
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nuclear fragmentation, loss of cytoplasm compaction of organelles and ultimately the 

fragmentation of the cell into apoptotic bodies (38).  The apoptotic pathway is regulated 

by p53 at several levels.  Expression of the anti-apoptotic proteins, Bcl-2 and Bcl-XL are 

repressed, whereas the pro-apoptotic proteins, Bax, Bak, APF-1, and PUMA are 

transcriptionally activated (52;56;57).  In addition, p53 can sensitize the cell to death 

receptor-mediated apoptosis by activating CD95 and TRAIL receptor 2 (52;56).  

Redirecting p53 from the nucleus to the mitochondria triggers the release of cytochrome 

c that is required for the proteolytic activation of caspase-3, the primary effector of 

apoptosis (58). 

DNA repair mechanisms.  Rapid and efficient mechanisms for DNA repair are 

essential for survival.  There are direct repair mechanisms for DNA damage of a limited 

nature such as simple nicks that can result from exposure to ionizing radiation.  DNA 

ligases can repair the nicks if the 3’ hydroxyl and 5’ phosphate groups remain intact and 

there are enzymes that can transfer alkyl groups from the affected base onto itself (38).  

The mechanism used to repair single-strand breaks is determined by the nature and site of 

the break (Figure 1.7.A).  Single-base mismatches in DNA can occur as a result of the 

incorporation of an incorrect base during replication or as a result of the deamination of 

5-methylcytosine.  Mismatch repair (MMR) utilizes a combination of hMUTS and 

hMUTL heterodimers to recognize the class of lesion and activate either the translocation 

or looping of the DNA or by converting hMUTS to a sliding clamp, which recruits 

hMUTL, polymerases-δ/ε, exonucleases, and replication factors (59).  Replacing 

damaged or inappropriate bases is accomplished using a base excision repair mechanism  
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Figure 1.7.  DNA repair mechanisms.  (A) Mechanisms for single strand breaks.  
Nucleotide excision repair (NER) is used to excise bulky lesions.  Global genome NER 
repairs the inactive portion of the genome, while transcription coupled NER repairs the 
active portion of the genome.  Mismatch repair (MMR) detects and repairs single-base 
mismatches and more complex loops or deletions.  Base excision repair (BER) removes 
small lesions.   (B) Mechanisms for double strand breaks.  Non-homologous end-joining 
aligns and ligates DNA ends.  Homologous recombination uses a sister chromatid or 
homologue to repair DNA damage.  (See text for full explanation.)  Figure adapted from 
Rich, et al. (59) 
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(BER) that utilizes DNA glycosylases to remove the damaged base and AP endonuclease 

to introduce a nick 5’ to the abasic site.  Deoxyribophosphodiesterase then hydrolyzes the 

5’ residue, a DNA polymerase then replaces the nucleotide and the nick is repaired by a 

DNA ligase (38).  More extensive damage, such as multi-base lesions, bulky adducts and 

cross-linking are repaired by a nucleotide excision repair (NER) mechanism that utilizes 

several multi-component complexes in a stepwise process (38;60).  The first step 

involves recognition of the damage by three factors, XPA, RPA and XPC-hHR23B and 

the subsequent recruitment of the TFIIH complex.  A damaged DNA binding factor 

(DDB) has been shown to contribute to the recognition of bulky UV lesions.  This is 

followed by dual DNA incisions by the 3’ endonuclease XPG and the 5’ endonuclease 

XPF-ERCC1 and excision of the damaged DNA.  DNA polymerases then replace the 

excised nucleotides and the nicks are mended by DNA ligase (60).   Ribonucleotide 

reductase is responsible for the conversion of ribonucleotides to deoxyribonucleotides 

required for both DNA damage repair and DNA synthesis (61).   

Double-strand break repair (Figure 1.7.B) is accomplished using either non-

homologous end-joining (NHEJ) or homologous recombination (59;62-64).  The first 

step of NHEJ involves the binding of Ku heterodimers to the DNA breaks, which 

stabilizes and protects the lesion from degradation.  In the next step, DNA-dependent 

protein kinase (DNA-PK) binds to the free DNA ends.  Ku then recruits the catalytic 

subunit of DNA-PK (DNA-PKcs), which activates the DNA-PK haloenzyme.  The last 

step of the process, rejoining of the ends, is promoted by a DNA ligase IV-XRCC4 

heterodimer (59).  Homologous repair is also a multi-step process.  The first step, pre-
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synapsis, involves nucleolytic processing that results in 3’ extensions of single stranded 

DNA and the formation of the nucleoprotein complex, which requires the single-stranded 

DNA binding protein RPA and the homologous recombination proteins Rad52 and 

Rad51 (64).  Synapsis, the second step, consists of the recognition of a homologous 

double-stranded DNA template and the pairing of the Rad51 nucleoprotein filament with 

the template DNA.  During the third step, post-synapsis, DNA polymerases replace the 

missing DNA using the homologous strand as a template, the recombined molecules are 

separated and the strands are re-annealed by a DNA ligase (62;64).  In addition to 

overcoming the constraints imposed by chromatin structure, Rad54, a chromatin-

remodeling factor, has been shown to enhance the formation and stability of the Rad51 

nucleoprotein filament and aid in the dissociation of Rad51 from the post-synaptic 

complex (62-64).      

Molecular chaperones.   The large family of molecular chaperones all possesses 

the ability to bind to and stabilize other proteins in non-native confirmations.  Protein 

misfolding can be triggered by thermal, osmotic and oxidative stress or can be a result of 

genetic mutations, transcriptional or translational errors.  Misfolded proteins can pose a 

major threat to cell function and viability (65).  Molecular chaperones direct initial 

protein folding, reverse protein misfolding and prevent protein aggregation, target 

nonfunctional proteins for degradation, stabilize proteins in a conformation that will 

allow membrane translocation, and regulate the formation and activity of multi-protein 

complexes through controlled cycles of binding and release (38;66;67).   Many of these 

functions require accessory proteins or co-chaperones and ATP hydrolysis (38).  
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Exposure to extreme temperatures, UV irradiation and various toxic agents activates heat 

shock transcription factors to induce the synthesis of heat shock proteins (Hsp), a 

subfamily of molecular chaperones that protect the cell from the accumulation of non-

native proteins (68).  A central binding domain on Hsp70 proteins recognizes short 

stretches of hydrophobic amino acids that become exposed when proteins are misfolded 

or damaged.  Shielding these hydrophobic regions prevents aggregation and promotes 

proper folding (65).  Hsp40 proteins serve as cofactors that stimulate ATP hydrolysis and 

contribute in substrate selection while BAG-1 proteins function as nucleotide exchange 

factors that stimulate ADP release and substrate unloading (65).  As an organism ages, 

the ability to express Hsps decreases resulting in the accumulation of damaged and 

misfolded proteins that can ultimately lead to the organism’s death (67).   

In addition to its function in protein quality control, Hsp70 associates with Hsp90 

and several cofactors to regulate signal transduction pathways by controlling 

conformational changes required for activation of signaling proteins (65).  Recognition 

and binding of the signaling protein and ATP hydrolysis is mediated by Hsp40, Hsp70-

interacting protein (Hip) binds to the ATPase domain of Hsp70 stabilizing the ADP-

bound state and the substrate/Hsp interaction.  Simultaneously, the Hsp70/Hsp90- 

organizing protein (Hop) binds to Hsp70 and Hsp90 allowing the signaling protein to be 

transferred from Hsp70 to Hsp90.  After transfer the Hsp70 complex is then released and 

Hsp90 along with the cofactors p23 and immunophilin complete the activation of the 

signaling protein (45;65).  
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Degradation and removal of cellular proteins.  The ubiquitin proteasome 

pathway is a highly specific and tightly regulated process that mediates the degradation 

and removal of cellular proteins, which contributes to a variety of basic cellular functions 

to include cell cycle control, DNA repair and the cellular response to stress (69;70).  

Aaron Ciechanover, Avram Hershko and Irwin Rose discovered the ATP-dependent, 

ubiquitin-mediated proteolytic system in the early 1980s and were awarded the Nobel 

Prize in Chemistry in 2004 for their work (71).  Protein degradation by the ubiquitin-

proteasome pathway is a highly selective two-step process in which multiple ubiquitin 

molecules are covalently attached to the target protein to form a polyubiquitin chain 

followed by degradation of the tagged protein by the 26S proteasome complex (69).   

Ubiquitin is a 76 amino acid protein that was first observed covalently attached to 

another protein in 1977 (72).  Ciechanover, Hershko and Rose demonstrated that 

ubiquitin conjugation to target proteins is catalyzed by three separate enzymes: an E1 

ubiquitin activating enzyme, an E2 ubiquitin conjugating enzyme, and an E3 ubiquitin 

ligase (Figure 1.8) (70;73).  To date only one ubiquitin E1 has been identified.  Ubiquitin 

activation requires ATP to form an ubiquitin-adenylate intermediate which in turn reacts 

with a cysteine residue on the E1 to form the E1-ubiquitin thiol ester (73).  The family of 

ubiquitin E2s are responsible for the transfer of ubiquitin from the E1 to the E2 to form a 

second thiol ester bond (73).  The diverse specificity of ubiquitination is attributed to the 

very large family of E3 ligating enzymes.  There are three sub-families of E3 proteins; 

Really Interesting New Gene (RING), UFD2 homology (U-box), and Homologous to 

E6AP Carboxy Terminus (HECT).  All three contain both E2 and substrate-interacting  
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Figure 1.8.  The ubiquitin conjugation pathway.  Depicted here with the RING type E3 
initially discovered.  See text for full descriptions of the E1, E2 and other E3 enzymes. 

Ub

E1
ATP

AMP+PPi

-S- UbE1

E2

E1

-S- UbE2

E3

E2
E3

Ub
Ub

Ub

substrate

Ub

Ub

DUB

DUB

Activation

Conjugation

Ligation

Deconjugation
substrate

Ub

E1
ATP

AMP+PPi

-S- UbE1 -S- UbE1

E2

E1

-S- UbE2 -S- UbE2

E3

E2
E3

Ub
Ub

Ub

substrate

Ub

Ub

DUB

DUB

Activation

Conjugation

Ligation

Deconjugation
substrate



  37

domains.  The RING and U-box E3s act as scaffold proteins that facilitate the transfer of 

the ubiquitin from the E2 to the ε-NH2 group of an internal lysine residue of the target 

substrate, whereas the ubiquitin is transferred to a cysteine on the HECT E3s prior to 

conjugation to the lysine residue on the target (70;73).  Poly-ubiquitin chains are formed 

by the attachment of an additional ubiquitin primarily at lysine 48 of the previous 

ubiquitin moiety; however, linkages have also been noted at lysines 6, 11 and 63 (70).   

Ubiquitin conjugation is a reversible process that utilizes the large family of 

ubiquitin-specific cysteine proteases or deubiquitinating enzymes (DUBs) to cleave the 

isopeptide bond that links ubiquitin to its target (69).  USP7 removes ubiquitin from p53, 

which rescues it from proteasomal degradation and allows p53-mediated cell growth 

repression (74).  Since many of the other cell cycle regulatory proteins are subject to 

ubiquitin-mediated degradation DUBs are thought to contribute to their control. DUBs 

also remove ubiquitin from proteins that are not targeted to the proteasome which occurs 

during mitotic and apoptotic chromatin condensation when ubiquitin is removed from 

histone H2A (74).     

Proteins tagged with a lysine 48-linked poly-ubiquitin chain are recognized and 

degraded by the large multi-catalytic 26S proteasome complex.  The proteins are cleaved 

into small peptides ranging in size from 3-23 amino acids which are then hydrolyzed by 

downstream proteases and amino peptidases (70).  The 26S proteasome is composed of a 

catalytic 20S core particle (CP) and either one or two19S regulatory particles (RP) 

positioned at opposite ends of the 20S CP (70;75).   
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The 20S CP is made up of four seven-subunit rings; two identical outer α-rings 

and two identical inner β-rings.  The NH2-termini of each of the α-subunits interact to 

form a gate to maintain the 20S CP in a closed position.  Three of the seven subunits in 

each β-ring contain a proteolytic active site with either trypsin-like, chymotrypsin-like or 

caspase-like activity (70;75).  The complex is assembled into a barrel shape with the 

active sites facing the center (70). 

The 19S RP can assemble at either end of the 20S CP and is composed of at least 

17 different subunits.  Functions of the 19S RP include; recognizing and selectively 

binding poly-ubiquitin tagged substrates, opening the gates at both ends of the 20S CP, 

ensuring unfolding of the substrate, directing the unfolded protein into the proteolytic 

core, and removing the ubiquitin chain subsequent to the initiation of translocation (75).  

The 19S cap consists of two subcomplexes, a base and a lid.  The base is made up of six 

regulatory particle triple ATPase (Rpt) subunits and two regulatory particle non-ATPase 

(Rpn) subunits.  The Rpt2 subunit opens the gates of the 20S CP by displacing the NH2-

termini of the α-rings and the Rpt5 subunit tethers the substrate to the 26S proteasome.  

The base and the lid are linked by an Rpn10 subunit that has an ubiquitin-binding site in 

its COOH-terminus.  The lid is composed of eight non-ATPase subunits, one the 

Rpn11/POH1 has ubiquitin specific protease activity that cleaves the intact poly-ubiquitin 

chain from its substrate (70;75).  Additionally, there are several ubiquitin specific 

proteases that transiently bind to the 26S proteasome (75).   

Accumulation of aggregates of misfolded protein impairs the ubiquitin-

proteasome system and a close collaboration between the Hsps and the proteasome is 
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required for protein quality control (65). Chaperone-mediated delivery of unfolded 

proteins to the proteasome has been shown to increase degradation efficiency (76).  

Hsp90 participates in the ATP-dependent assembly of the 26S proteasome and helps to 

maintain its functional integrity (76).  Proteasomal degradation of cytochrome P-450 2E1 

requires interactions with both Hsp90 and the 26S proteasome (70).  The Carboxy 

Terminus of Hsp70 Interacting Protein (CHIP) mediates the degradation-independent 

association of the Hsp70 co-chaperone BAG-1 with the proteasome that is speculated to 

enable the CHIP/Hsp70/BAG-1 complex to directly insert protein substrates into the 

proteolytic core (65). 

Defects in the ubiquitin-mediated proteasome system have been associated with 

the pathogenesis of several diseases.  These diseases can result from loss of function 

mutations in ubiquitin enzymes or in the recognition motif of a target substrate that leads 

to the stabilization of proteins or a gain of function mutation that results in the abnormal 

or accelerated degradation of the target protein (70;77).  Cancers and malignancies result 

from the stabilization of oncoproteins or growth promoting factors or the destabilization 

of tumor suppressors.  The uterine cervical carcinoma that is associated with high-risk 

strains of human papilloma virus (HPV) is due to the ubiquitin-mediated degradation of 

p53 that is triggered by a complex that forms between the HPV oncoprotein E6, p53 and 

an E3 ligase (69).   An accumulation of ubiquitin conjugates and/or inclusion bodies 

containing ubiquitin, proteasome and disease specific proteins have been reported in the 

pathogenic lesions associated with a variety of chronic neurodegenerative diseases such 

as Alzheimer’s disease, Parkinson’s disease and Amyotrophic Lateral Sclerosis (77).  
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Ciechanover and Schwartz recently reported finding a frame shift mutation in the 

ubiquitin transcript that results in the expression of ubiquitin with a C-terminal 20 amino 

acid extension in brains from patients with Alzheimer’s disease.  The mutated ubiquitin 

can’t be activated by E1, but is an efficient acceptor for polyubiquitination.  The resultant 

polyubiquitin chains are resistant to DUBs that act at the glycine 76 residue of the 

proximal ubiquitin(77).  Aberrations in the ubiquitin proteasome pathway have also been 

attributed to a wide array of immune and inflammatory disorders as well as the 

pathophysiological process of muscle wasting (70).   

1.1.4 Protein Regulation by Posttranslational Modification: Sumoylation. 

Protein function is regulated by posttranslational modifications that alter the sub-

cellular localization and activity levels of the affected proteins as well as protein-protein 

interactions.  Two very well documented examples are the phosphorylation of serine, 

tyrosine and threonine residues that regulates enzymatic activity and the acylation of N-

terminal residues that targets the protein to the cell membrane (38;78).  Ubiquitin was the 

first protein identified capable of the posttranslational modification of other proteins (72).  

In 1996, several groups used yeast two-hybrid screens to identify a ubiquitin-related 

modifier which they called: PIC1 for PML interacting protein 1 (79), sentrin for sentry 

because it appeared to guard against cell death signaling (80), and UBL1 for ubiquitin-

like protein 1 (81).  Not long after that, two groups reported finding the Ran GTPase –

activating protein RanGAP1 covalently modified by a novel ubiquitin-related protein; 

GMP1 for GAP-modifying protein 1 (82) or SUMO-1, the name most commonly used 

today for Small Ubiquitin-related MOdifier (83).   
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The SUMO family consists of four proteins, the 101 amino acid SUMO-1, the 95 

amino acid SUMO-2, the 103 amino acid SUMO-3, and the recently identified 95 amino 

acid SUMO-4 (78;84-86).  SUMO-1, 2 and 3 have been found in most tissues with the 

highest concentrations found in the heart, skeletal muscle, testis, ovary, and thymus 

whereas SUMO-4 was detected mainly in the kidney (78;80;86).   SUMO-1 and ubiquitin 

share an 18% sequence identity and have similar 3-D structures (87).  SUMO-1 shares 

48% sequence identity with SUMO-2, 46% with SUMO-3 and SUMO-2 and SUMO-3 

are 97% identical (84;85).  SUMO-4 most closely resembles SUMO-2 with an 87% 

sequence identity (86).  (See Figure 1.9 for sequence comparison.) 

Sumoylation process.  Sumoylation occurs via an ubiquitin-like pathway that 

utilizes SUMO specific enzymes (Figure 1.10).  All of the members of the SUMO family 

are synthesized as precursor molecules that must be proteolytically cleaved to expose the 

required Gly-Gly residues near the c-terminus (88).  Once processed, the SUMO-

activating enzyme, a heterodimer SAE1/SAE2 (or hAos1/hUba2), can catalyze the ATP-

dependent formation of the thiol ester bond between SUMO and SAE2 (89-91).  SUMO 

is then transferred from SAE2 to Ubc9, the SUMO conjugating enzyme (89;92;93).  

Ubc9 is similar in function and structure to the ubiquitin E2 conjugating enzymes(92;94).  

Unlike ubiquitin, conjugation of SUMO-1 to its target proteins requires the consensus 

sequence ΨKXE, where Ψ is a large hydrophobic amino acid, K is the lysine that SUMO 

is conjugated to, X is any amino acid, and E is glutamic acid (95;96).  Additionally, the 

consensuses sequence has been shown to function as a recognition site for Ubc9 for all of 

the members of the SUMO family of proteins.  Residues near cysteine 93, the active site  



  42

 

 

Figure 1.9.  Sequence homology between members of the SUMO family.  The internal 
consensus motif contained in SUMO-2, SUMO-3 and SUMO-4 (VTKE), is highlighted 
with a broken box.  The C-terminal GLY-GLY residues exposed following proteolytic 
processing is highlighted with a solid box. 
 

 

SUMO-1 M S D Q E A K P S T E D L G D K K E G E Y I K L K V I G Q D S S E I H F K V K M
SUMO-2 M A D E K P K E G V K T E N N N H I N L K V A G Q D G S V V Q F K I K R
SUMO-3 M S E E E P K E G V K T E N D Y I N L K V A G Q D G S V V Q F K I K R
SUMO-4 M A N E K P T E E V K T E N N N H I N L K V A G Q D G S V V Q F K I K R

SUMO-1 T T H L K K L K E S Y C Q R Q G V P M N S L R F L F E G Q R I A D N H T P K E L
SUMO-2 H T P L S K L M K A Y C E R Q G L S M R Q I R F R F D G Q P I N E T D T P A Q L
SUMO-3 H T S L S K L M K A Y C E R Q G L S M R Q I R F R F D G Q P I N E T D T P A Q L
SUMO-4 Q T P L S K L M K A Y C E P R G L S M K Q I R F R F G G Q P I S G T D K P A Q L

SUMO-1 G M E E E D V I E V Y Q E Q T G G H S T V
SUMO-2 E M E D E D T I D V F Q Q Q T G G V Y
SUMO-3 R M E D E D T I D V F Q Q Q T G G V P E S S L A G H S F
SUMO-4 E M E D E D T I D V F Q Q P T G G V Y
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Figure 1.10.  The SUMO conjugation pathway.  SUMO precursor is cleaved by SUMO-
specific proteases (SUSP) with C-terminal hydrolase activity to expose the C-terminal 
Gly-Gly residues.  See text for E3 enzymes identified to date.  SUMO is removed with 
SENPs with isopeptidase activity. 
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of Ubc9, make direct contact with the substrate protein to form a non-covalent complex 

between the SUMO-Ubc9 thiol ester and the substrate (97-99). The majority of the 

SUMO targets have also been shown to contain a nuclear localization signal (96).  

SUMO-2, SUMO-3 and SUMO-4 contain an internal consensus motif and are able to 

form polymeric SUMO chains at lysine11 (86;100).   

It was originally thought that sumoylation did not require an E3 ligating enzyme; 

however, three types of SUMO ligases have since been discovered.  RanBP2 was shown 

to exert E3-like activity in SUMO-1 protein modification when complexed with 

sumoylated RanGAP1 and Ubc9.  The interaction between RanBP2 and Ubc9 was 

demonstrated to strongly enhance the transfer of SUMO-1 from Ubc9 to Sp100 at lysine 

297 (101).  The PIAS (protein inhibitors of activated STAT) family of proteins has also 

been shown to function as E3 ligases that promote the sumoylation of a number of 

transcription regulators (102).  PIAS1 and PIASxβ are E3 ligases that enhance the 

sumoylation of p53 at lysine 358 and c-Jun at lysine 229 (103;104).  The sumoylation of 

the androgen receptor (AR) that is responsible for the negative regulation of AR-

dependent transcriptional activation is mediated by the E3 ligase activity of PIAS1 and 

PIASxα (105).  PIASxα has also been shown to promote SUMO-1, SUMO-2 and 

SUMO-3 modification of STAT1 (signal transducer and activator of transcription at 

lysine 703 (102).  PIASy promotes the sumoylation of lymphoid enhancer factor 1 

(LEF1) by SUMO-2 (106).  The transcriptional activity of interferon regulatory factor-1 

(IRF-1) is suppressed by PIAS3 induced sumoylation (107).   The human Polycomb 

member Pc2 was third type of E3 ligase discovered.  Pc2 recruits the transcriptional co-
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repressors CtBP1 and CtBP2 to large multimeric complexes involved in gene silencing, 

where it enhances the sumoylation of both (108).   

As is the case for most posttranslational modifications, sumoylation is reversible 

and desumoylation is catalyzed by a family of SUMO specific proteases (SUSPs) that are 

also responsible for the C-terminal hydrolase activity required for the SUMO maturation 

process (108-111).   Seven human ubiquitin like protease 1 (Ulp1) genes have been 

identified.  Of the SENP1-3 and SENP5-8 genes, only four encode SUSPs. SENP1 

encodes Senp1, which is localized to the nucleoplasm, nuclear bodies and nuclear 

periphery.   Several splice variants of SENP2 have been confirmed that encode Senp2, 

which localizes to the nucleoplasmic face of the nuclear pore complex (NPC), SENP3 

encodes Senp3, which localizes to the nucleolus, and SENP6 encodes Susp1, which is a 

cytoplasmic protein (108;109;112;113).  The specificity of the proteins encoded by 

SENP5 and SENP7 has not been determined and Nedp1/Den1 encoded by SENP8 

functions specifically on Nedd8, another ubiquitin-like protein (108).  Susp1 has only 

been shown to have C-terminal hydrolase activity and is found in much higher 

concentrations in reproductive organs than in other tissues (108;114).     

Targets and function of sumoylation.  As the number of proteins identified as 

targets of sumoylation continues to grow, so does our understanding of the biological 

implications of this modification.  SUMO conjugation has been shown to play a critical 

role in a diverse range of cellular processes that include subcellular localization, 

transcriptional regulation, cell-cycle control, chromosome function, signal transduction, 

and modulating protein-protein and protein-DNA interactions (110;115;116).   



  46

The first substrate for SUMO-1 conjugation identified was RanGAP1 (82;83).  

GTP hydrolysis by Ran, the small ras-like GTPase is essential for the bidirectional 

transport of proteins and ribonucleoproteins across the NPC (117;118).  Sumoylation of 

RanGAP1 induces a conformational change that exposes a binding site for RanBP2 and 

Nup358, a nucleoporin that is a component of the cytoplasmic filaments of the NPC 

(113;118;119).  Studies have shown that Ubc9 can interact with both the nucleoplasmic 

and cytoplasmic filaments of the NPC and act as a tether between RanGAP1 and 

Nup358.  In addition, Senp2 is localized to the nucleoplasmic filaments of the NPC 

through an interaction with the nucleoporin, Nup153 (113;119). The fact that so many 

components of the SUMO modification pathway are localized at the NPC implies a 

connection between sumoylation and nucleocytoplasmic transport.  

Promylocytic leukemia (PML) protein is tightly associated with nuclear bodies 

(NBs) that contain or associate with over 40 different proteins that are involved in a wide 

range of biological processes that include tumor suppression, transcriptional regulation, 

viral pathogenicity, protein degradation, DNA repair, cell growth, cellular senescence, 

and apoptosis (120;121).  Sumoylation of PML at lysine 160 and lysine 490 is required 

for its assembly into PML-NBs and subsequent compartmentalization of additional NB 

components (122-124).  In acute promylocytic leukemia, PML-NBs are disrupted into a 

microspeckled pattern (125).  Shifts in the sumoylation status of PML modulate the 

stress-induced disassociation and subsequent reassembly of PML-NBs during recovery 

(123).  Some examples of proteins that are found within or associated with PML-NBs 

include Chk2, the pro-apoptotic molecule Daxx, HIPK2, which mediates p53 
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phosphorylation, CBP and hSir2, which are responsible for p53 acetylation and 

deacetylation respectively (121;126).  PML-NBs are dynamic structures that exert 

regulatory control over component proteins by modulating their posttranslational 

modification patterns and subcellular distribution (121).       

Over half of the targets of SUMO-1 conjugation identified to date are 

transcription factors or proteins that act as corepressors or coactivators of transcription 

(126).  In most cases, transcription factors are inhibited by sumoylation (110).  

Sumoylation of lysine 230 and lysine 249 of Elk-1 is responsible for the repression of the 

activation domain, whereas the ERK-mediated phosphorylation of serine 383 results in 

the concomitant loss of SUMO and the restoration of transcriptional activation (127).  

The site for covalent SUMO modification is located within the synergy control motifs of 

cMyb, Sp3, C/EBP, androgen receptor (AR) and glucocorticoid receptor (GR).  

Sumoylation blocks their transcriptional activity, as well as the ability of these 

transcription factors to function synergistically with other transcription regulators (128-

130).  The proteolytic stability of c-Myb is drastically increased by the sumoylation of 

lysine 499 and lysine 523 although neither lysine is targeted by ubiquitin.   It was also 

noted that the SUMO-dependent suppression of the transcriptional activity of c-Myb 

occurs independent of the phosphorylation of serine 528 that was previously shown to 

have a suppressive effect (131).  LEF1 and IRF1 are sequestered in PML-NBs upon 

sumoylation resulting in a repression of transcriptional activity (107;126).   SUMO-1 

conjugation of Sp3 represses transcriptional activation by localizing Sp3 to nuclear 

periphery and nuclear speckles (132).  Sumoylation has also been demonstrated to 
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regulate the localization p73α, Pdx1 and the Drosophila Dorsal (133;134). 

Transcriptional activity can also be regulated through the modulation of protein-protein 

interactions.  Sumoylation of ARNT at lysine 245 inhibits the interaction with PML and 

suppresses the positive effect of PML on ARNT-mediated transcription (135).   

The only transcription factors known to be positively effected by sumoylation are 

HSF1, HSF2, p53 and Tcf-4 (126).  Sumoylation of HSF1 at lysine 298 and HSF2 at 

lysine 82 mediates targeting to PML-NBs and an increase in DNA binding ability that 

results in an increase in transcriptional activation (133;136;137).  It was also shown that 

ERK1/ERK2 mediated phosphorylation of serine 307 stimulates the sumoylation of 

HSF1 (138).  The sumoylation of p53 takes place on lysine 386, which is located within 

the region that regulates DNA binding and results in a mild increase in transcriptional and 

apoptotic responses (139-141). 

The sumoylation of transcriptional cofactors can also have a significant impact on 

transcriptional activity.  Transcriptional repression by p300 is dependent upon its 

sumoylation which enables the recruitment of HDAC6 (133;142).  Sumoylation enhances 

the transcriptional repression exerted by HDAC1 and HDAC4 (126).  SUMO-1 

modification of HDAC1 at lysine 444 and lysine 476 potentiates its histone deacetylase 

activity (143).  Additionally, the sumoylation of histone H4 mediates the recruitment of 

HDAC1 further modulating transcriptional repression (110).  RanBP2 serves as an E3 

ligase for the sumoylation of HDAC4 at lysine 559, indicating that the modification of 

HDAC4 takes place at the NPC and is coupled to its translocation into the nucleus (144).  

Sumoylation mediates the transcriptional co-activation of GRIP1 and SRC1 (110).  
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Lysine 239, lysine 731 and lysine 788 are the primary sites for the SUMO modification 

of GRIP1.  Sumoylation at lysine 731 and lysine 788, which are located in the nuclear 

receptor interaction domain is required for co-localization of GRIP1 with AR in the 

nuclei and co-activation of the steroid receptor (145).  IκBα is sumoylated at lysine 21, 

resulting in its stabilization due to a direct competition with ubiquitin.  The stabilized 

IκBα remains associated with NF-κB thus blocking its signal-induced transcriptional 

activation (109). 

SUMO has been shown to contribute to genomic integrity through the covalent 

modification of proteins involved in the regulation of DNA repair and replication.  

Proliferating cell nuclear antigen (PCNA) is an essential factor in DNA replication and 

repair that is loaded onto DNA and functions as a DNA polymerase sliding clamp (146).  

The sumoylation of lysine 164 in PCNA is most prominent during S phase, but is also 

increased with severe DNA damage. It also prevents the ubiquitination of lysine 164 

which is required for RAD6-dependent DNA repair (115;147).  Thymine-DNA 

glycosylase (TDG) is the initial enzyme of BER that excises thymine and uracil from G⋅T 

and G⋅U mismatched oligonucleotides.  Conjugation of lysine 330 with either SUMO-1 

or SUMO-2/3 significantly reduces the binding affinity of TDG increasing the rate TDG 

dissociates from the abasic site (148).  Wrn, a RecQ type helicase that has ATPase, DNA 

helicase and endonuclease activities has been shown to bind SUMO in the N-terminus.  

Werner’s syndrome or premature aging has been shown to be caused by defects in Wrn 

that disrupt sumoylation (149).  
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Both RAD51and RAD52 that participate in homologous recombination and repair 

of double strand breaks are sumoylated (110).  Topoisomerase I, which is required to 

remove negative supercoils from DNA is delocalized from the nucleus upon sumoylation 

(150).  Sumoylation of Topoisomerase II interferes with its ability to promote centomeric 

cohesion (151).  It has also been shown that sumoylated RanGAP1 is localized to 

kinetochores and mitotic spindles during mitosis and RanBP2/Nup358 colocalizes to the 

kinetochores and is essential for kinetochore-microtubule association (110;152;153).  

Ptm3p, the S. pombe homologue of SUMO-1 is required for spindle pole body and 

kinetochore functions in chromosome segregation and in the maintenance of telomere 

length (154).  

While the reversible posttranslational modification of proteins by the SUMO 

family has been recognized to play a significant role in a variety of cellular processes, a 

great deal of research is still needed to fully understand the molecular consequences of 

these modifications. The covalent attachment of SUMO results in an alteration in the 

ability of the target protein to interact with other proteins (155).  This can be 

accomplished through the subcellular sequestration of the targeted protein, the creation of 

new surfaces for interaction, the recruitment of regulatory proteins to the site of 

modification or conformational changes that either block or facilitate the incorporation 

into multi-protein complexes (155).  Sumoylation, like ubiquitination has been shown to 

increase in response to stress-associated protein modifications and damage(146;156).  

High molecular weight SUMO-1 protein conjugates were shown to accumulate following 

the exposure to a diverse range of protein modifying stressors which included ultraviolet 
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light, heat shock, hydrogen peroxide, and the alkylating agent, N-ethylmaleimide (12).  

Saitoh and Hinchey demonstrated that heat shock, hydrogen peroxide and ethanol 

induced a rapid and reversible accumulation of SUMO-2/3 protein conjugates (14).  In a 

recent study Zhou et al reported a dramatic increase in the level of protein sumoylation in 

yeast cells exposed to hydrogen peroxide and ethanol (15).  All of this supports the 

concept of sumo modification as a response to stress; however, very little work has been 

done to characterize the response of sumo pools to chemically induced stress at a 

proteome-wide level. 

1.1.5   Proteomic Approaches to Characterize Proteins and Protein Modifications. 

Proteomics is the study of the protein complement of the genome.  While the 

genome is essentially the same in all cells within an organism, the proteome varies 

between cells and tissues and is subject to changes due to the developmental stage or 

disease state of the organism as well as environmental conditions (29;157).  The levels of 

protein expressed at a given time can also vary with the conditions and alternative 

splicing of the primary transcript can result in the expression of different isoforms of the 

gene product (158). Posttranslational modifications, which often play a key role in the 

regulation of the protein, also contribute to variations in the proteome. 

Protein separation.  In order to characterize proteins and their modifications, one 

must be able to extract and separate the proteins of interest from the thousands of proteins 

in the tissue or organism being studied.  Since proteins cannot be amplified like DNA via 

the polymerase chain reaction, preparative techniques that allow the researcher to divide 

the sample into smaller less complex fractions and to enrich the components of interest 
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have been developed (Figure 1.11).  As a first step, cells can be separated into cytosolic 

and nuclear fractions using well-established protocols or commercially available kits that 

utilize centrifugation and lysis buffers containing a detergent and protease inhibitors. 

Affinity purification techniques that utilize antibodies towards the protein of 

interest will allow for the separation of that protein and proteins that covalently bind to it 

from the lysate fractions.  Depending on the stringency of the wash conditions, proteins 

with non-covalent interactions as well as non-specifically bound proteins will also be 

present (157).  The presence of contaminating proteins due to non-specific binding can 

interfere in the separation and identification of lower abundance proteins.  Increasing the 

salt or detergent concentration in the wash buffer can reduce non-specific binding that 

can occur between abundant proteins and the resin used to immobilize the antibody but 

can also disrupt true interactions (159).  The use of monoclonal antibodies can reduce the 

amount of non-specific binding due to cross-reactivity between the antibody and proteins 

other than the intended target (160).   

An alternative to the classic co-immunoprecipitation approach, epitope-tagged 

proteins can be used as a tool to separate a protein and its binding partners and in the 

identification of protein-protein interactions.  Epitope tagging is a recombinant DNA 

technique that results in the production of a fusion protein containing the protein of 

interest and an immunoreactive epitope (Table 1.1), typically 6 to 15 amino acids, that 

does not alter the biological activity of the protein (161).  Validated antibody-epitope 

combinations are commercially available for use in western blot analysis, 

immunofluorescence microscopy, immunoprecipitation, and immunoaffinity  
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Figure 1.11.  Schematic representation of protein separation techniques. Cell lysates can 
be separated into cytosolic and nuclear fractions.  Immunoprecipitation can be used to 
isolate specific proteins from the cell lysates or fractions using antibodies directed 
towards the protein of interest or immunoaffinity chromatography can be used to isolate 
epitope-tagged proteins.  SDS-PAGE or 2-D SDS-PAGE can be sued to separate proteins 
from the cell isolates/fractions and the protein bands/spots of interest can then be excised.  
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Table 1.1.  Common commercially available epitope tags.  The name, size and sequence 
are presented for some of the commonly used epitope tags. 

 

 

Name Size Sequence
His6 6 aa HHHHHH
Glu-Glu 6 aa EYMPME or EFMPME
FLAG 8 aa DYKDDDDK
HA 9 aa YPYDVPDYA
c-Myc 10 aa EQKLISEEDL
Protein C 12 aa EDQVDPRLIDGK
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chromatography (161).  The use of epitope-tagged proteins also provides the investigator 

with better controls to address the issue of false positives due to non-specific binding.  

Cells transfected with the tag alone can be processed in parallel using the same 

purification scheme as the cells transfected with the epitope-tagged protein.  Any proteins 

identified in the controls would then be removed from consideration as a possible binding 

partner of the epitope-tagged protein or protein of interest (162).  

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

separates the previously denatured proteins in the sample into bands based on molecular 

weight (163).  The bands, which can contain multiple proteins of the same molecular 

weight, can then be excised and processed for analysis.  Two-dimensional SDS-PAGE, 

the most commonly used technique to resolve complex mixtures of proteins, first 

separates the sample based on isoelectric point and then by molecular weight (164).   In 

addition to its use as a preparative step, 2-D SDS-PAGE is also used to characterize the 

differential expression of proteins between treatments or physiologic states (158). 

Digestion.  Once the preparative step is completed the protein fractions are 

digested into peptides for analysis. There are a number of readily available stable 

proteases that cleave proteins with well-defined specificity (Table 1.2).  Trypsin cleaves 

proteins at the carboxyl side of lysine and arginine residues except when directly 

followed by a proline and displays good activity in both solution and in-gel digestion 

protocols.  Based on the average occurrence of lysine and arginine residues in proteins 

the average length for a tryptic peptide is 9 amino acids (165).   The endoproteinase Glu-

C cleaves after glutamic acid residues in either ammonium acetate or ammonium  
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Table 1.2.  Cleavage specificities of frequently used proteases.  “/” indicates the cleavage 
occurs following the amino acid residue listed just prior to the symbol.  “\P” indicates 
except when that amino acid is immediately followed by a proline residue.  
 

 

 

Enzyme Cleavage Specificity
Trypsin K/, R/, \P
Chymotrypsin W/, Y/, F/, \P
Glu C E/, Da/, \P
Lys C K/, \P
Asp N D/
a Indicates cleavage occurs after aspartate and glutamate in sodium 
phosphate buffers, otherwise only after glutamate.
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bicarbonate buffers and after aspartic acid and glutamic acid in phosphate buffers.  Glu-C 

often does not cleave insoluble proteins, but is particularly useful in the digestion of 

proteins high in lysine or arginine content (157;165).  Lysyl endopeptidase or Lys C, 

which cleaves at the carboxyl side of lysine residues except when a lysine-proline linkage 

is present often results in peptide fragments too large for proteomic analysis.  While 

chymotrypsin readily cleaves after tryptophan, tyrosine and phenylalanine it can also 

result in partial cleavage after leucine and methionine and can yield peptides that are too 

small to provide adequate sequence information (157;165).    Cyanogen bromide, which 

can be used as an alternative to enzymatic cleavage, cleaves proteins at methionine 

residues.  However, methionine is one of the least abundant amino acids so the resulting 

peptides are often too large for adequate analysis (166). While trypsin digestion is the 

method used most often in proteomic analysis, the use of other proteases often produces 

overlapping fragments that will result in the generation of complementary data (167). 

MS Methods.  Early methods for protein sequencing such as Edman degradation 

were tedious and expensive and not applicable to proteins with N-terminal modifications 

(158).  Methods using mass spectrometry (MS) for protein sequence analysis have 

become key to advancing the field of proteomics.  A mass spectrometer is an analytical 

device that generates ions from peptide mixtures, which are then separated based on their 

mass-to-charge ratio (m/z) for detection of their mass and abundance (Figure 1.12).  The 

signal from the detector is transferred to computer where it is recorded in the form of 

spectra that can be used for future interpretation (168).  
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Figure 1.12.  Representation of the basic components of a mass spectrometer.  The 
sample is introduced either by direct insertion or infusion through a capillary column. 
The sample then undergoes ionization.  The ions produced are then separated on the basis 
of mass and charge by the mass analyzer.  The ion detector converts the kinetic energy of 
the ions striking it into a usable signal.  Common examples of each component are listed.    
Figure adapted from Siuzdak,G. (168). 
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The most common methods used to introduce a biological sample into the MS for 

analysis are direct insertion with a solid probe or infusion through a capillary column.  

The samples must then undergo ionization prior to mass analysis.  One of the earliest 

techniques used was electron ionization (EI), originally called electron impact, and is 

most suitable for low molecular weight compounds (169).  The sample must be converted 

to the gas phase, usually by thermal desorption from the insertion probe.  However, EI 

can also be used in conjunction with gas chromatography (GC).  The gaseous compound 

then travels into the electron ionization region where it is bombarded by a beam of 

energetic electrons, which results in the ejection of an electron from the target molecule 

converting it to a positive ion (167;168).   

Fast-atom bombardment ionization was discovered by Barber and colleagues in 

1980, and has a reported upper mass limit in the range of 4,000 – 10,000 Da (167-169).  

The sample is introduced on an insertion probe in a viscous liquid matrix, most 

commonly glycerol or m-nitrobenzyl alcohol (168).  A beam of fast-moving xenon or 

argon atoms bombards the sample, which results in the ejection free ions.  The ions are 

then propelled electrostatically to the mass analyzer (167-169).   

Two research groups, Tanaka and colleagues and Karas and Hillenkamp, are 

credited with the development of matrix-assisted laser desorption/ionization (MALDI) in 

1988 (167).  MALDI is a highly sensitive method that allows for the detection of 

picomoles of sample with an upper mass limit of 300,000 Da.  The sample, embedded in 

a nonvolatile crystalline matrix, is irradiated with a laser, which results in desorption of 

matrix and sample.  Once in the gas phase the sample is ionized by gas-phase proton-
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transfer reactions between molecules of the matrix and the sample.  Electrostatic lenses 

then direct the ionized sample to the mass analyzer(167-169).  The choice of matrix is 

critical to successful ionization; it must have strong absorbance at the wavelength of the 

laser, have a low sublimation temperature, and lack chemical reactivity.  Two commonly 

used matrices for the analysis of proteins and peptides are a-cyano-4-hydroxycinnamic 

acid and 2,5-dihydroxybenzoic acid (167;170).   

In the mid-1980s Fenn and colleagues showed that electrospray ionization (ESI) 

could be coupled with MS by demonstrating that ESI could produce multiply charged 

ions from proteins (167;169).  The typical sensitivity of ESI is on the picomole level and 

has an upper mass limit between 70,000 – 100,000 Da (168;169).  The sample is usually 

delivered in a solution consisting of water, an organic solvent, such as acetonitrile or 

methanol, and < 1% acetic or other acid.  In ESI the liquid sample is sprayed from a 

microcapillary tube where it is subjected to a strong electric field under atmospheric 

pressure, which results in the generation of a fine mist of charged droplets.  The ions are 

desolvated as the droplets flow through a heated capillary or a curtain of dry inert gas, 

such as nitrogen prior to entering the high vacuum region of the mass analyzer (167-170).  

The coupling of high-performance liquid chromatography (HPLC) with ESI allows for 

separation of the sample prior to ionization increasing the number of potential ions 

available for analysis (167). 

Regardless of the ionization technique used the next step involves a mass 

analyzer, which resolves the ions on the basis of mass and charge.  The first mass 

analyzers were developed in the early 1900s and used a magnetic field to separate the 
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ions based on their m/v (167;168).  The magnetic analyzer (Figure 1.13.A) separates ions 

based on the principle: a charged particle that is injected into a magnetic field will be 

forced to travel in a curved path perpendicular to the direction of the field with the radius 

determined by the m/v of the ions (167;168).  Magnetic analyzers have a relatively low 

resolution and are often used in conjunction with an electrostatic analyzer, which uses an 

electric field to focus ions based on their kinetic energy.  This technique, referred to as 

double-focusing magnetic sector mass analysis (Figure 1.13.B), allows for higher 

resolution, which results in increased sensitivity and accuracy of mass determination 

(167;168).  This type of mass analysis is most often used with EI and FAB ionization 

sources.   

The simplest method for mass analysis utilizes a linear time-of-flight (TOF) 

analyzer first developed in 1946 by Stephens (169).  The TOF mass analyzer consists of a 

flight tube, or field-free region, through which the ions travel from the ionization source 

to the detector (Figure 1.14.A).   Ions exit the source in a pulse and are accelerated to a 

constant kinetic energy into the flight tube where they will travel at velocities that are an 

inverse function of their mass-to-charge ratio (m/z) (167).  Therefore, the m/z of an ion 

can be determined based on the time it takes to travel from the ionization source to the 

detector.  In order to improve the mass resolution of the TOF analyzer a reflectron 

(electrostatic mirror) can be positioned along the flight tube, which focuses ions of the 

same m/z and reflects them down an additional flight tube to the detector (Figure 1.14.B) 

(157;167).  TOF analyzers are most commonly used with MALDI ionization.   
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Figure 1.13.  Representation of the magnetic sector mass analyzer.  (A) Single-focusing 
magnetic analyzer.  (B) Double-focusing instrument with magnetic and electrostatic 
analyzers with improved resolution.  Figure from Siuzdak, G. (168). 
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Figure 1.14.  Representation of a MS instrument with a TOF mass analyzer.  (A) Simple 
TOF analyzer.  (B) TOF mass analyzer with reflectron to improve resolution.  Figure 
adapted from Siuzdak, G. (168) 
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Paul and Steinwegen first described the quadrupole mass analyzer in 1953 and it 

is still one of the most widely used mass analyzer today (169).  The quadrupole consists 

of four precisely aligned parallel rods arranged in a square array that utilizes oscillating 

electric fields to separate ions according to their m/v (Figure 1.15.A and B) (167-169).  

The oscillating field is created by supplying one set of rods with a positive direct current 

(DC) potential and a superimposed radio-frequency (RF) potential while the opposing set 

of rods is supplied with a negative DC potential and an RF potential that is out of phase 

by 180° (167;169).   Ions directed down the channel formed by the quadrupole rods 

follow a corkscrew trajectory towards the detector.  Only ions of the same m/v ratio will 

have stable trajectories and reach the detector while the remainder of the ions will have 

unstable trajectories and fail to pass through the quadrupoles (157;167;169).  Scanning 

the RF field will allow ions with increasing m/v values to be analyzed and a mass 

spectrum to be obtained (157;167).  Quadrupole mass analyzers are most commonly 

coupled with ESI or EI ionization (168).  The triple quadrupole mass analyzer has three 

quadrupoles in series.  The first and the third are standard quadrupoles, designated Q1 

and Q3, while the second, designated q2, is an RF-only quadrupole (157;169).  There are 

two basic ways the triple quadrupole can be operated.  The first is referred to as full-scan 

mode (Figure 1.15.C), in which the ions are analyzed by rapid scanning of Q1 resulting in 

the recording of m/v values of all of the ions coming from the source over the time 

interval of the scan (157).  A full-scan analysis can detect all ions produced by the source, 

to include singly, doubly, and triply charged species.  The triple quadrupole can also be 

operated as a tandem mass (MS-MS) analyzer to produce MS-MS data.  In this mode Q1  
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Figure 1. 15.  Representation of a triple quadrupole MS instrument.  (A) Quadrupole 
mass analyzer;  (B) trajectories of ions with the selected m/v value and those with m/v 
other than the value selected;  (C) operation in full-scan mode; (D) operation in MS-MS 
mode.  Figure from Liebler,D.C. (157). 



  66

functions as a mass filter that allows only ions of a specific m/v value to pass.  The 

selected ions then enter a collision cell, q2, in which the ions collide with argon gas 

atoms resulting in peptide ion fragmentation.  The ion fragments then enter Q3 where 

they are analyzed on the basis of their m/v to produce a product ion spectrum (157;169). 

The triple quadrupole is most often used with ESI often coupled with LC.   

The concept of an ion-trap was first described by Paul and Steinwegen in 1960 

and was successfully incorporated into MS by Stafford et al of the Finnigan company 

(169).  The ion trap is a three-dimensional version of the quadrupole, which consists of 

three electrodes; a ring shaped central electrode and two ellipsoid end-cap electrodes 

(Figure 1.16.A). Ions of a broad m/v range are held within the trap on a three-dimensional 

trajectory by a combination of DC and RF voltages.  Ions within the trap repel one 

another resulting in an expansion of their trajectories.  Helium gas within the trap helps to 

control the energy of the ions and prevent ion loss(157;167;169).   The ions are ejected 

sequentially or scanned out on the basis of their m/v values (Figure 1.16.B) by increasing 

the magnitude of the DC and RF voltages and/or the frequency of the RF signal 

(157;167;169).  In full-scan mode, the spectrum produced represents all of the ions that 

were in the trap at that time, to include multiply charged peptide ions.  Like the triple 

quadrupole, the ion trap can also be used to perform MS-MS analysis.  Ions of a selected 

m/v value are held in the trap while all others are expelled.  The selected precursor ions 

are then subjected to an excitation pulse, which facilitates the energetic collision between 

the helium gas atoms and the peptide ions (Figure 1.16.C).  The peptide ion fragments 

that are produced as a result of the collision can then be scanned out according to their  
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Figure 1.16.  Representation of an ion trap MS instrument.  (A) Ions being held within 
the trap; (B) ions being ejected sequentially on the basis of their m/v values; (C) 
fragmentation of the selected peptide ion; (D) product ions produced by fragmentation of 
the precursor ion being ejected sequentially on the basis of their m/v values.  Figure from 
Liebler,D.C. (157). 
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m/v values (Figure 1.16.D)(157;167;169).  Like the triple quadrupole, the ion trap mass 

analyzer is most often used with ESI often coupled with LC.   

The detector is responsible for converting the kinetic energy of the ions striking it 

into a useable signal.  The electron multiplier and scintillation counter are the most 

common types of detectors used.  An electron multiplier consists of a series of diodes, 

between10 - 20, each with increasing potentials.  As ions strike the first diode electrons 

are emitted, which travel further into the electron multiplier resulting in a cascade of 

electrons with a measurable current at the end.  The amplifying factor of typical electron 

multiplier can range between 106 – 107 (167-169).  The scintillation counter, or 

photomultiplier conversion diode, functions similar to the electron multiplier.    Ions 

strike a diode and result in the emission of electrons; however, the secondary electrons 

emitted are accelerated towards a phosphorus screen and are converted into photons.  The 

photons are detected by a photomultiplier, which amplifies the signal in a cascading 

fashion much like the electron multiplier (168;169).  The scintillation counter has 

amplification ranges from 104 - 105.     

The profile of the peptide masses obtained from the MS analysis of proteins 

subjected to proteolytic cleavage is referred to as peptide mass fingerprinting.  The mass 

data generated can then be compared to peptide mass databases to identify the protein 

(169).  Although these databases are rapidly expanding the peptide mass alone is not 

always sufficient for identification.  The actual peptide sequence, which is more specific 

than its molecular mass can be determined by analyzing the fragment ions that are 

produced by collision-induced dissociation (CID) during MS-MS analysis (167;169).   
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CID causes the peptide ions to fragment primarily at the amide bonds along the peptide 

backbone.  If the charge is retained on the N-terminal portion b-type ions are generated, if 

the charge is retained on the c-terminus y-type ions are generated (Figure 1.17) (171).  

The MS-MS spectra generated from the MS-MS analysis represent the fragmentation 

pattern of the peptide that corresponds to its amino acid sequence and can provide 

information on posttranslational modifications and xenobiotic adducts (29). Automated 

LC-MS-MS (Figure 1.18) referred to as data-dependent scanning can acquire MS-MS 

data on thousands of peptides in a single run and has become one of the primary tools for 

peptide and protein sequencing (157).   The standard MS analysis uses a full mass range 

of 300 – 2000 amu to select precursor ions for MS-MS analysis.  The number of 

precursor ions selected for MS-MS analysis can be increased by splitting the full mass 

range into multiple runs using limited mass ranges for the selection of the precursor ions 

(172).   

Bioinformatics.  Computer-assisted algorithms that compare the MS and MS-MS 

data generated against established protein and nucleotide databases have greatly reduced 

the time it takes to identify the proteins in a sample.  Sequest, the computer search 

algorithm developed by Yates and Eng, identifies the peptide by comparing the 

experimentally generated MS-MS spectrum to model spectrum generated from protein 

and nucleotide databases using a cross-correlation function (171).    The cross-correlation 

score indicates the quality of the match between the sequence and the spectra, which can 

be verified by visual inspection of the predicted b- and y- ions in the best match.   
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Figure 1.17.  MS-MS fragmentation.  (A) Representation of the b- and y- ions that could 
result from the fragmentation of the peptide AVAGCAGAR.  (B) Spectrum of MS-MS 
analysis of the peptide AVAGCAGAR. 
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Figure 1.18.  Schematic representation of automated LC-MS-MS.  Data-dependant 
scanning can generate MS-MS spectra on thousands of peptides from a single run. 
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Multiple peptides with high quality MS-MS matches will provide the most reliable 

protein identifications (157).  

   

1.2     HYPOTHESIS AND AIMS 

Stress-associated protein modifications have been shown to trigger a diverse array 

of deleterious effects, which have been strongly correlated with target organ toxicity (23).  

This toxicity can be manifested as a loss of function of the adducted protein, an alteration 

in immunogenicity, a trigger of the signaling cascades that activate stress genes or are 

critical for cell growth, differentiation and/or survival (3;23;29).  Protein adduction also 

triggers unfolding of the protein, which makes the protein more susceptible to ubiquitin-

mediated proteolytic digestion (2).   Recent research has also indicated that protein-

modifying stresses trigger a change in the posttranslational modification by the family of 

SUMO proteins.  An interest in discovering what causes the observed changes in protein 

sumoylation following exposure to these stressors prompted this project. My hypothesis 

is that the protein damage that results from exposure to chemical stressors, such as that 

caused by oxidative stress and reactive electrophiles, lead to the observed changes in 

protein sumoylation.  The goal of this project was to characterize the changes in 

sumoylation in response to alkylation and oxidative stress.  The specific aims were: 

1. To characterize the effects of alkylating agents on the pattern of SUMO-1 

protein conjugation in HEK 293 cells.  The cells were exposed to a 

variety of alkylating agents or hydrogen peroxide.  Following exposure 

toxicity was assessed and the effects of the agents on the patterns of 
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sumoylation were evaluated using western blot analysis of the cell lysates.  

The results from this portion of the project were used to determine which 

agent would best help achieve the remaining two specific aims. 

2. To characterize the effects of HNE on SUMO-1 and SUMO-2/3 protein 

conjugation in HEK 293 cells.   The cells were exposed to HNE and 

concentration and time course responses were determined as an 

assessment of LDH leakage.  Following exposure the effects of HNE on 

the patterns of SUMO-1 and SUMO-2/3 protein conjugation were 

evaluated using western blot analysis of cell lysates or immuno-

precipitates.  Western blot analysis and confocal immunofluorescence 

microscopy were used to determine the effects of HNE treatment on the 

localization of the targets of SUMO-1 and SUMO-2/3 protein 

conjugation. 

3. To identify proteins that are targeted by SUMO-1 and SUMO-2/3 for 

conjugation in response to 4-hydroxynonenal exposure. The targets of 

SUMO-1 and SUMO-2/3 were isolated from nontransfected HEK293 

cells or cells stably expressing HA-tagged SUMO-1 or HA-tagged 

SUMO-3 using immunoprecipitation with anti-SUMO-1 antibodies or an 

HA immunoaffinity column.  The isolates from vehicle- or HNE-treated 

cells were then analyzed using LC-MS-MS analysis. 
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CHAPTER 2 

 
CHARACTERIZATION OF THE EFFECTS OF ALKYLATING AGENTS ON 

 SUMO-1 PROTEIN CONJUGATION 
 
 

2.1   INTRODUCTION 

Exposure to a diverse range of protein modifying stressors to include ultraviolet 

light, heat shock, hydrogen peroxide, and the alkylating agent, N-ethylmaleimide were 

shown to result in the accumulation of high molecular weight SUMO-1 protein 

conjugates (13;14).  The goal of this portion of the project was to characterize the effects 

of a variety of agents on the patterns of SUMO-1 protein conjugation in HEK 293 cells 

and select the best agent for further investigation. 

The agents chosen (Figure 2.1) were hydrogen peroxide and the following 

alkylating agents, iodoacetamide (IDAM), 4-hydroxynonenal (HNE), hydroquinone 

(HQ), benzoquinone (BQ), and Texas Red C5 Bromoacetamide (TxRed).   Hydrogen 

peroxide was selected because of the previously documented effects on sumoylation.  

Whereas, IDAM is considered to be a prototypical alkylating agent, it has also been well 

established that HNE, HQ and BQ possess the ability to function as protein-modifying 

electrophiles (8;173-178).  As a bromoacetamide, the TxRed from Molecular Probes was 

designed as a thiol-reactive reagent that will react with thiol groups on proteins resulting 

in the production of a thioether-coupled product.  Additionally, TxRed has a fluorescence 

emission at 604 nm that would aid in the separation and localization of the fluorescent 

protein conjugate (179).  
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Figure 2.1.  Chemical structures of test compounds.  The alkylating agents hydroquinine, 
benzoquinone, iodoacetamide, Texas Red C5 bromoacetamide, and 4-hydroxynonenal, 
and the oxidant hydrogen peroxide were selected as the initial agents for investigation. 
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The specific aims for this part of the project were to:  

1. Establish a concentration response for the agents selected. HEK 293 cells 

were exposed to the agents listed and toxicity was assessed by determining 

percent viability and LDH leakage.  

2.  Evaluate the effects of agents on the pattern of SUMO-1 protein conjugation.  

Following exposure, the cell lysates were analyzed by western blot analysis to 

determine the effects of treatment on the pattern of sumoylation. 

3. Select the best agent for further investigation.  The effects of the agents on 

toxicity and the pattern of sumoylation will be compared to select the agent 

that will be used for the remainder of the project. 

  

2.2   EXPERIMENTAL PROCEDURES 

2.2.1 Chemicals.   

 Iodoacetamide, hydrogen peroxide, hydroquinone, and silver oxide were 

purshased from Sigma (St. Louis, MO).  HNE was from Cayman Chemicals (Ann Arbor, 

MI).  TxRed was from Molecular Probes (Eugene, OR).  Benzoquinone was synthesized 

as follows.  HQ was dissolved in acetonitrile (ACN) at a concentration of 10 μM.  An 

excess of silver oxide was added and the solution was vortexed for one minute and 

passed through a 0.2 μm polyvinylidene fluoride (PVDF) syringe filter and stored under 

argon at 4°C until use. 
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2.2.2 Cell Culture, Experimental Treatments and Cytotoxicity Assay.   

HEK 293 cells were obtained frozen at low passage from Master Cell Bank 

cultures from GIBCO Life Technologies (Grand Island, NY).  Cells were grown in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and antibiotic-antimycotic at 5 mL/L.  Cells were trypsinized (0.05% 

trypsin) and seeded at a final density of 1.5 X 105 cells/mL into 75cm2 flasks or 100mm 

plates containing 15 mL of culture medium.  All cell culture products were from GIBCO 

Life Technologies.  Cells were incubated at 37°C and 95% air/5% CO2 and reached 

confluency after approximately 4 days.  Experiments were conducted on cells between 

passages 15 to 45 post-recovery from cryopreservation.   

 Confluent cells in 100mm plates were washed with phosphate buffered saline 

(PBS) and treated with IDAM, HNE, HQ, BQ, TxRed or hydrogen peroxide at 

concentrations of 10, 50, 100, 250 and 500 μM or equal volumes of vehicle delivered in 4 

mL DMEM without FBS or phenol red.  The vehicle for initial experiments was 

water/DMSO/ACN (1:1:1, v/v/v) while latter experiments utilized ethanol at 0.1% of the 

total volume.  An additional control of DMEM alone was also included in some 

experiments to monitor the effects of vehicle on the cells.  Plates were incubated at 37°C 

and 95% air/5% CO2 for 60 minutes. 

After treatment the media was removed and an aliquot used to determine lactate 

dehydrogenase (LDH) leakage.  LDH activity was measured in the original experiments 

following a protocol provided by the laboratory of Dr. I. Glenn Sipes.  An aliquot of 

medium was added to a buffer containing 0.13 mM β-nicotinamide adenine dinucleotide 
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(β-NADPH) and 69 mM sodium pyruvate (Sigma) and absorbance was measured at 340 

nm at 0, 30, 60 and 90 seconds.  DMEM was used as the blank and activity was 

calculated using the following equation:  

Units/L enzyme = (ΔA340nm/min sample - ΔA340nm/min blank)(1.2)(df)  
    (6.22)(0.2) 
 

1.2 = Total volume of assay (in mL) 
 df = Dilution factor  
 6.22 = Millimolar extinction coefficient factor of β-NADPH at 340 nm 
 0.2 = Volume of sample added (in mL) 
     
For the majority of the experiments, LDH leakage was measured using the In Vitro LDH 

Based Toxicology Assay Kit from Sigma following the manufacturers protocol.  The 

results are presented either as LDH activity in U/L or as percent of total LDH measured 

in non-treated cells. Cells were harvested using trypsin and gentle agitation.  Cell 

viability was determined using the Trypan blue exclusion method. Trypan blue was from 

GIBCO Life Technologies. 

2.2.3 Cell Lysis, Immunoprecipitation and Western Blot Analysis.   

Cells were lysed in 0.5 – 1.0 mL lysis buffer (10 mM Tris-base, pH 7.4, 1% 

IGEPAL, 1 mM phenylmethylsulfonyl floride, 10 mM N-ethylmaleimide, 10 μg/mL 

leupeptin, 10 μg/mL soybean trypsin inhibitor, and 10 μg/mL aprotinin (all from Sigma) 

and incubated on ice for 15 minutes.   The lysates were sonicated for 5 minutes and then 

clarified by centrifugation (5 minutes at 500 x g).  Protein concentration was determined 

using the BCA (bicinchoninic acid) Protein Assay Kit from Pierce (Rockford, IL).  The 

lysate fractions (250 μg total protein) then were incubated for 1 hour with gentle rocking 

at 4°C with 20 μg SUMO-1 (FL-101) polyclonal antibody from Santa Cruz (Santa Cruz, 
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CA) followed by a 18-hour incubation with 20 μL of protein A-agarose (50% slurry) at 

4°C.  The beads then were washed three times in 1 mL of PBS at 4°C and the bound 

protein was solubilized by the addition of 50-75 μL Laemmli sample buffer (BioRad, 

Hercules,CA) and boiling.   

Western blot analysis was performed on the whole cell lysates and the 

immunoprecipitates according to standard procedures.  Briefly, the proteins were 

separated by SDS-PAGE on 12% Tris HCL Ready-Gels (Bio-Rad).  The resolved 

proteins then were electrophorectically transferred to PVDF membranes from Bio-Rad 

using a Bio-Rad transfer apparatus at 60V for 6 hours.  The membranes then were 

blocked with 10% milk in Tris-buffered saline (20 mM Tris HCL, pH 7.5, 200 mM NaCl) 

with 0.1% Tween-20 (TBST) for 4 hours at 25°C and incubated with primary antibody 

(1:1,000), polyclonal anti-SUMO-1 (Santa Cruz) or monoclonal anti-SUMO-1 purchased 

from Zymed (San Franscisco, CA) in TBST with 1% milk for 2 hours at 25°C.  The 

membranes then were washed three times in TBST and incubated with the appropriate 

secondary antibody (1:5,000) conjugated to horseradish peroxidase (Santa Cruz) in TBST 

with 1% milk for 1 hour at 25°C.  The membranes were again washed three times in 

TBST and the bound antibodies were visualized by enhanced chemiluminescence with 

Western blotting luminol reagent (Santa Cruz). 

2.2.4. Statistics 

Statistics were calculated using MINITAB for Windows.  Data are presented as 

means ± SD.  Data were analyzed using a one-way analysis of variance with the Tukey’s 

pairwise comparisons test.   
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2.3  RESULTS 

2.3.1  Cytotoxicity  

Treatment with hydrogen peroxide and all of the alkylating agents tested resulted 

in a concentration dependent decrease in cell viability after 60 minutes of exposure 

(Figure 2.2).  There was a high degree of cell clumping at the 500 μM concentration of 

all treatments, which made it impossible to count the dead or blue cells at this 

concentration.  LDH leakage increased in a concentration dependent manner that 

corresponded to the decrease in percent viability as is evident in both the LDH leakage 

(Figure 2.3) and percent total LDH (Figure 2.4) figures.  The TxRed at the 500 μM 

concentration precipitated out of solution during treatment, so LDH leakage was not 

measured.  The most significant effects in both percent viability and percent total LDH 

were seen in the HNE treated cells. 

2.3.2 Western Blot Analysis. 

A concentration dependent increase in high molecular weight SUMO-1 

conjugates was seen in all treatment groups, with the most significant effects seen in the 

HNE and H2O2 treated cells.  The 90-kDa band representing RanGap1 also increased 

with concentration in most treatment groups (Figure 2.5). The SUMO-1 monomer was 

more evident in the DMEMV control group than in any of the treatment groups (Figure 

2.5).  The concentration response effect on the pattern of SUMO-1 conjugation is even 

more apparent in Figures 2.6.A and B that depict a higher concentration range. 

Additionally, a greater number of individual bands, especially at the higher molecular 

weights were seen in the lysates when ethanol was used as the vehicle (Figure 2.6.B).   
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Figure 2.2.  Percent cell viability following 60 minutes of treatment.  (A) IDAM, HQ and 
HNE at concentrations of 0, 10, 100 and 250 μM.  (B) BQ, H2O2 and TxRed at 
concentrations of 0, 10, 100 and 250 μM.  Vehicle was water/DMSO/ACN (1:1:1, v/v/v).  
n = 6 - 8. * p< 0.01 versus DMEMV treated control. 
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Figure 2.3.  LDH leakage following 60 minutes of treatment.  (A)  IDAM, HQ and HNE 
at concentrations of 0, 10, 100, and 250 μM.  (B)  BQ, H2O2 and TxRed at concentrations 
of 0, 10, 100, and 250 μM.  Vehicle was water/DMSO/ACN (1:1:1, v/v/v).  n = 3 –5 (250 
TxRed n = 2)      * p< 0.01 versus DMEMV treated control. 
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Figure 2.4.  Percent Total LDH released from cells following 60 minutes of treatment.  
(A)  IDAM, HQ and HNE at concentrations of 0, 10, 100, 250 and 500 μM.  (B)  BQ, 
H2O2 and TxRed at concentrations of 0, 10, 100, 250 and 500 μMLDH not measured in 
the 500 μM TxRed due to precipitation of compound.  Vehicle was water/DMSO/ACN 
(1:1:1, v/v/v) for the 3 experiments that included TxRed and 0.1% ethanol for the 
remainder.  n = 3 - 6.   * p< 0.01 versus DMEMV treated control. 
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Figure 2.5.  Western blot analysis of cell lysates following of treatment with alkylating 
agents.  Cells were treated for 60 minutes with 10 and 100 μM concentrations of IDAM, 
HQ, HNE, BQ, H2O2, or TxRed.  The blots were probed with anti-SUMO-1 antibodies. 
The C represents the water/DMSO/ACN (1:1:1, v/v/v) vehicle control and * indicates the 
high molecular weight SUMO-conjugates, ** indicates the 90 kDa SUMO-RanGap1 
band, and *** indicates the SUMO-1 monomer. 
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Figure 2.6.  Western blot analysis of cell lysates following 60 minutes of 
treatment.  (A) IDAM and TxRed at concentrations of 10, 100, and 250 μM. The C 
represents the water/DMSO/ACN (1:1:1, v/v/v) vehicle control. (B) HNE and H2O2 at 
concentrations of 10, 100, 250 and 500 μM.  The blots were probed with anti-SUMO-1 
antibodies.  The C represents 0.1% ethanol control.  
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 The 250 μM concentration of the agents being tested was chosen for the 

immunoprecipitation due to the solubility issues encountered with the TxRed.  The 

results of the western blot analysis of the immunoprecipitates clearly demonstrated that 

HNE treatment had the most significant effect on the levels of sumoylation (Figures 2.7 

and 2.8).  The results also indicated that the best technique to visualize the sumoylated 

proteins in the immunoprecipitates is to perform the immunoprecipitation with the 

polyclonal anti-SUMO-1 and the western blot with the monoclonal anti-SUMO-1. 

 

2.4 DISCUSSION 

The decrease in cell viability along with the increase in LDH leakage demonstrates 

that all of the agents tested resulted in concentration dependent effects on cytotoxicity.  

However; the high degree of cell clumping seen at the higher concentrations has caused 

us to discontinue the use of percent viability as a measure of toxicity.  Percent total LDH 

was the only assay used to determine cell toxicity in the remainder of the experiments. 

The accumulation of high molecular weight SUMO-1 protein conjugates that 

resulted from all treatments further supports previous studies (13;14) that have 

demonstrated changes in sumoylation following exposure to protein modifying stressors. 

All of the agents tested resulted in an increase in the level of high molecular weight 

proteins targeted by SUMO-1 that corresponded to an increase in toxicity.  The most 

significant increase in the accumulation of high molecular weight sumoylated protein was 

seen in the HNE treated cells. 
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Figure 2.7.  Western blot analysis of immunoprecipitates from cells treated with IDAM, 
HQ, H2O2, TxRed or HNE at 250 μM, or DMEMV control (water/DMSO/ACN).  Cells 
were treated for 60 minutes.  Polyclonal anti-SUMO-1 was used for the 
immunoprecipitation and the western blot. 
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Figure 2.8.  Western blot analysis of immunoprecipitates from cells treated with IDAM, 
HQ, H2O2, TxRed or HNE at 250 μM, or DMEMV control (water/DMSO/ACN) or 
DMEM alone.(A) Polyclonal anti-SUMO-1 was used for the immunoprecipitation and 
monoclonal anti-SUMO-1 for the western blot. (B) Monoclonal anti-SUMO-1 was used 
for the immunoprecipitation and polyclonal anti-SUMO-1 for the western blot.  
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          On the basis of these results HNE appeared to be the agent with the most promise 

for further investigation.  Additionally, HNE is a highly reactive electrophile that is 

capable of forming adducts on Cys, His and Lys residues via Michael addition, as well as 

reacting with amines via Schiff-base formation.  The fact that HNE is endogenously 

produced as a product of lipid peroxidation brought on by oxidative stress gives it even 

greater physiological relevance (2;177).    
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CHAPTER 3 

 
EFFECTS OF 4-HYDROXYNONENAL ON SUMO-1 AND SUMO-2/3 PROTEIN 

CONJUGATION 
 
 

3.1 INTRODUCTION 

HNE, the agent chosen for the remainder of the project was shown in the previous 

section to result in the greatest accumulation of high molecular weight sumoylated 

proteins of the six agents tested. HNE is one of the major cytotoxic products of lipid 

peroxidation and is highly reactive towards protein nucleophiles (2;177).  The cytotoxic 

properties include; the formation of both DNA and protein adducts, the inhibition of 

RNA and DNA synthesis, the ability to trigger signal transduction cascades that result in 

the inactivation or suppression of cellular functions and the induction of apoptotic cell 

death (33;180-182).  Additionally, the accumulation of HNE-modified protein aggregates 

can result in the inhibition of ubiquitin-mediated proteolysis which has been associated 

with neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease (183-185).  

Protein conjugation by SUMO-1 and SUMO-2/3 contributes to a diverse range of 

cellular processes that include subcellular localization, transcriptional regulation, cell-

cycle control, chromosome function, signal transduction, and the modulation of protein-

protein and protein-DNA interactions (110;115;186).  Sumoylation has been shown to 

increase in response to protein modifying stressors, which included ultraviolet light, heat 

shock, hydroperoxide, ethanol, and the alkylating agent, N-ethylmalemide(14;15;146).  

The focus of the majority of the previous studies has been on the effects of these agents 
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on SUMO-1 protein conjugation.  The goal of this project was to investigate the effects of 

the alkylating agent, HNE on both SUMO-1 and SUMO-2/3 protein conjugation.  The 

specific aims of this portion of the project were to:   

1. Establish concentration and time course responses to HNE treatment in 

HEK293 cells.  Cells were exposed to HNE at range of concentrations and 

exposure times. Toxicity was assessed as a measurement of the percent of 

LDH released from cells and both concentration and time courses were 

plotted. 

2. Evaluate the effects of HNE on the pattern of SUMO-1 and SUMO-2/3 protein 

conjugation.  Following exposure, the cell lysates or immunoprecipitates were 

analyzed by western blot analysis to determine the effects of HNE treatment 

on the patterns of SUMO-1 and SUMO-2/3 protein conjugation.    

3. Determine the effects of HNE on the localization of the targets of SUMO-1 

and SUMO-2/3 protein conjugation. Western blot analysis and confocal 

immunofluorescence microscopy were used to determine the effects of HNE 

treatment on the localization of the targets of SUMO-1 and SUMO-2/3 protein 

conjugation.  

 

3.2 EXPERIMENTAL PROCEDURES 

3.2.1  Cell Culture, Experimental Treatments and Cytotoxicity Assay.   

HEK 293 cells were obtained frozen at low passage from Master Cell Bank 

cultures from GIBCO Life Technologies (Grand Island, NY).  Cells were grown in 
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Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and antibiotic-antimycotic at 5 mL/L.  Cells were trypsinized (0.05% 

trypsin) and seeded at a final density of 1.5 X 105 cells/mL into 75 cm2 flasks or 100 mm 

plates containing 15 mL of culture medium.  All cell culture products were from GIBCO 

Life Technologies.  Cells were incubated at 37°C and 95% air/5% CO2 and reached 

confluency after approximately 4 days.  Experiments were conducted on cells between 

passages 15 to 45 post-recovery from cryopreservation.   

Confluent cells in 100 mm plates were washed with PBS and treated with HNE 

(Cayman Chemicals, Ann Arbor, MI) at concentrations of 10, 50, 100, 250, 500 and 1000 

μM or equal volumes of vehicle (0.1% ethanol) delivered in 4 mL DMEM without FBS 

or phenol red.  An additional control of DMEM alone was also included in some 

experiments to monitor the effects of vehicle on the cells.  Plates were incubated at 37°C 

and 95% air/5% CO2 with exposure times ranging from 15 minutes to 8 hours. 

 After treatment, the medium was removed and an aliquot was used to 

determine LDH leakage.  LDH leakage was measured using the In Vitro LDH Based 

Toxicology Assay Kit from SIGMA following the manufacturers protocol.  The results 

are presented as percent of total LDH measured in non-treated cells. Cells were harvested 

using trypsin and gentle agitation.  

3.2.2 Cell Lysis, Immunoprecipitation and Western Blot Analysis.   

Cells were lysed in 0.5 – 1.0 mL lysis buffer (10 mM Tris-base, pH 7.4, 1% 

IGEPAL, 1 mM phenylmethylsulfonyl fluoride, 10 mM N-ethylmaleimide, 10 μg/mL 

leupeptin, 10 μg/mL soybean trypsin inhibitor, 10 μg/mL aprotinin and 50 mM 
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iodoacetamide (all from Sigma) and incubated on ice for 15 minutes.  The lysates were 

sonicated for 5 minutes then clarified by centrifugation (5 minutes at 500x g).  Protein 

concentration was determined using the BCA Protein Assay Kit from Pierce.  The cells 

used for the localization studies were fractionated using a CelLytic NuCLEAR extraction 

kit (Sigma) to produce nuclear and cytosolic fractions.  The manufacturers protocol was 

followed with the addition of 50 mM iodoacetamide to all buffers to block the function 

SUSPs in the cell lysates.  Western blot analysis of the nuclear and cytosolic fractions of 

HEK293 cells conducted prior to the localization studies using anti-PARP antibodies 

(Zymed, San Francisco, CA) indicated that our modifications to the manufacturers 

protocol did not affect the fractionization process as PARP was only found in the nuclear 

fractions.  Protein concentration was determined using the Bradford Protein Assay Kit 

from Pierce.   

The lysate fractions (250 μg total protein) then were incubated for 1 hour with 

gentle rocking at 4°C with 2 μg SUMO-3 polyclonal antibody from Zymed followed by a 

18-hour incubation with 20 μL of protein A-agarose (50% slurry) at 4°C or 10 μg anti-

SUMO-1 (D-11) monoclonal agarose conjugate (Santa Cruz) was added to the lysate 

fraction and incubated with gentle rocking at 4°C for 18 hours.  The beads then were 

washed three times in 1 mL of PBS at 4°C and the bound protein solubilized by the 

addition of 50-75 μL Laemmli sample buffer (Bio-Rad) and boiling.  Alternatively, the 

immunoprecipitation was performed with a Seize X Protein A Immunoprecipitation Kit 

from Pierce according to protocol with the following modifications.  Anti-SUMO-1 or 

anti-SUMO-3 antibodies (Zymed) were incubated with protein A-agarose for one hour 
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prior to cross-linking with disuccinimidyl suberate.  The cell lysates (500 μg total 

protein) then were incubated for 18 hours with gentle rocking at 4°C.  Bound protein was 

eluted with the elution buffer (pH 2.8) provided with the kit. 

Western blot analysis was performed on the whole cell lysates and the 

immunoprecipitates according to standard procedures.  Briefly, the proteins were 

separated by SDS-PAGE on 12% Tris HCL Ready-Gels (Bio-Rad).  The resolved 

proteins then were electrophoretically transferred to PVDF membranes (Bio-Rad) using a 

Bio-Rad transfer apparatus at 60V for 6 hours.  The membranes then were blocked with 

10% milk in Tris-buffered saline (20 mM Tris HCL, pH 7.5, 200 mM NaCl) with 0.1% 

Tween-20 (TBST) for 4 hours at 25°C and incubated with primary antibody (1:1,000), 

polyclonal anti-SUMO-1 (Santa Cruz), monoclonal anti-SUMO-1 or polyclonal anti-

SUMO-3 purchased from Zymed, (San Francisco, CA), in TBST with 1% milk for 2 

hours at 25°C.  The membranes then were washed three times in TBST and incubated 

with the appropriate secondary antibody (1:5,000) conjugated to horseradish peroxidase 

(Santa Cruz) in TBST with 1% milk for 1 hour at 25°C.  The membranes were again 

washed three times in TBST and the bound antibodies visualized by enhanced 

chemiluminescence with Western blotting luminol reagent (Santa Cruz). 

3.2.3 Confocal Microscopy 

Cells were seeded in poly-L-lysine (Sigma) coated chamber slides at a density of 

1.5 X 105 cells/chamber in 2 mL DMEM supplemented with 10% FBS.   Cells were 

incubated at 37°C and 95% air/5% CO2 and reached confluency after approximately 24 – 

48 hours.  Cells then were treated with either 250 μM HNE or vehicle (0.1% ethanol) in 
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non-supplemented DMEM without phenol red for 30 minutes at 37°C.  The dosing media 

was removed and the cells were washed with PBS and then were fixed with 0.6% 

formaldehyde in Hank’s balanced saline solution (HBSS) for 5 minutes followed by a 5-

minute incubation with chilled methanol/0.1% Triton X-100.  The cells then were washed 

with HBSS and blocked with 1% milk in HBSS for 5 minutes at room temperature.  Cells 

then were incubated in primary antibody (anti-SUMO-1 or anti-SUMO-3 at 20 μg/mL) in 

1% milk/HBSS for 3 hours over a 37°C water bath.  The cells then were washed in HBSS 

and incubated with secondary antibody (Cy5 mouse anti-IgG for SUMO-1 or Cy3 rabbit 

anti-IgG for SUMO-3 at 4 μg/mL) in 1% milk/HBSS for 1 hour over a 37°C water bath 

and then washed with HBSS.  All antibodies used were purchased from Zymed.  The 

chamber slides were mounted in Cytoseal (Stevens Scientific, Riverdale, NJ) and sealed 

under number 1.5 cover slips.  Images were acquired with an LSM510 confocal 

microscope using either Plan-Neofluar 40x/1.3 or Plan-Apochromat 63x/1.4 objectives 

(Carl Zeiss, Göttingen, Germany).  Cy3 fluorescence was excited at 543 nm and emission 

was detected through an LP560 barrier filter.  Cy5 fluorescence was excited at 633 nm 

and emission was detected through an LP650 barrier filter.  

3.2.4.  Statistics 

Statistics were calculated using MINITAB for Windows.  Data are presented as 

means ± SD.  Data were analyzed using a one-way analysis of variance with the Tukey’s 

pairwise comparisons test.   
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3.3 RESULTS 

3.3.1  Cytotoxicity  

HNE treatment resulted in concentration dependent increases in LDH leakage 

over the time courses tested.  In the concentration response experiments, (Figure 3.1A) 

there were significant increases (p<0.01) in LDH leakage measured in the 100-, 500- 

and1000 μΜ concentrations of HNE after 60 minutes of exposure, the1000 μΜ 

concentration of HNE after 30 minutes of exposure, and the 500- and1000 μΜ 

concentrations of HNE after 15 minutes of exposure as compared to their corresponding 

vehicle treated controls. The time course experiments (Figure 3.1B) showed that 250 μM 

HNE, which had no effect on LDH leakage after 30 minutes resulted in measurable 

increases in LDH leakage beginning at 2 hours. 

3.3.2  Western Blot Analysis  

 Treatment of HEK293 cells with HNE induced concentration-dependent 

increases in the formation of both SUMO-1 and SUMO-2/3 high molecular weight 

protein conjugates (the anti-SUMO-3 antibody detects both SUMO-2 and SUMO-3) as 

well as decreases in the lower molecular weight bands (Figures 3.2 and .3.3).  It was also 

noted that once the HNE resulted in significant toxicity, such as that seen after 60 

minutes of HNE treatment at concentrations of 500- and 1000 μM, there was an over all 

decrease in the level of SUMO-1 protein conjugation; however, HNE toxicity appeared to 

have considerably less impact on SUMO-2/3 protein conjugation (Figure 3.3).  

Additionally, the differences in the band patterns seen in the western blots probed with 

anti-SUMO-1 antibodies compared to those seen in the western blots probed with anti- 
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Figure 3.1.  Percent total LDH released from cells following HNE treatment.  Cells were 
treated with HNE (A) at concentrations of 0, 10, 100, 500 and 1000 μM for 15, 30 or 60 
minutes, n = 3 – 5, * p<0.01 versus DMAMV control or (B) at concentrations of 0, 10, 
100 and 250 μM for 0.5, 1, 2, 4, or 8 hours.  Vehicle was 0.1% ethanol.  n = 2. 
 

0

20

40

60

80

100

0 200 400 600 800 1000

HNE Concentration (μM)

Pe
rc

en
t T

ot
al

 L
D

H

15 Min
30 Min
60 Min

0

20

40

60

80

0 50 100 150 200 250

HNE Concentration (μM)

P
er

ce
nt

 T
ot

al
 L

D
H .5 Hr

1 Hr
2 Hr
4 Hr
8 Hr

A

B

**

*

*

*
*

0

20

40

60

80

100

0 200 400 600 800 1000

HNE Concentration (μM)

Pe
rc

en
t T

ot
al

 L
D

H

15 Min
30 Min
60 Min

0

20

40

60

80

0 50 100 150 200 250

HNE Concentration (μM)

P
er

ce
nt

 T
ot

al
 L

D
H .5 Hr

1 Hr
2 Hr
4 Hr
8 Hr

A

B

**

*

*

*
*



  98

 

Figure 3.2.  Western blot analysis of lysates from cells treated with 50, 100, 500 and 
1000 μM concentrations of HNE.  Cells were treated for 30 minutes.  The C represents 
the 0.1% ethanol control.  Sumoylated proteins were detected with antibodies to SUMO-1 
and SUMO-3 as indicated. 
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Figure 3.3.  Western blot analysis of lysates from cells exposed to HNE for 15, 30, or 60 
minutes.  Cells were treated with HNE at concentrations of 10, 100,250, 500 and 1000 
μM. The C represents the 0.1% ethanol control.  Sumoylated proteins were detected with 
antibodies to SUMO-1 and SUMO-3 as indicated 
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SUMO-3 antibodies (Figures 3.2 and 3.3) demonstrated that SUMO-1 and SUMO-2/3 

target different proteins for conjugation.  The western blot analysis of the 

immunoprecipitates from cells exposed to 0, 10, 100, or 250 μM HNE (Figure 3.4) 

provided further support that HNE treatment produced concentration-dependent changes 

in the patterns of sumoylation and that different proteins are targeted for conjugation by 

SUMO-1 and SUMO-2/3.   The four and eight hour time points were not presented 

because the 55 kDa IgG band was so intense that it obscured all other bands regardless of 

the length of time the film was exposed.  

3.3.3  Localization Studies  

Western blot analysis and confocal immunofluorescence microscopy were used to 

determine the effects of HNE treatment on the cellular distribution of SUMO-1, SUMO-

2/3 and their respective protein conjugates.  For the western blot analysis, the cells were 

separated into cytosolic and nuclear fractions prior to immunoprecipitation with either 

anti-SUMO-1 or anti-SUMO-3 antibodies.  The western blot results (Figure 3.5) 

indicated that both the SUMO-1 and the SUMO-1 conjugated proteins were located 

primarily in the nuclear fractions of the DMEM, vehicle control, or 10 μM HNE treated 

cells treated and almost exclusively in the nuclear fraction of the 250 μM HNE treated 

cells.  The SUMO-2/3 on the other hand, was fairly evenly distributed between the 

cytosolic and nuclear fractions.  However, there were increases noted in the intensity of 

several of the bands in the nuclear fractions of the HNE treated cells compared to the 

controls.  
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Figure 3.4.  Western blot analysis of immunoprecipitates from cells exposed to HNE for 
0.5, 1, or 2 hours.  Cells were treated with 10, 100 or 250 μM HNE, or 01.% ethanol 
control.   Protein-A conjugated anti-SUMO-1 or polyclonal anti-SUMO-3 was used for 
the immunoprecipitation. Sumoylated proteins were detected with antibodies to SUMO-1 
or SUMO-3 as indicated. 
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Figure 3.5.  Western blot analysis of immunoprecipitates from cells treated with 10 or 
250 μM HNE, DMEM (C) or 0.1% ethanol (VC).  Cells were treated for 60 minutes and 
then separated into cytosolic (Cy) or nuclear (Nu) fractions.  Protein-A conjugated anti-
SUMO-1 (A) or cross-linked anti-SUMO-3 (B) was used for the immunoprecipitation. 
Sumoylated proteins were detected with antibodies to SUMO-1 and SUMO-3 as 
indicated. 
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         The nuclear localization of SUMO-1 was supported by the confocal 

immunofluorescence microscopy results, which demonstrated that SUMO-1 was 

localized almost exclusively to the nucleus (Figure 3.6 A and B).  In contrast to the 

western blot analysis, the confocal microscopy results indicated that SUMO-2/3 was also 

localized primarily to the nucleus.  However, cytoplasmic staining was clearly evident in 

both the DMEMV and HNE treated cells (Figure 3.6 C and D).    It was also noted that 

SUMO-1 and SUMO-2/3 exhibited intense staining in nuclear bodies in both the control 

and HNE treated cells, which supports results reported previously by Saitoh and Hinchey 

(14).  HEK293 cells probed with either anti-SUMO-1 or Cy5 mouse anti-IgG antibodies 

alone demonstrated that the results observed were not due to nonspecific staining. 

 

3.4  DISCUSSION 

The results presented for this section of the project demonstrated that HNE 

treatment produced concentration-dependent increases in the formation of both SUMO-1 

and SUMO-2/3 high molecular weight protein conjugates.  This supports previous studies 

that demonstrated that cellular stress can induce changes in the distribution of sumoylated 

proteins (14;136;137;139).  The differences in the band patterns seen in the western blots 

also demonstrated that SUMO-1 and SUMO-2/3 target different proteins for conjugation. 

The fact that the SUMO-1 conjugated proteins were localized primarily in the nucleus, 

while the SUMO-2/3 conjugates were found in both the nucleus and cytoplasm provides 

further support for the finding that SUMO-1 and SUMO-2/3 have different protein targets 

(See Chapter 4). 
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Figure 3.6.  Confocal immunofluorescence microscopy of HEK293 cells treated for 30 
minutes with 0.1% ethanol (DMEMV) or 250 μM HNE.  Cells were probed with either 
anti-SUMO-1 or anti-SUMO-3 antibodies.  (A) DMEMV treated, anti-SUMO-1 Ab. (B) 
HNE treated, anti-SUMO-1 Ab. (C) DMEMV treated, anti-SUMO-3 Ab. (D) HNE 
treated, anti-SUMO-3 Ab.  No staining was detected on slides of cells probed with anti-
SUMO-1 but no secondary antibody or cells probed with Cy5 mouse anti-IgG but no 
primary antibody. 
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At the time of this portion of the project the information on SUMO-1 was rapidly 

expanding but there had been very few studies on SUMO-2 and SUMO-3.   Saitoh and 

Hinchey demonstrated that RanGap1, a major SUMO-1 substrate, was only minimally 

conjugated by SUMO-2/3 and that while SUMO-1 could be found in the NPC, there was 

a total absence of SUMO-2/3 (14).  Their work was the first to indicate that even though 

SUMO-1 and SUMO-2/3 utilized the same conjugation pathway, they have different 

targets and functions.   The results of our studies supported these findings and prompted 

us to further investigate these differences.  The goal for the next portion of this project 

was to attempt to identify the individual targets of SUMO-1 and SUMO-2/3 using 

proteomic methods.  
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CHAPTER 4 
 

IDENTIFICATION OF SUMOYLATED PROTEINS AND THE CHANGES 
RESULTING FROM 4-HYDROXYNONENAL TREATMENT 

 
 

4.1 INTRODUCTION 

The previous chapters of this dissertation demonstrated that HNE treatment 

induced concentration dependent increases in the modification of high molecular weight 

proteins by both SUMO-1 and SUMO-2/3 and that SUMO-1 targets different proteins 

than SUMO-2/3.  While the distribution of sumoylated proteins had been shown to 

change in response to stress (13;14;136) the number of proteins identified as targets of 

SUMO-1 or SUMO-2/3 in response to these stresses was fairly limited at the time of this 

work.  Many of the functions attributed to SUMO-1 conjugation, such as subcellular 

localization (117;118;124), protein stabilization (187;188), and transcriptional 

regulation(110;189) were discerned as a result of directed studies of the proteins that 

were the targets of that conjugation.  As the list of proteins that are modified by all of the 

members of the SUMO family grows, our understanding of the functions of these 

modifications will also continue to grow.  The goal for this portion of the project was to 

utilize an LC-MS-MS-based proteomic approach to identify proteins that are targeted by 

SUMO-1 and SUMO-2/3 in both vehicle- and HNE-treated HEK293 cells and evaluate 

the effect alkylating stress has on conjugation.   The specific aims of this portion of the 

project were to:   

1. Establish stable transfectants expressing HA-SUMO-1, HA-SUMO-3 or 

HA-vector only control (HA-Null) cells.  HEK 293 cells were 
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transfected with pcDNA3-HA-SUMO-1, pcDNA3-HA-SUMO-3, or 

pcDNA3-HA vector only.  The expression level was verified by western 

blot analysis. 

2. Characterize the effects of HNE treatment on the stable cell lines by 

measuring toxicity and evaluating the pattern of SUMO-1 and SUMO-

2/3 protein conjugation. Immunofluorescence confocal microscopy was 

used to assess the effects of transfection on the localization of SUMO-1 

and SUMO-2/3 conjugated protein in HA-SUMO-1 and HA-SUMO-3 

expressing cells as compared to non-transfected cells.  Non-transfected, 

HA-SUMO-1, HA-SUMO-3, HA-Null cells were treated with DMEMV 

or 250 μM HNE.  Toxicity was assessed as a measure of the percent of 

LDH released from the cells.  The effects of HNE treatment on the 

patters of sumoylation was assessed by western blot analysis.  

3. Isolate and identify the targets of SUMO-1 and SUMO-2/3 protein 

conjugation and evaluate the changes that result from HNE treatment.  

Anti-SUMO-1 antibodies were used to isolate SUMO-1 protein 

conjugates from vehicle and HNE treated non-transfected cells.  Protein 

conjugates of the HA-tagged SUMO-1 and SUMO-3 were isolated with 

a HA immunoaffinity column.  The captured proteins were digested and 

subjected to LC-MS-MS analysis. Proteins identified in vehicle and 

HNE treated HA-Null cells (controls for nonspecific binding) were 
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subtracted from proteins identified in the corresponding HA-SUMO-1 

and HA-SUMO-3 cells. 

4.2 EXPERIMENTAL PROCEDURES 

4.2.1  Cell Culture, Transfection, Experimental Treatments and Cytotoxicity Assay.   

HEK 293 cells were obtained frozen at low passage from Master Cell Bank 

cultures from GIBCO Life Technologies (Grand Island, NY).  Cells were grown in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and antibiotic-antimycotic at 5 mL/L.  Cells were trypsinized (0.05% 

trypsin) and seeded at a final density of 1.5 X 105 cells/mL into 75cm2 flasks or 100mm 

plates containing 15 mL of culture medium.  All cell culture products were from GIBCO 

Life Technologies.  Cells were incubated at 37°C and 95% air/5% CO2 and reached 

confluency after approximately 4 days.  Experiments were conducted on cells between 

passages 15 to 45 post-recovery from cryopreservation.   

DH5α™ competent cells from Invitrogen (Rockville, MD) were transformed with 

pcDNA3-HA vector only (Invitrogen), pcDNA3-HA-SUMO-1 or pcDNA3-HA-SUMO-3 

(100) plasmids that were generously provided by Professor R.T. Hay (University of St. 

Andrews, United Kingdom) following a modified version of the manufacturers protocol.  

Briefly, 100 μL of the DH5α™ cells were incubated with 50 ng plasmid DNA on ice for 

30 minutes.  The mixture then was heated at 37° C for 45 seconds and placed back on ice 

for 2 minutes.  Then 0.95 mL of room temperature S. O. C. (Super Optimal Catabolite 

repression) medium (190) from Invitrogen was added and the mixture was shaken at 225 

rpm for 1 hour at 37° C.  After which 100 μL of the undiluted transformation mixture and 
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a 1:10 dilution was spread on LB (Lysogeny Broth (191)) agar plates containing 50 

μg/mL ampicillin.  The plates were incubated at 37° C overnight.  A single colony from 

the plates of each of the three vector types was used to inoculate starter cultures of 3 mL 

selective medium (LB broth containing 50 μg/mL ampicillin) and was incubated for 4-6 

hours with shaking (275 rpm) at 37° C.  The starter cultures were brought up to 50 mL 

with selective LB medium and the incubation process was repeated.  The cultures then 

were brought up to 500 mL with selective medium and incubated at 37° C for 12 hours 

with shaking (275 rpm).  The bacterial cells were harvested by centrifugation at 10,000 

rpm at 4° C for 15 minutes.  The plasmid was purified from the bacterial pellet using the 

plasmid midi prep kit from QIAGEN (Chattsworth, CA) according to manufacturers 

protocol.  DNA concentration was determined by UV spectrophotometry and qualitative 

analysis was completed on agarose gel.  An aliquot was also sent to the University of 

Arizona DNA sequencing facility for sequence confirmation.  The following equation 

was used to calculate DNA concentration:  

Conc. mg/mL = (Abs Au)(50 mg/mL conversion factor)(dilution factor) 
                Au 
 

Confluent cells in 100mm plates were transfected with pcDNA3-HA-SUMO-1, 

pcDNA3-HA-SUMO-3, or pcDNA3-HA vector only in Lipofectamine™ 2000 Reagent 

(Invitrogen) at a ratio of 1:3 DNA/Lipofectamine in 15 mL nonsuplemented DMEM at 

37°C and 95% air/5% CO2.  After 6 hours the transfection medium was replaced with 

serum supplemented DMEM.  After 24 hours the cells were harvested and reseeded at a 

1:10 dilution in serum supplemented DMEM and incubated overnight at 37°C and 95% 
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air/5% CO2 at which time the medium was replaced with selective medium (DMEM + 

FBS + Genticin at 1 mg/mL).  Single cell colonies were isolated to generate stable cell 

lines expressing HA-SUMO-1, HA-SUMO-3, or the HA-vector only control (HA-Null).  

The stable cell lines were maintained in serum supplemented DMEM containing Genticin 

at 750 μg/mL. The level of expression for each cell line was verified by western blot 

analysis. 

Confluent non-transfected cells and stable transfectants expressing HA-SUMO-1, 

HA-SUMO-3, or HA-Null were washed with PBS and treated with HNE (Cayman 

Chemicals, Ann Arbor, MI) at concentrations of 10, 100, and 250 μM or equal volumes 

of vehicle (0.1% ethanol) delivered in 4 mL DMEM without FBS or phenol red.  Plates 

were incubated at 37°C and 95% air/5% CO2 for 60 minutes.  After treatment the media 

was removed and an aliquot used to determine LDH leakage.  LDH leakage was 

measured using the In Vitro LDH Based Toxicology Assay Kit from SIGMA following 

the manufacturers protocol.  The results are presented as percent of total LDH measured 

in non-treated cells. Cells were harvested using trypsin and gentle agitation.  

4.2.2 Cell Lysis, Affinity Capture and Western Blot Analysis.   

Cells were lysed in 0.5 – 1.0 mL lysis buffer (10 mM Tris-base, pH 7.4, 1% 

IGEPAL, 1 mM phenylmethylsulfonyl floride, 10 mM N-ethylmaleimide, 10 μg/mL 

leupeptin, 10 μg/mL soybean trypsin inhibitor, 10 μg/mL aprotinin and 50 mM 

iodoacetamide (all from Sigma) and incubated on ice for 15 minutes.  The high 

concentrations of N-ethylmaleimide and iodoacetamide were used to block the function 

SUSPs in the lysates and preserve the SUMO-protein conjugates.  The lysates were 
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sonicated for 5 minutes then clarified by centrifugation (5 minutes at 500x g).  Protein 

concentration was determined using the BCA Protein Assay Kit from Pierce.   

Affinity columns were prepared using rat monoclonal anti-HA affinity matrix 

(3F10) from Roche Diagnostics (Indianapolis, IN) and equilibrated with 10 bed volumes 

of equilibration buffer (20 mM TrisHCl, pH 7.4, 100 mM NaCl, 0.1 mM EDTA).  The 

cell lysates were applied to the affinity columns at a concentration of 5 mg protein/0.3 

mL settled resin volume and incubated with gentle rocking at 4ºC overnight.  The 

columns then were washed with 20 bed volumes of wash buffer (20 mM TrisHCl, pH 7.4, 

100 mM NaCl, 0.1 mM EDTA and 0.05% Tween 20) and the HA-tagged proteins were 

eluted with three bed volumes of elution buffer containing HA peptide (YPYDVPDYA) 

at 1 mg/mL (Roche Diagnostics) in equilibration buffer. 

Western blot analysis was performed on the total cell lysates or eluted HA-tagged 

proteins according to standard procedures.  Briefly, the proteins were separated by SDS-

PAGE on 12% Tris HCL Ready-Gels (Bio-Rad).  The resolved proteins then were 

electrophorectically transferred to PVDF membranes from Bio-Rad using a Bio-Rad 

transfer apparatus at 60V for 6 hours.  The membranes then were blocked with 10% milk 

in Tris-buffered saline (20 mM Tris HCL, pH 7.5, 200 mM NaCl) with 0.1% Tween-20 

(TBST) for 4 hours at 25°C and incubated with primary antibody (1:1,000), polyclonal 

anti-SUMO-1 from Santa Cruz, monoclonal anti-SUMO-1, polyclonal anti-SUMO-3, or 

polyclonal anti-HA purchased from Zymed in TBST with 1% milk for 2 hours at 25°C.  

The membranes then were washed three times in TBST and incubated with the 

appropriate secondary antibody (1:5,000), mouse anti-IgG or rabbit anti-IgG conjugated 
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to horseradish peroxidase (Santa Cruz) in TBST with 1% milk for 1 hour at 25°C.  The 

membranes were again washed three times in TBST and the bound antibodies visualized 

by enhanced chemilumin-escence with Western blotting luminol reagent (Santa Cruz). 

4.2.3 Confocal Microscopy 

Cells were seeded in poly-L-lysine coated chamber slides at a density of 1.5 X 105 

cells/chamber in 2 mL DMEM supplemented with 10% FBS.   Cells were incubated at 

37°C and 95% air/5% CO2 and reached confluency after approximately 24 – 48 hours.  

Cells then were treated with either 250 μM HNE or vehicle (0.1% ethanol) in non-

supplemented DMEM without phenol red for 30 minutes at 37°C.  The dosing media was 

removed and the cells were washed with PBS and then fixed with 0.6% formaldehyde in 

Hank’s balanced saline solution (HBSS) for 5 minutes followed by a 5-minute incubation 

with chilled methanol/0.1% Triton X-100.  The cells then were washed with HBSS and 

blocked with 1% milk in HBSS for 5 minutes at room temperature.  Cells then were 

incubated in primary antibody (anti-SUMO-1, anti-SUMO-3 or anti-HA) at 20 μg/mL in 

1% milk/HBSS for 3 hours over a 37°C water bath.  The cells then were washed in HBSS 

and incubated with secondary antibody (Cy5 mouse anti-IgG for SUMO-1 or Cy3 rabbit 

anti-IgG for SUMO-3 and HA) at 4 μg/mL in 1% milk/HBSS for 1 hour over a 37°C 

water bath and then washed with HBSS.  All antibodies used were from Zymed.  The 

chamber slides were mounted in Cytoseal (Stevens Scientific) and sealed under number 

1.5 cover slips.  Images were acquired with an LSM510 confocal microscope using either 

Plan-Neofluar 40x/1.3 or Plan-Apochromat 63x/1.4 objectives (Carl Zeiss, Göttingen, 

Germany).  Cy3 fluorescence was excited at 543 nm and emission was detected through 
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an LP560 barrier filter.  Cy5 fluorescence was excited at 633 nm and emission was 

detected through an LP650 barrier filter.   

4.2.4 Immunoprecipitation and Digestion of Sumo-Associated Proteins 

The lysate fractions (250 μg total protein) were incubated with 10 μg anti-SUMO-

1 (D-11) monoclonal agarose conjugate at 4°C for 18 hours with gentle rocking.  The 

beads then were washed three times in 1 mL of PBS at 4°C and the bound protein 

solubilized by the addition of 50-75 μL Laemmli sample buffer (BioRad, Hercules,CA) 

and boiling.  Alternatively, the immunoprecipitation was performed with a Seize X 

Protein A Immunoprecipitation Kit from Pierce according to protocol with the following 

modifications.  Anti-SUMO-1 (Zymed) antibody was incubated with protein A-agarose 

for one hour prior to cross-linking with disuccinimidyl suberate.  The cell lysates (500 μg 

total protein) then were incubated for 18 hours with gentle rocking at 4°C.  Bound protein 

was eluted with the elution buffer (pH 2.8) provided with the kit. 

Prior to digestion the immunoprecipitates were dialyzed against 0.1 M ammonium 

bicarbonate for 4 hours using Slide-A-Lyzer™ dialysis filters with a 7000 MW cutoff 

from Pierce.   The dialyzed samples were concentrated to near dryness in vacuo and then 

were resuspended in 100 μL 0.1 M ammonium bicarbonate containing 4 mM 

tris(carboxyethyl)phosphine and 10 mM dithiothreitol and incubated at 50°C for 15 

minutes.  Iodoacetamide was added to achieve a final concentration of 20 mM for 15 

minutes at room temperature to convert thiols to carboxamidomethyl derivatives.  

Modified porcine sequencing grade trypsin from Promega (Madison, WI) then was added 

at an enzyme-to-protein ration of 1:25 (w/w), and the samples were incubated at 37°C for 
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18 – 24 hours.  The tryptic peptides were acidified with the addition of 0.5 μL of 

concentrated formic acid for LC-MS-MS analysis. 

4.2.5   Affinity Capture and Digestion of HA-Sumo-Associated Proteins 

HEK293 cell lysates were fractionated using a CelLytic NuCLEAR extraction kit 

(Sigma) to produce nuclear and cytosolic fractions.  The manufacturers protocol was 

followed with the addition of 50 mM iodoacetamide to all buffers to inhibit enzymatic 

de-sumoylation.  Protein concentration was determined using the Bradford Protein Assay 

Kit from Pierce (Rockford, IL).  The lysate fractions were applied to affinity columns 

containing rat monoclonal anti-HA affinity matrix (Roche Diagnostics) at a concentration 

of 5 mg protein/0.3 mL settled resin volume and incubated with gentle rocking at 4ºC 

overnight.  The columns then were washed with 20 bed volumes of wash buffer (20 mM 

TrisHCl, pH 7.4, 100 mM NaCl, 0.1 mM EDTA and 0.05% Tween 20) and the HA-

tagged proteins were eluted with 2 mL of 100 mM glycine, pH 2. 

The isolated proteins were processed and digested using a technique developed as 

a separate part of this dissertation research (see Appendix A) (192) using Ultrafree-MC 

low binding regenerated cellulose centrifugal spin filter devices with a 5000 MWCO 

from Millipore (Billerica, MA).  Prior to use the spin filter devices were rinsed with 

sequential 300 μL washes of methanol and distilled water by centrifugation through the 

filters at 4500g at 20°C.   The isolated proteins in 100 mM glycine, pH 2, then were 

loaded into the upper chamber of the spin filter and centrifuged at 4500g to remove the 

glycine solution.  The proteins retained on the filter were washed with 300 μL distilled 
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water followed by 300 μL 0.1 M ammonium bicarbonate with centrifugation at 4500g 

each time.  The filtrates were discarded.   

The retained proteins then were resuspended in 100 μL 0.1 M ammonium 

bicarbonate containing 4 mM tris(carboxyethyl)phosphine and 10 mM dithiothreitol and 

incubated at 50°C for 15 minutes.  Iodoacetamide was added to achieve a final 

concentration of 20 mM for 15 minutes at room temperature.  Modified porcine 

sequencing grade trypsin from Promega (Madison, WI) then was added at an enzyme-to-

protein ration of 1:50 (w/w), and the samples were incubated at 37°C for 18 – 24 hours.  

The tryptic peptides then were collected by centrifugation through the filter at 4500g.  

The filtrate was acidified with the addition of 0.5 μL of concentrated formic acid for LC-

MS-MS analysis. 

4.2.6 LC-MS-MS Analyses  

LC-MS-MS analyses were done on a ThermoFinnigan LCQ Deca XP ion trap 

mass spectrometer equipped with a ThermoFinnigan microspray source (Thermo 

Electron, San Jose, CA), an Agilent 1100 series HPLC pump (Agilent, Palo Alto, CA), 

and a Famos autosampler (Dionex, Sunnyvale, CA).  LC-MS-MS analyses were by 

reverse phase chromatography on an 11 cm fused silica capillary column with a 100 μm 

inner diameter packed with Monitor C-18 (5 μm) (Columbia Engineering, Ontario, CA), 

which was eluted with water/acetonitrile/formic acid (98:2:0.1, v/v/v) for 5 minutes.  A 

linear gradient then was used to increase the acetonitrile concentration to 60% by 45 

minutes, to 80% by 47 minutes and then held at this composition for an additional 18 

minutes.  MS-MS spectra were acquired in a data-dependent scanning mode with one full 
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scan followed by MS-MS scan on the most intense precursor with dynamic exclusion of 

the previously selected precursor ions for a period of 3 minutes.  TurboSequest (Thermo 

Electron) was used to match the resulting MS-MS spectra to mass spectra resulting from 

a database of protein sequences.   

The digested samples from the non-transfected HEK293 cells were each subjected 

to five data-dependent LC-MS-MS analyses. The first utilized a full mass range of 300 –

2000 amu for the selection of the precursors for MS-MS.  The precursors for the next 

three runs were selected from limited mass ranges of 300 – 700, 700 – 1200, and 1200 – 

1800 amu.  A repeat of the full mass range of 300 – 2000 amu was used for the selection 

of precursors for the fifth and final analysis.  The limited mass range acquisitions were 

used to increase the number of precursor peptide ions selected for MS-MS (172) and the 

two full range analyses were used to assess run-to-run predictability.   

To aid in the identification of lower abundance proteins the tryptic peptides from 

the digests of the HA-Sumo-associated proteins were separated into fractions prior to the 

LC-MS-MS analysis using a modification of the strong cation exchange (SCX) 

fractionation process described by Adkins, et al (193). The peptide digests were 

fractionated on a polysulfoethyl-A, 5 μm particle size, 100 mm x 2.1 mm column from 

Nest Group (Southboro, MA).  Samples were loaded in 10 mM ammonium formate, pH 

3.0/acetonitrile (75:25, v/v) for 5 minutes at 0.2 mL/minute followed by a 30-minute 

linear gradient to 200 mM ammonium formate, pH 8.0/acetonitrile (75:25, v/v) and a 10 

minute wash at the final mobile phase composition.  Fifteen 3-minute fractions were 

collected and fractions 1-3 and 14-15 were combined.  The resulting 12 fractions were 
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evaporated in vacuo and resuspended in water/acetonitrile/formic acid (98:2:0.1, v/v/v) 

for LC-MS-MS analysis. 

4.2.7.  MS-MS Data Analysis and Protein Identification 

The Sequest outputs were analyzed using a software and database system called 

CHIPS (Complete Hierarchical Integration of Protein Searches) custom-designed in the 

Liebler laboratory.  CHIPS filters the Sequest output files based on Sequest output 

parameters for sequence-spectrum matches.  The following criteria were used to establish 

the acceptability of the sequence-spectrum assignments:  Each assigned peptide sequence 

was required to have resulted from fully tryptic cleavages (on the carboxyl side of lysine 

and arginine except when immediately followed by a proline) of the corresponding 

protein.  XCorr scores of >2.0 were required for all singly charged ions, assignments for 

doubly charged ions required XCorr scores of >3.0 with XCorr scores between 2.0 and 

3.0 accepted only after confirmation by close visual inspection.  Assignments for triply 

charged ions required XCorr scores of >3.0 and confirmation by close visual inspection.  

A complete list of the accepted sequence-spectrum matches for each sample is presented 

in the appendices; however, only those proteins identified by at least 2 different peptides 

were included in the final results.  For the identification of the HA-SUMO-associated 

proteins the peptide sequences identified in the 12 SCX fractions resulting from each 

sample were combined with CHIPS, and the lists of corresponding proteins were 

compared.  In order to generate the final lists of HA-SUMO-1- and HA-SUMO-3-

associated proteins the proteins identified (including the single peptide assignments) in 

the HA-Null samples (nucleic and cytosolic fractions, either vehicle- or HNE-treated) 
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were subtracted from the proteins identified (including the single peptide assignments) in 

the corresponding HA-SUMO-1 or HA-SUMO-3 samples.  

4.2.8.  Statistics 

Statistics were calculated using MINITAB for Windows.  Data are presented as 

means ± SD.  Data were analyzed using a one-way analysis of variance with the Tukey’s 

pairwise comparisons test.   

 

4.3 RESULTS 

4.3.1 Characterization of HA-SUMO-1, HA-SUMO-3 and HA-Null expressing 

HEK293 Cells  

HA-SUMO-1, HA-SUMO-3 and HA-Null expressing HEK293 cells were 

generated to aid in the isolation and identification of the proteins targeted for sumoylation 

before and after HNE treatment.   The agarose gel (Figure 4.1.) demonstrated that the 

plasmid DNA isolated for use in the transfections was of high quality.  Additionally, the 

authenticity of the HA-SUMO-1 and HA-SUMO-3 plasmid DNA was confirmed by the 

University of Arizona DNA facility.  The transfection efficiency is demonstrated in the 

western blot analysis of cell lysates from the stably transfected cells (Figure 4.2.) by the 

very intense bands visible only in the HA-SUMO-1 and HA-SUMO-3 cells. 

Immunofluorescence confocal microscopy demonstrated that the HA-tagged 

SUMO-1 and SUMO-3 displayed virtually identical localization patterns as the native 

SUMO-1 and SUMO-3 (Figure 4.3.).  Both the HA-tagged and the native SUMO-1 were 

almost exclusively localized to the nucleus.  The HA-SUMO-3 like the native SUMO-3  
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        1        2        3        4        5 
 
Figure 4.1.  Agarose gel of DNA plasmid preps.  Lane 1. DNA ladder, Lane 2 HA-Null, 
Lane 3. HIS-GST, Lane 4. HA-SUMO-1, Lane 5. HA-SUMO-3. 
 
 
 

 
       NT     HA-∅    HA-S1    HA-S3 
 
Figure 4.2.  Anti-HA western blot of non-transfected, HA-Null, HA-SUMO-1, and HA-
SUMO-3 expressing cells. 
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Figure 4.3.  Confocal immunofluorescence microscopy of non-transfected HEK293 cells 
probed with (A) anti-SUMO-1 or (B) anti-SUMO-3 antibodies, (C) HA-SUMO-1 
transfected cells or (D) HA-SUMO-3 transfected cells probed with anti-HA antibodies. 
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was primarily located in the nucleus but also had visible staining in the cytoplasm.  The 

intense nuclear body staining detected in both SUMO-1 and SUMO-3 in the previous 

section was also evident in the HA-tagged versions.  

4.3.2 Effects of HNE Treatment on HA-SUMO-1, HA-SUMO-3 and HA-Null 

expressing HEK293 Cells  

HNE treatment resulted in concentration dependent increases in LDH leakage in 

the non-transfected HEK293 cells as well as in all three stably transfected cell lines.  

Sixty minutes of HNE treatment resulted in greater toxicity in the transfected cells as 

compared to the non-transfected cells (Figure 4.4.).  The percent total LDH was 

significantly increased (p<0.01) by HNE treatment as follows.  HNE at 10 μM resulted in 

a percent total LDH in the HA-Null (8.9%), HA-SUMO-1 (10.3%) and the HA-SUMO-3 

(9.4%) expressing cells compared to the non-transfected cells (3.1%). At the 100 μM 

concentration of HNE the percent LDH in the HA-Null and HA-SUMO-1 expressing 

cells was 23% and 32% compared to 5% in the non-transfected cells.  HNE at 250 μM 

resulted in a percent total LDH in the HA-Null (47%) and the HA-SUMO-1 (63%) 

expressing cells compared to the non-transfected cells (23%).   

Western blot analysis of the affinity captured HA-SUMO-1, HA-SUMO-3 and 

HA-Null associated proteins demonstrated that 60 minutes of HNE treatment resulted in a 

concentration dependent increase in the levels of high molecular weight protein 

conjugated by both HA-SUMO-1 and HA-SUMO-3 (Figure 4.5.).  The levels appeared to 

peak between the 100 and 250 μM concentrations of HNE with decreases noted in the  

levels of conjugation in both the HA-SUMO-1 and HA-SUMO-3 isolates at the 
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Figure 4.4.  Percent total LDH in non-transfected, HA-Null, HA-SUMO-1, and HA-
SUMO-3 transfected HEK293 cells treated with 0, 10, 100, or 250 μM HNE.  Cells were 
exposed for 60 minutes and the vehicle was 0.1% ethanol.  N = 3 – 6.  * p < 0.01 
compared to the equivalent concentration in the non-transfected (NT) cells.  * p < 0.01 
compared to DMEMV treated cells of that cell type. 
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Figure 4.5.  Anti-HA western blots of HA-Null, HA-SUMO-1, and HA-SUMO-3 
transfected HEK293 cells treated with 0, 10, 100, or 250 μM HNE.  Cells were exposed 
for 60 minutes and the vehicle was 0.1% ethanol.  Isolates were collected using an HA 
affinity column. 
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250 μM concentration.  This was most notable in the case of HA-SUMO-1, which 

corresponded to the highest levels of toxicity. 

4.3.3 Identification of SUMO-1 protein targets using anti-SUMO-1 antibodies 

 Agarose conjugated anti-SUMO-1 antibodies were used to isolate sumoylated 

proteins from non-transfected HEK293 cells treated with either vehicle (0.1% ethanol) or 

250 μM HNE. Original LC-MS-MS analyses of the proteins isolated from either the 

vehicle or HNE treated cells did not result in the identification of any potential protein 

targets of SUMO-1 conjugation.  In order to increase the chances for protein 

identification three LC-MS-MS analyses using limited mass range acquisitions were 

added to the analysis process.  No identifications were made in the multiple attempts to 

identify SUMO-1-associated proteins in the vehicle treated cells.   However, the 

technique changes did result in the identification of 72 SUMO-1-associated proteins 

(including single peptide identifications) from HNE treated cells, 27 of which contained 

the requisite two or more distinct peptides (Table 4.1).   The 27 proteins identified were 

distributed between 6 functional classes, cytoskeletal regulation (29.6%), metabolic 

enzymes (22.2%), chaperones (18.5%), RNA binding, processing, and transport (18.5%), 

translational regulation (7.4%), and DNA repair and maintenance (3.7%).  Previous 

studies have associated SUMO-1 conjugation with proteins involved in DNA repair and 

signal transduction (116;133;186) and multiple heterogeneous nuclear ribonucleoproteins 

(hnRNPs) have been identified as targets for sumoylation to include hnRNP C and K 

identified here (194;195). Only 11 (40.7%) of the 27 proteins identified contained the 

SUMO-1 consensus sequence.  The proteins identified here are referred to as SUMO-1-  
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associated proteins because the analyses preformed do not constitute proof that the 

proteins are covalently modified by SUMO-1.   

4.3.4.  Identification of SUMO-1 and SUMO-3 protein targets using HA-tagged 

SUMO-1 and SUMO-3 

 The fact that we were able to identify proteins in the HNE treated cells but not 

the vehicle treated cells implied that the lack of identification was due to poor capture 

with anti-SUMO-1 antibodies and not the LC-MS-MS analysis.  The limited success with 

the non-transfected cells led to the generation of HEK293 cells that stably expressed HA-

SUMO-1 and HA-SUMO-3.  This would allow for the isolation of the HA-SUMO-1 and 

HA-SUMO-3 protein conjugates using an immunoaffinity column loaded with 

immobilized monoclonal antibodies to the HA sequence tag (YPYDVPDYA).  The cell 

lysates were separated into nuclear and cytosolic fractions before being loaded onto the 

column to increase the diversity of HA-SUMO-modified proteins.  As a control for any 

nonspecifically bound protein, HA-Null cells were generated using pCDNA3-HA 

plasmid without the SUMO coding sequence.  Any proteins identified in the analysis of 

the HA-Null samples were subtracted from the lists of proteins identified in the HA-

SUMO-1 or HA-SUMO-3 samples.  The numbers of proteins identified in the HA-Null 

samples were comparable to those in the HA-SUMO-1 and HA-SUMO-3 samples (Table 

4.2).  Many of the proteins identified in the HA-SUMO-1 and HA-SUMO-3 data sets 

were also present in the corresponding HA-Null data sets, which greatly reduced the 

numbers of proteins included in the lists of HA-SUMO-1-associated proteins and HA-

SUMO-3-associated proteins.  The lists of proteins identified in the nuclear and cytosolic  
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TABLE 4.2.  Protein identifications in non-transfected, HA-Null, HA-SUMO-1, and 
HA-SUMO-3 data sets. 
 

Data Set # Proteins IDeda

Non-transfected, DMEMV 0
Non-transfected, HNE 72
HA-Null, DMEMV 345
HA-Null, HNE 377
HA-SUMO-1, DMEMV 507
HA-SUMO-1, HNE 254
HA-SUMO-3 DMEMV 461
HA-SUMO-3, HNE 356

a Includes single peptide identifications.
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fractions of each then were combined to generate the finalized lists of HA-SUMO-1- and 

HA-SUMO-3-associated proteins.  The raw data representing the complete lists of 

sequence-spectrum matches for all of the samples analyzed are presented in Appendices 

C - N.   

 Analysis of the vehicle treated HA-SUMO-1 transfectants resulted in the 

identification of 54 SUMO-1-associated proteins (Table 4.3) distributed between 19 

functional classes of proteins.  The largest percentage of proteins (29.6%) was associated 

with RNA binding, processing, and transport and included 5 hnRNPs, 4 DEAD-box RNA 

helicases and 7 proteins involved in RNA binding and mRNA splicing or presplicing.  

The next largest percentages were proteins associated with transcriptional regulators and 

metabolic enzymes (each at 11.1%), followed by proteins associated with DNA repair 

and maintenance (7.4%) and proteins involved in cytoskeletal regulation and 

nucleocytoplasmic transport (each at 5.6%).  Other functional classes of proteins 

represented included chaperones, signal transduction, antioxidant defense, protein 

degradation, and membrane trafficking.  Of the 54 proteins identified, only 23 (42.6%) 

contained the SUMO consensus motif. 

 Analysis of the HA-SUMO-1 transfected cells following HNE treatment 

resulted in the identification of only 21 SUMO-1-associated proteins (Table 4.3).  The 21 

proteins identified in the HNE treated HA-SUMO-1 transfectants were distributed over 

12 functional classes, most of which were represented in the vehicle treated cells.  

However, there were only three proteins identified in both the DMEMV and HNE treated 

cells (Figure 4.7), hnRNPA1, hnRNPR, and prohibitin, a transcriptional regulator.   
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Additionally, there were two functional groups represented in the HNE treated but not the 

DMEMV treated samples, one associated with translational regulation and the other 

apoptosis.  There were also changes in the way in which the proteins were distributed 

across the functional groups.  The most notable changes that resulted from HNE 

treatment were the increase in the percentage of chaperone proteins targeted, 19.1% 

compared to 3.7% and the decrease in the percentage of RNA-associated proteins 

targeted, 14.3% compared to 29.6%.  Other changes noted were increases in the 

percentage of proteins involved in metabolism and cytoskeletal regulation, and a decrease 

in the percentage of proteins involved in transcriptional regulation.  Six (28.6%) of the 21 

proteins contained the SUMO consensus sequence.  Figure 4.6 illustrates the changes in 

HA-SUMO-1 target distribution following HNE treatment. 

Analysis of the vehicle treated HA-SUMO-3 transfectants resulted in the 

identification of 37 SUMO-3-associated proteins (Table 4.4) distributed between 13 

functional classes of proteins.  The largest percentage of proteins  (24.3%) were enzymes 

of intermediary metabolism followed by proteins associated with RNA binding, 

processing, and transport (21.6%) which included 4 hnRNPs, 1 DEAD-box RNA helicase 

and 4 proteins involved in RNA binding or mRNA splicing.  Other protein functional 

groups represented included signal transduction proteins, cytoskeletal regulators, 

ribosomal proteins, and transcriptional regulators.  Twelve (32.4%) of the proteins 

identified contained the SUMO consensus sequence.  There were 14 proteins identified in 

both the vehicle treated HA-SUMO-1 and HA-SUMO-3 transfected cells, 5 of which 

were RNA associated proteins and 5 were metabolic enzymes.  Also of note was the fact  
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Figure 4.6.  Effect of HNE on HA-SUMO-1 target distribution.  Cells were treated with 
either vehicle (0.1% ethanol) or 250 μM HNE.  The final lists of proteins identified as 
HA-SUMO-1- and HA-SUMO-2/3-associated (Tables 4.1) were generated after the 
removal of peptides identified in the respective HA-Null samples and were included only 
if they contained at least two different peptides.  54 proteins were identified in vehicle 
treated HA-SUMO-1 expressing cells.  Following HNE treatment 21 proteins were 
identified in HA-SUMO-1 expressing cells. 
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that peptides from SUMO-3, which contains an internal SUMO consensus motif 

(14;100), were identified in the analysis of HA-SUMO-1 transfected cells but were 

excluded because the same peptides were also present in the HA-Null samples 

(Appendices C - J).  

Analysis of the HNE treated HA-SUMO-3 transfected cells resulted in the 

identification of 21 proteins identified as SUMO-3-associated (Table 4.4).   HNE 

treatment resulted in an almost complete redistribution of the proteins targeted, as was the 

case in the HA-SUMO-1 transfected cells, with only two proteins, transketolase and 

prothymosin α, identified in both the vehicle and HNE treated cells.  Nine (42.9%) of the 

21 proteins contained the SUMO consensus motif.  The largest percentage of proteins 

(19.1%) comprised transcriptional regulators followed by metabolic enzymes, ribosomal 

proteins, and RNA associated proteins (14.3% each).  The 21 proteins identified were 

distributed across 10 functional groups, similar to the distribution of proteins found in the 

HA-SUMO-1 transfected cells following HNE treatment.  However, only four proteins 

were found in both groups, two proteins belonging to the chaperone family, one 

antioxidant and one transcriptional regulator (Tables 4.3 and 4.4).  HNE treatment of both 

HA-SUMO-1 and HA-SUMO-3 transfected cells was noted to result in a decrease in the 

percentages of proteins targeted that were associated with metabolism and RNA binding 

and processing, while there was an increase in the percentage of chaperone proteins 

identified in both groups following HNE treatment.  In the case of ribosomal proteins and 

proteins involved in transcriptional regulation HNE treatment resulted in decreases in the 

percentages found in the HA-SUMO-1 transfected cells, but increases in the percentages 
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found in the HA-SUMO-3 transfected cells.  HNE treatment had the opposite effect on 

the percentage of cytoskeletal proteins with an increase seen in the HA-SUMO-1 

transfected cells and a decrease in the HA-SUMO-3 transfected cells.  Figure 4.7 

illustrates the changes in HA-SUMO-3 target distribution following HNE treatment. 

 

4.4 DISCUSSION 

The primary goal for this portion of the project was to use an LC-MS-MS-based 

proteomics approach to identify proteins that are targeted for conjugation by SUMO-1 

and SUMO-2/3 in vehicle- and HNE-treated cells.  At the time of this work there had 

been no studies reported that used this approach to identify targets of sumoylation.  

However, prior to the publication of the results of this project (196) several other groups 

reported the use of MS-based proteomic studies as a means to identify SUMO-1 

(195;197) and SUMO-2/3 (198) protein targets.  The combined results of these studies 

have added to the rapidly expanding list of cellular substrates that undergo 

posttranslational modification by the family of small ubiquitin related modifiers. 

The addition of the limited mass range acquisitions to the LC-MS-MS analysis 

process led to the identification of 27 SUMO-1-associated proteins in the HNE-treated 

cells but none in the vehicle-treated cells.  The inability to generate data from the control 

group would not allow for the evaluation of the effects of HNE treatment on the proteins 

targeted for sumoylation.  Therefore, HA-SUMO-1 and HA-SUMO-3 expressing cells 

were generated to aide in the isolation and identification of SUMO-associated proteins.     
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Figure 4.7.  Effect of HNE on HA-SUMO-3 target distribution.  Cells were treated with 
either vehicle (0.1% ethanol) or 250 μM HNE.  The final lists of proteins identified as 
HA-SUMO-1- and HA-SUMO-2/3-associated (Tables 4.2) were generated after the 
removal of peptides identified in the respective HA-Null samples and were included only 
if they contained at least two different peptides.  37 proteins were identified in vehicle 
treated HA-SUMO-3 expressing cells.  Following HNE treatment 21 proteins were 
identified in HA-SUMO-3 expressing cells. 
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Prior to use it was established that the HA-tagged SUMO-1 and SUMO-3 displayed 

similar localization patterns to the native SUMO-1 and SUMO-3.  It was also shown that 

HNE treatment of the HA-SUMO-1 and HA-SUMO-3 expressing cells resulted in 

concentration dependent increases in the levels of sumoylation of high molecular weight 

proteins similar to that seen in the native HEK293 cells.  

The identification of proteins as SUMO-associated was based on proteins 

captured using an anti-HA affinity column.  The types of proteins eluted from the column 

include HA-SUMO-protein conjugates, non-sumoylated proteins that are tightly bound to 

proteins that are sumoylated, and nonspecifically bound proteins.  HA-Null cells were 

generated and analyzed alongside the HA-SUMO-1 and HA-SUMO-3 cells as a control 

for any proteins that might have been isolated due to nonspecific binding.  The number of 

proteins identified in the HA-Null cells was comparable to the numbers identified in the 

HA-SUMO-1 and HA-SUMO-3 cells (Table 4.2).  This high background level may have 

reduced the ability to identify specifically captured proteins since a great deal of MS 

instrument time is occupied in the MS-MS analysis of peptides from the nonspecifically 

bound proteins.  Other groups that have preformed similar proteomic studies have 

reported reduced detection due to high background levels (198;199).  Additionally, the 

use of the HA-Null controls led to the rejection of many abundant proteins as potential 

SUMO targets.  Some of these proteins contained the SUMO consensus motif, which has 

been defined as a requirement in SUMO-1 targets but has also been shown to function as 

a recognition site for all of the members of the SUMO family (97;99;200).  Indicating 

that some of the proteins rejected may actually be targets for sumoylation. For example, 
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SUMO-3 peptides shown to be present in high abundance (14), were identified in both 

the HA-SUMO-1 and HA-Null samples.  Other potential SUMO-associated proteins were 

excluded because only one peptide was detected and therefore did not meet the 

identification criteria, which required at least two peptides per protein.  The prototypical 

SUMO-1 target RanGAP was excluded for this reason.  It is also possible that some of 

the peptides identified in the HA-SUMO-1 and HA-SUMO-3 samples came from 

nonspecifically bound proteins even though they were not present in the HA-Null 

controls.  

The results presented in this portion of the project indicate that RNA binding, 

processing, and transport proteins constitute a major functional group of potential SUMO 

targets (Table 4.5).  There were six hnRNPs, four DEAD-box helicases, and several 

proteins involved in RNA binding identified as SUMO-associated proteins in the HA-

SUMO-1 and HA-SUMO-3 transfected cells.  Analysis of the non-transfected HNE-

treated cells also resulted in the identification of four hnRNPs.   Additionally, there were 

peptides corresponding to hnRNP C and U identified in both DMEMV- and HNE-treated 

HA-Null cells, hnRNP A1, B1, G, and K were identified in HNE-treated HA-Null cells 

and hnRNP H2 and L were identified in DMEMV-treated HA-Null cells (Appendices C, 

D, E and F), which excluded them from inclusion in the corresponding lists of SUMO-

associated proteins.  The hnRNPs that were excluded due to the criteria used for this 

study should not be ruled out as potential SUMO targets.  In fact, several groups have 

shown that hnRNP A1, C, F, K, and M are targets for sumoylation (194;195;198).  The  



  141



  142

results presented in this project add further support to these studies and suggest that 

sumoylation plays an important role in the regulation of RNA processing. 

Another functional group strongly represented were enzymes of intermediary 

metabolism (Table 4.5).  The enzymes identified as SUMO-associated were transketolase 

and glucose phosphate isomerase, which function in the pentose phosphate pathway 

(201), and the glycolytic enzymes aldolase, phosphoglycerate mutase, phosphoglycerate 

kinase 1, pyruvate kinase M, and LDH (202;202).  Only three of the SUMO-associated 

enzymes identified, transketolase, phosphoglycerate kinase 1 and LDH, contain SUMO 

consensus motifs.  There were multiple metabolic enzymes, to include phosphoglycerate 

kinase 1, were excluded from the list of SUMO-associated proteins in the HNE-treated 

HA-SUMO-1 and HA-SUMO-3 expressing cells because they were identified in the HA-

Null cells.  The presence of mitochondrial enzymes, such as, ATP synthase β chain is 

most likely due to mitochondrial contamination during the preparation of the nuclear and 

cytosolic fractions.   

Proteins associated with cytoskeletal structures were another functional class of 

SUMO-associated proteins strongly represented (Table 4.5).  Of the proteins identified in 

this group, four contain SUMO consensus motifs, cofilin, tropomyosin α, and two 

different myosin heavy chains.  Both of the myosin heavy chains were identified as 

SUMO-3-associated and both contain multiple SUMO consensus motifs.  It is also 

important to note that there were six different myosin heavy chain peptides identified 

from these two proteins, which based on the fact that the abundance of a protein in a 

sample is roughly proportional to the number of peptides identified (203) indicates that 
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myosin is one of the most abundant SUMO-3-associated proteins.  Cofilin, the ubiquitous 

actin-binding protein that is required for the depolymerization of actin filaments 

(204;205), was found in both the HNE-treated HA-SUMO-1 and non-transfected cells.  

Tropomyosin α, an actin filament stabilizing protein (205) was found in the vehicle-

treated HA-SUMO-1 transfected cells along with two other actin-binding proteins, 

fimbrin and ezrin.  Multiple peptides for actin were identified as SUMO-associated in the 

HNE-treated non-transfected cells but it was not listed as HA-SUMO-1- or HA-SUMO-

3-associated due to their identification in the HA-Null samples.  Additionally, the 

structural microtubular component α-tubulin, which was recently identified as a SUMO 

substrate by Rosas-Acosta and colleagues (199) was also identified as SUMO-1-

associated in the HNE-treated non-transfected cells. 

HNE treatment resulted in a dramatic increase in the percentage of chaperone and 

stress response proteins identified as SUMO-associated (Table 4.5).  The chaperone 

proteins calnexin and oxygen-regulated protein, which both contain SUMO consensus 

motifs were identified as SUMO-1- and SUMO-3- associated only following HNE 

treatment.  The Hsp 70 binding protein hop, which contains a SUMO consensus motif 

and the chaperonin component TCP-1 β were also found in the HA-SUMO-1 transfected 

cells following HNE treatment.  Multiple heat shock proteins were identified as SUMO-

1-associated in the HNE-treated non-transfected cells including the DNAK-type 

molecular chaperone HSPA1L, which contains two SUMO consensus motifs, but were 

excluded from consideration as potential substrates for sumoylation in the HA-SUMO-1 

and HA-SUMO-3 expressing cells because they were also identified in the HA-Null cells. 
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Also identified as identified as SUMO-associated following HNE treatment in both HA-

SUMO-1 and HA-SUMO-3 expressing cells was the antioxidant Cu/Zn superoxide 

dismutase, which is a superoxide scavenger that prevents the formation of reactive 

oxidants (206).  HNE treatment also resulted in the identification of the catalytic subunit 

of DNA-activated protein kinase in HA-SUMO-3 expressing cells.   This DNA repair and 

damage response protein (207) contains three SUMO consensus motifs and was 

represented by five different peptides, indicating that it is a relatively abundant SUMO-3-

associated protein.   

Another functional class of proteins significantly impacted by HNE treatment 

comprised proteins involved in transcriptional regulation, which previous studies have 

shown to be important targets for sumoylation (126).  Prohibitin, which was found in to 

be both SUMO-1- and SUMO-2/3-associated in HNE treated cells, has been shown to 

repress the activity of the E2F family of transcription factors through the recruitment of 

HDAC1(208) as well as induce p53-mediated transcriptional activity (209).   Both 

HDAC1 and p53 are confirmed targets of SUMO-1 protein modification (126;140).   

Interestingly, the percentage of SUMO-associated proteins involved in transcriptional 

regulation identified in the HA-SUMO-3 expressing cells increased following HNE 

treatment while the percentage of SUMO-associated proteins identified in the HA-

SUMO-1 expressing cells decreased and there were no proteins involved in 

transcriptional regulation identified in the HNE-treated non-transfected cells.  Five 

SUMO-associated signal transduction proteins were identified in the vehicle-treated HA-

SUMO-1 and HA-SUMO-3 expressing cells.  Three of these proteins contained the 
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SUMO consensus motif and one of them, receptor of activated protein kinase C 1 

(RACK1), which has been shown to regulate cell growth by binding to and inhibiting Src 

tyrosine kinases (210), was identified in both HA-SUMO-1 and HA-SUMO-3 samples.  

The most strongly represented functional classes of proteins found to be SUMO-

1- and/or SUMO-2/3-associated were proteins involved in RNA binding, processing and 

transport, cytoskeletal regulation, and metabolism, and chaperone proteins.  Other 

proteins identified in this study as SUMO-associated belonged to functional classes that 

were not as strongly represented, to include proteins involved in membrane and protein 

trafficking, nucleocytoplasmic transport, and nucleic acid synthesis add support to 

previous studies that have shown that sumoylation plays a role in a vast range of cellular 

processes (110;115;116).  
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CHAPTER 5 
 

SUMMARY, CONCLUSIONS AND FUTURE STUDIES 
 
 
 

5.1 SUMMARY AND CONCLUSIONS 
 

The goal for this project was to investigate the effects of several alkylating agents on 

sumoylation in HEK293 cells and to identify the targets of SUMO-1 and SUMO-2/3 

conjugation.  While previous work had indicated that the distribution of SUMO proteins 

was responsive to stress (13;14) this project specifically examined the effects of the 

protein damage that results from covalent protein modification by reactive electrophiles 

on the patterns of SUMO-1 and SUMO-3 protein conjugation. The results of this project 

in conjunction with results reported by other groups using MS-based proteomics 

approaches (15;156;199) have greatly expanded the list of proteins targeted for 

posttranslational modification by the family of SUMO proteins in response to cellular 

stress. 

Exposure to a range of alkylating agents and oxidants resulted in the accumulation of 

high molecular weight SUMO-1 protein conjugates (Figures 2.5 and 2.6).  HNE 

treatment was shown to result in concentration dependent increases in the formation of 

both SUMO-1 and SUMO-2/3 high molecular weight protein conjugates (Figures 3.2 and 

3.3).  Western blot analysis and confocal immunofluorescence microscopy demonstrated 

that both the SUMO-1 and the SUMO-1 protein conjugates were localized almost 

exclusively in the nucleus, whereas the SUMO-3 and the SUMO-3 protein conjugates 

were more evenly distributed between the nucleus and cytoplasm (Figures 3.5, 3.6 and 
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4.3).  Western blot analysis also indicted that SUMO-1 and SUMO-2/3 target different 

proteins for conjugation.  This was further supported by the results of the LC-MS-MS 

analysis that demonstrated that of the 91 proteins identified in the DMEMV-treated HA-

SUMO-1 and HA-SUMO-3 cells only 14 (15%) were associated with both SUMO-1 and 

SUMO-3 and only 4 (10%) of the 42 proteins identified in the HNE-treated HA-SUMO-1 

and HA-SUMO-3 cells were both SUMO-1 and SUMO-3-associated (Figure 5.1).  

Previous studies have shown that some proteins are preferentially targeted by one isoform 

of the SUMO family over the others, such as, SUMO-1 to RanGAP1 (14) and SUMO-2/3 

to topoisomerase-II (91) while other proteins appear to be equally targeted by SUMO-1 

and SUMO-2/3 .  This leaves open the possibility that some proteins can be substrates for 

modification by both SUMO-1 and SUMO-2/3.  Indeed, SUMO-3 peptides were detected 

in the HA-SUMO-1 samples. 

HNE treatment resulted in a near complete redistribution of SUMO proteins to 

different targets.  Only three of 21 HA-SUMO-1-asscciated proteins and two of 21 HA-

SUMO-3-associated proteins were identified in both vehicle- and HNE-treated cells 

(Figure 5.1).  In addition to this stress-induced redistribution, there was net decrease in 

the numbers of proteins identified as SUMO-1- and SUMO-3-associated following HNE 

treatment as well as in the raw data, prior to the removal of proteins identified by a single 

peptide and proteins identified in the HA-Null samples.  The western blot analysis of the 

stably transfected cells (Figure 4.5) also indicated a decrease in the level of sumoylation 

detected in the HA-SUMO-1 and HA-SUMO-3 expressing cells exposed to 250 μM 

HNE, probably due to the increased toxicity detected in the stably transfected cells as  
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Figure 5.1.  Summary of HA-SUMO-1- and HA-SUMO-3-associated proteins identified 
before and after HNE treatment.  Cells were treated with either DMEMV (vehicle - 0.1% 
ethanol) or 250 μM HNE.  The final lists of proteins identified as HA-SUMO-1- and HA-
SUMO-2/3-associated (Tables 4.1 and 4.2) were generated after the removal of peptides 
identified in the respective HA-Null samples and were included only if they contained at 
least two different peptides. 
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 compared to the non-transfected cells.  This phenomenon might also reflect a smaller 

number of proteins that have become multiply sumoylated that could involve multiple 

monomeric modifications by SUMO-1 and/or SUMO-2/3 or poly SUMO-2/3 chains with 

or without a SUMO-1 cap (100).  The analyses completed for this project does not allow 

for the distinction between these types of modifications and would require further 

investigation into the individual targets to determine which proteins were singly- or 

multiply sumoylated from those that were modified by polysumo chains.   

The dramatic shift in the proteins identified as SUMO-associated before and after 

stress strongly indicates the involvement of sumoylation in the regulation of cellular 

stress responses.  Under stress conditions the cell responds by activating basic protective 

mechanisms that include cell cycle checkpoint controls, DNA repair, induction of 

molecular chaperones and protein stabilizers, and ubiquitin-mediated proteolysis (1).  

Many of the proteins identified as HA-SUMO-1- and HA-SUMO-2/3-associated play a 

role in these functions.  HNE treatment was shown to result in an increase in the 

percentage of chaperone proteins and proteins involved in apoptosis regulation in both 

the HA-SUMO-1 and HA-SUMO-3 expressing cells, an increase in the percentage of 

proteins involved in DNA repair and maintenance in HA-SUMO-3 expressing cells, and 

an increase in the percentage of proteins involved in protein degradation identified in 

HA-SUMO-1 expressing cells.   Many of the stress response proteins are relatively 

abundant and were identified in the HA-Null samples, which excluded them from the 

finalized lists of SUMO-associated proteins.   Therefore, the use of HA-Null cells as a 
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control may have resulted in a significant underestimation of the number of chaperones 

and other stress response proteins identified as SUMO-associated.    

The results of this study along with other proteomic studies indicate an apparent 

responsiveness of sumoylation to stress (15;156;199).  One possible explanation for this 

might be attributed to the protein stabilization that results from sumoylation as opposed 

to the proteolytic function of ubiquitination as is the case with IKBα (116;155;186).   

This stabilization may have contributed to the numbers of chaperones and other stress 

response proteins identified as SUMO-associated following HNE treatment.  Stabilization 

is not the only means that sumoylation can oppose the effects of ubiquitination.  One well 

established effect of sumoylation is the subcellular localization of the target protein as is 

the case for PML and may have contributed to the number of hnRNPs identified as 

SUMO-associated in this study (186;195).  The sumoylation of prohibitin may contribute 

to the recruitment of HDAC1 and the co-repressor N-CoR required for the transcriptional 

repression of E2F similar to the SUMO-mediated recruitment of HDAC1 by c-Myb 

(208;211).   Sumoylation can also result in the alteration of enzymatic properties, as with 

SUMO-modified TDG (212) and may explain the identification of a high number of 

metabolic enzymes as SUMO-associated, such as transketolase, which contains two 

SUMO consensus motifs. 

 

5.2  FUTURE STUDIES 

 While the findings of this study demonstrate the sensitivity of sumoylation to 

stress and the wide range of biological processes effected by this posttranslational 
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modification the full extent of the effects of sumoylation in response to environmental 

stresses is most likely much greater and more diverse than the results presented here 

indicate.  Future work to better understand the relationship between protein adduction by 

reactive electrophiles and sumoylation and its role in the cellular stress response might 

include studies to determine how many of the SUMO-associated and sumoylated proteins 

contained the HNE adduct.  The ability to differentiate between the truly sumoylated 

proteins and those that were tightly associated with but not bound to SUMO would also 

add further insight.  The net decrease in the numbers of proteins identified following 

HNE treatment also warrants further investigation to determine if this was due to the 

increased sensitivity of the transfected cells to the HNE or was a reflection of the targeted 

proteins becoming multiply sumoylated.  Future experiments should be conducted using 

an HNE concentration that is less toxic and results in the greatest levels of sumoylation as 

determined by western blot analysis.    

Another issue that needs to be addressed is the high number of proteins that 

had to be excluded due to their identification in the control samples.  There have been 

recent advances in the affinity purification process that utilizes a “tandem affinity 

purification” tag or TAP tag, which contains two affinity tags allowing for two 

consecutive affinity purification steps (159;162;213).  The first step most commonly 

involves the capture of the proteins on immobilized IgG via the Protein A moiety (the 

first tag).  The bound proteins and their binding partners are incubated with the tobacco 

etch virus (TEV) protease, which cleaves at the seven amino acid recognition site that is 

located between the first and second tags.  The TEV protease will release the proteins of 
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interest while leaving behind any proteins that bind non-specifically to the agarose beads 

(159;162).  In the second affinity step, the proteins are captured using calmodulin coated 

beads and the calmodulin binding peptide tag (the second tag).  The bound proteins are 

then specifically released by calcium chelation (159;162).  Quantitative MS techniques 

have also been developed that utilize stable isotopic labeling of proteins to help 

discriminate between actual binding partners and contaminates.  In one strategy, SILAC 

(stable isotope-labeled amino acids in cell culture), isotopically heavy amino acids are 

metabolically incorporated into the proteins of the cells of the test group but not the 

controls.  In another strategy, ICAT (isotope-coded affinity tagging), isotope tags are 

chemically attached to proteins or peptides.  The first ICAT developed was cysteine-

reactive, which meant it only attached to cysteine-containing proteins or peptides. In 

addition to the reactive group, the ICAT tag also contains a linker group that contains the 

“heavy” isotope and an affinity tag such as, biotin that is used for purification (162;214).   

The use of the TAP strategy in conjunction with stable isotope labeling has been shown 

to dramatically reduce the background and improve the detection of lower abundance 

proteins by MS-MS analysis (162).   
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Abstract 

 We describe the use of commercially available microcentrifugation devices 

(spin filters) for cleanup and digestion of protein samples for mass spectrometry analyses.  

The protein sample is added to the upper chamber of a spin filter with a ≥3,000 molecular 

weight cutoff membrane and then washed prior to resuspension in ammonium 

bicarbonate.  The protein is then reduced, alkylated and digested with trypsin in the upper 

chamber and the peptides are recovered by centrifugation through the membrane.  The 

method provides digestion efficiencies comparable to standard in-solution digests, avoids 

lengthy dialysis steps and allows rapid cleanup of samples containing salts, some 

detergents and acidic or basic buffers. 
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Most proteome analyses begin with proteolytic digestion of the sample proteins to 

peptides, which are analyzed by MS with greater sensitivity and mass accuracy than 

intact proteins (215).  Digestions typically are done either in solution (216) or in gel 

pieces (217-219) and the resulting products contain mixtures of peptides, undigested 

proteins and the proteases.  Variations of in solution digestions include the use of 

immobilized proteases, such as trypsin (220-222) or the capture and concentration of 

proteins from dilute solutions on reverse phase microbeads for more efficient digestion 

(223).  A common problem is that diverse sample sources and experimental designs yield 

protein samples containing various small molecules, salts and detergent contaminants that 

either inhibit digestion or interfere with subsequent MS analyses.  Dialysis to remove the 

contaminants generally is slow and may result in sample degradation or loss.  Likewise, 

attempts to remove contaminants after digestion may also result in loss of peptides.   

We have developed a convenient general method for the preparation and digestion 

of protein samples for MS analyses.  The method employs commercially-available micro-

centrifuge filtration devices (spin filters) to wash away contaminating species and 

resuspend the proteins in buffers compatible with digestion.  The proteins can be reduced, 

alkylated and digested on the filters and the resulting peptides are isolated by 

centrifugation.  The method greatly reduces the time required for sample preparation, 

minimizes sample loss and provides MS sequence coverage of identified proteins that is 

equivalent to that for in-solution digestion of purified protein samples.   

We typically use Ultrafree-MC low binding regenerated cellulose spin filters with 

a 5,000 MWCO from Millipore (Billerica, MA).  Prior to use, all spin filters are rinsed 
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with methanol and then sequential 300 μL washes of methanol and distilled water are 

centrifuged through the filters at 4,500 x g at 20ºC.   The protein sample (approximately 

20 μg in 10 μL 0.1 M ammonium bicarbonate) is diluted with 50 μL 0.1 M ammonium 

bicarbonate and added to the upper chamber of the spin filter.   The samples then are 

centrifuged at 4,500 x g to pass the solution through the filter.  The proteins on the filter 

then are washed with 300 μL each of distilled water and 0.1 M ammonium bicarbonate 

followed each time by centrifugation at 4,500 x g and the filtrates are discarded.      

 The protein is resuspended in 100 μL 0.1 M ammonium bicarbonate containing 

4 mM tris(carboxyethyl)phosphine and 10 mM DTT and the filters are capped and 

incubated in a water bath at 50ºC for 15 min.  Iodoacetamide is added to a final 

concentration of 20 mM for 15 min to convert thiols to carboxamidomethyl derivatives.  

Modified porcine sequencing grade trypsin (Promega, Madison, WI) then is added in a 

1:50 protein:trypsin ratio and the samples are incubated at 37ºC for 18-24 h.  Tryptic 

peptides then are collected by centrifugation through the filter at 4,500 x g and the filtrate 

is acidified with 0.5 μL of concentrated formic acid.  To minimize contamination of the 

final peptide digest with materials from earlier wash steps, the bottom tube of the filter 

assembly can be replaced with a new tube immediately prior to collection of the final 

peptide filtrate fraction. 

LC-MS/MS analyses described here were done on a ThermoFinnigan LCQ Deca 

XP ion trap instrument equipped with a ThermoFinnigan microelectrospray source 

(Thermo Electron, San Jose, CA), an Agilent 1100 series HPLC pump (Agilent, Palo 

Alto, CA) and a Famos autosampler (Dionex, Sunnyvale, CA).  LC-MS/MS analyses 
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were done by reverse phase chromatography on a 11 cm fused silica capillary column 

(100 μm ID) packed with Monitor C-18 (5 μm) (Column Engineering, Ontario, CA) and 

eluted first with water:acetonitrile:formic acid (98:2:0.1, v/v/v) for 5 min.  A linear 

gradient then increased acetonitrile to 60% by 45 min, to 80% by 47 min and then held at 

this solvent composition for another 18 min.  MS-MS spectra were acquired in data-

dependent scanning mode with one full scan followed by one MS-MS scan on the most 

intense precursor with dynamic exclusion of previously selected precursors for a period 

of 3 min.  MS-MS spectra were matched to database sequences with TurboSequest 

(Thermo Electron, San Jose, CA).    Sequest outputs were analyzed with Sequest Browser 

(W. F. Lane, Harvard University). 

Spin filter tryptic digestion of BSA (Sigma) in ammonium bicarbonate followed 

by LC-MS/MS analysis and Sequest searching resulted in identification of 43 BSA 

tryptic peptides that met minimum criteria for assignment of singly- doubly- and triply-

charged peptide ions to BSA database sequences (224).  This corresponds to a sequence 

coverage of 74.3% (Table 1).  The LC-MS/MS analysis of this sample generated 406 .dta 

files (following combination of duplicate or redundant spectra with the “Combine Ions” 

program).  The .dta files are the data format used by Sequest for database searches and 

each .dta file corresponds to one MS-MS spectrum.  The number of peptides identified 

and the sequence coverage reflect the quality of protein identification from the MS-MS 

dataset, whereas the number of .dta files represents the density and spectral quality of the 

MS-MS dataset.  For comparison, an in-solution digest of BSA (20 μg prepared in 100 

μL 0.1 M ammonium bicarbonate) was done in a standard Eppendorf tube essentially as 



  159

described above and yielded equivalent numbers of identified peptides, sequence 

coverage and .dta files generated (Table 1). 

 Samples prepared in high salt (1M KCl), detergent (Laemmli buffer, which 

contains 2% SDS) and highly acidic pH ( 0.1M glycine pH 2) represent typical protein 

samples obtained from different experimental designs.  None of these samples is directly 

compatible with tryptic digestion and would require prolonged (i.e., several hours) 

dialysis against ammonium bicarbonate prior to successful digestion.  However, spin 

filter digestion of each sample yielded sequence coverage, identified peptides and 

numbers of .dta files similar to those for the in-solution digest from ammonium 

bicarbonate (Table 1).  This indicates that the spin filter cleanup of these samples 

rendered them amenable to efficient tryptic digestion.  Moreover, spin filter cleanup 

requires less than an hour of washing and centrifuging to ready samples for digestion, in 

contrast to hours needed for dialysis.  It is particularly noteworthy that the simple two-

step ammonium bicarbonate and water wash enabled digestion of the sample in Laemmli 

buffer, which contains 2% SDS.  Nevertheless, the sequence coverage, numbers of 

identified BSA peptides and number of .dta files was slightly lower than for the other 

samples.  Although this wash certainly does not quantitatively remove the SDS, it 

appears to decrease SDS content of the sample enough to enable digestion and 

subsequent LC-MS/MS of the peptides. 

 We compared several commercially-available spin filter devices including 1) 

Microcon YM-3 regenerated cellulose with a 3,000 MWCO from Millipore (Billerica, 

MA) , 2) Ultrafree-MC low binding regenerated cellulose with a 5,000 MWCO from 
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Millipore, 3) Ultrafree-MC Biomax-5 polysulfone with a 5,000 MWCO from Millipore, 

and 4) Nanosep 3K Omega (low binding, modified polyethersulfone on polyethylene 

substrate) with a 3,000 MWCO from Pall Corporation (Ann Arbor, MI).   For these 

comparisons, a mixture of proteins containing BSA (Sigma, 0.6mg), unfractionated 

histones (type IIA (Sigma), 0.5mg), α-casein (Sigma, 1.1mg), and carbonic anhydrase 

(Sigma, 1.6mg) was suspended in 1mL of distilled water.  A 100μL aliquot was diluted 

100 fold with distilled water and 380μL of the diluted stock was placed into each of the 

spin filter devices.  Sample preparation and digestions were then done as described 

above.  Sequest searches of the MS-MS data identified putative sequence-spectrum 

matches for the proteins from identical LC-MS/MS analyses of each sample (Table 2).  

Sequest-assigned sequence coverages for the proteins provided a basis for comparison of 

filter products, given that the only experimental variable was the microcentrufuge device.  

The results indicate that all of the spin filter devices performed equally well, with the 

exception of the Nanosep 3K Omega product, which yielded somewhat lower sequence 

coverages for all the proteins studied.   We note that the detection of multiple histone and 

casein protein isoforms reflects our use of unfractionated or partially purified proteins for 

these experiments. 

 To evaluate spin filter digestions with a complex biological sample, we 

performed analyses of cytosolic and nuclear protein extracts from HEK 293 cells.  Cell 

lysates were fractionated with a CelLytic NuCLEAR™ extraction kit (Sigma) to produce 

nuclear and cytosolic protein fractions.  Approximately 5 mg of protein each from the 

nuclear and cytosolic fractions were taken for digests with spin filters and described 
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above.  The peptide digests were analyzed by multidimensional LC-MS-MS by 

adaptation of procedured described recently (224;225).  Peptides were fractionated on a 

polysulfoethyl-A, 5 μm particle size,  100 x 2.1 mm column (Nest Group, Southboro, 

MA).  Samples were loaded in 10mM ammonium formate, pH 3.0 /acetonitrile (75:25, 

v/v) for 5 min at 0.2 mL/min followed by a 30 min linear gradient to 200mM ammonium 

formate, pH 8.0 /acetonitrile (75:25, v/v) with a 10 min wash at the final mobile phase 

composition.  Fifteen 3 min fractions were collected.  Fractions 1-3 and 14-15 were 

combined and than all fractions were evaporated in vacuo and resuspended in 

water/acetonitrile/formic acid (98:2:0.1, v/v/v) for LC-MS-MS analysis and Sequest 

searches as described above.  Sequest sequence-to-specrum matches were filtered 

according to previously described criteria (224).  All peptide sequence assignments were 

required to result from fully tryptic cleavages of the corresponding proteins.  

Assignments for singly charged ions were accepted when XCorr score > 2.0 and all 

putative matches were confirmed by visual inspection of the spectra.  Assignments for 

doubly charged ions were accepted when XCorr score > 3.0 and for XCorr between 2.0 

and 3.0 all putative matches were confirmed by visual inspection.  Assignments for triply 

charged ions were accepted when XCorr score > 3.0 and all putative matches were 

confirmed by visual inspection.  Analyses of the cytosolic fraction yielded 262 peptide 

identifications corresponding to 75 proteins, each with at least two different peptide 

identifications.  Nuclear fractions yielded 477 peptide identifications corresponding to 

124 proteins, each with at least two different peptide identifications.  These data indicate 

that spin filter digestions can be applied successfully to complex protein samples. 
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We have employed this spin filter digestion method with diverse samples over the 

past year in our laboratory.  As these results suggest, the method is applicable to a broad 

range of protein samples.   The most important advantage of the spin filter digestion 

protocol is the ease and speed of sample cleanup and digestion.  Our data indicate that the 

overall performance of spin filter digestion coupled to LC-MS-MS is equivalent to that 

for in-solution digestions.  The spin filter approach may not provide any additional 

sensitivity over solution digests, except to the extent that sample cleanup in the filters 

may lead to more efficient digestions and/or removal of contaminants.  Indeed, sensitivity 

of proteomic analyses is a function of many variables beyond sample cleanup and 

digestion.  We have not attempted to adapt spin filters to in-gel digestions, although it 

would appear to be feasible.  We note several additional observations.  First, highly 

complex protein samples (e.g., cell lysates or serum) often require long spins (> 2h) to 

complete filtration, probably due to filter clogging by small particulates.  More rapid 

filtration can be done with filter membranes with larger molecular weight cutoff ratings 

(e.g., 20-30 kDa), but with the potential loss of of smaller peptides and proteins.  Second, 

the molecular weight cutoff values for these products are approximate.  We have 

observed proteins with nominal masses close to these values either retained by the filters 

or present in the filtrate, or both.  Third, freezing of proteins collected on the filter 

membranes prior to digestion tends to result in poor recovery of peptides. This may be 

due to damage to the membranes during freezing, which may disrupt the membranes and 

allow intact proteins to pass through during wash steps.  Fourth, we have used up to 

100% methanol or acetonitrile for washes of some protein samples without apparent loss 
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of membrane integrity.  However, washes with these solvents can cause protein 

precipitation and membrane clogging.  Moreover, the cellulose or 

polyethylene/polysulfone membranes used in spin filters are incompatible with most 

nonpolar organic solvents.  Finally, although we have described the use of trypsin for 

digestion in this report,  we routinely use spin filters for chymotrypsin digestions and the 

method should be compatible with other protease digestions.   
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Table 1.  Digestion of BSA in solution and in spin filters.1 

 
 
Digestion  % Coverage2 # of Peptides3 # of .dta Files4 

0.1 M ambic5 spin filter 74.3 ± 2.4 43 ± 2 406 ± 30 

0.1M ambic in-solution  74.7 ± 0.6  45 ± 1  521 ± 14  

0.1M glycine pH 2 spin filter 78.3 ± 4.1 44 ± 7 515 ± 27 

1M KCl spin filter 77.5 ± 0.6  46 ± 4 597 ± 164 

Laemmli spin filter 69.7 ± 4.9 34 ± 3 396 ± 3 

 

1Samples (20 μg of BSA in 100 μL 0.1 M ammonium bicarbonate) were digested in 

triplicate as described under Experimental Procedures and mean ± SD is reported. 

2Sequence coverage (by amino acid sequence) was taken from the Flicka summary page 

under Sequest Browser. 

3 Numbers of peptide identifications were the sum of singly charged BSA peptide ion 

spectra with XCorr scores of ≥ 1.5, doubly charged peptide ion spectra with XCorr scores 

or ≥ 2.0 and triply charged peptide ion spectra with XCorr scores of ≥ 2.5. 

4 Numbers of .dta files generated were taken as the number of Sequest output directories 

from the Sequest Summary page. 

5ambic, ammonium bicarbonate 
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Table 2.  Comparison of commercially available spin filters for digestion of a protein 

mixture.1 

 

 Sequence coverage %2

Protein Micro YM-3 

Cellulose (3000 

MWCO) 

Ultrafree MC 

Cellulose (5000 

MWCO) 

Ultrafree MC 

Biomax (5000 

MWCO) 

Nanosep 

Omega (3000 

MWCO) 

BSA 69.0 ± 10.2 74.0 ± 9.49 65.8 ± 2.01 55.0 ± 3.12 

carbonic 

anhydrase II 

33.0 ± 8.39 39.5 ± 5.47 28.3 ± 6.56 34.4 ± 4.06 

α-S1-casein  35.0 ± 6.62 45.8 ± 8.93 29.1 ± 12.5 25.2 ± 8.61 

α-S2-casein  33.3 ± 10.5 25.8 ± 15.5 13.6 ±3.60 16.8 ± 4.55 

histone H1.1 54.9 ± 0.52 30.1 ±20.4 52.1 ±3.61 36.9 ± 14.4 

histone H2A 13.7 ± 3.46 23.7 ± 8.90 19.4 ± 18.8 10.6 ± 6.46 

histone H2A, 

member Z 

19.2 ± 11.7 13.5 ± 1.79 10.7 ± 3.17 12.7 ± 5.90 

histone H2B 58.1 ± 17.7 34.4 ± 8.31 38.9± 28.6 26.9 ± 4.89 

histone H3 27.7 ± 16.8 
 

33.1 ± 12.5 30.6 ± 11.4 15.3 ± 5.97 

histone H4 27.5 ± 16.1 43.1 ± 17.9 17.7 ± 10.2 18.3 ± 5.66 
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1The protein mixture consisted of BSA (Sigma, 0.6mg), unfractionated histones (type IIA 

(Sigma), 0.5mg), α-casein (types α-S1 and α-S2, Sigma, 1.1mg), and carbonic anhydrase 

(Sigma, 1.6mg) and was digested in the listed spin filter products as described under 

Experimental Procedures and the resulting peptides then were analyzed by LC-MS/MS. 

2Sequence coverage (by amino acid sequence) was taken from the Flicka summary page 

under Sequest Browser.  Highest coverage for each protein is listed in bold type.  
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CHIPS DATA, NON-TRANSFECTED, HNE TREATED 
 
 
 
 
 
 
 
 



  169

 



  170

 



  171

 



  172



  173

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX C 
 

CHIPS DATA, HA-NULL, DMEMV TREATED NUCLEI 
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APPENDIX D 
 

CHIPS DATA, HA-NULL, DMEMV TREATED CYTOSOL  
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APPENDIX E 
 

CHIPS DATA, HA-NULL, HNE TREATED NUCLEI 
 
 
 
 
 
 
 



  194

 



  195

 



  196

 



  197

 



  198

 



  199



  200

 



  201

 



  202



  203

 



  204

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX F 
 

CHIPS DATA, HA-NULL, HNE TREATED CYTOSOL 
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APPENDIX G 
 

CHIPS DATA, HA-SUMO-1, DMEMV TREATED NUCLEI 
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APPENDIX H 
 

CHIPS DATA, HA-SUMO-1, DMEMV TREATED CYTOSOL 
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APPENDIX I 
 

CHIPS DATA, HA-SUMO-1, HNE TREATED NUCLEI 
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APPENDIX J 
 

CHIPS DATA, HA-SUMO-1, HNE TREATED CYTOSOL 
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APPENDIX K 
 

CHIPS DATA, HA-SUMO-3, DMEMV TREATED NUCLEI 
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APPENDIX L 
 

CHIPS DATA, HA-SUMO-3, DMEMV TREATED CYTOSOL 
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CHIPS DATA, HA-SUMO-3, HNE TREATED NUCLEI 
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CHIPS DATA, HA-SUMO-3, HNE TREATED CYTOSOL 
 
 
 
 
 
 



  304

 



  305

 



  306

 



  307

 



  308

 



  309

 



  310

 



  311

 



  312

 



  313

 



  314

 



  315

 



  316

 



  317

REFERENCES 
 

 (1)  Kultz, D.  (2003) Evolution of the cellular stress proteome: from monophyletic 
origin to ubiquitous function. J. Exp. Biol. 206(Pt 18), 3119-3124. 

 (2)  Dean, R. T., Fu, S., Stocker, R., and Davies, M. J.  (1997) Biochemistry and 
pathology of radical-mediated protein oxidation. Biochem. J. 324 ( Pt 1), 
1-18. 

 (3)  Marnett, L. J., Riggins, J. N., and West, J. D.  (2003) Endogenous generation of 
reactive oxidants and electrophiles and their reactions with DNA and 
protein. J. Clin. Invest 111(5), 583-593. 

 (4)  Rabilloud, T., Heller, M., Gasnier, F., Luche, S., Rey, C., Aebersold, R., 
Benahmed, M., Louisot, P., and Lunardi, J.  (2002) Proteomics analysis of 
cellular response to oxidative stress. Evidence for in vivo overoxidation of 
peroxiredoxins at their active site. J. Biol. Chem. 277(22), 19396-19401. 

 (5)  Nelson, S. D., and Pearson, P. G.  (1990) Covalent and noncovalent interactions 
in acute lethal cell injury caused by chemicals. Annu. Rev. Pharmacol. 
Toxicol. 30, 169-195. 

 (6)  Sherman, M. Y., and Goldberg, A. L.  (2001) Cellular defenses against unfolded 
proteins: a cell biologist thinks about neurodegenerative diseases. Neuron 
29(1), 15-32. 

 (7)  Jones, J. A., and Liebler, D. C.  (2000) Tandem MS analysis of model peptide 
adducts from reactive metabolites of the hepatotoxin 1,1-dichloroethylene. 
Chem. Res. Toxicol. 13(12), 1302-1312. 

 (8)  Mason, D. E., and Liebler, D. C.  (2000) Characterization of benzoquinone-
peptide adducts by electrospray mass spectrometry. Chem. Res. Toxicol. 
13(10), 976-982. 

 (9)  Hansen, B. T., Jones, J. A., Mason, D. E., and Liebler, D. C.  (2001) SALSA: a 
pattern recognition algorithm to detect electrophile-adducted peptides by 
automated evaluation of CID spectra in LC-MS-MS analyses. Anal. Chem. 
73(8), 1676-1683. 



  318

 (10)  Liebler, D. C., Hansen, B. T., Davey, S. W., Tiscareno, L., and Mason, D. E.  
(2002) Peptide sequence motif analysis of tandem MS data with the 
SALSA algorithm. Anal. Chem. 74(1), 203-210. 

 (11)  Jones, J. A., Kaphalia, L., Treinen-Moslen, M., and Liebler, D. C.  (2003) 
Proteomic characterization of metabolites, protein adducts, and biliary 
proteins in rats exposed to 1,1-dichloroethylene or diclofenac. Chem. Res. 
Toxicol. 16(10), 1306-1317. 

 (12)  Mao, Y., Desai, S. D., and Liu, L. F.  (2000) SUMO-1 conjugation to human 
DNA topoisomerase II isozymes. J. Biol. Chem. 275(34), 26066-26073. 

 (13)  Kurepa, J., Walker, J. M., Smalle, J., Gosink, M. M., Davis, S. J., Durham, T. L., 
Sung, D. Y., and Vierstra, R. D.  (2003) The small ubiquitin-like modifier 
(SUMO) protein modification system in Arabidopsis. Accumulation of 
SUMO1 and -2 conjugates is increased by stress. J. Biol. Chem. 278(9), 
6862-6872. 

 (14)  Saitoh, H., and Hinchey, J.  (2000) Functional heterogeneity of small ubiquitin-
related protein modifiers SUMO-1 versus SUMO-2/3. J. Biol. Chem. 
275(9), 6252-6258. 

 (15)  Zhou, W., Ryan, J. J., and Zhou, H.  (2004) Global analyses of sumoylated 
proteins in Saccharomyces cerevisiae. Induction of protein sumoylation by 
cellular stresses. J. Biol. Chem. 279(31), 32262-32268. 

 (16)  Arnold, J., and Grune, T.  (2002) PARP-mediated proteasome activation: a co-
ordination of DNA repair and protein degradation? Bioessays 24(11), 
1060-1065. 

 (17)  Kamiya, H.  (2003) Mutagenic potentials of damaged nucleic acids produced by 
reactive oxygen/nitrogen species: approaches using synthetic 
oligonucleotides and nucleotides: survey and summary. Nucleic Acids Res. 
31(2), 517-531. 

 (18)  Leichert, L. I., Scharf, C., and Hecker, M.  (2003) Global characterization of 
disulfide stress in Bacillus subtilis. J. Bacteriol. 185(6), 1967-1975. 



  319

 (19)  Kelly, K. A., Havrilla, C. M., Brady, T. C., Abramo, K. H., and Levin, E. D.  
(1998) Oxidative stress in toxicology: established mammalian and 
emerging piscine model systems. Environ. Health Perspect. 106(7), 375-
384. 

 (20)  Halliwell, B., and Chirico, S.  (1993) Lipid peroxidation: its mechanism, 
measurement, and significance. Am. J. Clin. Nutr. 57(5 Suppl), 715S-
724S. 

 (21)  Dean, R. T., Gebicki, J., Gieseg, S., Grant, A. J., and Simpson, J. A.  (1992) 
Hypothesis: a damaging role in aging for reactive protein oxidation 
products? Mutat. Res. 275(3-6), 387-393. 

 (22)  Upston, J. M., Niu, X., Brown, A. J., Mashima, R., Wang, H., Senthilmohan, R., 
Kettle, A. J., Dean, R. T., and Stocker, R.  (2002) Disease stage-dependent 
accumulation of lipid and protein oxidation products in human 
atherosclerosis. Am. J. Pathol. 160(2), 701-710. 

 (23)  Cohen, S. D., Pumford, N. R., Khairallah, E. A., Boekelheide, K., Pohl, L. R., 
Amouzadeh, H. R., and Hinson, J. A.  (1997) Selective protein covalent 
binding and target organ toxicity. Toxicol. Appl. Pharmacol. 143(1), 1-12. 

 (24)  Gregus, Z., and Klaassen, C. D.  (1996) Mechanisms of toxicity. In Casserett and 
Doull's Toxicology: The Basic Science of Poisons (Klaassen, C. D., Ed.) 
pp 35-74, McGraw-Hill, New York, NY. 

 (25)  Miller, E. C., and Miller, J. A.  (1981) Searches for ultimate chemical carcinogens 
and their reactions with cellular macromolecules. Cancer 47(10), 2327-
2345. 

 (26)  Pitot, H. C., III, and Dragan, P. T.  (1996) Chemical carcinigens. In Casarett and 
Doull's Toxicology: The Basic Science of Poisons (Klaassen, C. D., Ed.) 
pp 201-267, McGraw-Hill, New York, NY. 

 (27)  Egner, P. A., Wang, J. B., Zhu, Y. R., Zhang, B. C., Wu, Y., Zhang, Q. N., Qian, 
G. S., Kuang, S. Y., Gange, S. J., Jacobson, L. P., Helzlsouer, K. J., 
Bailey, G. S., Groopman, J. D., and Kensler, T. W.  (2001) Chlorophyllin 



  320

intervention reduces aflatoxin-DNA adducts in individuals at high risk for 
liver cancer. Proc. Natl. Acad. Sci. U. S. A 98(25), 14601-14606. 

 (28)  Snyder, R., and Andrews, L. S.  (1996) Toxic effects of solvents and vapors. In 
Casserett and Doull's Toxicology; The Basic Sceince of Poisons (Klaasen, 
C. D., Ed.) pp 737-771, McGraw-Hill, New York, NY. 

 (29)  Liebler, D. C.  (2002) Proteomic approaches to characterize protein 
modifications: new tools to study the effects of environmental exposures. 
Environ. Health Perspect. 110 Suppl 1, 3-9. 

 (30)  Burns, L. A., Meade, B. J., and Munson, A. E.  (1996) Toxic responses of the 
immune system. In Casarett and Doull's Toxicology: The basic science of 
poisons (Klaasen, C. D., Ed.) pp 355-402, McGraw-Hill, New York, NY. 

 (31)  Moslen, M. T.  (1996) Toxic responses of the liver. In Casarett and Doull's 
Toxicology: The basic science of poisons (Klaasen, C. D., Ed.) pp 403-
416, McGraw-Hill, New York, NY. 

 (32)  Evers, A. S., and Crowder, C. M.  (2001) General Anesthetics. In Goodman and 
Gilman's The Phamacological Basis Of Therapeutics (Hardman, J. G., 
Limbard, L. E., and Gilman, A. G., Eds.) pp 337-365, McGraw-Hill, New 
York, NY. 

 (33)  Crabb, J. W., O'Neil, J., Miyagi, M., West, K., and Hoff, H. F.  (2002) 
Hydroxynonenal inactivates cathepsin B by forming Michael adducts with 
active site residues. Protein Sci. 11(4), 831-840. 

 (34)  Gustafsson, J. A.  (1995) Receptor-mediated toxicity. Toxicol. Lett. 82-83, 465-
470. 

 (35)  Uchida, K., Szweda, L. I., Chae, H. Z., and Stadtman, E. R.  (1993) 
Immunochemical detection of 4-hydroxynonenal protein adducts in 
oxidized hepatocytes. Proc. Natl. Acad. Sci. U. S. A 90(18), 8742-8746. 

 (36)  Ross, E. M., and Kenakin, T. P.  (2001) Pharmacodynamics: Mechanisms of Drug 
Action and the Relationship Between Drug Concentration and Effect. In 



  321

Goodman and Gilman's The Pharmacological Basis Of Therapeutics 
(Hardman, J. G., Limbrid, L. E., and Gilman, A. G., Eds.) pp 31-43, 
McGraw-Hill, New York, NY. 

 (37)  Welshons, W. V., Thayer, K. A., Judy, B. M., Taylor, J. A., Curran, E. M., and 
vom Saal, F. S.  (2003) Large effects from small exposures. I. 
Mechanisms for endocrine-disrupting chemicals with estrogenic activity. 
Environ. Health Perspect. 111(8), 994-1006. 

 (38)  Twyman, R. M.  Advanced Molecular Biology (1998) BIOS Scientific Publishers 
Limited, Oxford. 

 (39)  Ron, D., and Kazanietz, M. G.  (1999) New insights into the regulation of protein 
kinase C and novel phorbol ester receptors. FASEB J. 13(13), 1658-1676. 

 (40)  Goyer, R. E.  (1996) Toxic Effects of Metals. In Casarett and Doull'sToxicology: 
The Basic Science Of Poisons (Klaassen, C. D., Ed.) pp 691-736, 
McGraw-Hill, New York, NY. 

 (41)  Chu, F., Chen, L. H., and O'Brian, C. A.  (2004) Cellular protein kinase C 
isozyme regulation by exogenously delivered physiological disulfides--
implications of oxidative protein kinase C regulation to cancer prevention. 
Carcinogenesis 25(4), 585-596. 

 (42)  Shertzer, H. G., Genter, M. B., Shen, D., Nebert, D. W., Chen, Y., and Dalton, T. 
P.  (2006) TCDD decreases ATP levels and increases reactive oxygen 
production through changes in mitochondrial F(0)F(1)-ATP synthase and 
ubiquinone. Toxicol. Appl. Pharmacol. 217(3), 363-374. 

 (43)  Nebert, D. W., Dalton, T. P., Okey, A. B., and Gonzalez, F. J.  (2004) Role of aryl 
hydrocarbon receptor-mediated induction of the CYP1 enzymes in 
environmental toxicity and cancer. J. Biol. Chem. 279(23), 23847-23850. 

 (44)  Roberts, R. A., Nebert, D. W., Hickman, J. A., Richburg, J. H., and Goldsworthy, 
T. L.  (1997) Perturbation of the mitosis/apoptosis balance: a fundamental 
mechanism in toxicology. Fundam. Appl. Toxicol. 38(2), 107-115. 



  322

 (45)  Parkinson, A.  (1996) Biotransformation of Xenobiotics. In Casserett and Doull's 
Toxicology: The Basic Science of Poisons (Klaassen, C. D., Ed.) McGraw-
Hill, New York, NY. 

 (46)  Matsumura, F.  (2003) On the significance of the role of cellular stress response 
reactions in the toxic actions of dioxin. Biochem. Pharmacol. 66(4), 527-
540. 

 (47)  Pearce, A. K., and Humphrey, T. C.  (2001) Integrating stress-response and cell-
cycle checkpoint pathways. Trends Cell Biol. 11(10), 426-433. 

 (48)  DeSalle, L. M., and Pagano, M.  (2001) Regulation of the G1 to S transition by 
the ubiquitin pathway. FEBS Lett. 490(3), 179-189. 

 (49)  Bartek, J., and Lukas, J.  (2001) Mammalian G1- and S-phase checkpoints in 
response to DNA damage. Curr. Opin. Cell Biol. 13(6), 738-747. 

 (50)  Bartek, J., and Lukas, J.  (2001) Pathways governing G1/S transition and their 
response to DNA damage. FEBS Lett. 490(3), 117-122. 

 (51)  Lukas, J., Lukas, C., and Bartek, J.  (2004) Mammalian cell cycle checkpoints: 
signalling pathways and their organization in space and time. DNA Repair 
(Amst) 3(8-9), 997-1007. 

 (52)  McBride, W. H., Iwamoto, K. S., Syljuasen, R., Pervan, M., and Pajonk, F.  
(2003) The role of the ubiquitin/proteasome system in cellular responses 
to radiation. Oncogene 22(37), 5755-5773. 

 (53)  Zhao, H., Watkins, J. L., and Piwnica-Worms, H.  (2002) Disruption of the 
checkpoint kinase 1/cell division cycle 25A pathway abrogates ionizing 
radiation-induced S and G2 checkpoints. Proc. Natl. Acad. Sci. U. S. A 
99(23), 14795-14800. 

 (54)  Sorensen, C. S., Syljuasen, R. G., Falck, J., Schroeder, T., Ronnstrand, L., 
Khanna, K. K., Zhou, B. B., Bartek, J., and Lukas, J.  (2003) Chk1 
regulates the S phase checkpoint by coupling the physiological turnover 



  323

and ionizing radiation-induced accelerated proteolysis of Cdc25A. Cancer 
Cell 3(3), 247-258. 

 (55)  Mailand, N., Podtelejnikov, A. V., Groth, A., Mann, M., Bartek, J., and Lukas, J.  
(2002) Regulation of G(2)/M events by Cdc25A through phosphorylation-
dependent modulation of its stability. EMBO J. 21(21), 5911-5920. 

 (56)  Johnstone, R. W., Ruefli, A. A., and Lowe, S. W.  (2002) Apoptosis: a link 
between cancer genetics and chemotherapy. Cell 108(2), 153-164. 

 (57)  Hipfner, D. R., and Cohen, S. M.  (2004) Connecting proliferation and apoptosis 
in development and disease. Nat. Rev. Mol. Cell Biol. 5(10), 805-815. 

 (58)  Zornig, M., Hueber, A., Baum, W., and Evan, G.  (2001) Apoptosis regulators and 
their role in tumorigenesis. Biochim. Biophys. Acta 1551(2), F1-37. 

 (59)  Rich, T., Allen, R. L., and Wyllie, A. H.  (2000) Defying death after DNA 
damage. Nature 407(6805), 777-783. 

 (60)  Dip, R., Camenisch, U., and Naegeli, H.  (2004) Mechanisms of DNA damage 
recognition and strand discrimination in human nucleotide excision repair. 
DNA Repair (Amst) 3(11), 1409-1423. 

 (61)  Kolberg, M., Strand, K. R., Graff, P., and Andersson, K. K.  (2004) Structure, 
function, and mechanism of ribonucleotide reductases. Biochim. Biophys. 
Acta 1699(1-2), 1-34. 

 (62)  Wolner, B., van, K. S., Sung, P., and Peterson, C. L.  (2003) Recruitment of the 
recombinational repair machinery to a DNA double-strand break in yeast. 
Mol. Cell 12(1), 221-232. 

 (63)  Sugawara, N., Wang, X., and Haber, J. E.  (2003) In vivo roles of Rad52, Rad54, 
and Rad55 proteins in Rad51-mediated recombination. Mol. Cell 12(1), 
209-219. 



  324

 (64)  Tan, T. L., Kanaar, R., and Wyman, C.  (2003) Rad54, a Jack of all trades in 
homologous recombination. DNA Repair (Amst) 2(7), 787-794. 

 (65)  Esser, C., Alberti, S., and Hohfeld, J.  (2004) Cooperation of molecular 
chaperones with the ubiquitin/proteasome system. Biochim. Biophys. Acta 
1695(1-3), 171-188. 

 (66)  Norris, C. E., and Hightower, L. E.  (2000) The Heat Shock Response of Tropical 
and Desert Fish (genus Poeciliopsis). In Environmental Stressors and 
Gene Responses (Storey, K. B., and Storey, J. M., Eds.) pp 231-243, 
Elsevier, Amsterdam. 

 (67)  Feder, M. E., and Hofmann, G. E.  (1999) Heat-shock proteins, molecular 
chaperones, and the stress response: evolutionary and ecological 
physiology. Annu. Rev. Physiol 61, 243-282. 

 (68)  Cotto, J. J., and Morimoto, R. I.  (1999) Stress-induced activation of the heat-
shock response:cell and molecular biology of heat-shock factors. In 
Cellular Responses to Stress (Downes, C. P., Wolf, C. R., and Lane, D. P., 
Eds.) pp 105-118, Princeiton University Press, Princeton, NJ. 

 (69)  Ciechanover, A., Orian, A., and Schwartz, A. L.  (2000) The ubiquitin-mediated 
proteolytic pathway: Mode of action and clinical implications. J. Cell 
Biochem. 77(S34), 40-51. 

 (70)  Glickman, M. H., and Ciechanover, A.  (2002) The ubiquitin-proteasome 
proteolytic pathway: destruction for the sake of construction. Physiol Rev. 
82(2), 373-428. 

 (71)  Thelander, L.  (2004) Advanced information on the Nobel Prize in Chemistry. 

 (72)  Goldknopf, I. L., and Busch, H.  (1977) Isopeptide linkage between nonhistone 
and histone 2A polypeptides of chromosomal conjugate-protein A24. 
Proc. Natl. Acad. Sci. U. S. A 74(3), 864-868. 

 (73)  Pickart, C. M., and Eddins, M. J.  (2004) Ubiquitin: structures, functions, 
mechanisms. Biochim. Biophys. Acta 1695(1-3), 55-72. 



  325

 (74)  Borodovsky, A., Ovaa, H., Kolli, N., Gan-Erdene, T., Wilkinson, K. D., Ploegh, 
H. L., and Kessler, B. M.  (2002) Chemistry-based functional proteomics 
reveals novel members of the deubiquitinating enzyme family. Chem. 
Biol. 9(10), 1149-1159. 

 (75)  Wolf, D. H., and Hilt, W.  (2004) The proteasome: a proteolytic nanomachine of 
cell regulation and waste disposal. Biochim. Biophys. Acta 1695(1-3), 19-
31. 

 (76)  Imai, J., Maruya, M., Yashiroda, H., Yahara, I., and Tanaka, K.  (2003) The 
molecular chaperone Hsp90 plays a role in the assembly and maintenance 
of the 26S proteasome. EMBO J. 22(14), 3557-3567. 

 (77)  Ciechanover, A., and Schwartz, A. L.  (2004) The ubiquitin system: pathogenesis 
of human diseases and drug targeting. Biochim. Biophys. Acta 1695(1-3), 
3-17. 

 (78)  Melchior, F.  (2000) SUMO--nonclassical ubiquitin. Annu. Rev. Cell Dev. Biol. 
16, 591-626. 

 (79)  Boddy, M. N., Howe, K., Etkin, L. D., Solomon, E., and Freemont, P. S.  (1996) 
PIC 1, a novel ubiquitin-like protein which interacts with the PML 
component of a multiprotein complex that is disrupted in acute 
promyelocytic leukaemia. Oncogene 13(5), 971-982. 

 (80)  Okura, T., Gong, L., Kamitani, T., Wada, T., Okura, I., Wei, C. F., Chang, H. M., 
and Yeh, E. T.  (1996) Protection against Fas/APO-1- and tumor necrosis 
factor-mediated cell death by a novel protein, sentrin. J. Immunol. 
157(10), 4277-4281. 

 (81)  Shen, Z., Pardington-Purtymun, P. E., Comeaux, J. C., Moyzis, R. K., and Chen, 
D. J.  (1996) UBL1, a human ubiquitin-like protein associating with 
human RAD51/RAD52 proteins. Genomics 36(2), 271-279. 

 (82)  Matunis, M. J., Coutavas, E., and Blobel, G.  (1996) A novel ubiquitin-like 
modification modulates the partitioning of the Ran-GTPase-activating 
protein RanGAP1 between the cytosol and the nuclear pore complex. J. 
Cell Biol. 135(6 Pt 1), 1457-1470. 



  326

 (83)  Mahajan, R., Delphin, C., Guan, T., Gerace, L., and Melchior, F.  (1997) A small 
ubiquitin-related polypeptide involved in targeting RanGAP1 to nuclear 
pore complex protein RanBP2. Cell 88(1), 97-107. 

 (84)  Hay, R. T.  (2001) Protein modification by SUMO. Trends Biochem. Sci. 26(5), 
332-333. 

 (85)  Yeh, E. T., Gong, L., and Kamitani, T.  (2000) Ubiquitin-like proteins: new wines 
in new bottles. Gene 248(1-2), 1-14. 

 (86)  Bohren, K. M., Nadkarni, V., Song, J. H., Gabbay, K. H., and Owerbach, D.  
(2004) A M55V polymorphism in a novel SUMO gene (SUMO-4) 
differentially activates heat shock transcription factors and is associated 
with susceptibility to type I diabetes mellitus. J. Biol. Chem. 279(26), 
27233-27238. 

 (87)  Bayer, P., Arndt, A., Metzger, S., Mahajan, R., Melchior, F., Jaenicke, R., and 
Becker, J.  (1998) Structure determination of the small ubiquitin-related 
modifier SUMO-1. J. Mol. Biol. 280(2), 275-286. 

 (88)  Kamitani, T., Nguyen, H. P., and Yeh, E. T.  (1997) Preferential modification of 
nuclear proteins by a novel ubiquitin-like molecule. J. Biol. Chem. 
272(22), 14001-14004. 

 (89)  Desterro, J. M., Rodriguez, M. S., Kemp, G. D., and Hay, R. T.  (1999) 
Identification of the enzyme required for activation of the small ubiquitin-
like protein SUMO-1. J. Biol. Chem. 274(15), 10618-10624. 

 (90)  Okuma, T., Honda, R., Ichikawa, G., Tsumagari, N., and Yasuda, H.  (1999) In 
vitro SUMO-1 modification requires two enzymatic steps, E1 and E2. 
Biochem. Biophys. Res. Commun. 254(3), 693-698. 

 (91)  Azuma, Y., Arnaoutov, A., and Dasso, M.  (2003) SUMO-2/3 regulates 
topoisomerase II in mitosis. J. Cell Biol. 163(3), 477-487. 

 (92)  Desterro, J. M., Thomson, J., and Hay, R. T.  (1997) Ubch9 conjugates SUMO 
but not ubiquitin. FEBS Lett. 417(3), 297-300. 



  327

 (93)  Johnson, E. S., and Blobel, G.  (1997) Ubc9p is the conjugating enzyme for the 
ubiquitin-like protein Smt3p. J. Biol. Chem. 272(43), 26799-26802. 

 (94)  Giraud, M. F., Desterro, J. M., and Naismith, J. H.  (1998) Structure of ubiquitin-
conjugating enzyme 9 displays significant differences with other 
ubiquitin-conjugating enzymes which may reflect its specificity for sumo 
rather than ubiquitin. Acta Crystallogr. D. Biol. Crystallogr. 54 ( Pt 5), 
891-898. 

 (95)  Sampson, D. A., Wang, M., and Matunis, M. J.  (2001) The small ubiquitin-like 
modifier-1 (SUMO-1) consensus sequence mediates Ubc9 binding and is 
essential for SUMO-1 modification. J. Biol. Chem. 276(24), 21664-21669. 

 (96)  Rodriguez, M. S., Dargemont, C., and Hay, R. T.  (2001) SUMO-1 conjugation in 
vivo requires both a consensus modification motif and nuclear targeting. J. 
Biol. Chem. 276(16), 12654-12659. 

 (97)  Lin, D., Tatham, M. H., Yu, B., Kim, S., Hay, R. T., and Chen, Y.  (2002) 
Identification of a substrate recognition site on Ubc9. J. Biol. Chem. 
277(24), 21740-21748. 

 (98)  Tatham, M. H., Chen, Y., and Hay, R. T.  (2003) Role of two residues proximal to 
the active site of Ubc9 in substrate recognition by the Ubc9.SUMO-1 
thiolester complex. Biochemistry 42(11), 3168-3179. 

 (99)  Bernier-Villamor, V., Sampson, D. A., Matunis, M. J., and Lima, C. D.  (2002) 
Structural basis for E2-mediated SUMO conjugation revealed by a 
complex between ubiquitin-conjugating enzyme Ubc9 and RanGAP1. Cell 
108(3), 345-356. 

 (100)  Tatham, M. H., Jaffray, E., Vaughan, O. A., Desterro, J. M., Botting, C. H., 
Naismith, J. H., and Hay, R. T.  (2001) Polymeric chains of SUMO-2 and 
SUMO-3 are conjugated to protein substrates by SAE1/SAE2 and Ubc9. J. 
Biol. Chem. 276(38), 35368-35374. 

 (101)  Pichler, A., Gast, A., Seeler, J. S., Dejean, A., and Melchior, F.  (2002) The 
nucleoporin RanBP2 has SUMO1 E3 ligase activity. Cell 108(1), 109-120. 



  328

 (102)  Rogers, R. S., Horvath, C. M., and Matunis, M. J.  (2003) SUMO modification of 
STAT1 and its role in PIAS-mediated inhibition of gene activation. J. 
Biol. Chem. 278(32), 30091-30097. 

 (103)  Schmidt, D., and Muller, S.  (2002) Members of the PIAS family act as SUMO 
ligases for c-Jun and p53 and repress p53 activity. Proc. Natl. Acad. Sci. 
U. S. A 99(5), 2872-2877. 

 (104)  Kahyo, T., Nishida, T., and Yasuda, H.  (2001) Involvement of PIAS1 in the 
sumoylation of tumor suppressor p53. Mol. Cell 8(3), 713-718. 

 (105)  Nishida, T., and Yasuda, H.  (2002) PIAS1 and PIASxalpha function as SUMO-
E3 ligases toward androgen receptor and repress androgen receptor-
dependent transcription. J. Biol. Chem. 277(44), 41311-41317. 

 (106)  Sachdev, S., Bruhn, L., Sieber, H., Pichler, A., Melchior, F., and Grosschedl, R.  
(2001) PIASy, a nuclear matrix-associated SUMO E3 ligase, represses 
LEF1 activity by sequestration into nuclear bodies. Genes Dev. 15(23), 
3088-3103. 

 (107)  Nakagawa, K., and Yokosawa, H.  (2002) PIAS3 induces SUMO-1 modification 
and transcriptional repression of IRF-1. FEBS Lett. 530(1-3), 204-208. 

 (108)  Melchior, F., Schergaut, M., and Pichler, A.  (2003) SUMO: ligases, isopeptidases 
and nuclear pores. Trends Biochem. Sci. 28(11), 612-618. 

 (109)  Kim, K. I., Baek, S. H., and Chung, C. H.  (2002) Versatile protein tag, SUMO: 
its enzymology and biological function. J. Cell Physiol 191(3), 257-268. 

 (110)  Hilgarth, R. S., Murphy, L. A., Skaggs, H. S., Wilkerson, D. C., Xing, H., and 
Sarge, K. D.  (2004) Regulation and function of SUMO modification. J. 
Biol. Chem. 

 (111)  Seeler, J. S., and Dejean, A.  (2001) SUMO: of branched proteins and nuclear 
bodies. Oncogene 20(49), 7243-7249. 



  329

 (112)  Hang, J., and Dasso, M.  (2002) Association of the human SUMO-1 protease 
SENP2 with the nuclear pore. J. Biol. Chem. 277(22), 19961-19966. 

 (113)  Zhang, H., Saitoh, H., and Matunis, M. J.  (2002) Enzymes of the SUMO 
modification pathway localize to filaments of the nuclear pore complex. 
Mol. Cell Biol. 22(18), 6498-6508. 

 (114)  Kim, K. I., Baek, S. H., Jeon, Y. J., Nishimori, S., Suzuki, T., Uchida, S., 
Shimbara, N., Saitoh, H., Tanaka, K., and Chung, C. H.  (2000) A new 
SUMO-1-specific protease, SUSP1, that is highly expressed in 
reproductive organs. J. Biol. Chem. 275(19), 14102-14106. 

 (115)  Watts, F. Z.  (2004) SUMO modification of proteins other than transcription 
factors. Semin. Cell Dev. Biol. 15(2), 211-220. 

 (116)  Schwartz, D. C., and Hochstrasser, M.  (2003) A superfamily of protein tags: 
ubiquitin, SUMO and related modifiers. Trends Biochem. Sci. 28(6), 321-
328. 

 (117)  Mahajan, R., Gerace, L., and Melchior, F.  (1998) Molecular characterization of 
the SUMO-1 modification of RanGAP1 and its role in nuclear envelope 
association. J. Cell Biol. 140(2), 259-270. 

 (118)  Matunis, M. J., Wu, J., and Blobel, G.  (1998) SUMO-1 modification and its role 
in targeting the Ran GTPase-activating protein, RanGAP1, to the nuclear 
pore complex. J. Cell Biol. 140(3), 499-509. 

 (119)  Lee, G. W., Melchior, F., Matunis, M. J., Mahajan, R., Tian, Q., and Anderson, P.  
(1998) Modification of Ran GTPase-activating protein by the small 
ubiquitin-related modifier SUMO-1 requires Ubc9, an E2-type ubiquitin-
conjugating enzyme homologue. J. Biol. Chem. 273(11), 6503-6507. 

 (120)  Mattsson, K., Pokrovskaja, K., Kiss, C., Klein, G., and Szekely, L.  (2001) 
Proteins associated with the promyelocytic leukemia gene product (PML)-
containing nuclear body move to the nucleolus upon inhibition of 
proteasome-dependent protein degradation. Proc. Natl. Acad. Sci. U. S. A 
98(3), 1012-1017. 



  330

 (121)  Hofmann, T. G., and Will, H.  (2003) Body language: the function of PML 
nuclear bodies in apoptosis regulation. Cell Death. Differ. 10(12), 1290-
1299. 

 (122)  Lallemand-Breitenbach, V., Zhu, J., Puvion, F., Koken, M., Honore, N., 
Doubeikovsky, A., Duprez, E., Pandolfi, P. P., Puvion, E., Freemont, P., 
and de, T. H.  (2001) Role of promyelocytic leukemia (PML) sumolation 
in nuclear body formation, 11S proteasome recruitment, and As2O3-
induced PML or PML/retinoic acid receptor alpha degradation. J. Exp. 
Med. 193(12), 1361-1371. 

 (123)  Eskiw, C. H., Dellaire, G., Mymryk, J. S., and Bazett-Jones, D. P.  (2003) Size, 
position and dynamic behavior of PML nuclear bodies following cell 
stress as a paradigm for supramolecular trafficking and assembly. J. Cell 
Sci. 116(Pt 21), 4455-4466. 

 (124)  Zhong, S., Muller, S., Ronchetti, S., Freemont, P. S., Dejean, A., and Pandolfi, P. 
P.  (2000) Role of SUMO-1-modified PML in nuclear body formation. 
Blood 95(9), 2748-2752. 

 (125)  Kamitani, T., Kito, K., Nguyen, H. P., Wada, H., Fukuda-Kamitani, T., and Yeh, 
E. T.  (1998) Identification of three major sentrinization sites in PML. J. 
Biol. Chem. 273(41), 26675-26682. 

 (126)  Girdwood, D. W., Tatham, M. H., and Hay, R. T.  (2004) SUMO and 
transcriptional regulation. Semin. Cell Dev. Biol. 15(2), 201-210. 

 (127)  Yang, S. H., Jaffray, E., Hay, R. T., and Sharrocks, A. D.  (2003) Dynamic 
interplay of the SUMO and ERK pathways in regulating Elk-1 
transcriptional activity. Mol. Cell 12(1), 63-74. 

 (128)  Poukka, H., Karvonen, U., Janne, O. A., and Palvimo, J. J.  (2000) Covalent 
modification of the androgen receptor by small ubiquitin-like modifier 1 
(SUMO-1). Proc. Natl. Acad. Sci. U. S. A 97(26), 14145-14150. 

 (129)  Gill, G.  (2003) Post-translational modification by the small ubiquitin-related 
modifier SUMO has big effects on transcription factor activity. Curr. 
Opin. Genet. Dev. 13(2), 108-113. 



  331

 (130)  Abdel-Hafiz, H., Takimoto, G. S., Tung, L., and Horwitz, K. B.  (2002) The 
inhibitory function in human progesterone receptor N termini binds 
SUMO-1 protein to regulate autoinhibition and transrepression. J. Biol. 
Chem. 277(37), 33950-33956. 

 (131)  Bies, J., Markus, J., and Wolff, L.  (2002) Covalent attachment of the SUMO-1 
protein to the negative regulatory domain of the c-Myb transcription factor 
modifies its stability and transactivation capacity. J. Biol. Chem. 277(11), 
8999-9009. 

 (132)  Ross, S., Best, J. L., Zon, L. I., and Gill, G.  (2002) SUMO-1 modification 
represses Sp3 transcriptional activation and modulates its subnuclear 
localization. Mol. Cell 10(4), 831-842. 

 (133)  Seeler, J. S., and Dejean, A.  (2003) Nuclear and unclear functions of SUMO. 
Nat. Rev. Mol. Cell Biol. 4(9), 690-699. 

 (134)  Minty, A., Dumont, X., Kaghad, M., and Caput, D.  (2000) Covalent modification 
of p73alpha by SUMO-1. Two-hybrid screening with p73 identifies novel 
SUMO-1-interacting proteins and a SUMO-1 interaction motif. J. Biol. 
Chem. 275(46), 36316-36323. 

 (135)  Tojo, M., Matsuzaki, K., Minami, T., Honda, Y., Yasuda, H., Chiba, T., Saya, H., 
Fujii-Kuriyama, Y., and Nakao, M.  (2002) The aryl hydrocarbon receptor 
nuclear transporter is modulated by the SUMO-1 conjugation system. J. 
Biol. Chem. 277(48), 46576-46585. 

 (136)  Hong, Y., Rogers, R., Matunis, M. J., Mayhew, C. N., Goodson, M. L., Park-
Sarge, O. K., Sarge, K. D., and Goodson, M.  (2001) Regulation of heat 
shock transcription factor 1 by stress-induced SUMO-1 modification. J. 
Biol. Chem. 276(43), 40263-40267. 

 (137)  Goodson, M. L., Hong, Y., Rogers, R., Matunis, M. J., Park-Sarge, O. K., and 
Sarge, K. D.  (2001) Sumo-1 modification regulates the DNA binding 
activity of heat shock transcription factor 2, a promyelocytic leukemia 
nuclear body associated transcription factor. J. Biol. Chem. 276(21), 
18513-18518. 



  332

 (138)  Hilgarth, R. S., Hong, Y., Park-Sarge, O. K., and Sarge, K. D.  (2003) Insights 
into the regulation of heat shock transcription factor 1 SUMO-1 
modification. Biochem. Biophys. Res. Commun. 303(1), 196-200. 

 (139)  Rodriguez, M. S., Desterro, J. M., Lain, S., Midgley, C. A., Lane, D. P., and Hay, 
R. T.  (1999) SUMO-1 modification activates the transcriptional response 
of p53. EMBO J. 18(22), 6455-6461. 

 (140)  Gostissa, M., Hengstermann, A., Fogal, V., Sandy, P., Schwarz, S. E., Scheffner, 
M., and Del, S. G.  (1999) Activation of p53 by conjugation to the 
ubiquitin-like protein SUMO-1. EMBO J. 18(22), 6462-6471. 

 (141)  Muller, S., Berger, M., Lehembre, F., Seeler, J. S., Haupt, Y., and Dejean, A.  
(2000) c-Jun and p53 activity is modulated by SUMO-1 modification. J. 
Biol. Chem. 275(18), 13321-13329. 

 (142)  Girdwood, D., Bumpass, D., Vaughan, O. A., Thain, A., Anderson, L. A., 
Snowden, A. W., Garcia-Wilson, E., Perkins, N. D., and Hay, R. T.  
(2003) P300 transcriptional repression is mediated by SUMO 
modification. Mol. Cell 11(4), 1043-1054. 

 (143)  David, G., Neptune, M. A., and DePinho, R. A.  (2002) SUMO-1 modification of 
histone deacetylase 1 (HDAC1) modulates its biological activities. J. Biol. 
Chem. 277(26), 23658-23663. 

 (144)  Kirsh, O., Seeler, J. S., Pichler, A., Gast, A., Muller, S., Miska, E., Mathieu, M., 
Harel-Bellan, A., Kouzarides, T., Melchior, F., and Dejean, A.  (2002) The 
SUMO E3 ligase RanBP2 promotes modification of the HDAC4 
deacetylase. EMBO J. 21(11), 2682-2691. 

 (145)  Kotaja, N., Karvonen, U., Janne, O. A., and Palvimo, J. J.  (2002) The nuclear 
receptor interaction domain of GRIP1 is modulated by covalent 
attachment of SUMO-1. J. Biol. Chem. 277(33), 30283-30288. 

 (146)  Stelter, P., and Ulrich, H. D.  (2003) Control of spontaneous and damage-induced 
mutagenesis by SUMO and ubiquitin conjugation. Nature 425(6954), 188-
191. 



  333

 (147)  Hoege, C., Pfander, B., Moldovan, G. L., Pyrowolakis, G., and Jentsch, S.  (2002) 
RAD6-dependent DNA repair is linked to modification of PCNA by 
ubiquitin and SUMO. Nature 419(6903), 135-141. 

 (148)  Hardeland, U., Steinacher, R., Jiricny, J., and Schar, P.  (2002) Modification of 
the human thymine-DNA glycosylase by ubiquitin-like proteins facilitates 
enzymatic turnover. EMBO J. 21(6), 1456-1464. 

 (149)  Kawabe, Y., Seki, M., Seki, T., Wang, W. S., Imamura, O., Furuichi, Y., Saitoh, 
H., and Enomoto, T.  (2000) Covalent modification of the Werner's 
syndrome gene product with the ubiquitin-related protein, SUMO-1. J. 
Biol. Chem. 275(28), 20963-20966. 

 (150)  Mo, Y. Y., Yu, Y., Shen, Z., and Beck, W. T.  (2002) Nucleolar delocalization of 
human topoisomerase I in response to topotecan correlates with 
sumoylation of the protein. J. Biol. Chem. 277(4), 2958-2964. 

 (151)  Bachant, J., Alcasabas, A., Blat, Y., Kleckner, N., and Elledge, S. J.  (2002) The 
SUMO-1 isopeptidase Smt4 is linked to centromeric cohesion through 
SUMO-1 modification of DNA topoisomerase II. Mol. Cell 9(6), 1169-
1182. 

 (152)  Joseph, J., Tan, S. H., Karpova, T. S., McNally, J. G., and Dasso, M.  (2002) 
SUMO-1 targets RanGAP1 to kinetochores and mitotic spindles. J. Cell 
Biol. 156(4), 595-602. 

 (153)  Joseph, J., Liu, S. T., Jablonski, S. A., Yen, T. J., and Dasso, M.  (2004) The 
RanGAP1-RanBP2 complex is essential for microtubule-kinetochore 
interactions in vivo. Curr. Biol. 14(7), 611-617. 

 (154)  Tanaka, K., Nishide, J., Okazaki, K., Kato, H., Niwa, O., Nakagawa, T., Matsuda, 
H., Kawamukai, M., and Murakami, Y.  (1999) Characterization of a 
fission yeast SUMO-1 homologue, pmt3p, required for multiple nuclear 
events, including the control of telomere length and chromosome 
segregation. Mol. Cell Biol. 19(12), 8660-8672. 

 (155)  Ulrich, H. D.  (2005) Mutual interactions between the SUMO and ubiquitin 
systems: a plea of no contest. Trends Cell Biol. 15(10), 525-532. 



  334

 (156)  Guo, D., Han, J., Adam, B. L., Colburn, N. H., Wang, M. H., Dong, Z., Eizirik, D. 
L., She, J. X., and Wang, C. Y.  (2005) Proteomic analysis of SUMO4 
substrates in HEK293 cells under serum starvation-induced stress. 
Biochem. Biophys. Res. Commun. 337(4), 1308-1318. 

 (157)  Liebler, D. C.  Introduction to proteomics : tools for the new biology (2002) 
Humana Press, Totowa, NJ. 

 (158)  Williams, K. L.  (1999) Genomes and proteomes: towards a multidimensional 
view of biology. Electrophoresis 20(4-5), 678-688. 

 (159)  Bauer, A., and Kuster, B.  (2003) Affinity purification-mass spectrometry. 
Powerful tools for the characterization of protein complexes. Eur. J. 
Biochem. 270(4), 570-578. 

 (160)  Phizicky, E. M., and Fields, S.  (1995) Protein-protein interactions: methods for 
detection and analysis. Microbiol. Rev. 59(1), 94-123. 

 (161)  Jarvik, J. W., and Telmer, C. A.  (1998) Epitope tagging. Annu. Rev. Genet. 32, 
601-618. 

 (162)  Gingras, A. C., Aebersold, R., and Raught, B.  (2005) Advances in protein 
complex analysis using mass spectrometry. J. Physiol 563(Pt 1), 11-21. 

 (163)  Walker, J. M.  (2002) SDS Polyacrylamide Gel Electrophoresis of Proteins. In 
The Protein Protocols Handbook (Walker, J. M., Ed.) pp 61-67, Hamana 
Press, Totowa, NJ. 

 (164)  Rabilloud, T.  (2002) Protein Solubility in Two-Dimensional Electrophoresis: 
Basic Principles and Issues. In The Protein Protocols Handbook (Walker, 
J. M., Ed.) pp 131-140, Humana Press, Totowa, NJ. 

 (165)  Stone, K. L., and Williams, K. R.  (2002) Enzymatic Digestion of Proteins in 
Solution and in SDS Polyacrylamide Gels. In The Protein Protocols 
Handbook (Walker, J. M., Ed.) pp 511-521, Humana Press, Totowa, NJ. 



  335

 (166)  Smith, B. J.  (2002) Chemical Cleavage of Proteins at Methionyl-X Peptide 
Bonds. In The Protein Protocols Handbook (Walker, J. M., Ed.) pp 485-
491, Humana Press, Totowa, NJ. 

 (167)  Dass, C.  Principles and Practice of Biological Mass Spectrometry (2001) John 
Wiley & Sons, INC, Ney York, NY. 

 (168)  Siuzdak, G.  Mass spectrometry for biotechnology (1996) Academic Press, Inc, 
San Diego, CA. 

 (169)  de Hoffmann, E., and Stroobant, V.  Mass Spectrometry: Principles and 
Applications (2002) John Wiley & Sons, LTD, Chichester, West Sussex, 
England. 

 (170)  Graves, P. R., and Haystead, T. A.  (2002) Molecular biologist's guide to 
proteomics. Microbiol. Mol. Biol. Rev. 66(1), 39-63. 

 (171)  Yates, J. R., III.  (1998) Mass spectrometry and the age of the proteome. J. Mass 
Spectrom. 33(1), 1-19. 

 (172)  Spahr, C. S., Davis, M. T., McGinley, M. D., Robinson, J. H., Bures, E. J., 
Beierle, J., Mort, J., Courchesne, P. L., Chen, K., Wahl, R. C., Yu, W., 
Luethy, R., and Patterson, S. D.  (2001) Towards defining the urinary 
proteome using liquid chromatography-tandem mass spectrometry. I. 
Profiling an unfractionated tryptic digest. Proteomics. 1(1), 93-107. 

 (173)  Chen, Q., and Stevens, J. L.  (1991) Inhibition of iodoacetamide and t-
butylhydroperoxide toxicity in LLC-PK1 cells by antioxidants: a role for 
lipid peroxidation in alkylation induced cytotoxicity. Arch. Biochem. 
Biophys. 284(2), 422-430. 

 (174)  Boatman, R. J., English, J. C., Perry, L. G., and Fiorica, L. A.  (2000) Covalent 
protein adducts of hydroquinone in tissues from rats: quantitation of 
sulfhydryl-bound forms following single gavage or intraperitoneal 
administration or repetitive gavage administration. Chem. Res. Toxicol. 
13(9), 861-872. 



  336

 (175)  Boatman, R. J., English, J. C., Perry, L. G., and Fiorica, L. A.  (2000) Covalent 
protein adducts of hydroquinone in tissues from rats: identification and 
quantitation of sulfhydryl-bound forms. Chem. Res. Toxicol. 13(9), 853-
860. 

 (176)  Cighetti, G., Bortone, L., Sala, S., and Allevi, P.  (2001) Mechanisms of action of 
malondialdehyde and 4-hydroxynonenal on xanthine oxidoreductase. 
Arch. Biochem. Biophys. 389(2), 195-200. 

 (177)  Doorn, J. A., and Petersen, D. R.  (2002) Covalent modification of amino acid 
nucleophiles by the lipid peroxidation products 4-hydroxy-2-nonenal and 
4-oxo-2-nonenal. Chem. Res. Toxicol. 15(11), 1445-1450. 

 (178)  Rombach, E. M., and Hanzlik, R. P.  (1997) Detection of benzoquinone adducts to 
rat liver protein sulfhydryl groups using specific antibodies. Chem. Res. 
Toxicol. 10(12), 1407-1411. 

 (179)  Hermanson, G.  Bioconjugate Techniques (1996) Academic Press. 

 (180)  Awasthi, Y. C., Sharma, R., Cheng, J. Z., Yang, Y., Sharma, A., Singhal, S. S., 
and Awasthi, S.  (2003) Role of 4-hydroxynonenal in stress-mediated 
apoptosis signaling. Mol. Aspects Med. 24(4-5), 219-230. 

 (181)  Ji, C., Amarnath, V., Pietenpol, J. A., and Marnett, L. J.  (2001) 4-
hydroxynonenal induces apoptosis via caspase-3 activation and 
cytochrome c release. Chem. Res. Toxicol. 14(8), 1090-1096. 

 (182)  Nakashima, I., Liu, W., Akhand, A. A., Takeda, K., Kawamoto, Y., Kato, M., and 
Suzuki, H.  (2003) 4-hydroxynonenal triggers multistep signal 
transduction cascades for suppression of cellular functions. Mol. Aspects 
Med. 24(4-5), 231-238. 

 (183)  Grune, T., and Davies, K. J.  (2003) The proteasomal system and HNE-modified 
proteins. Mol. Aspects Med. 24(4-5), 195-204. 

 (184)  Castellani, R. J., Perry, G., Siedlak, S. L., Nunomura, A., Shimohama, S., Zhang, 
J., Montine, T., Sayre, L. M., and Smith, M. A.  (2002) Hydroxynonenal 



  337

adducts indicate a role for lipid peroxidation in neocortical and brainstem 
Lewy bodies in humans. Neurosci. Lett. 319(1), 25-28. 

 (185)  Tamagno, E., Robino, G., Obbili, A., Bardini, P., Aragno, M., Parola, M., and 
Danni, O.  (2003) H2O2 and 4-hydroxynonenal mediate amyloid beta-
induced neuronal apoptosis by activating JNKs and p38MAPK. Exp. 
Neurol. 180(2), 144-155. 

 (186)  Hay, R. T.  (2005) SUMO: a history of modification. Mol. Cell 18(1), 1-12. 

 (187)  Desterro, J. M., Rodriguez, M. S., and Hay, R. T.  (2000) Regulation of 
transcription factors by protein degradation. Cell Mol. Life Sci. 57(8-9), 
1207-1219. 

 (188)  Buschmann, T., Fuchs, S. Y., Lee, C. G., Pan, Z. Q., and Ronai, Z.  (2000) 
SUMO-1 modification of Mdm2 prevents its self-ubiquitination and 
increases Mdm2 ability to ubiquitinate p53. Cell 101(7), 753-762. 

 (189)  Muller, S., Ledl, A., and Schmidt, D.  (2004) SUMO: a regulator of gene 
expression and genome integrity. Oncogene 23(11), 1998-2008. 

 (190)  Hanahan, D.  (1983) Studies on transformation of Escherichia coli with plasmids. 
J. Mol. Biol. 166(4), 557-580. 

 (191)  Bertani, G.  (2004) Lysogeny at mid-twentieth century: P1, P2, and other 
experimental systems. J. Bacteriol. 186(3), 595-600. 

 (192)  Manza, L. L., Stamer, S. L., Ham, A. J., Codreanu, S. G., and Liebler, D. C.  
(2005) Sample preparation and digestion for proteomic analyses using 
spin filters. Proteomics. 5(7), 1742-1745. 

 (193)  Adkins, J. N., Varnum, S. M., Auberry, K. J., Moore, R. J., Angell, N. H., Smith, 
R. D., Springer, D. L., and Pounds, J. G.  (2002) Toward a human blood 
serum proteome: analysis by multidimensional separation coupled with 
mass spectrometry. Mol. Cell Proteomics. 1(12), 947-955. 



  338

 (194)  Vassileva, M. T., and Matunis, M. J.  (2004) SUMO modification of 
heterogeneous nuclear ribonucleoproteins. Mol. Cell Biol. 24(9), 3623-
3632. 

 (195)  Li, T., Evdokimov, E., Shen, R. F., Chao, C. C., Tekle, E., Wang, T., Stadtman, E. 
R., Yang, D. C., and Chock, P. B.  (2004) Sumoylation of heterogeneous 
nuclear ribonucleoproteins, zinc finger proteins, and nuclear pore complex 
proteins: a proteomic analysis. Proc. Natl. Acad. Sci. U. S. A 101(23), 
8551-8556. 

 (196)  Manza, L. L., Codreanu, S. G., Stamer, S. L., Smith, D. L., Wells, K. S., Roberts, 
R. L., and Liebler, D. C.  (2004) Global shifts in protein sumoylation in 
response to electrophile and oxidative stress. Chem. Res. Toxicol. 17(12), 
1706-1715. 

 (197)  Zhao, Y., Kwon, S. W., Anselmo, A., Kaur, K., and White, M. A.  (2004) Broad 
spectrum identification of cellular small ubiquitin-related modifier 
(SUMO) substrate proteins. J. Biol. Chem. 279(20), 20999-21002. 

 (198)  Vertegaal, A. C., Ogg, S. C., Jaffray, E., Rodriguez, M. S., Hay, R. T., Andersen, 
J. S., Mann, M., and Lamond, A. I.  (2004) A proteomic study of SUMO-2 
target proteins. J. Biol. Chem. 279(32), 33791-33798. 

 (199)  Rosas-Acosta, G., Russell, W. K., Deyrieux, A., Russell, D. H., and Wilson, V. G.  
(2005) A universal strategy for proteomic studies of SUMO and other 
ubiquitin-like modifiers. Mol. Cell Proteomics. 4(1), 56-72. 

 (200)  Tatham, M. H., Kim, S., Yu, B., Jaffray, E., Song, J., Zheng, J., Rodriguez, M. S., 
Hay, R. T., and Chen, Y.  (2003) Role of an N-terminal site of Ubc9 in 
SUMO-1, -2, and -3 binding and conjugation. Biochemistry 42(33), 9959-
9969. 

 (201)  Antonenkov, V. D.  (1989) Dehydrogenases of the pentose phosphate pathway in 
rat liver peroxisomes. Eur. J. Biochem. 183(1), 75-82. 

 (202)  Semenza, G. L., Jiang, B. H., Leung, S. W., Passantino, R., Concordet, J. P., 
Maire, P., and Giallongo, A.  (1996) Hypoxia response elements in the 
aldolase A, enolase 1, and lactate dehydrogenase A gene promoters 



  339

contain essential binding sites for hypoxia-inducible factor 1. J. Biol. 
Chem. 271(51), 32529-32537. 

 (203)  Gao, J., Opiteck, G. J., Friedrichs, M. S., Dongre, A. R., and Hefta, S. A.  (2003) 
Changes in the protein expression of yeast as a function of carbon source. 
J. Proteome. Res. 2(6), 643-649. 

 (204)  Arber, S., Barbayannis, F. A., Hanser, H., Schneider, C., Stanyon, C. A., Bernard, 
O., and Caroni, P.  (1998) Regulation of actin dynamics through 
phosphorylation of cofilin by LIM-kinase. Nature 393(6687), 805-809. 

 (205)  Stossel, T. P., Fenteany, G., and Hartwig, J. H.  (2006) Cell surface actin 
remodeling. J. Cell Sci. 119(Pt 16), 3261-3264. 

 (206)  Halliwell, B.  (1996) Antioxidants in human health and disease. Annu. Rev. Nutr. 
16, 33-50. 

 (207)  Panta, G. R., Kaur, S., Cavin, L. G., Cortes, M. L., Mercurio, F., Lothstein, L., 
Sweatman, T. W., Israel, M., and Arsura, M.  (2004) ATM and the 
catalytic subunit of DNA-dependent protein kinase activate NF-kappaB 
through a common MEK/extracellular signal-regulated kinase/p90(rsk) 
signaling pathway in response to distinct forms of DNA damage. Mol. 
Cell Biol. 24(5), 1823-1835. 

 (208)  Wang, S., Fusaro, G., Padmanabhan, J., and Chellappan, S. P.  (2002) Prohibitin 
co-localizes with Rb in the nucleus and recruits N-CoR and HDAC1 for 
transcriptional repression. Oncogene 21(55), 8388-8396. 

 (209)  Fusaro, G., Dasgupta, P., Rastogi, S., Joshi, B., and Chellappan, S.  (2003) 
Prohibitin induces the transcriptional activity of p53 and is exported from 
the nucleus upon apoptotic signaling. J. Biol. Chem. 278(48), 47853-
47861. 

 (210)  Mamidipudi, V., Miller, L. D., Mochly-Rosen, D., and Cartwright, C. A.  (2007) 
Peptide modulators of Src activity in G1 regulate entry into S phase and 
proliferation of NIH 3T3 cells. Biochem. Biophys. Res. Commun. 352(2), 
423-430. 



  340

 (211)  Sramko, M., Markus, J., Kabat, J., Wolff, L., and Bies, J.  (2006) Stress-induced 
inactivation of the c-Myb transcription factor through conjugation of 
SUMO-2/3 proteins. J. Biol. Chem. 281(52), 40065-40075. 

 (212)  Gill, G.  (2004) SUMO and ubiquitin in the nucleus: different functions, similar 
mechanisms? Genes Dev. 18(17), 2046-2059. 

 (213)  Honey, S., Schneider, B. L., Schieltz, D. M., Yates, J. R., and Futcher, B.  (2001) 
A novel multiple affinity purification tag and its use in identification of 
proteins associated with a cyclin-CDK complex. Nucleic Acids Res. 29(4), 
E24. 

 (214)  Ranish, J. A., Yi, E. C., Leslie, D. M., Purvine, S. O., Goodlett, D. R., Eng, J., and 
Aebersold, R.  (2003) The study of macromolecular complexes by 
quantitative proteomics. Nat. Genet. 33(3), 349-355. 

 (215)  Aebersold, R., and Mann, M.  (2003) Mass spectrometry-based proteomics. 
Nature 422(6928), 198-207. 

 (216)  Stone, K. L., and Williams, K. R.  (1996) Enzymatic digestion of proteins in 
solution and in SDS polyacrylamide gels. In The Protein Protocols 
Handbook (Walker, J. M., Ed.) pp 415-425, Humana Press, Totowa, NJ. 

 (217)  Li, G., Waltham, M., Anderson, N. L., Unsworth, E., Treston, A., and Weinstein, 
J. N.  (1997) Rapid mass spectrometric identification of proteins from 
two-dimensional polyacrylamide gels after in gel proteolytic digestion. 
Electrophoresis 18(3-4), 391-402. 

 (218)  Rosenfeld, G., Capdevielle, J., Guillemot, J. C., and Ferrara, P.  (1998) In gel 
digestion of proteins for internal sequence analysis after one- or two-
dimendional gel electrophoresis. Anal. Biochem. 203, 173-179. 

 (219)  Hellman, U., Wernstedt, C., Gonez, J., and Heldin, C.-H.  (1998) Improvement of 
an "in-gel" digestion procedure for the micropreparation of internal protein 
fragments for amino acid sequencing. Anal. Biochem. 224, 451-455. 



  341

 (220)  Krogh, T. N., Berg, T., and Hojrup, P.  (1999) Protein analysis using enzymes 
immobilized to paramagnetic beads. Anal. Biochem. 274(2), 153-162. 

 (221)  Davis, M. T., Lee, T. D., Ronk, M., and Hefta, S. A.  (1995) Microscale 
immobilized protease reactor columns for peptide mapping by liquid 
chromatography/mass spectral analyses. Anal. Biochem. 224(1), 235-244. 

 (222)  Jiang, Y., and Lee, C. S.  (2001) On-line coupling of micro-enzyme reactor with 
micro-membrane chromatography for protein digestion, peptide 
separation, and protein identification using electrospray ionization mass 
spectrometry. J. Chromatogr. A 924(1-2), 315-322. 

 (223)  Doucette, A., Craft, D., and Li, L.  (2000) Protein concentration and enzyme 
digestion on microbeads for MALDI-TOF peptides mass mapping of 
proteins from dilute solutions. Anal. Chem. 72(14), 3355-3362. 

 (224)  Peng, J., Elias, J. E., Thoreen, C. C., Licklider, L. J., and Gygi, S. P.  (2003) 
Evaluation of multidimensional chromatography coupled with tandem 
mass spectrometry (LC/LC-MS/MS) for large scale protein analysis:  the 
yeast proteome. J. Proteome Res. 2, 43-50. 

 (225)  Adkins, J. N., Varnum, S. M., Auberry, K. J., Moore, R. J., Angell, N. H., Smith, 
R. D., Springer, D. L., and Pounds, J. G.  (2002) Toward a human blood 
serum proteome: analysis by multidimensional separation coupled with 
mass spectrometry. Mol. Cell Proteomics. 1(12), 947-955. 

 
 


	A Dissertation Submitted to the Faculty of the
	COMMITTEE ON PHARMACOLOGY AND TOXICOLOGY (GRADUATE)
	In Partial Fulfillment of the Requirements
	For the Degree of
	DOCTOR OF PHILOSOPHY
	Dissertation Director: Dr. Daniel C. Liebler
	STATEMENT BY AUTHOR
	                                                   Linda Lee Manza
	TABLE OF CONTENTS
	1.1.1 Project Rationale 15


	1.1   INTRODUCTION
	1.1.2   Types of Chemical Toxicity
	Figure 1.1.  DNA lesions produced by interaction with reactive oxygen species.  (A) Structures of damaged base moieties, 8-oxoguanine (8-oxo-dG), 2-oxoadenine 2-oxo-dA), and 5-hydroxycytosine (5-hydroxy-dC) produced by interaction with reactive oxygen species.  (B) Structure of an abasic site.  Figure adapted from Kamiya,H. (17).
	1.1.3   Cellular Responses to Stress
	 SUMO-1 PROTEIN CONJUGATION

	2.1   INTRODUCTION
	2.2   EXPERIMENTAL PROCEDURES
	2.4 DISCUSSION
	3.1 INTRODUCTION
	3.2 EXPERIMENTAL PROCEDURES
	4.1 INTRODUCTION
	4.2 EXPERIMENTAL PROCEDURES
	Acknowledgements

