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ABSTRACT 

 

 The ubiquitously expressed ETS-family transcription factor GA-repeat binding 

protein (GABP) is involved in the transcriptional regulation of a variety of genes. GABP 

is a unique ETS-family protein being an obligate multimer, consisting of the GABPα 

subunit containing an ETS-family DNA binding domain and the unrelated GABPβ 

subunit containing a Notch/ankyrin repeat and the transcription activation domain. The 

Gabpα gene has previously been identified as being expressed from a bi-directional 

promoter expressing ATP synthase coupling factor six (CF6) (Atp5j gene) in the opposite 

direction. The core region of the promoter is a 400 base pair fragment that contains four 

GABP binding sites, and single Sp1/3 and YY1 binding sites. Site-directed mutagenesis 

of these transcription factor binding sites and subsequent analysis of these mutants 

demonstrate that while no single binding site is essential for expression from the 

promoter, the GA1 binding site functions cooperatively with the other three GABP 

binding sites and the Sp1/3 and YY1 binding sites to activate transcription in both 

directions from the promoter. The remaining transcription factor binding sites are 

functionally redundant for basal promoter activities. EMSA analysis reveals that DNA-

protein complexes containing GABPα, GABPβ, Sp1, Sp3, and YY1 proteins form in 
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vitro. GABP binding to the promoter provides a potential mechanism of autoregulation of 

GABPα expression.  

The ability of GABP to bind the promoter region also provides a potential 

mechanism for regulation of GABP under oxidative stress. Oxidative stress is primarily 

caused by dysfunction of the electron transport chain leading to incompletely reduced 

oxygen. The reactive oxygen species produced in this manner can cause severe cellular 

damage and must be quickly removed or reduced. One part of this process involves the 

glutathione (GSH) antioxidant system. GSH is an important reducing agent within the 

cellular antioxidant response but in the process is itself oxidized (GSSG). The GSSG is 

recycled back to GSH through the action of glutathione reductase (GSR). Two isoforms 

of GSR, a mitochondrial GSR (mtGSR) and a cytoplasmic GSR (cytGSR), are expressed 

from the same gene. The promoter region of GSR contains three GABP binding sites and 

three Sp1 binding sites, allowing for a potential regulation of the gene under oxidative 

stress. Site-directed mutagenesis of the transcription factor binding sites demonstrates 

that no single factor is essential for expression from the GSR promoter but the GC2 

(Sp1/3) binding site functions cooperatively with the other binding sites to coordinate 

expression from the GSR promoter. EMSA analysis supports the formation of DNA-

protein complexes on promoter containing GABPα, GABPβ, Sp1, and Sp3. The ability 

of these transcription factors to bind the DNA provides a potential mechanism for 

transcriptional regulation of the expression of mt- and cytGSR. The expression of mt- and 

cytGSR can be regulated at either the transcriptional or translational level, depending on 

the start site of the RNA message synthesized. Experimental evidence supports both of 
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these mechanisms. More experiments will be needed to determine the mechanism for 

regulation of expression of mt- and cytGSR. 

 xi



 INTRODUCTION AND BACKGROUND 

 

 

ETS-domain transcription factors 

 

Gene expression has long been thought of as a series of events that occur in 

succession to decode information from a gene to a protein. Recent evidence suggests the 

process of transcribing an mRNA and translation of a protein are linked and not a series 

of separate events (Mata et al., 2005; Erkmann and Kutay, 2004; Maniatis and Reed, 

2002). The process of gene expression is regulated by mechanisms involving both 

transcription, RAN processing, and translation. On the transcriptional level, gene 

expression is regulated partially by the recruitment of transcription factors, which in turn 

recruit the remaining transcription machinery to the promoter sequence. The effect of 

these transcription factors can be one of repression or of activation of gene expression 

depending on the transcription factor, its mechanism of operation, and the gene that is 

being regulated. The ETS-domain family of transcription factors is a group of related 

factors (Sharrocks et al., 1998) that are distinguished by their conserved DNA binding 

domain (DBD). Within the DBD, the conserved winged helix-turn-helix motif of the 

ETS-domain contains four β-sheets and three α-helices (Donaldson et al., 1996; Werner 

et al., 1997; Kodandapani et al., 1996; Batchelor et al., 1998; Mo et al., 1998; Mo et al., 

2000). This conserved DBD also is a potential site of regulation as a target of protein-

protein interactions. A single amino acid mutation within the carboxy terminus of the 

helix responsible for DNA recognition can change the DNA-binding specificity and alter 
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the protein-protein interactions with other transcription factors (Kim, 1999; Goetz et al., 

2000). 

 

ETS-domain proteins are regulated by protein-protein interactions at several domains. 

 

Evidence suggests that ETS-domain proteins can be regulated at several different 

locales through protein-protein interactions (Li et al., 2000). Interactions between the 

DBD of ETS-domain proteins and the DBD of other transcription factors can enhance the 

specificity and regulate the activity of the ETS-domain proteins. Ternary complexes, such 

as the complex formed by Ets-1 and AML-CBFα2, are formed through interactions 

between the DBD of the two transcription factors activating Ets-1 (Kim, 1999; Goetz et 

al., 2000). Ternary complexes form between ETS-domain proteins and other transcription 

factors in which the site of interaction is not the ETS-domain protein’s DBD. These 

interactions are illustrated by the interaction of the SRF DBD with the B-box of the 

ternary complex factor (TCF) subfamily proteins causing activation of TCFs (Fig. 1) 

(Shore and Sharrocks, 1994; Hassler. and Richmond, 2001). Other ETS-domain family 

members require interactions with specific proteins, which make little or no contact with 

the DNA. In the GA-repeat binding protein (GABP) α-GABPβ complex, the ankyrin 

repeats of GABPβ contact GABPα as the tip of each loop within the ankyrin repeats is 

inserted into a depression between the first alpha helix in the ETS-domain and the two 

carboxy-terminal helices, but GABPβ has no contact with the DNA (Batchelor et al., 

1998).  
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ETS-domain proteins bind specific DNA sequences. 

 

The ETS-domain family of transcription factors binds to a conserved DNA 

sequence centered around GGA, although the surrounding sequence can be unique for 

individual ETS-proteins (Sharrocks et al., 1997; Graves and Peterson, 1998). The 

surrounding nucleotides can limit the ability of ETS-domain proteins to bind, but because 

of the conserved structures within the DBD of ETS-domain proteins, there is overlap of 

the specificity of ETS-domain proteins. Changes to the carboxy-terminal end of the DBD 

in the ETS domain can alter the specificity of its DNA-binding (Shore et al., 1996; 

Fitzsimmons et al., 1996). Co-regulatory protein partners can introduce specificity into 

the ETS-domain proteins. Many times a co-regulatory protein masks the activity of an 

ETS-domain protein until the appropriate trigger is present. In Ets-1, an inhibitory 

module, which blocks DNA binding, is formed by regions located at the amino- and 

carboxy-terminal regions of the ETS domain (Fig. 1) (Jonsen et al., 1996; Skalicky et al., 

1996). A trigger, such as interactions with the transcription factors AML-1-CBFα2 and 

Pax-5, which causes the conformation of this region to change and one of the helices to 

unfold, removes the inhibition of DNA-binding (Jonsen et al., 1996; Peterson et al., 1995; 

Kim, 1999; Goetz et al., 2000). Alternately, the inhibitory structure of Ets-1 is stabilized 

by phosphorylation mediated by the calcium-calmodulin-dependent protein kinase II 

reinforcing the autoinhibition (Cowley and Graves, 2000). 
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Figure 1. The presence of several common and unique domains within ETS-domain 

proteins. Each of the ETS domain proteins maintains an ETS-DNA binding domain. 

Several have a PNT domain, which is a known site of protein-protein interactions. Also 

shown for GABPα is the carboxy-terminal domain (CTD) that interacts with GABPβ. 

The Ets-1 inhibitory domain (ID) is shown on either side of the ETS-DBD. The PU.1 has 

a domain that interacts with the co-regulatory protein Pip (labeled Pip-domain). The 

TCFs have a B-Box that is specifically bound by serum response factor. 

 4



 

 

 

 

 

 

GABPα 

TEL 

TCF 

Pu.1 

Ets-1 

PNT                            ETS      CTD 

PNT                               ETS 

           B-Box       ETS 

     Pip-domain          ETS 

PNT                     ID    ETS    ID 

 

 

 

 

 

 

 5



GABPα  is an ETS-domain transcription factor. 

 

GABP binds to a promoter region containing a characteristic (A/C)GGAA(G/A) 

ETS-domain binding site (EBS) (Sharrocks et al., 1997; Thompson et al., 1991; Yu, et 

al., 1997). The alpha subunit of GABP contains an ETS-domain DNA binding domain 

(DBD), while the beta subunit of GABP contains a series of repeated amino acid 

sequences similar to that observed in the Notch/ankyrin-repeat proteins (LaMarco et al., 

1991; Virbasius et al., 1993; Sawada et al., 1994; Batchelor et al., 1998). The 

characteristic “winged-helix-turn-helix” structure of an ETS DBD contacts the DNA in 

the major groove at the GABP binding sequence. The DBD of GABPα most closely 

resembles ETS-domain family members Ets-1 and PU.1. (Donaldson et al., 1996; 

Kodandapani et al., 1995; Sharrocks, 2001). GABPα, like several ETS-domain proteins, 

has a pointed (PNT) domain within the protein (Fig. 1). The PNT domain represents a 

common site of protein-protein interaction in other ETS proteins, but at present, proteins 

that interact with this PNT domain of GABPα have not been identified (Golub et al., 

1994; McLean et al., 1996; Jousset et al., 1997; Bush et al., 2001).  

 

GABPβ is required for activation of transcription. 

 

The presence of the β subunit of GABP is required for transcriptional activation. 

GABPβ expression is extremely complex as there are two different chromosomes which 

encode different forms of GABPβ: GABPβ1 and GABPβ2 (De la Brousse et al., 1994). 

There are also four different isoforms of GABPβ1 expressed as a result of alternative 
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mRNA splicing (Gugneja et al., 1995). All isoforms of GABPβ maintain a conserved 

region at the amino terminus that contains the four and one-half ankyrin repeats and is the 

site of interaction with GABPα and necessary for recruiting GABPβ to the DNA 

(Gugneja et al., 1995; Sawa et al., 1996; Thompson et al., 1991). Each of the ankyrin 

repeats is 33 amino acids in length and contains a pair of alpha helices that run 

antiparallel to each other. The four isoforms of GABPβ1 differ by the presence of a 12 

amino acid region (Gugneja et al., 1996) and a leucine zipper region in the isoforms (Fig. 

2) (De la Brousse et al., 1994). The carboxy-terminal region of GABPβ contains two 

important conserved features, a nuclear localization signal and a transcription activation 

domain (TAD). The exact location of the TAD has not been universally agreed upon but 

all evidence does support the TAD localization to the carboxy-terminal region of GABPβ 

(Gugneja et al., 1995; Sawa et al., 1996). GABP is a unique ETS-domain family as an 

obligate multimer with the TAD and nuclear localization signal for GABP are located on 

the beta subunit of GABP and the ETS-DBD located on GABPα (Sharrocks et al., 1997; 

Sharrocks 2001; Oikawa and Yamada, 2003). 

 

GABP exists in solution as a heterodimer. 

 

The crystal structure of the GABPα ETS-domain and the GABPβ ankyrin repeats 

shows the interactions between the two subunits of GABP. The alpha helices within the 

ankyrin repeats form hydrophobic interactions and water-mediated hydrogen bonds with 

GABPα. The ankyrin repeats of GABPβ contact GABPα within a depression between 

the helices in the 31 amino acid tail and the first helix of the ETS-DBD. Without the 31
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Figure 2. The structure of the GABPβ isoforms. All isoforms of GABPβ contain an AR 

(activation region), which mediates interactions with GABPα. The differences exist in 

the inclusion or exclusion of other carboxy-terminal regions. There is a 12 amino-acid 

region (In) which has unknown function but is included in the GABPβ1-42 and 

GABPβ1-38 isoforms. There is also an LZ (leucine zipper) region that is shared by the 

GABPβ1-42 and GABPβ1-41 that is not present in the other GABPβ1 isoforms. The 

GABPβ2 isoform is encoded on a different chromosome than the other isoforms of 

GABPβ, which are encoded by the same gene. GABPβ2 maintains similarities to 

GABPβ1 in that it has an AR region, a similar TAD, and contains a LZ region. 
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amino acid tail, dimerization of GABPα and GABPβ does not occur, indicating the 

importance of the carboxy-terminal tail of GABPα. This brings GABPβ into close 

proximity to the DNA but there are no direct interactions between the ETS DNA binding 

site and GABPβ (Batchelor et al., 1998). GABP binds DNA as a heterodimer, when only 

one GABP binding site is present in the promoter region, and in solution, GABP also 

exists as a stable heterodimer (Chinenov et al., 2000a). GABP is a multimeric protein 

complex consisting of two alpha subunits and two beta subunits in its most active 

heteroterameric form. GABP activates transcription much more efficiently when two 

GABP binding sites are present on the same face of the DNA and are separated by as 

many as three helical turns on an artificial promoter as a heterotetramer complex 

(GABPα2β2) can form (Yu et al., 1997).  

 

GABP interacts with several other transcription factors. 

 

 GABP has several cooperative regulatory partners in gene expression. The 

physical interactions between other proteins and GABP have been documented. GABP is 

known to functionally interact with Sp1 in several contexts. Sp1 binds to many DNA 

promoters that lack a TATA motif and physically interacts with parts of the transcription 

machinery. GABP and Sp1 have been shown to functionally interact on many such 

promoters which encode a wide range of genes including: utrophin (Galvagni et al., 2002; 

Gyrd-Hansen et al., 2002), CD18 (Rosmarin et al., 1998), the folate receptor 

β (Sadasivan et al., 1994), the pem pd homeobox (Rao et al., 2002), and heparanase-1 

(Jiang et al., 2002). The zinc finger domain of Sp1 was shown to interact physically with 
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an unidentified region of the GABPα subunit both in vitro and in vivo (Galvagni et al., 

2002). In the adenovirus early 4 (E4) promoter, GABP is known to interact with 

ATF/CREB transcription factor family. The physical interaction occurs between 

ATF/CREB and GABPα as this subunit alone can synergize with ATF/CREB (Sawada et 

al., 1999). GABPα and another ETS-domain transcription factor, PU.1, functionally 

cooperate in the regulation of CD18. Although no physical interaction has been described 

between the two transcription factors, GABPα and PU.1 are both required to activate 

CD18, indicating functional cooperation (Rosmarin et al., 1995). One method for 

possible GABP and PU.1 interaction is through an intermediary such as p300 with which 

both transcription factors are known to interact, and the presence of p300 increases the 

responsiveness of CD18 (Bush et al., 2003; Bannert et al., 1999; Blobel 2001). 

Microphthalmia transcription factor (MITF) can interact with both subunits of GABP. Its 

role, though, is not one of transcriptional regulation but of nuclear localization. In the 

presence of mutant MITF, both subunits of GABP are not localized to the nucleus and 

remain in the cytoplasm, even though GABPβ has its own nuclear localization signal 

(Morii et al., 2002). GABP was first discovered as important in expression of herpes 

simplex virus intermediate early genes. One of the co-activators of these genes, HCF, 

interacts with GABPβ to stimulate low levels of transcription, even though HCF alone is 

functional as a repressor (Wilson et al., 1993, Vogel and Kristie 2002). Both YEAF1 and 

YAF-2 interact with GABPβ (Sawa et al., 2002). Both of GABPβ and YEAF1 are known 

to interact with YY1 as a ternary complex consisting of GABPβ-YEAF1-YY1 has been 

shown to form in a yeast three hybrid system (Du et al., 1998), providing evidence of the 

potential mechanism for YY1-GABP interactions. A known interaction that occurs 
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between GABPβ and E2F1, a transcription factor, which aids in regulating the G1/S cell 

cycle transition links GABP to cell cycle signaling (Hauck et al., 2002). These 

interactions provide potential mechanisms to show how GABP can be utilized to regulate 

the wide-ranging genes which it controls.  

 

GABP is a target of intracellular signaling. 

 

GABP is also involved in the regulation of several intracellular signaling 

pathways, serving as both a target of intracellular signaling pathways and as a component 

of the signaling pathways. GABP is modified by common mechanisms, like 

phosphorylation, that can cause GABP to be activated and induce activation of the 

targeted genes. GABP regulates signaling pathways through activation of transcription of 

several proteins. Interleukin-2 (IL-2) is under the transcriptional control of GABP, and is 

activated by GABP in response to T-cell receptors activation (Avots et al., 1997). GABP 

also regulates the transcription of several other cytokines, such as IL-16, that are 

expressed in lymphocytes and other cell types as well (Bannert et al., 1999; Kamara et 

al., 1997; Markiewicz et al., 1996). The γc chain is a component of several cytokine 

transmembrane receptors and its transcription is activated by GABP. GABP also 

regulates the expression of several hormone and hormone receptors that are not a part of 

the T-cell response. GABP regulates the expression of prolactin and thyrotropin receptor, 

which are responsible for the development of the mammary (Ouyang et al., 1996; 

Schweppe and Guitierrez-Hartmann, 2002) and thyroid glands, respectively (Yokomori et 

al., 1998). GABP is also the target of several signaling pathways. T-lymphocytes are 

 12



activated when IL-2 is induced. When the activation of T-lymphocytes is mimicked 

through chemical methods, the ERK pathways and MAP kinase pathways are activated. 

The end products of these pathways are able to phosphorylate GABP (Flory et al., 1996; 

Hoffmeyer et al., 1998). The phosphorylation of GABP is known to increase the 

expression of IL-2, suggesting the possible integration of the signaling pathways and 

activation of transcription of IL-2 (Avots et al., 1997; Hoffmeyer et al., 1998). The gene 

that expresses prolactin is activated by insulin. Insulin induces the MAPK signal cascade 

which results in increased phosphorylation of GABPα and may play a role in the 

induction of the prolactin gene (Ouyang et al., 1996).  

 

GABP is required for mitochondrial biogenesis. 

 

 The enzymatic machinery of the electron transport chain (ETC) is encoded from 

both mitochondrial DNA and nuclear DNA. Many of the nuclear encoded components of 

the ETC, including cytochrome c oxidase subunits IV and Vb (Virbasius et al., 1993), 

VIA1 (Wong-Riley et al., 2000), VIIAL (Seelan et al., 1996), VIIC (Seelan and 

Grossman, 1997), XVII (Takahashi et al., 2002), and two of the components of 

succinate:ubiquinone oxidoreductase (Complex II) (Bibb et al., 1981), are regulated 

through the action of GABP. Thirteen of the remaining ETC proteins are encoded by the 

mitochondrial genome including components of NADH:ubiquinone oxidoreductase 

(Complex I), ubiquinone:cytochrome c oxidoreductase (Complex III), cytochrome c 

oxidase (Complex IV), and ATP Synthase (Complex V) (Brown, 1992). GABP also 

directs transcription of mitochondrial transcription factor A (MTFA), the major 
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transcription factor in the mitochondria (Virbasius and Scarpulla, 1994). The GABP 

regulation of MTFA provides a potential link between nuclear and mitochondrial 

transcription. GABP plays a major role in the regulation of much of the ETC, and may 

provide a link between ETC function and regulation of gene expression. GABP is indeed 

necessary for mitochondrial biogenesis due to its role in the expression of many proteins 

of the ETC (Villena et al., 1998).  

 

GABPα is required for embryogenesis. 

 

As has been discussed, GABP regulates a variety of genes in vitro. However, to 

better examine the in vivo functions of GABP, a mouse model was generated by cloning a 

single null mutation into the mouse Gabpα gene. The homozygous null mutant was lethal 

prior to implantation in embryogenesis (Ristevski et al., 2004). This is consistent with the 

elevated expression levels of the Gabpα gene in embryonic stem cells and throughout 

embryogenesis. The lethal homozygous null mutation of Gabpα is not entirely 

unexpected either, as similar results have been previously shown in knockout mouse 

models of ETS-domain proteins Fli-1 (Spyropoulos et al., 2000), Ets-2 (Yamamoto et al., 

1998), and TEL (Wang et al., 1997). This illustrates the importance of the individual 

ETS-domain proteins and that despite the similarities between the protein families, they 

are not functionally redundant (Ristevski et al., 2004). In mice that are heterozygous for 

the Gabpα gene, the levels of GABPα are maintained at similar levels to the GABPα in 

wild-type mice in all tissue types examined. The heterozygous mouse also displayed no 

phenotypic changes with regard to gait, grip, growth rate, histopathology, 
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immunophenotype, and X-ray tomography (Ristevski et al., 2004). Conversely, when 

gene dosage with trisomy 21 is present in human Down’s Syndrome the GABPα protein 

expression is maintained at wild-type levels (O’Leary et al., 2004). This is consistent with 

a compensatory mechanism being present which allows the expression of GABPα to be 

maintained at wild-type levels even with only a single gene copy present, and to prevent 

overexpression when an extra copy is present (Ristevski et al., 2004; O’Leary et al., 

2004). The tight regulation over GABPα expression and the lethality of the homozygous 

null mutant indicates the requirement for GABPα. The characterization of the regulatory 

sequences directing GABPα is necessary to provide insight to role of GABP and 

mechanism of regulation of GABP expression during mitochondrial biogenesis and 

embryogenesis. 

 

GABPα Promoter Region. 

 

The promoter for the alpha subunit of GABP was identified through chromosomal 

walking and cloned into a pGL3-Basic (Promega, Madison, WI) vector expressing 

luciferase (Chinenov et al., 2000a). There are four consensus GABP binding sites; two of 

these sites (GA1 and GA2) are located approximately 100 base pairs (bp) upstream of the 

translation start site while the other two GABP binding sites (GA3 and GA4) are located 

approximately 170 bp and 257 bp upstream of the translation start site, respectively. The 

core promoter region also contains two additional transcriptional factor-binding sites, one 

Sp1 binding site, between the GA3 and GA4 binding sites, and one YY1 binding site, 

downstream of GA1 binding site (Fig. 3). YY1, Sp1, and GABP have been shown in 
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other promoters to be able to work cooperatively to regulate the transcription from those 

promoters. This cooperative regulation of gene expression can be either activation or 

repression as these transcription factors regulate transcription differently on different 

promoters. GABP alone is capable of initiating transcription in the absence of a TATA 

motif, although two binding sites allow GABP to be much more effective, as GABPα2β2 

complex can form (Yu et al., 1997). Because of the presence of GABP binding site in the 

GABPα promoter, GABP is likely autoregulated. The presence of the GABP binding 

sites along with the binding sites of transcription factors known to interact with GABP 

make it likely that GABP, Sp1, and YY1 coordinate the expression from the GABPα 

promoter region. This dissertation will focus on the regulation of expression from the 

GABPα promoter by GABP. 

Further examination of the sequence surrounding the mGABPα promoter region 

revealed that GABPα is expressed from a bi-directional promoter, which expresses ATP  

synthase coupling factor six (CF6) in the opposite direction (Fig. 3) (Chinenov et al., 

2000a). CF6 expression is regulated by GABP from its promoter as well. CF6 is an 

essential subunit of the ATP producing machinery in the mitochondria. The production of 

ATP in the mitochondria is closely linked to the ETC, a major producer of reactive 

oxygen species (ROS) and oxidative stress. The presence of GABP binding sites within 

the promoter region make CF6 another mitochondrially targeted protein that is regulated 

by GABP. 
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Figure 3. Map of the mGABPα/CF6 bi-directional promoter. The core promoter region 

with the flanking sequences of the mGABPα/CF6 bi-directional promoter is outlined 

with the transcriptional start sites labeled (TSS). The promoter was cloned into a pGL3 

plasmid expressing luciferase. 
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GABP directs transcription of a wide variety of genes. 

 

GABP belongs to a group of transcription factors that, depending on the promoter, 

act on a gene as an initiator, activator, or repressor of transcription (Genuario et al., 1996; 

Sawanda et al., 1994; Yu et al., 1997). GABP was first identified in the herpes simplex 

virus as an initiator of transcription in the absence of a TATA motif (Carter et al., 1992; 

Carter and Avadhani, 1994; Virbasius et al., 1993). Because of its ability to activate and 

repress transcription, in promoters with more than one binding site is present GABP has 

the potential to act as both positive and negative transcription signals. The gene targets of 

GABP are wide ranging from lineage restricted genes to those associated with cellular 

“housekeeping” mechanisms, including: lineage-restricted genes, like CD18 (Rosmarin et 

al., 1995; Böttinger et al., 1994), nuclear genes that form proteins involved in the ETC 

(Virbasius et al., 1993; Carter and Avadhani, 1994; Sucharov et al., 1995; Martin et al., 

1996; Villena et al., 1998), ribosomal proteins (Curcic et al., 1997; Genuerio et al., 1993), 

cell cycle control (Savoysky et al., 1994; Shiio et al., 1996), and some important genes in 

viral pathogens infecting humans, such as, HIV (Verhoef et al., 1999) and herpes viruses 

(Douville et al., 1995; Vogel and Kristie, 2002).  

 

GABP regulation is sensitive to oxidizing agents. 

 

The addition of an oxidizing agent to cell cultures decreased expression from a 

GABP regulated gene. It has been shown that the function and DNA binding ability of 

GABP are sensitive to oxidative stress (Martin et al., 1996). Treatment with diethyl 
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maleate (DEM), a glutathione (GSH) depleting agent, inhibited the ability of GABP to 

activate transcription and even to bind DNA, likely through glutathionylation of GABPα. 

The DNA binding ability of GABP could be recovered by treatment with n-acetyl 

cysteine (NAC), a glutathione precursor, indicating the effects of oxidative stress can be 

reversed (Martin et al., 1996). In vitro the glutathionylation of three cysteine residues in 

the carboxy-terminal domain of GABPα either prevent DNA binding or dimerization 

with GABPβ, thereby inhibiting gene expression, and illustrating the sensitivity of GABP 

to the reduction/oxidation (redox) state of the cell (Chinenov et al., 1998). The 

glutathionylation of GABP has not been shown to occur in vivo. Because GABP directs 

the transcription of several components of the ETC, dysfunction of which brings about 

oxidative stress, GABP is a potential link between oxidative stress, gene expression, and 

mitochondrial function. This link will be investigated by measuring the expression from 

the mGABPα/CF6 bi-directional promoter under oxidative stress induced conditions. 

 

Oxidative Stress. 

 

GABP is critical to the expression of ETC protein, and the ETC is the major 

consumer of oxygen in the cell. Oxygen is a critical component of the atmosphere and 

critical to life on earth. The paradox in this situation is that while oxygen is required for 

life it also is a source of oxidative stress. Oxygen is reduced in cellular metabolism to 

enable production of ATP. Dysfunction of the ETC leads to incomplete reduction of 

oxygen producing reactive oxygen species (ROS), which cause a perturbation to the 

redox level in the cell (Fig. 4). Cellular oxidative stress has been linked to several disease 
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states, including Parkinson’s disease (Cohen et al., 1997), Alzheimer’s disease (Aksenov 

et al., 1999), Huntington’s disease (Butterfield and Kanski, 2001), and cancer (Frischer et 

al., 1993, Matsui et al., 2000, Peake et al., 1999), although it is uncertain whether the 

oxidative stress is causative or is the end result of the disease. Oxidative stress is also 

involved in the processes of aging (Atamna et al., 2001; Kokoszka et al., 2001) and 

apoptosis (Celli et al., 1998; Nomura et al., 2000; O'Donovan et al., 1999; Voehringer et 

al., 2000; Wang et al., 2001a; Wang et al., 2000). Cellular responses to oxidative stress 

play a critical role in maintaining homeostasis and redox balance of the system (Fig. 4).  

 

ROS are produced by dysfunction of the ETC. 

 

Cellular damage from oxidative stress has been well defined. Increased levels of 

oxidative stress can target proteins for degradation, oxidize lipids, and cause damage to 

DNA (Fig. 4) (Coffey et al., 2000; Esteve et al., 1999; James et al., 1996; Polyak et al., 

1997). Oxidative stress is a result of perturbation of the redox level of the cell, either 

through the production of excess ROS or a decrease in cellular antioxidants. Dysfunction 

of the ETC involves incomplete reduction of oxygen, forming the superoxide radical (O2
.-

) in up to five percent of the oxygen reduction events  (Davidson et al., 2001; Klein and 

Ackerman, 2003; Kokoszka et al., 2001). The location at which the O2
.- is produced can 

present a problem for cells. Mitochondrial DNA is much more susceptible to damage by 

oxidizing agents than the nuclear encoded DNA because mitochondrial DNA lacks 

introns meaning more of the mitochondrial DNA encodes proteins making the damage 

much more likely to cause damage that can affect protein formation. Without the quick 
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Figure 4. The GABP regulated redox cycle of the cell. GABP directs the transcription of 

genes involved with the production and removal of ROS. Many of the nuclear 

components of the ETC are expressed under the control of GABP. Mt-TFA expression is 

also regulated by GABP. The mitochondrial components of the ETC are regulated by Mt-

TFA, expression of which is regulated by GABP. GABP is therefore required for 

mitochondrial biogenesis. The mitochondria are the major source of energy and ROS. 

The redox level of the cell is under tight regulation. GABP is part of the regulation 

process of GSR, which reduces GSSG back to GSH in both the mitochondria and 

cytoplasm. When excess GSSG is present, susceptible proteins, including GABP, are 

glutathionylated inhibiting the function of these oxidized proteins. 
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removal of O2
.- from the mitochondria, it will quickly react either to oxidize guanine 

nucleotides of DNA or donate its free electron starting a dangerous free radical cascade 

(Fridovich, 1995). The O2
.- also rapidly inactivates aconitase and similar dehydratases 

within the ETC, which potentially causes greater dysfunction of the ETC and more 

production of O2
.- (Fridovich, 1998) (Fig. 4). 

 

Oxidative stress is controlled through several defense mechanisms. 

 

Cells have several mechanisms that defend against oxidative stress. Many cellular 

antioxidants, such as vitamin E and vitamin C, react with oxidizing agents in a terminal 

manner and are removed from the cell (Halliwell and Gutteridge, 1999; Fridovich, 1995; 

Özben, 1998). Several enzymes and proteins provide protection from oxidative stress by 

reactions that reduce the toxicity of ROS. Superoxide dismutases (SODs), the first line of 

defense, quickly scavenge superoxide radicals (Fridovich, 1995; Özben, 1998). SODs 

catalyze the removal of O2
.- radicals by rapidly reducing the free radicals. Cytoplasmic 

and extracellular forms of SODs exist employing Cu and Zn as transition metals within 

their active sites. A mitochondrial targeted SOD employing Mn within the active site 

exists. The importance of Mn-SODs in lower organisms has been illustrated by the 

generation of a null mutation, which causes lethal lesions (Kokoszka et al., 2001). The 

O2
.- radicals is converted to a less reactive peroxide by SODs (McCord, 1969; Davies, 

2000). H2O2 is toxic as well and if the H2O2 is not reduced quickly, it can react through 

Fenton chemistry, an acid and iron (II) catalyzed reaction of H2O2 that produces iron 

(III), water and highly reactive hydroxyl radicals (OH.) (Cotgreave and Gerdes, 1998; 
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Davies, 2000). Catalases and glutathione peroxidases (Gpx) participate in the removal of 

ROS by reducing H2O2 to water and molecular oxygen (Fig. 4) (Aebi, 1984). Catalase 

reacts in a terminal manner and is removed from the cell. Gpx utilizes the reducing power 

of glutathione (GSH), a tripeptide consisting of L-γ-glutamyl-L-cysteinyl-glycine, to 

remove the hydrogen peroxide from the system (Esposito et al., 2000; Kussmaul et. al., 

1999; Davies, 2000). In the process of reducing H2O2, two GSH tripeptides are linked 

through a disulfide bond to form the oxidized glutathione molecules (GSSG). The GSSG 

can be recycled back to GSH through the action of glutathione reductase (GSR) (Fig. 4). 

 

Glutathione is an essential antioxidant. 

 

 In most cell types, GSH is present in concentrations ranging from five to ten 

millimolar. GSH is able to directly scavenge ROS and provides the reducing power by 

which Gpx reduces H2O2 to water and molecular oxygen, oxidizing GSH in the process. 

Mutations to the γ-glutamylcysteine synthetase gene, a gene required for GSH synthesis, 

result in a lethal phenotype (Shi et al., 2000) illustrating the absolute requirement for 

GSH. Depletion of the GSH pool, by oxidative stress, results in a rise in GSSG levels 

from the typical submillimolar concentrations to millimolar concentrations, results in the 

glutathionylation of susceptible proteins, peroxidation of lipids, alterations in the 

mitochondrial membrane, reduced ETC activity, enhanced ROS production, and 

contributes to apoptosis in some instances (Atamna et al., 2001; Celli et al., 1998; Coffey 

et al., 2000). GSSG in the cytoplasm can be dealt with by exporting GSSG from the cell 

or reduced by GSR (Akerboom et al, 1982; Eklöw et al., 1981; Adams et al., 1983; 
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Eklöw et al., 1984). In the mitochondria GSSG must be reduced, as it cannot be exported. 

Mitochondrially targeted GSR (mtGSR) is the only enzyme that reduces the GSSG within 

the mitochondria  (Fig. 4) (Brodie and Reed, 1992; Chen et al, 2003; Liu and Kehrer, 

1996; Olafsdottir and Reed, 1988; Spector et al., 2001). 

 

Glutathione reductase is targeted to both the mitochondria and the cytoplasm. 

 

The action of GSR becomes more important when the localization of oxidative 

stress is considered. The ETC, a major supplier of energy and consumer of oxygen, is 

located within the mitochondria, leading to the production of oxidizing agents in the 

mitochondria increasing the risk of oxidizing damage within the mitochondria. 

Mitochondrial DNA encodes many of the proteins and enzymes within the electron 

transport chain including: NADH:ubiquinone oxidoreductase (Complex I), 

ubiquinone:cytochrome c oxidoreductase (Complex III), cytochrome c oxidase (Complex 

IV), and ATP Synthase (Complex V) (Brown, 1992), so oxidative damage to 

mitochondrial DNA can ultimately affect the structure and function of proteins of the 

ETC (Davies, 2000). In addition the oxidizing agents can directly damage the proteins of 

the ETC, which brings about greater dysfunction of the oxygen reducing capabilities of 

the ETC leading to the production of even more ROS. Because one of the major 

producers of ROS is the mitochondria, it is important for the mitochondria to have 

protection from the oxidative stress (Davies, 2000). Mitochondrial targeted GSR provides 

this protection. It has been shown that GSR expressed with an artificial mitochondrial 

leader sequence (MLS) can protect cells from oxidative stress (O’Donovan et al., 1999). 

 26



Two isoforms of GSR are encoded within the human genome differing only by the 

presence of a MLS at the amino terminus of the mitochondrial specific form of GSR 

(mtGSR) (Fig. 5) (Kelner and Montoya, 2000, Tamura et al., 1997). This MLS allows 

GSR to be transported from the cytoplasm, where it is translated, into the mitochondria to 

enable GSSG to be reduced back to GSH utilizing NADPH as a reducing agent. This 

allows for GSH to be recycled within the mitochondria to provide better protection 

against oxidative stress within the mitochondria (Brodie and Reed, 1992; Chen et al., 

2003; Liu and Kehrer, 1996; Olafsdottir and Reed, 1988; Spector et al., 2001).  

NADPH is required for GSR activity. 

 

The inability to export GSSG from the mitochondria requires that a mtGSR 

protein be expressed. For mtGSR to be functional, NADPH must be present in the 

mitochondria to maintain mtGSR activity and prevent the build-up of GSSG in the 

mitochondria. If the GSH:GSSG ratio in the mitochondria is out of balance to favor 

GSSG, glutathionylation of susceptible proteins can begin to take place. 

Glutathionylation of susceptible proteins includes proteins of the ETC, which could bring 

about greater dysfunction in the ETC and production of more ROS. NADPH is supplied 

to the mitochondria by several sources. The major source of NADPH in the mitochondria 

is from mitochondrial isocitrate dehydrogenase (mtICDH). Decreasing the expression of 

mtICDH causes a marked increase in ROS production and an accompanying increase in 

the damage due to ROS, illustrating the importance of mtICDH. Alternatively, when 

there is over-expression of mtICDH, cells are protected from damage caused by the 

presence of ROS (Jo et al., 2001). On a much more limited basis mitochondrial malic 
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enzyme (Vogel et al., 1998; Vogel et al., 1999; Loeber et al., 1991), proton-translocating 

transhydrogenase (Bykova, et al., 1999; Yamaguchi and Hatefi, 1991), and NADH kinase 

(Magni et al., 1999) increase the amount of NADPH present in the mitochondria.  

 

Several systems are present to repair damage due to oxidative stress. 

 

Because the removal of oxidants from cells is important but not 100% efficient, 

there are numerous mechanisms utilized by cells to repair damage caused by oxidants. 

One of these repair mechanisms involves reducing both intermolecular and 

intramolecular disulfide bonds. Glutathionylation has been shown to be either reversible 

or irreversible depending on the protein. Proteins that get irreversibly glutathionylated are 

marked for degradation or removal from the cell. Many times, oxidized proteins are 

degraded and replaced rather than removing the oxidants from the individual residues 

(Berlett and Stadtman, 1997; Grune et al., 1997; Pacifici and Davies, 1991; Sitte et al., 

2000; Taylor et al., 1997; Ullrich et al., 1999). Generally, there are only two or three 

oxidized amino acids within an oxidized protein, so almost all of the amino acids can be 

recycled and used in the production of new proteins. During periods of high oxidative 

stress the degradation machinery of the cell can become overwhelmed. Proteasomes, the 

complexes responsible for protein degradation, may not be able to degrade all the 

proteins that are oxidized under highly oxidizing conditions. Under these conditions 

proteins begin to be crosslinked through disulfide bonds. These protein aggregates can 

cause further cellular dysfunction. The oxidation of other cellular components, such as 

DNA and lipids, can also be repaired or replaced following defined pathways for each of 
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these cellular components. DNA repair mechanisms have been shown to occur by both 

direct methods where the damage is directly repaired, and methods involving excision 

and replacement of the bases (Demple and Halbrook, 1983; Keyse, 2000; Wang et al., 

1998; Halliwell and Aruoma, 1993).  

 

The failure to remove oxidants can cause apoptosis or necrosis. 

 

  For some cells, the net result of a highly oxidative state, especially mitochondrial 

oxidative stress, is apoptosis (Sastre et al., 2000).  In other instances, this highly oxidative 

state triggers necrosis.  The energy requirements for multicellular organisms to repair all 

the damage due to oxidative stress can be quite great. At times, an organism will sacrifice 

a few cells through apoptosis rather than have an even greater energy drain on the 

organism if the immune response from necrosis is triggered. The apoptotic pathway 

involves a clearly defined pathway that is recognized by phagocytes, which then engulf 

the cells. The phagocytosis of the apoptotic cells prevents an immune response 

(Ankarcrona et al., 1995; Polyak et al., 1997; Farber et al., 1990), unlike necrosis, which 

as the cell disintegrates, attracts an immune response that can damage neighboring cells. 

For this reason, apoptosis can be a protective mechanism from a larger immune response. 

By undergoing apoptosis rather than necrosis the cells are, in effect, protecting their 

neighboring cells.  
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Reactive oxygen species function in the activation of several transcription factors. 

 

ROS have also been shown to play an important role in gene expression. Several 

genes are expressed in a redox sensitive manner. Increased levels of hydrogen peroxide 

have been shown to increase the expression of AP-1-like factors in yeast cells. In addition 

to the expression of AP-1 factors being regulated in a redox sensitive manner, nuclear 

factor κB (NF-κB) expression is also under the control of the redox state of the cell, via 

the control of inhibitor factor-κB (IF-κB) (Haddad et al., 2000; Chandel et al., 1998; Sen 

and Packer, 1996). Although both Ap-1 and NF-κB require reducing conditions in vitro 

for DNA binding to take place, in vivo both Ap-1 and NF-κB are activated in pro-oxidant 

conditions (Sen and Packer, 1996). It has been suggested that oxidants, such as ROS, 

activate kinases that phosphorylate IF-κB, inactivating it and constitutively activating 

NF-κB (Sen and Packer, 1996). ROS also have been implicated in phosphorylation of c-

jun and c-fos proteins, which activate Ap-1 (Sen and Packer, 1996; Laderoute and 

Webster, 1997; Knight and Buxton, 1996; Puri et al., 1995). In contrast to these two 

transcription factors, pro-oxidant conditions lead to the inhibition of GABP DNA binding 

activity and loss of ability to enhance transcription by modifying three cysteine residues 

in the DNA binding domain or the carboxy-terminal domain that interacts with GABPβ 

(Martin et al., 1996; Chinenov et al., 1998). 
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hGSR promoter. 

 

The human GSR (hGSR) promoter was identified through genomic cloning of the 

human chromosome. The structure of the hGSR gene was found to be highly similar to 

the mouse gene, with an amino-terminal mitochondrial leader sequence (MLS), with 

homology to the mouse MLS sequence (Tamura et al., 1997; Iozef et al., 2000; Kelner 

and Montoya, 2000), present between two in-frame start codons. The hGSR promoter 

region has several potential start sites for transcription, both upstream and downstream of 

the translation start site of the MLS. The MLS is the only difference between the mt- and 

cytGSR and is removed once inside the mitochondria making the two isoforms of GSR 

indistinguishable (Taniguchi et al., 1986). The promoter region, similarly to the 

mGABPα/CF6 bi-directional promoter, does not have a TATA motif upstream of either 

of the translational start sites, however, there are several potential binding sites for both 

Sp1 and GABP within the promoter region of the hGSR gene (Fig. 5). As previously 

stated, GABP and Sp1 are capable of initiating transcription in the absence of a TATA 

motif. There is also an antioxidant response element present within the promoter region, 

indicating the possibility of redox sensitivity. GSR is intimately involved in the cellular 

protection from oxidative stress (Fig. 4). The transcription factor binding sites present in 

the promoter region of GSR indicate the expression of GSR is likely regulated in a redox 

sensitive manner. The presence of GABP and Sp1/3 binding sites and an ARE in the 

hGSR promoter potentially allows for the redox sensitive transcription of both mtGSR 

and cytGSR, possibly enhancing mtGSR expression under oxidative stress. 
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Figure 5. The promoter map for the hGSR gene. Each of the transcription factor binding 

sites is labeled as follows: GC (potential Sp1/3 sites), GA (potential GABP binding sites), 

and ARE/Ap1 (potential antioxidant response element/Ap1 binding site). The three 

translational start sites are labeled, as well. The uAUG is out of frame with the other two 

translation start codons. The mtAUG and cytAUG are in the same reading frame. The 

construct was cloned upstream of a luciferase gene to measure expression from the 

promoter. This construct was cloned into both the pCDNA1 construct and the pGL3 

construct. 
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Potential methods of regulation of hGSR expression. 

 

 In addition to the transcription factor binding sites present within the hGSR 

promoter, there are also three potential AUG start codons for translation, which gives rise 

to two different isoforms of GSR. Different isoforms of proteins expressed from the same 

gene can be regulated by several mechanisms. One common means of regulating 

alternative isoforms of a protein is through alternative splicing of the mRNA (Agorio et 

al., 2003; Kozak, 1989; Kozak, 2001; Kozak, 2002). There is no evidence that alternative 

splicing occurs in transcripts initiated from the hGSR promoter, nor is there any evidence 

of splicing elements within the region near the mtAUG. Another mechanism for 

regulating the expression of different isoforms of a gene from a single promoter is the 

expression of transcripts with different 5’-ends. Several promoters, including the S. 

cerevisiae glutathione reductase gene, have been characterized by more than one 

transcript (Jitrapakdee et al., 1998; Outten and Culotta, 2004; Roberts et al., 1997). The 

available expressed sequence tags (ESTs) and cDNAs sequences are consistent with this 

type of regulation from the hGSR promoter. The expression could also be regulated by 

the alternative mechanisms of translation initiation. Initiation of translation is typically 

directed by the recruitment of the 43S ribosome complex to a capped mRNA by 

eukaryotic initiation factor 4F (eIF4F) (Gingras et al., 1999). The ribosome then scans the 

mRNA and selects the 5’-initiation codon. The efficiency by which translation is initiated 

by the scanning mechanism is dependent of the availability of eIF4F, the 5’-secondary 

structure of the mRNA, the presence of an upstream open reading frame, and the 

sequence context of the AUG (Kozak, 1989; Kozak, 2001; Kozak, 2002; Meijer and 
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Thomas, 2002). The mtGSR AUG has an adequate Kozak sequence context, with a single 

mismatch at the –3 position, while the cytGSR AUG has an ideal Kozak sequence (Byrd 

et al., 2002; Kozak, 1989; Kozak, 2001; Kozak, 2002). Any transcript containing both the 

AUGs for both mtGSR and cytGSR could exhibit leaky scanning at the mtGSR AUG 

allowing initiation to occur at the cytGSR AUG. The secondary structure of the 5’-

untranslated region of mRNAs has been shown to be an inhibitor of translation initiation 

(Kozak, 1989; Kozak, 2001; Kozak, 2002; Gross, et al., 1990; Svitkin et al., 2001). The 

secondary structure of the 5’-untranslated region of hGSR mRNAs is predicted to be 

quite extensive by the mfold software (Mathews et al., 1999). The predicted secondary 

structures of the hGSR mRNAs have similar regions but do contain enough differences 

that could lead to alternative translational initiation. The presence of the upstream AUG 

(uAUG), which is in a poor Kozak sequence context, could inhibit expression from 

mtGSR AUG due to the presence of an open reading frame including the mtGSR AUG. It 

has been shown in other genes that when translation is initiated efficiently from the 

uAUG, the expression from the main AUG in the transcript is repressed while an AUG 

further downstream is affected to a much lesser extent, due to reinitiation from the 

downstream AUG (Hemmings-Mieszczak et al., 2000; Kochetov, 2005; Meijer and 

Thomas, 2002). The presence of an internal ribosomal entry site (IRES), which has been 

a subject of much debate, could also explain the selection of alternative AUGs from the 

hGSR transcript (Han and Zhang, 2002; Komar and Hatzoglou, 2005; Stoneley and 

Willis, 2004). Currently, no evidence of an IRES in the hGSR transcript exists but the 

predicted secondary structure includes features similar to the Y-type stem loop of the BiP 

IRES (Le and Maizel, 1997). 
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EXPERIMENTAL DESIGN 

 

 

The transcription factor binding sites that affect expression from the mGABPα/CF6 bi-

directional promoter will be determined. 

 

 GABP has been shown to be sufficient to initiation transcription in the absence of 

a TATA motif. The presence of four GABP binding sites in the core promoter region of 

the mGABPα/CF6 bi-directional promoter indicates a likelihood that the promoter is 

regulated by GABP. The GA1 and GA2 binding site are located in close proximity to 

each other and to the transcriptional start sites of both the GABPα and CF6 promoters. 

These two binding sites provide a platform for GABPα2β2 complex to form and activate 

transcription. The remaining two binding sites can function as either positive or negative 

regulators of transcription. The YY1 and Sp1/3 binding sites provide binding sites for 

possible coregulatory proteins (Galvagni et al., 2002; Gyrd-Hansen et al., 2002; 

Rosmarin et al., 1998; Sadasivan et al., 1994; Rao et al., 2002; Jiang et al., 2002; Du et 

al., 1998). GABP regulates expression from the mGABPα/CF6 bi-directional promoter 

cooperatively with YY1 and Sp1. Because GABP is sensitive to oxidative stress (Martin 

et al., 1996; Chinienov et al., 1998) it is expected that the expression from the 

mGABPα/CF6 bi-directional promoter would be decreased under oxidative stress. 

Because the formation of GABPα2β2 complex activates transcription, and oxidative stress 

inhibits GABP’s ability to bind DNA, it is hypothersized that under oxidizing conditions 

the expression from the mGABPα/CF6 bi-directional promoter will be inhibited. The 
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regulation of the mGABPα/CF6 bi-directional promoter by GABP has been investigated 

by mutagenesis of the transcription factor binding sites and through EMSA analysis of 

the transcription factor binding sites. Oxidative stress was induced by treatment of cells 

cultures with H2O2 and the expression levels from the mGABPα/CF6 bi-directional 

promoter will be measured to determine the effect of oxidative stress on promoter 

activity. 

 

The hGSR promoter will be characterized for the transcription factor binding sites that 

regulate expression from the promoter.  

 

 The presence of binding sites for GABP and Sp1/3 on the hGSR promoter and the 

absence of a TATA motif make it likely that GABP and Sp1 or Sp3 form complexes on 

the hGSR promoter and regulate expression from the hGSR promoter. GABP functions 

cooperatively with Sp1 to regulate transcription from other promoters (Galvagni et al., 

2002; Gyrd-Hansen et al., 2002; Rosmarin et al., 1998; Sadasivan et al., 1994; Rao et al., 

2002; Jiang et al., 2002). There are two GABP binding sites in close proximity to each 

other (GA1 and GA2), which would enhance the formation of GABPα2β2 complex and 

activation of transcription. The remaining GABP binding site could function as either a 

positive or negative regulator of transcription. Sp1/3 functions cooperatively with GABP 

to regulate expression from the hGSR promoter. The transcription factor binding sites 

that regulate transcription will be determined by site-directed mutagenesis of the 

transcription factor binding sites. The factors that bind to the promoter will be determined 

through EMSA analysis. 
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Expression of the two isoforms of GSR has been investigated. 

 

 There are several possible mechanisms that have been outlined above for the 

possible regulation of mtGSR and cytGSR expression. The known ESTs and cDNAs 

initiating from sites both upstream and downstream of the mtGSR AUG would indicate 

the main source of regulation appears to be at the transcriptional level, controlling which 

type of transcript is formed. The expression of different transcripts will be confirmed by 

5’-RACE analysis and measurement of the types of GSR transcripts present in a cDNA 

library of HeLa cells.  
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MATERIALS AND METHODS 

 

 

Promoter constructs. 

 

 Promoter constructs for both the mGABPα/CF6 and hGSR promoters were 

generated for site-directed mutagenesis analysis of the transcription factor binding sites 

of the promoters. The generation of the mGABPα and CF6 promoters has been 

previously described (Chinenov et al., 2000a). The 400 base pair (-309/+91 relative to the 

ATG for GABPα translation) core promoter region as well as promoters containing the 

flanking sequences of the promoter region were cloned into pGL3-Basic (Promega, 

Madison, WI) expressing luciferase from the promoter. The hGSR promoter region 

(nucleotides –310/+1 relative to the cytGSR ATG) was likewise cloned into the pGL3-

Basic (Promega) promoter allowing expression of luciferase from the hGSR promoter. To 

study the translational regulation of hGSR gene expression the promoter region was 

cloned into a pCDNA1-Amp expression vector (Promega). The strong T7 promoter 

region upstream of the cloned vector directs all transcription of the RNA to begin 

upstream the mtAUG. The entire GSR promoter region and luciferase expression vector 

was cloned into the pCDNA1-Amp expression vector by inserting a unique BamHI 

restriction site upstream of the GA3 binding site and an XhoI site downstream of the 

luciferase gene in the pGL3-hGSR-Basic expression vector, excising the DNA via 

enzymatic digestion, and cloning the hGSR-luciferase expression construct into the 

pCDNA1-Amp expression vector downstream of the T7 promoter. To examine the  
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Figure 6. The promoter construct to determine the possibility of internal ribosomal entry 

sites within the mitochondrial leader sequence of the hGSR promoter.  
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possibility of an IRES in the hGSR promoter, the renilla luciferase gene was cloned into 

the pCDNA1-amp-hGSR-Luc expression vector (Promega). The renilla luciferase is 

expressed from the T7 and CMV promoter and is upstream of the hGSR promoter. The 

renilla luciferase gene was cloned into the pCDNA1-amp-hGSR-Luc expression vector 

between the firefly luciferase gene and the T7 promoter (Fig  6). 

 

Mutagenesis. 

 

Point mutations were inserted at each transcription factor binding site to disrupt 

the transcription factor’s binding ability. Each site was mutated using the Stratagene Quik 

Change site-directed mutagenesis kit (Stratagene, La Jolla, CA). A 50 microliter (μl) 

reaction cocktail was prepared with mutagenesis reaction buffer (10 mM KCl, 10 mM 

(NH4)2SO4, 20 mM Tris-HCl (pH 8.8), 2 mM MgSO4, 0.1% Triton® X-100, 0.1 mg/ml 

nuclease-free bovine serum albumin (BSA)), 125 ng primer #1, 125 ng primer #2 (Table 

1 & 2), one μl dNTP mix (25 mM dATP, dGTP, dCTP, and dTTP), 10 ng dsDNA 

template, and double deionized water was added to bring the reaction mixture to 50 μl. 

Two and one-half units of Pfu Turbo DNA polymerase (2.5 U/μl) was added to the 

reaction mixture. The reaction mixture was overlaid with 30 μl of mineral oil to prevent 

evaporation during the polymerase chain reaction (PCR). PCR was as follows: one cycle 

at 95ºC for 10 minutes, 18 cycles of one minute at 95ºC, one minute at 58ºC, and 10 

minutes at 68ºC, and one cycle of 10 minutes at 68ºC. 

Ten units of Dpn I was added to the PCR products, to digest the methylated and 

hemimethylated DNA, and the reaction digested for two hours at 37ºC. Two μl of the  
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Table 1. The mutagenesis primers and the restriction enzyme sites for the mGABPα/CF6 

promoter are shown. The mutated nucleotides are underlined. 

 

 

 

 

 

 

 

 

 

 

 

 

 43



 

 

 
 

Mutation 
site 

Primer sequence (5’  3’) Restriction 
sites 

GA1 GTAAGTGCTTAAGGGTCCCTCA AflII 
GA2  AAACAGGAGGCTTAAGCGGAGGG AflII 
GA3 CGACGCTCACCGGACCTTAAGCGCCTCGAAGGG AflII 
GA4 CGTTCTACTTAAGGCCCTGGCT AflII 
YY1 GCTAAGACTCCGATATCTTTCCTACACTTTAAC EcoRV 
Sp1  GCCCTGGCTCAACCTACACACG PstI 
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Table 2. The mutagenesis primers and the restriction enzyme sites are shown for the 

hGSR promoter. The mutated nucleotides are underlined. 
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Mutation 
site 

Primer sequence (5’  3’) Restriction 
site 

GA1 CGCGCCTTCCGAGGCTTCTTGCTGCTTCTGCCCGAG BstBI 
GA2 CGGGCGGCGCGCGCCTTCAGAGGCTTCCTGCTGCTT BstBI 
GA1/2 GCGCGCGCCTTCGAAGGCTTCGAGCTGCTTCTGCCC BstBI 
GA3 CCCACTTGGAGCGCCACTTAAGCGTGCATGGCCCTG AflII 
GC1 GCGGGACCGAGCTGGAGAAGAGCGGCGCGCGCCTTC BpmI/MboI
GC2 GACCGACCCCGGGCCGGATCCCCCACTTGGAGCGCC BamHI 
GC3 TGGGTCTTGCCTAGCGGATCCCGCATGCTTAGTCAC BamHI 
ARE GGCGGGCGCATGCTTAAGCACCGTGAGGCTGCGCTT BamHI 
mtAUGko AGCGCCACTTCCGCGTCTTAAGCCCTGCTGCCCCGA AflII 
mtAUGopt AGCGCCACTTCCGCGGCCATGGCCCTGCTGCCCCGA NcoI 
cytAUGko CTCTCCCGTGCCATCGCCTGCAGGCAGGAG NcoI KO 
uAUGko CTCGGATCCCGCATCGATAGTCACCGTGAGG ClaI 
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digestion product were added to 45 μl of XL-1 Blue supercompetent cells. The mixture 

was incubated on ice for 20 minutes, transferred to a 42ºC water bath for 45 seconds, and 

then placed back on ice for 2 minutes. Five hundred μl of NZY+ broth (10 g NZ amine, 5 

g yeast extract, 5 g NaCl in one liter, pH=7.5; after autoclaving, 12.5 ml 1 M MgCl2, 12.5 

ml 1 M MgSO4, and 20 ml 20% (w/v) glucose) were added to the mixture, which was 

incubated at 37ºC in an incubator shaker for one hour. Two hundred μl of the mixture 

was plated on a LB (10 g NaCl, 10 g tryptone, 5 g yeast extract in one liter, pH = 7.2) -

agar (20 g agar per one liter LB) + ampicillin (200 ug/ml) plate and incubated overnight 

inverted at 37ºC. 

 

Selecting and preparing mutant DNA. 

 

Several colonies were picked from an overnight culture grown on an LB agar + 

ampicillin plate. Each colony was grown in a five-ml LB culture overnight at 37ºC with 

shaking, and harvested by centrifugation at 1000 x g for five minutes. The LB was then 

decanted off the cell pellet. The DNA was harvested from the cell pellet by Qiagen 

(Valencia, CA) Spin miniprep kit. The DNA was resuspended in 250 μl of resuspension 

buffer, lysed by adding 250 μl of lysis buffer, and then neutralized by adding 350 μl of 

neutralization buffer. The cell lysate was centrifuged at maximum rpm for 10 minutes in 

a microcentrifuge. The supernatant was then decanted into a spin miniprep column. The 

supernatant was centrifuged at maximum rpm for one minute to allow the plasmid DNA 

to bind to the column. The DNA was then washed with 500 μl of PB (Qiagen) buffer and 

with 750 μl of PE (Qiagen) buffer containing ethanol. After the ethanol wash, the column 
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was centrifuged one more time to remove any excess ethanol. The DNA was then eluted 

with 50-μl double deionized water after incubation for five minutes. The column was 

then centrifuged at maximum rpm for one minute and the DNA was eluted into a 1.5 ml 

tube. 

The DNA was then screened for the proper mutants by enzymatic digestions. 

Each site that was mutated had an engineered restriction enzyme site (Tables 1 & 2). The 

digestions were run on a 0.7% agarose gel, the appropriate digestion pattern was selected, 

and that DNA was sequenced by the DNA core facility at the University of Missouri. 

Once the sequence was confirmed the DNA was transformed into XL-1 Blue 

supercompetent cells (Stratagene, La Jolla, CA) and 25 μl were spread on a LB-agar + 

ampicillin plate. The cells were incubated overnight at 37ºC. One colony was picked 

from the plate and transferred to a five-ml LB + amp culture and grown overnight with 

shaking at 37ºC. The DNA was then extracted from the XL-1 Blue cells by a Qiagen 

(Valencia, CA) Spinminiprep kit (see above) and stored in Tris-EDTA (10 mM Tris, 1 

mM EDTA, pH = 7.6) at –20ºC.  

 

Tissue Culture. 

 

Several mammalian cell lines were maintained and utilized for the data collection 

in these experiments. Mouse fibroblasts, A92L, were graciously provided by Dr. David 

Pintel (Department of Molecular Microbiology and Immunology, University of Missouri-

Columbia School of Medicine) and utilized for transient transfections and electrophoretic 

mobility shift assays (EMSA) for the mGABPα/CF6 promoter constructs. The EMSA 
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analysis of the mGABPα/CF6 promoter constructs was also done using 3T3-L1 cells 

kindly provided by Dr. Peter Wilden (Department of Pharmacology, University of 

Missouri-Columbia School of Medicine). For the transient transfection of the hGSR 

promoter constructs, human kidney cells, HEK293T cells, were graciously provided by 

Dr. Mike Henzl (Department of Biochemistry, University of Missouri-Columbia). The 

hGSR EMSA analysis was performed with nuclear extracts from HeLa cells kindly 

provided by Dr. David Pintel (Department of Molecular Microbiology and Immunology, 

University of Missouri-Columbia School of Medicine). All cell types were cultured by 

growth in Dulbecco’s Modified Eagle Medium with high glucose (DMEM-HG) and 5% 

fetal bovine serum (FBS), penicillin and streptomycin, fungizone, and L-glutamine 

(DMEM-complete) added until confluent (Tullis et al., 1988; Young et al., 2005). The 

HEK293T and HeLa cells required media with 10% FBS to maintain the cell culture but 

the media other wise remained the same. The cells were split 1:6 and re-plated for use in 

other experiments. Frozen stocks of these cells were made by freezing the cells in 

DMEM-complete containing DMSO (HeLa, A92L, and 3T3-L1, 7.5% DMSO; HEK293T, 

5% DMSO and 45% FBS). 

 

Transfection. 

 

The pGL3- or pCDNA1amp-DNAs were adjusted to the same concentration by 

comparison on 0.7% agarose gels for use in transfection. Once the DNA concentrations 

were confirmed to be the same, the DNAs were transfected into the appropriate cells 

lines. The DNA constructs of the mGABPα/CF6 promoter were transfected into A92L 
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cells. The DNA constructs containing the hGSR promoter were transfected into 

HEK293T cells. The cells were seeded into 60-mm plates (2 * 105 cells/plate) for 

transfection the following day. Each transfection was performed in quadruplicate. Each 

mutant DNA plasmid (0.4 μg) and an internal control plasmid (0.4 μg, pSV-βGal, 

Promega) were transfected with eight μl of PLUS reagent (Invitrogen, Carlsbad, CA), 

and 12 μl of Lipofectamine (Invitrogen) according to manufacturer’s protocol. The 

transfections were harvested into 400 μl Reporter Lysis Buffer (Promega) after 42 hours. 

The cell lysate was harvested into 1.5 ml centrifuge tubes and centrifuged at 12300 rpm 

for 2 minutes to remove the cell debris. The supernatant was then collected to use to 

determine the relative expression from the mutant DNA promoters and the internal 

control. Luciferase and β-Gal assays were performed on each of the supernatants. 

Luciferase assays were performed by adding 10 μl of cell extract to a clear 

microcentrifuge tube containing 90 μl of luciferase Assay Buffer (100mM KPO4, pH = 

7.8, 10mM MgCl2, 0.25mM ATP). One hundred μl of cold 1 mM Luciferin was added to 

each tube and then the luciferase expression was immediately measured in a Turner 20/20 

Luminometer. For β-gal assays, thirty μl of cell supernatant were added to a microfuge 

tube containing 120 μl of ddH2O and 150 μl of 2x β-galactosidase reaction assay buffer 

(120 mM Na2HPO4, 80 mM NaH2PO4, 2 mM MgCl2, 100 mM β-mercaptoethanol, and 

1.33 mg/ml o-nitrophenyl-beta-D-galactoside). This reaction was incubated in a 37ºC 

water bath for one hour, after which the reaction was stopped with 500 μl of 1 M 

Na2CO3. After stopping the reaction, the absorbance of each reaction was measured at 

420 nm (Chinenov et al., 2000a; Yu et al., 1997). The luciferase expression was 

normalized to the expression of β-Gal for each transfection and reported as an average of 
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luciferase expression divided by the β-Gal expression, with wild-type expression being 

reported as 100% activity for the promoter. 

 

Oxidative stress induction. 

 

Oxidative stress was induced on the cells by addition of hydrogen peroxide 

(H2O2) to transient transfections. The mGABPα wild type construct was transfected into 

several plates as described above. The cells were treated with 150 μM concentrations of 

H2O2 for 4 hours (Davies K.J.A., 1999; also experiments performed in our lab, See Fig. 

21-23). The cells were then harvested as previously described into Reporter Lysis Buffer 

(Promega) and the luciferase and β-Gal assays were performed on the supernatants 

(Chinenov et al., 2000a; Yu et al., 1997). The luciferase expression in supernatants of 

cells that were treated with H2O2 was reported as a percentage of the same mutant that 

remained untreated in the experiment.  

 

Electrophoretic mobility shift assay (EMSA). 

 

 The ability of GABP, Sp1, Sp3, and YY1 to bind to the mGABPα/CF6 promoter 

and the hGSR was determined by EMSA. HeLa, A92L and 3T3-L1 cells were grown to 

near confluence (~108 total cells) in 150 mm cell culture plates in DMEM-complete as 

previously described. The cells were scraped off the plate, harvested in phosphate 

buffered solution (PBS), and centrifuged at 1200 rpm for 10 minutes at 4ºC. The 

supernatant was removed and the cell pellet was resuspended in 25 ml Buffer A (10 mM 
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HEPES (pH = 7.9), 10 mM KCl, 1.5 mM MgCl2, 1.0 mM dithiothreitol (DTT), and 1 

mM benzamidine). The cells were centrifuged again for 10 minutes at 1200 rpm and 4ºC. 

The supernatant was removed and the cell pellet was resuspended in two cell pellet 

volumes of Buffer A. The cells were incubated on ice for 30 minutes and lysed gently in 

a dounce homogenizer, being dounced 10 times with a loose-fitting pestle and then 20-30 

times with a tight-fitting pestle. The nuclei were collected by centrifugation at 3000 rpm 

for 10 minutes at 4ºC. The nuclei were resuspended in two volumes of 0.42 M NaCl. The 

nuclei were incubated on ice for 30 minutes with occasional stirring. The nuclei were 

collected by centrifugation at 3000 rpm for 10 minutes at 4ºC, and the supernatant was 

collected as nuclear extract. The supernatant was dialyzed (12,000 MW cutoff) against 

500 ml of Buffer D (20 mM HEPES, pH 7.9, 50 mM KCl, 1.0 mM benzamidine, 20% 

glycerol, 1 mM DTT) for at least four hours. After a minimum of four hours, the buffer 

was changed and dialysis was continued overnight, after which the nuclear extracts were 

collected from the dialyzed solution. Recombinant GABPα and GABPβ (rGABPα and 

rGABPβ) were prepared by expressing and purifiying the His6-tagged proteins as has 

previously been described (Martin et al., 1996; Chinenov et al., 2000b) 

The double stranded oligonucleotide probes (Fig. 7-8) were prepared for the gel 

by annealing the complementary oligonucleotides at 2.0 μg/μl in 10 mM Tris (pH = 8.0) 

and 50 mM NaCl. The mixture was then boiled for 10 minutes, and then transferred to a 

68ºC water bath for 20 minutes. The mixture was incubated for twenty minutes at each of 

the following temperatures: 55ºC, 42ºC, 37ºC, and 30ºC. The mixture was then moved to 

the bench top for twenty minutes and placed on ice. The double stranded oligonucleotide 

probes were 5’ end-labeled with [γ-32P]ATP by incubation for 1 hour at 37ºC with T4 
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Figure 7. Probes used in the EMSA analysis of the mGABPα/CF6 bi-directional 

promoter. The first four probes correspond to sequences within the promoter region. The 

last three probes are control probes. 
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Figure 8. The EMSA probes for the hGSR promoter. The sequence of each probe is 

shown as well as the placement of the nucleotide sequences relative to the translational 

start site for cytGSR. 
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     uATG  ARE              mtATG                            cytATG 

          GC3              GC2   GA3        GC1 GA2 GA1  

 

Sequence NucleotidesBinding 
site 

cggcgggcgcatgcttagtcaccgtgaggc-243/-214 ARE 

tcttgcctagcggcgggcgcatgc  -253/-230 GC3 

cgaccccgggccgcccgccccacttggagc-174/-145 GC2 

ccgagctggcggcgggcggcgcgcgcc-91/-64 GC1 

ggagcgccacttccgcgtgcatgg  -149/-126 GA3 

gcgcgcgccttccgaggcttcctgctgctt-72/-43 GA1/2 

gcggcgcgcgccttccgaggcttc  -75/-52 GA2 

ttccgaggcttcctgctgcttctg  -63/-40 GA1 
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polynucleotide kinase. The 5’ end-labeled probes were purified with the Mermaid kit 

(BIO 101, Irvine, CA). The EMSA reactions were run with nuclear extracts or rGABPα 

and rGABPβ. Fifteen μg of the nuclear extract was incubated with poly(dI-dC)·pol (dI-

dC) for 10 minutes at room temperature in 0.2 ml EMSA buffer (20 mM HEPES, pH 8.0, 

50 mM KCl, 1 mM benzamidine, 5% glycerol, 1 mM DTT). The labeled double stranded 

oligonucleotide probes were added to the reactions and incubated for 15 minutes at room 

temperature. The reaction mixture was separated over a 5.0% or 6.3% non-denaturing 

polacrylamide gel in 0.25X TBE (35 mM Tris, 20 mM boric acid, 12.5 mM EDTA, pH 

8.0). The gels were dried and subjected to autoradiography (Martin et al., 1996, Chinenov 

et al., 2000b). X-ray film was placed on top of the dried gels, exposed to a flash of light, 

and incubated at -80ºC. The three potential GABP DNA-protein complexes were 

observed by adding rGABPβ (~0.03 μg) to a slight excess of rGABPα in 20 μl of EMSA 

buffer containing 0.1 μg poly(dI-dC)·poly(dI-dC) and 0.5 mg/ml bovine serum albumin. 

The labeled probe containing two GABP binding sites (dGA) was added to the reaction, 

and the EMSA was run as described (Chinenov et al., 2000a, 2000b, 1998). 

Competition assays and immuno-supershift assays were also performed with the 

nuclear extracts to confirm the binding of the transcription factors. The competition 

assays were performed by incubating the nuclear extract with a 500-fold excess of 

unlabeled probe with the nuclear extract for 30 minutes prior to addition of the labeled 

oligonucleotide probe. For the immuno-supershift assays, the nuclear extracts (15 μg) 

were incubated with 2 μl of antisera to a transcription factor for four hours prior to the 

addition of the labeled probe. The EMSA was then performed as described previously. 

The antibodies to rGABPα (sc-22810), rGABPβ (sc-13445), Ets-1/Ets-2 (sc-112X), Sp1 
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(sc-59), Sp3 (sc-13018) and YY1 (sc-1703) transcription factors were obtained from 

Santa Cruz Biotechnology (Santa Cruz, CA).  
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RESULTS 

The mGABPα/CF6 Promoter Analysis 

 

 

Identification of the functional core promoter region in the mGABPα/CF6 bi-

directional promoter. 

 

The mGABPα/CF6 promoter was previously isolated by long range PCR of the 

mouse genomic libraries (Chinenov, Y., et al., 2001a). The PCR products were cloned 

into the pGEM-T cloning vector (Promega) and sequenced by the University of Missouri 

DNA core facility. One truncated PCR product had a unique KpnI site at the junction of 

the cloning vector. A second KpnI site was introduced into the PCR product by site-

directed mutagenesis at +91 relative to the 5’-teminus of the GABPα cDNA (Acc# 

M74515). The resulting fragment was cloned into the pGL3-basic (Promega) luciferase 

expressing vector in both the GABPα and CF6 orientations, and the promoter was found 

to direct transcription from both promoters (Chinenov et al., 2001a). Other workers 

subsequently identified three regions of the mGABPα/CF6 gene as potential regions for 

the core promoter (P1, P2, P3) by the NIX suite of software program (O’Leary et. al., 

2005). The P2 region, which was predicted to be the dominant region of the promoter for 

GABPα expression, contained the –309/+91 core promoter region previously identified. 

The boundaries of the core mGABPα promoter were determined through deletion 

analysis and the examination of additional flanking sequences. Several 5’- and 3’-  

 

 59



 

 

 

 

 

 

 

 

Figure 9. The analysis of the effect on expression of the deletion mutants of the 

mGABPα promoter. The deletion flanking sequences to the core promoter reveals that 

the core promoter region is almost twice as active as any of the deletions. The knockout 

of the additional binding sites (in the –333/+201 construct) in the flanking sequences had 

no effect on the expression from the promoter. The functionality of the GABP site was 

tested as well and the expression from the promoter is reduced to 33% of the wild-type 

level in the mutant with all four GABP sites mutated. 
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deletion mutants were generated and cloned into the pGL3-basic expression vector 

(Promega). Analyses of the luciferase activity from the promoters of these deletion 

mutants reveal the –309/+91 promoter region to be the region of greatest interest, as the 

expression of luciferase from this region of the promoter is greater than the other regions 

of the promoter. The –105/+201 and –333/+201 promoters were shown to give 

expression levels slightly greater than the expression level of the –887/+201 promoter but 

have significantly (~40%) lower expression levels than the –309/+91 promoter (Fig. 9) 

demonstrating the dominance of the core promoter. The flanking sequences contain 

transcription factor binding sites that are most often utilized in tissue specific 

transcription. It has been demonstrated these transcription factor binding sites do not 

significantly affect the expression from the mGABPα/CF6 promoter. This was 

demonstrated by mutating the the δEF-1 and b-Myb binding sites are knocked out in the 

–333/+201 promoter (Fig. 9). 

 

Identification of the functional GABP, Sp1/3, and YY1 binding sites in the mGABPα 

promoter.  

 

Sequence analysis of the –309/+91 core promoter reveals six potential 

transcription factor-binding sites, one YY1, one Sp1/3, and four GABP binding sites 

(GA1, GA2, GA3, and GA4). Two of these GABP binding sites are located near the 

transcription start sites for both promoters (Chinenov et al., 2000b). The ability of GABP, 

Sp1, and YY1 to initiate, activate, and repress transcription is well documented (Galvin 

and Shi, 1997; Genuerio and Perry, 1996; Sucharov et al., 1995; Yu et al., 1997), so these 
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transcription factor binding sites are candidates for the regulation of the mGABPα 

promoter. These putative transcription factor-binding sites were then analyzed for their 

ability to regulate expression from the mGABPα promoter, by site-directed mutagenesis 

and subsequent analysis of gene expression. The mutant with all four GABP sites 

knocked out demonstrates that GABP is an important regulator of the transcription from 

the mGABPα promoter. When all four GABP binding sites are mutated the activity of the 

promoter is decreased to about 30% of the wild-type activity (Fig. 9), demonstrating that 

GABP or another ETS-related factor regulates transcription from the mGABPα promoter. 

Analysis of the single mutants of the six transcription factor-binding sites revealed 

varying levels of luciferase expression from the mGABPα promoter. The mutation of a 

single GABP site or the YY1 site reduced the expression of luciferase from the promoter 

to about 50% to 80% of the wild-type activity (Fig 10). The expression from the mutation 

of the Sp1 site was actually increased to 159% of the wild-type activity, suggesting a 

possible inhibitory role for this factor-binding site. The GA3 mutant showed the least 

change in activity as this mutant still maintained over 80% of the wild type activity. 

These data indicate a complex regulation system in which each of the transcription 

factors could play a role.  

Since no single factor-binding site displayed dominant regulation over the 

mGABPα promoter activity and GABP requires two binding sites for the active 

heterotetramer complex to assemble on DNA (Sawada et al., 1994; Sucharov et al., 1995; 

Yu et al., 1997), the four GABP sites may be functionally redundant. YY1, Sp1, and 

GABP can all have redundant functions, so it is possible that these factor-binding sites 

are redundant or function in concert with each other. Multiple transcription factor-binding  
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Figure 10. The effect of single site mutations of putative factor binding sites on GABPα 

promoter activities.  Each of the putative factor binding sites illustrated in the schematic 

of the GABPα core promoter was mutated and the effect on luciferase expression 

measured in A92L fibroblasts.  Circles containing an X denote mutant factor binding sites. 

Luciferase activity was expressed relative to the wt core GABPα promoter. 
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Figure 11. The effect of GA double site mutations of putative factor binding sites on 

GABPα promoter activities.  Each of the putative factor binding sites illustrated in the 

schematic of the GABPα core promoter was mutated and the effect on luciferase 

expression measured in A92L fibroblasts.  Circles containing an X denote mutant factor 

binding sites. Luciferase activity was expressed relative to the wt core GABPα promoter. 
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Figure 12. The effect of YY1 and Sp1/3 double site mutations of putative factor binding 

sites on GABPα promoter activities.  Each of the putative factor binding sites illustrated 

in the schematic of the GABPα core promoter was mutated and the effect on luciferase 

expression measured in A92L fibroblasts.  Circles containing an X denote mutant factor 

binding sites. Luciferase activity was expressed relative to the wt core GABPα promoter. 
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Figure 13. The effect of GABP triple site mutations of putative factor binding sites on 

GABPα promoter activities.  Each of the putative factor binding sites illustrated in the 

schematic of the GABPα core promoter was mutated and the effect on luciferase 

expression measured in A92L fibroblasts.  Circles containing an X denote mutant factor 

binding sites. Luciferase activity was expressed relative to the wt core GABPα promoter. 
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site mutants were constructed, by site-directed mutagenesis, to investigate this possibility, 

and the effect on luciferase expression levels was determined. Each of the multiple 

mutants revealed, as with the single mutants, varying levels of expression, ranging from 

about 20% to up to 110% of the wild type activity (Fig 11-13). Any mutant in which the 

GA1 site was mutated along with another GABP site the activity was reduced to 

approximately 20-40% of the wild-type expression levels compared to the mutant with 

the GA1 site intact (Fig 11). The double mutants with the GA1 site remaining intact gave 

expression levels that were affected to a lesser extent (40 to 80% of wild type activity). 

These data implicate the GA1 site as important for promoter activity and support the 

notion that the remaining GABP sites function redundantly and in concert with the GA1 

site. The importance of the GA1 site is confirmed in the triple mutants of the GABP 

binding sites. When the GA1 site is the only intact GABP site, the expression from the 

mGABPα promoter is greater than for any of the other triple mutants (Fig 13).  

 GABP is known to regulate transcription from several promoters in concert with 

YY1 and Sp1/3 (Du et al., 1998; Galvagni et al., 2001; Hempel et al., 2004) suggesting 

the possibility that YY1 and Sp1/3 functionally interact with GABP to regulate promoter 

transcription from the mGABPα promoter. YY1, Sp1, and GABP double knockouts were 

generated, via site-directed mutagenesis, and the resulting constructs analyzed for their 

ability to regulate expression from the promoter (Fig 12). The most severely affected 

double mutants were the YY1/GA1 (about 22% wild-type activity) and the Sp1/GA1 

(about 30% wild-type activity) mutants. In the case of the YY1/GA double mutants, the 

closer the GABP site was to the YY1 site, the greater the effect the double mutant had on 

expression from the promoter, demonstrating the GABP interaction with YY1 is at least 
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somewhat dependent on distance between the two binding sites. The Sp1 binding site 

appears to have an important role in regulating the activity of the GABPα promoter as 

mutating that site along with the GA1 site decreased the activity of the promoter, 

indicating a likely interaction between GABP and Sp1 activates transcription and the 

GA1 binding site is not functionally redundant with the other GABP binding sites. 

 

Identification of functional GABP, Sp1/3, and YY1 binding sites in the CF6 promoter.  

 

The GABPα promoter includes a 165 bp region that shared remarkable sequence 

homology with rat CF6 gene oriented in the opposite direction on the DNA, suggesting 

the presence of a bi-directional promoter, which was subsequently confirmed (Chinenov 

et al., 2001b). Because this promoter is bi-directional, the transcription factor binding 

sites were examined for their role in regulating expression from the CF6 promoter, as 

well. Luciferase is expressed from the CF6 core promoter at about twice the level of 

expression from the mGABPα core promoter (Fig 9). The six transcription factor-binding 

sites were examined for their effectiveness in regulating transcription from the CF6 

promoter. The only mutant that demonstrated a significant change in the expression from 

the promoter was the GA1 mutant, which expressed about 30% of the wild-type activity. 

The remaining single mutants expressed luciferase at between 70 and 111% of the wild-

type levels (Fig. 14). These data once again implicate- the GA1 site as a significant 

binding site for transcription. The analyses of the double mutants in the CF6 promoter 

confirm this conclusion. When the GA1 site was mutated in concert with another GABP 

binding site, there was a reduction in the expression level from the CF6 promoter (about  
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Figure 14. The effect of single site mutations of putative factor binding sites on CF6 

promoter activities.  Each of the putative factor binding sites illustrated in the schematic 

of the CF6 core promoter was mutated and the effect on luciferase expression measured 

in A92L fibroblasts.  Circles containing an X denote mutant factor binding sites. 

Luciferase activity was expressed relative to the wt core CF6 promoter. 
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Figure 15. The effect of GA double site mutations of putative factor binding sites on CF6 

promoter activities.  Each of the putative factor binding sites illustrated in the schematic 

of the CF6 core promoter was mutated and the effect on luciferase expression measured 

in A92L fibroblasts.  Boxes containing an X denote mutant factor binding sites. Luciferase 

activity was expressed relative to the wt core CF6 promoter. 
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Figure 16. The effect of YY1 and Sp1/3 double site mutations of putative factor binding 

sites on CF6 promoter activities.  Each of the putative factor binding sites illustrated in 

the schematic of the CF6 core promoter was mutated and the effect on luciferase 

expression measured in A92L fibroblasts.  Boxes containing an X denote mutant factor 

binding sites. Luciferase activity was expressed relative to the wt core CF6 promoter. 
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20% to 40% of wild-type activity) (Fig. 15). When the GA1 site is mutated in concert 

with the YY1 and Sp1/3 binding sites, there was a greater loss of promoter activity with 

only 18-42% of the wild type expression levels remaining (Fig 16). In the double mutants 

with intact GA1 sites, there was much less of an effect on the expression levels from the 

promoter (about 40% to 80% of the wild-type expression). In the double mutants lacking 

the YY1 site, the closer the GA mutation is to the YY1 site the greater the effect on 

expression (Fig. 16). These effects implicate an important role for YY1 and GA1 sites in 

transcription regulation of the CF6 promoter and illustrating as with the mGABPα 

promoter that the GABP binding sites are functionally redundant.  

 

Identification of the factors binding to the mGABPα/CF6 bi-directional promoter. 

 

The transcription factor binding sites that were identified as potential regulators of 

the mGABPα/CF6 bi-directional promoter were investigated by EMSA utilizing 

recombinant GABP (rGABP) and nuclear extracts from A92L and 3T3-L1 fibroblasts. 

The six transcription factor-binding site were analyzed for binding using four synthetic 

probes (Fig 7). The –267/-235 probe contained a single GABP binding site (GA4) and the 

Sp1/3 binding site. The –184/-154 probe contained only a single GABP binding site 

(GA3). The –111/-74 probe contained the remaining two GABP binding sites (GA1 and 

GA2). The –71/-39 probe contained the binding site for YY1. The GA1 and GA2 binding 

sites are closely spaced within the promoter, inverted from each other, and could 

potentially promote the assembly of a heterotetramer complex on the promoter (Fig 7). 

Recombinant GABP had been previously shown to bind to probes containing both a 
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Figure 17. EMSA analysis of the ability of rGABP to bind the probes of the 

mGABPα/CF6 bi-directional promoter region and the control probes. The monomer 

GABP probe had been previously shown to be bound by GABPα and GABPαβ 

complexes. The dimmer GABP probe had previously been shown to be bound by 

GABPα, GABPαβ, and GABPα2β2 complexes. Three complexes form on the –111/-74 

probe as there are two GABP binding sites. The –267/-235 and –184/-154 probes are 

bound by two complexes. The –71/-39 probe is not bound by rGABP. 
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single GABP binding site (mGA) as GABPα and GABPαβ heterodimer. When a probe 

contains two GABP binding sites (dGA), there are three complexes that may form on the 

probe: the α monomer, the αβ heterodimer, and the GABPα2β2 heterotetramer (Chinenov 

et al., 2000b). Recombinant GABP was able to bind the three probes containing GABP 

binding sites. The results were similar to what had previously been reported (Chinenov et 

al., 2000b). The probes that contained only a single GABP binding site (the GA3 and 

GA4 probes) were bound by GABPα monomer and the GABPαβ heterodimer. The –

111/-74 probe containing the two GABP binding sites was bound by GABPα monomer, 

the GABPαβ complex, and GABPα2β2 complex, demonstrating the ability of the 

GABPα2β2 complex to assemble on the probe containing the GA1/2 binding sites (Fig. 

17). The –267/-235 probe was bound tightly by the rGABP as both the GABPα monomer 

and the GABPαβ complex. The –184/-154 probe was bound only weakly by the rGABPα 

and rGABPαβ complexes (Fig. 17) and did not form any complexes with nuclear extracts 

from either A92L or 3T3-L1 cells (data not shown). In addition to the YY1 site, the –71/-

39 probe contains a potential GABP binding site, but the –71/-39 probe was not bound by 

rGABP, indicating GABP does not bind this region of the promoter. 

 

GABP in mouse cell nuclear extracts binds the –111/-74 probe corresponding to the 

mGABPα/CF6 bi-directional promoter. 

 

All three GABP complexes bound the potential GABP binding sites in the –111/-

74 probe when rGABP was examined. EMSA was performed to determine that GABP 

from A92L and 3T3-L1 cell nuclear extracts does in fact bind the mGABPα/CF6 bi-
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Figure 18. Electrophoretic mobility shift assays analyzing the –111/-74 region of the 

mGABPα/CF6 bi-directional promoter. A and C) Competition assay in which the binding 

activity of GABP to the promoter is examined in A92L (A) and 3T3-L1 (C) cells utilizing 

excess probe containing two GABP binding sites (dGA) or a Sp1 binding site. B and D). 

Supershift assays in which antisera against transcriptions factors were added and the 

complexes that were supershifted were examined. 
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directional promoter (Fig 18). The –111/-74 probe bound both the heterodimer and 

heterotetramer complexes in nuclear extracts from both A92L and 3T3-L1 cells, with no 

free GABPα complex apparent. Competition assays with a 500-fold molar excess of 

unlabeled dGA oligonucleotides prevented both GABP complexes from forming on the 

promoter with nuclear extracts from both A92L and 3T3-L1 cells. Unlabeled 

oligonucleotides specific for Sp1 were unable to compete for the factor binding and 

prevent the GABP complexes from forming on the labeled probe (Fig. 18A & C). With 

both A92L and 3T3-L1 cell nuclear extracts the heterodimer complex formation was 

reduced and resulted in a supershifted complex that remained in the well of the gel when 

either GABPα or GABPβ specific antiserum was used (Fig. 18B & D). The GABP 

heterotetramer complex was completely inhibited from binding the probe. The 

incomplete inhibition of the GABP heterodimer formation is likely due to insufficient 

antiserum in the experiment. There is also the possibility that another ETS-domain 

protein could be co-migrating with the GABP heterodimer but since Ets-1/Ets-2 specific 

antisera had no effect on the formation of the complex in A92L nuclear extracts, it is 

likely that complex is GABP heterodimer. The second complex formed on the probe by 

A92L and 3T3-L1 cell nuclear extracts is consistent with GABP heterotetramer as the 

complex is abolished with either GABPα or GABPβ specific antisera in 3T3-L1 cells. 
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Sp1, Sp3, and GABP proteins in mouse cell nuclear extracts bind the –267/-235 probe 

corresponding to the mGABPα/CF6 bi-directional promoter. 

  

The factor binding to the GA4 and Sp1/3 sites was analyzed by EMSA, with the  

–267/-235 probe containing both sites. Four complexes bound the probe from nuclear 

extracts from both A92L and 3T3-L1 cells. The smallest two of these complexes were not 

well resolved in the 3T3-L1 nuclear extracts, but competition assays support the presence 

of both complexes. In competition assays with excess unlabeled control dGA 

oligonucleotides, two of the complexes were competed away (complexes two and four) 

(Fig. 19A & C). Three of the complexes (complexes one, three, and four) could be 

competed away by an unlabeled probe containing a consensus Sp1 binding site. Only 

complex two was unaffected by the competition assay with the Sp1 probe in both A92L 

and 3T3-L1 cells The formation of complex four was abolished by both the dGA and Sp1 

concensus unlabeled nucleotides. These results are consistent with the complexes being 

identified as follows: complex one as Sp1 or Sp3, complex two as GABP, complex three 

as Sp1 or Sp3, and complex four as a ternary complex of Sp1 or Sp3 and GABP. 

The difference between complex one and two can be seen in the 3T3-L1 cell 

nuclear extracts by comparing the lanes with dGA and Sp1 competitor DNAs (Fig. 19C). 

The DNA complexes that form on the –267/-235 probe were unaffected by preimmune 

serum and YY1 specific serum (Fig 19B & D), confirming that YY1 does not bind the 

promoter in this region. In both A92L and 3T3-L1 cell nuclear extracts, complex three and 

complex four were inhibited or supershifted by the presence of Sp1-specific antisera, 

indicating that complex three is Sp1 and complex four contains Sp1. In A92L cell 
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Figure 19. Analysis of the –267/-235 region of the mGABPα/CF6 bi-directional 

promoter. A and C) Competition assays in which the dGA and Sp1 unlabeled probes 

were added in excess and binding of transcription factors was examined in both A92L and 

3T3-L1 cells. B and D). Supershift assay with antisera against specific transcription 

factors added. 
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nuclear extracts, only complex one was inhibited or supershifted by antiserum specific to 

Sp3 (Fig. 19B), indicating the only complex one contains Sp3. In nuclear extracts from 

A92L and 3T3-L1 cells, both complex two and four were able to be either inhibited or 

supershifted by the presence of antiserum specific for GABPα (Fig. 19B & D). Ets-1/Ets-

2 antiserum had no effect on the any of the complexes formed from the A92L cell nuclear 

extracts. These results confirm that complex two is GABP and complex four is a ternary 

complex of Sp1 and GABP. 

 

YY1 in mouse cell nuclear extracts bind the –71/-39 probe corresponding to the 

mGABPα/CF6 bi-directional promoter. 

 

The –71/-39 probe contains the consensus YY1 binding site and one potential 

binding site for GABP. Two complexes bind to the probe in the A92L cell nuclear 

extracts, indicating the possibility that both GABP and YY1 bind to the probe. Antiserum 

specific for YY1 demonstrates that only complex two can be inhibited and supershifted in 

A92L cells. In the nuclear extracts from the 3T3-L1 cells only one complex is present in 

the EMSA. The major complex is completely abolished by antiserum against YY1, and 

two supershifted complexes are produced (Fig. 20). Antiserum specific for Sp1, GABPα 

and GABPβ had no effect on the binding of the probe in either of the nuclear extracts. 

The second complex in the nuclear extracts from the A92L cells is likely due to 

nonspecific binding. Similarly, antiserum specific for Sp1, GABPα, and GABPβ showed 

no effect on the binding of the probe in 3T3-L1 cells (Fig. 20). These results confirm 

YY1 from mouse cell nuclear extracts bind the mGABPα/CF6 bi-directional promoter. 
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Figure 20. Analysis of the –71/-39 region of the mGABPα/CF6 bi-directional promoter. 

A) Supershift assays utilizing antisera against YY1 and GABPα in A92L cells. B). 

Supershift assays utilizing antisera against YY1, Sp1, GABPα, and GABPβ in 3T3-L1 

cells. 
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Determination of the effect of oxidative stress on the expression from the 

mGABPα/CF6 bi-directional promoter. 

 

The mGABPα/CF6 bi-directional promoter is regulated, at least in part, by GABP 

(as demonstrated by the mutagenesis data presented above), a redox sensitive 

transcription factor. Because GABP binding sites are present in many of the promoters of 

different components of the ETC and GABP is sensitive to the redox state of the cell 

(Martin et al., 1996; Chinenov et al., 1998), the expression levels of luciferase from the 

mGABPα/CF6 bi-directional promoter under oxidative stress conditions were examined 

as well. The oxidizing agent chosen was H2O2, due to its availability and its direct, 

whole-cell oxidizing effects. Based on published reports, the greatest effects in redox 

response, without starting the apoptotic pathways, are observed when cells are treated 

with concentrations of H2O2 ranging from 150 μM to 250 μM (Davies, 1999). The 

response time depended on whether the gene was involved with early response, middle 

response, or late response to addition of the oxidizing agent. A92L cells were treated with 

H2O2, then harvested over a time course, and the greatest effect on the expression of 

luciferase was determined to be at the four hour time point (Fig 21). Several 

concentrations of H2O2 were analyzed for the effect on expression from the 

mGABPα/CF6 bi-directional promoter. The greatest effect on the promoter occurred 

when the cells were treated with 150 μM H2O2 (Fig 22). After analyzing several 

experiments in which the cells were treated with 150 μM H2O2, there was no real effect 

on expression from the mGABPα/CF6 bi-directional promoter when H2O2 was used to 

treat the cells. The mGABPα/CF6 bi-directional promoter showed no effect from 
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Figure 21. A time course experiment to determine at what time the greatest amount of 

luciferase will be expressed in response to treatment of cells with 150 μM H2O2. The 

wild-type core promoter region of the mGABPα promoter was used for these 

experiments. Based on this experiment, it was determined that four hours after treatment 

was the optimal time to measure the response to the treatment with H2O2. 
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Figure 22. The effect of varying concentrations of H2O2 on the mGABPα promoter was 

measured by determining the normalized luciferase expression. The cells were treated 

with H2O2 for four hours as had previously been determined as the appropriate treatment 

time. Cells were treated with different concentrations of H2O2 and the concentration that 

appears to have the greatest effect on the mGABPα promoter is 150 μM. The wild-type 

mGABPα promoter was utilized for these experiments. 
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Figure 23. The effect of oxidative stress on the expression from the mGABPα/CF6 bi-

directional promoter was examined by treatment with H2O2. The effect of the treatment 

with H2O2 was surprisingly nonexistent. Any difference in expression is within the error 

for the experiment, showing no significant difference in expression cause by treatment 

with H2O2. 
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addition of the oxidizing agent in the CF6 direction either (Fig 23). Likewise, treatment 

of select multiple mutants with H2O2 resulted in expression levels that were unchanged in 

the GABPα direction. Both the YY1/Sp1 and GA1/2/3/4 mutants were examined under 

oxidative stress conditions. Neither of these mutants showed a significant change in the 

level of expression when placed under oxidative stress (Fig 23). 
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Analysis of hGSR promoter 

 

 

The hGSR promoter expresses three potential classes of mRNAs. 

 

Both isoforms of GSR are expressed from the same gene, from two in-frame 

AUGs, in both mice and humans, differing only by a MLS that is cleaved once mtGSR 

has been transported into the mitochondria, so the active form of GSR is identical in the 

mitochondria and cytoplasm (Iozef et al., 2000; Kelner and Montoya, 2000; Tamura et 

al., 1997). A third upstream AUG that is out of frame with the mt- and cytAUGs can 

potentially initiate translation, preventing translation from the mtAUG. The stop codon 

for the upstream open reading frame is within the MLS, potentially allowing the 

ribosome to stop translation and restart at the cytAUG (Hemmings-Mieszczak et al., 

2000). Reported cDNAs and ESTs from GSR have 5’termini that are located both 

upstream and downstream of the mtAUG. Only one transcript has been reported initiating 

upstream of the uAUG, supporting the presence of three classes of hGSR transcripts (Fig 

24).  Transcripts one and two are capable of directing translation from either the mtAUG 

or the cytAUG, while transcript three can only direct translation from the cytAUG. Based 

on this model, expression of the two isoforms of GSR can be accomplished through 

regulation of the transcriptional start sites and translational efficiencies of the AUGs.  
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Figure 24. Three classes of transcripts have been detected from the hGSR promoter. The 

first transcript initiated upstream of the uAUG and potentially encode both mtGSR and 

cytGSR. Transcript two, which initiates upstream of the mtAUG but downstream of the 

uAUG, encodes both mtGSR and cytGSR. This transcript also lacks the uORF to 

potentially modulate translation from the mtAUG. Transcript three initiates between the 

mtAUG and the cytAUG and encodes only cytGSR. Secondary structure of the mRNA, 

the presence of a 5’-cap, and mRNA binding proteins are all potential modulators of 

AUG selection from the first two transcripts. The three potential translation start sites all 

are in different sequence contexts. The uAUG is in a poor context for translation 

initiation. The mtAUG is in an adequate context for translation initiation. The cytAUG is 

in the consensus context for translation initiation. 
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Identification of transcriptional start sites of the hGSR promoter by 5’RACE.  

 

The 5’-termini of the hGSR mRNAs were mapped by 5’-rapid amplification of 

cDNA ends (RACE). HeLa cell cDNA library from Invitrogen (Carlsbad, CA) was made 

RACE ready by the addition of a 5’-terminal GeneRacer RNA oligonucleotide that is 

ligated to the capped mRNA (Fig 25) (Frohman et al., 1998). The GeneRacer 

oligonucleotide was then used as the target of the 5’-primer, and a 3’-primer was targeted 

to the junction between the second and third exons of hGSR in PCR. The PCR product 

was then resolved on an agarose gel, revealing two PCR products of interest on the gel 

(Fig 25). There are other PCR products but there is not enough present to adequately 

purify and clone the product. The two PCR products were gel purified, cloned, and 

sequenced. The larger PCR product revealed four transcriptional start sites for the PCR 

product (-20, -49, -59, and –98, relative to the cytGSR ATG). All four of these PCR 

products revealed start sites downstream of the mtATG, corresponding to transcript three 

(Fig. 24). Only a single transcript was cloned from the smaller PCR product initiating 

from the -145 position, upstream of the mtATG, corresponding to transcript two (Fig. 

24). These data would indicate at least a portion of the regulation to be at the 

transcriptional level. To confirm these results, the total GSR mRNA levels were 

measured by PCR. Three primers to the GSR mRNAs were constructed, one targeted to 

the mitochondrial leader sequence (P1), one targeted just downstream of the cytoplasmic 

start site (P2), and a third primer (P3) targeted to the junction between the second and 

third exons (Fig. 26). The PCR product from the reaction with P2 and P3 will determine 

the total GSR mRNA. The PCR product formed when using primers P1 and P3 will 
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Figure 25. 5’ RACE analysis of Hela cell cDNAs supports a two transcript model. Two 

populations of capped hGSR mRNAs are detected by 5’ RACE PCR. The more abundant 

population is represented by the transcripts that initiate downstream of the mtGSR AUG 

codon and encode only the cytGSR protein. The bottom panel shows the start sites of the 

different GSR transcripts identified by the 5’-RACE. 
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Figure 26. PCR analysis of HeLa cell cDNAs detected identical amount of mtGSR and 

total GSR PCR products, suggesting the majority of the hGSR initiate upstream of the 

mtATG. PCR analysis of cloned hGSR cDNA produced identical amounts of PCR 

products indicating the PCR primers were equivalent in their amplification efficiency 

(right panel). The bottom panel indicate the design for the PCR. 
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determine the GSR mRNAs that are initiated upstream of the mtATG. Based on the 

5’RACE results, it was expected that the PCR product from the reaction with primers P2 

and P3 would produce a much greater amount of product than the reaction with the P1 

and P3 primers. However, it was seen that the two PCR reactions produced 

indistinguishable amounts of product (Fig 26). The result is not an artifact of having 

noncomparable PCR primer as the primers were shown to be identical (Fig 26). This 

result would seem to indicate that nearly all the transcript is initiated from upstream of 

the mtATG.  

 

Identification of the functional transcription factor binding sites in the hGSR 

promoter. 

 

The hGSR promoter presents a potentially difficult mechanism of regulation to 

identify. The promoter region examined contains several transcription factor-binding 

sites, including three GC rich regions that could serve as potential Sp1/3 binding sites, 

three potential GABP binding sites, and an ARE. The transcriptional regulation from the 

hGSR promoter has been studied by examining the expression levels from the promoter 

in which the transcription factor binding sites have been mutated (Fig 27). When the GA2 

site is mutated, the expression level of luciferase from the promoter decreases to about 

40% of the wild-type expression level. The GC1 site mutation shows a similar decrease 

in the expression level to about 40% of the wild type activity. The GC2 site mutation also 

shows a decrease in the expression level but only to about 60% of the wild-type 

expression levels. The remaining point mutations, GC3, GA1, GA3, and ARE, all express 
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Figure 27. The effect of single site mutations of putative factor binding sites on hGSR 

promoter activities.  Each of the putative factor binding sites illustrated in the schematic 

of the hGSR promoter was mutated and the effect on luciferase expression measured in 

HEK293T kidney cells.  Circles containing an X denote mutant factor binding sites. 

Luciferase activity was expressed relative to the wt hGSR promoter. 
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Figure 28. The effect of double site mutations of putative factor binding sites on hGSR 

promoter activities.  Each of the putative factor binding sites illustrated in the schematic 

of the hGSR promoter was mutated and the effect on luciferase expression measured in 

HEK293T kidney cells.  Circles containing an X denote mutant factor binding sites. 

Luciferase activity was expressed relative to the wt hGSR promoter. 
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luciferase at levels varying between about 70% and 100% of the wild-type expression 

level (Fig. 27). Interestingly, when the GA2/GC1 double mutant is made in the same 

promoter, instead of having an inhibitory effect on transcription, the level of expression 

of luciferase increases to about 130% of the wild type activity (Fig 28). This provides 

evidence that a complex may be formed by transcription factors binding at these two 

transcription factor binding sites. In the absence of one of these binding sites the complex 

does not form but the other transcription factor still binds the promoter in the single 

mutant acting as an inhibitor of transcription. When both transcription factor-binding 

sites are mutated, this potential inhibition is removed by the removal of the second 

transcription factor-binding site, and the expression from the promoter increases above 

the wild type activity.  

The other major transcription factor-binding site that has a role in regulation of 

expression from the hGSR promoter is the GC2 binding site. As a single mutant the GC2 

site mutation has expression levels that are about 60% of the wild type expression from 

the promoter. As part of any double mutants the GC2 mutation in combination with any 

other mutant showed decreased levels of luciferase expression than that site mutated 

individually (Fig 28). The lone exception to this was in the GC2/GC1 double mutant, 

when the expression level was about 45% of wild-type activity, between the expression 

levels of the two single mutants. The most significant reduction of expression occurred in 

the GA3/GC2 double mutant, which expresses luciferase at only 15% the level of the 

wild type promoter. The remaining GC2 double mutants all reduced expression levels to 

between 30% and 40% of the wild type expression levels (Fig. 28). These data implicate 
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the GC2 site as an important transcription factor binding site for activation from the 

hGSR promoter. 

 

Identification of the transcription factors binding to the hGSR promoter. 

 

Mutation of the transcription factor binding sites of the hGSR promoter shows 

that the GC2 and GA3 sites are the most important in the regulation of the expression 

from the promoter. The presence of this regulation indicates that transcription factors can 

bind to these sites. The identity of the transcription factors that bind to these sites was 

analyzed through EMSA. The GABP binding sites were all analyzed for the ability of 

rGABP to bind the promoter regions. Control probes containing one (mGA) and two 

(dGA) GABP binding sites were also examined as reference compounds. Only the 

GABPαβ complex bound the mGA probe, but the dGA probe was bound by both the 

GABPαβ and GABPα2β2 complexes. There were four probes from the hGSR promoter 

that were examined. A probe containing each of the GABP binding sites individually was 

tested. The GA1 probe only bound the αβ heterodimer weakly and interestingly, the GA2 

probe was not bound by rGABP even though the mutation of this binding site has a great 

effect on expression from the hGSR promoter. The GA1/2 probe was bound by both the 

GABPαβ and GABPα2β2 complexes although only weakly in each case. The GA3 site 

was bound by both the GABPαβ and GABPα2β2 complexes of rGABP (Fig 29), likely 

due to nonspecific binding of a second heterodimer, due to a large excess of rGABP in 

the experiment. The same probes were analyzed by the ability of GABP to bind these 

sites utilizing nuclear extracts from HeLa cells. In HeLa cells both the GA1 and GA2 
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Figure 29. The ability of GABP to bind to the hGSR promoter binding factor sites was 

examined by EMSA. Recombinant GABP was shown to bind to the GA3 site strongly 

and either weakly or not at all to the other potential GABP binding sites. GABPα from  

nuclear extracts from Hela cells binds each of probes, but the only probe that had the 

heterodimer bound was the GA3 site. 
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Figure 30. The GA3 probe was analyzed for the ability of transcription factors to bind to 

the promoter region. A). A competition assay was performed using the labeled GA3 

probe and unlabeled dGA probe and Sp1 probe. B). Supershift assay were performed 

using antisera against both the α and β subunits of GABP (lane 2) and against Sp1 9 (lane 

3).  
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probes were bound by a complex smaller than the GABPαβ complex possibly the 

GABPα monomer complex. The same complex binds to the GA1/2 probe as well. The 

GA3 probe is bound by both the GABPα monomer complex and the GABPαβ complex 

(Fig 29). The GA3 site was examined more closely through competition and supershift 

assays because of the effect of the GA3/GC2 double mutant. In the competition assays 

binding of the GABPα and GABPα2β2 complexes were completely eliminated. There 

was still some probe bound by a complex that had the same migration pattern as the 

GABPαβ complex, but the complex was greatly reduced compared the GA3 probe with 

no competing probes (Fig. 30). A probe containing an Sp1 consensus binding site also 

prevents binding of the weaker binding GABPα and GABPα2β2 complexes but does not 

affect the binding of the GABPαβ complex to the GA3 probe (Fig 30), indicating a 

possible complex formed between Sp1 or Sp3 and GABP that migrates at the same place 

as GABPα2β2 complex. In supershift assays, when antisera against GABPα and β were 

added to the assay, both the GABPα and GABPαβ complexes were supershifted. The 

GABPαβ complex was not completely shifted or inhibited, indicating that another factor 

possibly binds to the probe and co-migrates with GABPαβ complex. Antiserum against 

Sp1 had no affect on the migration pattern of the complexes bound to the GA3 probe (Fig 

30), indicating that Sp1 is not a part of the complex formed on this probe.  

The GC2 transcription factor-binding site also displays a regulatory role in 

expression from the hGSR promoter based on the data from the mutagenesis experiments. 

A probe containing the GC2 binding site was analyzed to determine which transcription 

factors bind to this region of the promoter (Fig. 8). The probe identifies several 

complexes that bind to the GC2 region of the promoter. Competition assays involving 
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Figure 31. Analysis of the ability of transcription factors to bind the GC2 site was 

examined by EMSA utilizing nuclear extracts from HeLa cells. A). Competition assays 

with unlabeled promoters reveal that several complexes can bind the GC2 site including a 

potential Sp1/Sp3 complex. B). Supershift assays with antisera against Sp1 and Sp3 

reveal Sp3 as the transcription factor that binds the promoter.  
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HeLa cell nuclear extracts and unlabeled dGA probe or unlabeled ARE probe have no 

effect on the binding of complexes to the GC2 probe, indicating that GABP does not bind 

in this region of the promoter. An Sp1 consensus site is also used as a competitor and is 

able to compete the binding of the two most prominent complexes to the probe (Fig 31), 

implicating Sp1 and Sp3 as possible factors within these complexes. When antiserum 

against Sp3 is added to the reaction and the EMSA analysis is run, there is a supershift in 

one of the complexes. The antiserum against Sp1 does not affect the migration pattern of 

any complexes that bind the GC2 probe (Fig 31B). Sp3 from HeLa cells is able to bind 

the GC2 transcription factor-binding site of the hGSR promoter. These data implicate 

GABP and Sp3 as the prominent regulatory transcription factors bound to the hGSR 

promoter. 

 

Determination of the activity of the ARE in the hGSR promoter. 

 

Within the promoter of the hGSR there is an antioxidant response element (ARE) 

upstream of the mtAUG and cytAUG but downstream of the GC3 site (Fig 32). The wild-

type and ARE knock out promoters were analyzed for their ability to activate expression 

of luciferase from the hGSR promoter. The expression from the ARE mutant is the same 

as the expression from the wild-type promoter. The functionality of the ARE was 

examined by contransfecting the ARE mutant promoter and the wild-type promoter with 

a construct expressing nrf2 constitutively. The nrf2 (human homolog to GABP) 

expression vector was titrated into the transfection to determine if varying amount of nrf2 

affected expression from the promoter. The expression level of luciferase from the
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Figure 32. The ARE within the hGSR promoter was examined for activity. A). The hGSR 

promoter is activated by cotransfection with a nrf2 expression construct in a dose 

dependent manner. B). The ARE sequence is bound by Ap1, which can be competed 

from binding the hGSR ARE by unlabeled excess consensus ARE or an Ap1 binding site. 
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wild-type promoter increased as the amount of nrf2 expression vector was increased. The 

ARE mutant promoter showed no change in expression related to the addition of the nrf2 

expression vector. The ARE mutant promoter maintains the expression level of wild type 

promoter with no nrf2 cotransfected (Fig. 32A). The ARE region was also examined for 

the ability of transcription factors to bind to the region. In competition assays with 

unlabeled probes for consensus transcription factor binding sequences, the binding to the 

promoter could be out competed by an ARE consensus sequence and a binding site for 

Ap1. The binding to the probe could not be completely competed by the Sp1 consensus 

oligonucleotide or a dGA oligonucleotide. The dGA oligonucleotide did appear to inhibit 

the binding of a small complex that could potentially be nrf2 bound to the ARE probe 

(Fig. 32). These results indicate that the ARE is active, can be bound by Ap1, and can be 

activated by overexpression of nrf2 by cotransfection with the nrf2 expression vector. 

 

Identification of the functional translational start sites in the hGSR promoter. 

 

There are three potential translational start sites in the hGSR promoter, an 

upstream, out of frame AUG (uAUG), an AUG at the start of the mtGSR (mtAUG), and 

an AUG at the start of the cytoplasmic (cytAUG) form of the protein. The uAUG has a 

translational stop site within the mitochondrial leader sequence that is out of frame with 

the mtAUG open reading frame. The position of the stop codon within the uAUG open 

reading frame is such that translation cannot be initiated from the mtAUG as the mtAUG 

is located within the open reading frame, however, the stop codon is located far enough 

upstream of the cytAUG that translation could be stopped from the uAUG and possibly 
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Figure 33. The expression of luciferase from the pCDNA1-hGSR-luciferase vector with 

mutants to the AUGs. The mutated translational start sites are noted by the circle with an 

X through it. The white arrows represent the sites that have not been mutated. The gray 

arrow represents the optimization of the mtAUG context. The activity of each mutant 

increases when the uAUG is knocked out implicating the uAUG in repression.  

 
 
 
 
 
 
 
 
 

 127



 
 
 
 
 
 
 
 

 

     Luciferase activity (%wt) 
           100       200       300      400   

GSRwt 

mtopt/cytKO/uAUGKO 

mtKO 
mtopt 
cytKO 

mtopt/cytKO 
uAUGKO 

mtKO/uAUGKO 
mtopt/uAUGKO 
cytKO/uAUGKO 

Luciferase

         uATG  ARE                   mtATG                                 cytATG 

           GC3                  GC2    GA3           GC1   GA2 GA1 

 
 
 
 
 
 
 
 
 
 
 

 128



reinitiate at the cytAUG (Fig 33). Within the context of the pCDNA1-GSR-luciferase 

expression vector, each of the AUGs was mutated and the expression from each mutated 

promoter was analyzed. In single mutant with the cytAUG knocked out, the expression 

level was reduced to only about 10% of wild-type activity. With the uAUG still intact, 

the mtAUG was knocked out and the expression level from the pCDNA1-GSR-luciferase 

expression vector was increased slightly, to just over 120% of the wild-type expression. 

This slight increase in expression from the hGSR promoter when the mtAUG is knocked 

out could be due to the nonconsensus Kozak sequence near the mtAUG slightly 

inhibiting translation. If this were the case, it would be expected that the expression from 

the promoter would be increased if the mtAUG Kozak sequence was optimized by site-

directed mutagenesis to be identical to the cytAUG Kozak sequence. When the mtAUG 

context is optimized, the mutant has only about 22% of the activity of the wild-type 

promoter. In the double mutant with the cytAUG knocked out and the mtAUG optimized, 

the analysis of the expression levels of the mutant revealed that expression levels of 

luciferase were only about 19% that of the wild-type promoter. The fact that this did not 

restore wild-type activity could be caused by translation initiating from the uAUG. 

Because of the strong CMV promoter upstream of the hGSR promoter, all the transcripts 

should have an mRNA 5’-terminus upstream of the uAUG. When the uAUG is mutated, 

overall expression is increased to about 140% of wild-type activity, indicating the uAUG 

can initiate translation, interfering with translation from the mtAUG. The uAUG mutant 

has been incorporated into the other pCDNA1-hGSR-luc as multiple mutants with the 

other translational start site mutants. The uAUG-mtAUG double knockout mutant gave 

the greatest change in expression from the promoter as this mutant had expression levels 
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of over 380% greater than the wild type activity, possibly by removing the inhibition of 

the two upstream AUGs. When the uAUG mutant is incorporated into the vector already 

containing the optimized mtAUG increases the expression from 22% to 46% of the wild-

type activity when compared to the mtAUG optimized. In the uAUG-cytAUG double 

knockout mutant, the levels of expression increase from 10% to 16% for the cytAUG 

knockout. When the uAUG is mutated in the mutant promoter that has the mtAUG 

optimized and the cytAUG knocked out, the expression from the promoter increases from 

18% to about 28% (Fig 33). These results indicate that there is some regulation of the 

expression from the promoter at the translational level. The uAUG has a role that does 

inhibit some translation from the GSR transcript as can be evidenced by the observation 

that all of the mutants of the uAUG increase the expression from the promoter. Also, the 

mtAUG has a role in the regulation as well. Mutation of the mtAUG to the optimized 

form has only about 20% of the activity of knocking the mtAUG out, indicating a role for 

the mtAUG in the expression from the hGSR promoter.  

The results of the 5’RACE experiment seem to be contradicted by the results of 

the PCR analysis of the HeLa cells cDNA library. There is also some evidence based on 

the mutagenesis of the potential translation start sites that the expression of GSR is 

regulated translationally. In the 5’RACE the GeneRacer RNA-oligo is added only to the 

5’-termini of capped mRNAs. In an in vitro translation assay the effect of the cap on 

translation from the hGSR promoter was investigated. The transcript was expressed from 

the previously described pCDNA1-hGSR-luciferase expression vector. The translation of 

the fusion protein in an in vitro assay was then determined. Translation from the 

uncapped transcript expressed more protein in which translation initiated from the  
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Figure 34. Analysis of the ability of the hGSR transcripts to be translated from both 

capped and uncapped messages. A). The design of the promoter construct to ensure that 

all the transcripts are initiated from a single promoter. B). The translation from uncapped 

and capped mRNA is examined. The major difference is in the wt and the mtopt hGSR 

promoters between the translation from capped and uncapped message. The translation 

from the uncapped mRNA favors the mtAUG when the sequence surrounding the AUG 

is made identical to the sequence surrounding the cytAUG, indicating a possible IRES. 

This in not the case in the expression from capped mRNA. 
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cytoplasmic start site. When the mtAUG was knocked out the transcription occurred 

exclusively from the cytAUG, and the expression appears to increase from the cytAUG. 

When the cytAUG is knocked out, the expression is exclusively from the mtAUG, but the 

amount of mtLuc does not appear to increase (Fig. 33). The expression from the mutant 

with the mtAUG context optimized shifted the expression from the cytAUG to a majority 

of the expression then coming from the mtAUG. The double mutant with the mtAUG 

optimized and the cytAUG knocked out gives exclusive expression from the mtAUG. 

The significant mutant is the mutant with the optimized mtAUG Kozak sequence, where 

the translation shifts to start at the mtAUG, indicating in uncapped mRNAs leaky 

scanning could regulate translation start site selection in the hGSR mRNA. In a capped 

mRNA the wild type AUGs the majority of the translation initiates from the mtAUG. 

When the mtAUG is optimized, almost all of the translation is initiated from the mtAUG 

(Fig 34). This result is even more significant when it is considered that the capping 

reaction is only about 50-80% effective, meaning that essentially all of the capped 

message initiates from the mtAUG. These data would support a model of translational 

regulation in uncapped mRNA but the leaky scanning model would not be consistent 

with translation from the capped mRNA. 

 

An IRES does not appear to be present in the hGSR mRNA. 

  

Another possible mechanism for the regulation of the expression of hGSR is 

through the presence of an IRES. There has not been any evidence presented to suggest 

that an IRES is present in the hGSR mRNA, but the predicted secondary structure of the  
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Figure 35. The expression of the dual luciferase from the promoter construct (Fig 6) 

shows that an internal ribosomal entry site is unlikely. If it does occur it is at a very small 

amount and likely would not affect expression in a significant manner. The expression of 

firefly luciferase from the construct testing for the IRES, gives the same amount of 

expression of firefly luciferase as a promoter-less construct. The expression of firefly 

luciferase from the GSR-ffLuc vector was set at 100 % and expression of the other 

expression vectors were compared to expression from the GSR-ffLuc expression vector. 
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5’-untranslated region of the hGSR mRNA contains a region with similar structure to the 

Y-type stem-loop of the BiP IRES (Le and Maizel, 1997). To investigate the possibility 

of an IRES, a promoter construct was made to test the expression of both renilla and 

firefly luciferase (Fig. 6). The expression of firefly luciferase from the rLuc-GSR-ffLuc 

promoter would provide evidence for an IRES. The expression of firefly luciferase from 

the promoter was measured and found to express luciferase at levels similar to the pGL3-

BASIC promoterless vector (Fig. 35). These data indicate that an IRES is likely not 

present within the hGSR mRNA, indcating another method of regulating expression of 

hGSR. 
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DISCUSSION 

Analysis of mGABPα/CF6 Bi-directional Promoter  

 

 

The primary source of ROS in most cell types is the ETC (Boonstra and Post, 

2004; Halliwell and Gutteridge, 1999). ROS are formed when molecular oxygen is 

incompletely reduced by the ETC about three to four percent of the time forming 

superoxide radicals. Superoxide radicals can be reduced to hydrogen peroxide and the 

hydroxyl radical. In order to minimize the formation of ROS the expression of the 

proteins ETC must be coordinated (Wallace, 1999). Genes from many of the proteins of 

the ETC have potential GABP binding sites within their promoter regions, implicating 

GABP as an important regulator of ETC protein expression (Gleyzer et al., 2005; Kelly 

and Scarpulla, 2004; Scarpulla 1997; Villena et al., 1998; Virbasius and Scarpulla, 1994). 

GABP is also critical for early embryogenesis (Ristevski et al., 2004). GABPα is critical 

in most cell types, and there are regulatory mechanisms for ensuring proper levels of 

expression. In mice heterozygous for the GABPα protein the expression levels of 

GABPα are similar to the expression levels in wild-type mice, even though they have 

only a single copy of the gene (Ristevski et al., 2004), and gene dosage does not cause an 

overexpression of GABPα (O’Leary et al., 2004). Understanding the regulatory 

mechanism of the expression of GABPα is essential for understanding the regulation of 

GABP and the role GABP has in the regulation of embryogenesis and ETC coordination. 

The presence of GABP binding sites within the promoter region of the mGABPα/CF6 bi-

directional promoter provides a potential auto-regulatory mechanism for the expression 
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of GABPα. The redox sensitive cysteine residues present in the DNA binding and 

dimerization domains of GABPα provide a potential method for regulating the 

expression of genes under the control of GABP under oxidative stress conditions (Martin 

et al., 1996; Chinenov et al., 1998 and 2000b).  

The mGABPα/CF6 bi-directional promoter has a YY1 and a Sp1/3 transcription 

factor binding site in addition to the four GABP binding sites. These binding sites 

contribute to the regulation of expression from the promoter. There are other binding sites 

in the flanking sequences of the core promoter, including binding sites for δEF1/SIP1, B-

Myb, T3R, and an antioxidant response element (Chinenov et al., 2000a), which 

potentially participate in the regulation of the promoter under stress conditions or in a 

tissue specific manner. The mutation of these potential binding sites has no effect on the 

expression from the promoter when transfected into A92L cells indicating that the other 

transcription factor binding sites likely do not effect transcription from the core promoter. 

Mutation of the GA1 binding site does have the most significant effect on expression 

from the promoter (Fig 10-13). For efficient transcription from the promoter construct, it 

is necessary for the GA1 site to remain intact with another GABP binding site present. 

The expression from the promoter is coordinated between GABP, Sp1/3, and YY1. The 

presence of YY1 or Sp1/3 is not required for transcription from the promoter in either 

direction but does increase efficiency of expression. The YY1 binding site has a role in 

transcription, especially from the CF6 promoter. The expression levels from the double 

mutants involving the YY1 binding site and one of the GA binding sites demonstrate this 

regulation. The closer the GA binding site was to the YY1 site the greater the decrease in 

expression became. The regulation of promoter activity from the GABP binding sites 
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depends predominantly on the binding of GABP to these sites but the possibility remains 

that another Ets-related factor is able to bind the GABP sites and contribute to promoter 

activity, although none have been shown to bind in vitro.  

There is a growing list of promoters that share binding sites for GABP, Sp1, and 

YY1 but lack a discernable TATA motif. These promoters direct the transcription of a 

wide variety of genes. There are many genes encoded from this type of promoter. 

Nth11/Tsc2 is an endonuclease III homolog and is associated with tuberous sclerosis 

(Ikedi et al., 2000). Several other proteins including Surf-1/Surf-2, within the Surfeit 

locus in mammals (Vernon and Gaston, 2000), Hsp60/Hsp10, which encodes 

mitochondrial chaperones (Hansen et al., 2003), poly ADP ribose polymerase/RNaseP 

(Ame et al., 2001), VCLAD/PSD-95, which encodes a very long chain acyl COA 

dehydrogenase and a postsynaptic density protein (Zhang et al., 2003), and DHFR/MRP1 

(Shinya and Shimada, 1994) are expressed from promoters the contain GABP, Sp1, and 

YY1 binding sites but lack a TATA motif. The regulation of these bidirectional 

promoters may be coordinated or independent. The promoters share the regulatory 

elements within the promoter regions including the importance of the GA1 binding site. 

The response of the genes to oxidative stress was tested to determine the effect of 

oxidative stress on expression from the promoters.  

The mGABPα/CF6 bi-directional promoter expression is regulated by 

transcription factors that are known to be responsive to oxidative stress. There are three 

cysteine residues in the DNA binding domain and the dimerization domain of GABPα 

which prevent the formation of complex on DNA when the proteins are placed under 

oxidizing conditions (Chinenov et al., 1998). GABP binding sites are also present in 

 139



many of the proteins in the electron transport chain, the major intracellular source of 

oxidizing agents and ROS. The need for coordinated regulation of the proteins of the 

electron transport chain also point to the need of a method of coordinating the regulation 

under oxidative stress. The presence of the GABP binding sites within the promoters of 

many of these proteins makes GABP a likely regulator for the expression of these 

proteins. Also, since many of these proteins are involved with processes that cause 

oxidative stress and the ability of GABP to bind DNA is redox sensitive, regulation 

through GABP is logical. Understanding how GABP is regulated under oxidative stress 

would aid in understanding the cellular response to oxidative stress. It was expected that 

the mGABPα/CF6 bi-directional promoter would be regulated in response to oxidative 

stress. These experiments have shown that the expression from the mGABPα/CF6 bi-

directional promoter is unaffected by the addition of hydrogen peroxide to the cell 

culture. This surprising result could be explained by a couple of possibilities. One 

possibility is that the promoter is not responsive to oxidative stress. The regulation by 

GABP of the other proteins could be at the protein level with GABP unable to initiate 

transcription from the promoters of the proteins of the electron transport chain. There is 

also the possibility that the cells are already adapted to oxidative stress so the addition of 

hydrogen peroxide does not affect expression from the mGABPα/CF6 bi-directional 

promoter. The growth of cells at 20% oxygen does cause cells to be under constitutive 

oxidative stress. Since the cells are under oxidative stress the cells do not further respond 

to the addition of an oxidizing agent. The alternative to examine whether the cells had 

already adapted to oxidative stress would be to grow the cells in a hypobaric chamber 

where the oxygen is regulated at about three percent, which is the normal level of oxygen 
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encounter in vivo. This would not allow the cells to preadapt to the oxidative stress. 

These conditions would likely elicit a different response to the addition of the H2O2. 
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Analysis of the hGSR promoter  

 

 

The expression of GSR has the potential to be regulated at both the transcriptional 

and translational level. The transcription factor binding sites within the hGSR promoter 

regulate the expression of luciferase from the hGSR promoter. The mutation of these 

transcription factor-binding sites shows that the GC2 site displays the significant control 

of expression in the promoter. When the GC2 site is knocked out as a single mutant, the 

expression from the promoter is reduced to less than 60% of the wild-type expression 

levels. When this site is mutated as part of a double mutant with any of the other 

transcription factor binding sites, the expression is reduced, implicating the GC2 site as 

an important regulator. The most significant decrease in expression is observed in the 

GA3/GC2 double mutant, which reduces expression to 15% of the wild-type level (Fig. 

28). The GA3 probe was bound more tightly by the rGABP than the other GABP binding 

sites. There was even some formation of the GABP tetramer complex bound to the GA3 

probe, likely due to nonspecific binding of the GABP heterodimer complex to the DNA, 

as there was a large excess of GABP present (Fig. 29-30). In HeLa cell extracts, the GA3 

probe was bound the strongest by GABP but no heterotetramer complex formed on the 

probe, while the other probes were bound only by GABPα monomer (Fig. 30). 

Interestingly, when the GA3 site was mutated the promoter still expressed luciferase at 

90% of the wild-type level (Fig. 27), indicating that promoter binding does not 

necessarily relate to promoter activity. This implicates the GC2 site as the critical site for 

expression in this mutant. Sp3 binds the GC2 site (Fig. 31), so GABP and Sp3 appear to 
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form a critical complex on this promoter that forms efficiently on the GC2 and GA3 

binding sites and inefficiently on any of the other binding sites. It appears from these data 

that the other GABP binding sites can at least somewhat effectively compensate for the 

lack of the GA3 site, but the GC1 and GC3 sites are not functionally redundant with the 

GC2 site. These data do provide a potential mechanism for transcriptional regulation of 

expression from the promoter. 

Transcriptional regulation of expression from the promoter is also suggested by 

the data from the 5’-RACE, suggesting that the majority of transcripts initiate from the 

within the MLS (transcript 3, Fig. 24). The major product from 5’-RACE was purified, 

cloned, and sequenced to reveal four transcripts that originate within the MLS, and the 

minor PCR product reveals only a single transcript initiating upstream of the MLS. There 

are other minor PCR products present in the 5’-RACE experiment that would produce 

longer transcripts (Fig 25), however none of these PCR products was present in large 

enough concentration to separate the transcripts from the gel. This would suggest that the 

isoform of GSR expressed is regulated on the transcriptional level. However, when the 

amount of HeLa cell RACE ready cDNA was analyzed by PCR, it produced identical 

amounts of product for both the total GSR transcripts and mtGSR transcripts. This result 

indicates that a large majority of the transcripts initiate upstream of the mtAUG, 

implicating translational control as the major regulator of mt- and cytGSR expression. 

These results indicate a confliction between possible translational and transcriptional 

regulation of expression of GSR. 

 If the majority of transcripts initiate upstream of the mtAUG, there must be some 

form of translational regulation over the expression of GSR. There are other data that 

 143



support a theory that the major source of regulation is from translation. For the regulation 

to be at the translational level there would have to be a mechanism by which the AUG 

can be selected for expression. Eukaryotic mRNAs consist of the 5’-cap (m7GpppN), the 

5’-untranslated region (UTR), the initiator AUG, the open reading frame, the 3’-UTR, 

and the poly A tail (Kozak, 1989; Kozak, 2001; Kozak, 2002). The translation is initiated 

by the recruitment of the 43S subunit of the ribosome to the capped mRNA by eukaryotic 

initiation factor 4F (eIF4F). The ribosome will then scan the mRNA for the first available 

AUG to initiate translation from which to initiate transcription (Gingras et al., 1999). 

Many mRNAs with a highly structured 5’-UTRs are not translated efficiently unless there 

is excess eIF4E available. The requirement of a cap to recruit eIF4F, which recruits the 

43S subunit of the ribosome, could have a role in the regulation of GSR expression. An in 

vitro translation assay was performed on the pCDNA1-GSR-luciferase construct in both 

uncapped and capped transcripts. In the uncapped transcript, the cytAUG was 

preferentially selected, but when the mtAUG context is optimized, the mtAUG is 

preferentially selected. Transcription is more efficient from the mtAUG in a capped 

message, which is the only type of mRNA expected in cells, unless the mRNA is targeted 

for degradation. The efficiency of the translation from an AUG can depend on several 

features of the mRNA including the sequence context of the AUG, the secondary 

structure of the mRNA, and the presence of an upstream open reading frame. 

Nonideal sequence context of the AUG can lead to “leaky scanning” of the 

ribosome in which the ribosome does not initiate translation from the AUG furthest 

upstream. The sequence context of the cytAUG is an ideal Kozak sequence for translation 

initiation. The mtAUG and the uAUG are both in suboptimal contexts, as the mtAUG has 
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a mismatch at the –3 position, and the uAUG has mismatches at the –3 and +4 positions 

(Byrd et al., 2002; Kozak, 1989; Kozak, 2001; Kozak, 2002). The presence of these 

suboptimal initiation sequences alone cannot explain the differences in expression of 

mtGSR and cytGSR. The mtGSR has an adequate context for translation initiation so the 

levels of mtGSR expressed in most cells would not be expected to be as low as what is 

observed (~three to five percent), except in cardiac and skeletal muscle cells where up to 

40% of the cellular volume is mitochondria and the mtGSR is expressed at levels in 

accordance with the percentage of mitochondrial cell volume. The data from the 

mutagenesis of the translational start sites does not support a “leaky scanning” 

hypothesis. If the sole method of regulating mtGSR and cytGSR was through leaky 

scanning then when the mtAUG is mutagenized into an optimal translation context then it 

would be expected that expression from the promoter would be maintained close to wild-

type levels. Also, when the mtAUG is optimized and the cytAUG is knocked out we 

would expect expression to be maintained near wild-type levels. However, this is not 

what is observed. The reason for the low levels of expression from the GSR promoter 

when the mtAUG is optimized remains a mystery as more data will be required to 

determine why expression from the mtAUG is not maintained near wild-type levels, but 

“leaky scanning” does not appear to be a major method of regulating mtGSR and cytGSR 

expression. 

Inhibition due to an upstream open reading frame (uORF) could help to explain 

some of the difference in expression of the two GSR proteins. The uORF initiates 

translation upstream and out of frame with the mtAUG and cytAUG. Translation could 

initiate from this uAUG, although the context is poor, and prevent translation from the 
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mtAUG. The translation of this uORF would not affect translation of the cytGSR though. 

The uORF has a stop codon within the mitochondrial leader sequence (hence, being out 

of frame with the mtAUG is important) that would cease translation but could allow the 

ribosome to reinitiate transcription downstream at the cytAUG (Huez et al., 1998; 

Kochetov, 2005; Meijer and Thomas, 2002). The uAUG is also in a poor context for the 

initiation of translation and likely would be subject to “leaky scanning” resulting in 

initiation from the mtAUG. The effect of the uAUG on the expression of luciferase was 

examined by mutating the uAUG in conjunction with mutations to the mt- and cytAUGs. 

The uAUG has a negative effect on expression from the hGSR promoter, as knocking out 

the uAUG increases expression in each of the mutants. The expression increases to 

almost double the single mutant activity for each of the mutants with the exception of the 

uAUG-mtAUG knockout double mutant, which has activity levels about triple the 

mtAUG knockout single mutant. The uORF likely has a regulatory role in which form of 

GSR is expressed provided that all transcripts initiate upstream of the uAUG. The 

expression from the single mutants of the pCDNA1-hGSR-luciferase construct does not 

present a clear translational regulation model. If the translational regulation was only 

through “leaky scanning,” it would be expected that the optimization of the mtAUG and 

knockout of the cytAUG would be able to express luciferase at the same level as the 

wild-type vector, but this is not observed (Fig 34). The uAUG KO- mtAUG optimized 

double mutant has less than 20% the activity of wild-type promoter, implicating other 

methods of regulation as well. 

A third potential regulator of the two translational start sites would be the 

secondary structure of the mRNA. All three possible types of transcripts of the GSR 
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mRNA are predicted to exhibit extensive secondary structure when using the mfold 

software (Mathews et al., 1999) (Fig 36). The secondary structure of the mRNAs from 

transcript one and two are able to exhibit secondary structure that is very stable in nature 

making translation initiation difficult (Gross et al., 1990; Kozak, 1989; Kozak, 2001; 

Kozak, 2002; Svitkin et al., 2001). While some regions of the three transcripts are 

common, other portions have significant enough differences that produce alternative start 

sites for translation initiation. The mRNA secondary structures could play a role in 

selection of the mt- or cytAUG.  

There is also a fourth possibility that an internal ribosomal entry site (IRES) is present in 

the transcript. IRES have been described in viral systems, however their presence on 

cellular systems is not universally accepted (Han and Zhang, 2002; Komar, and 

Hatzoglou, 2005; Stoneley and Willis, 2004). Cellular IRES have been described in some 

mRNAs encoding a wide variety of proteins, including immunoglobulin heavy chain 

binding protein (BiP) (Le and Maizel, 1997), vascular epidermal growth factor (Huez et 

al., 1998), Apaf-1 (Mitchell et al., 2001), eIF4GI isoforms (Nevins et al., 2003), and c-

myc (Stoneley et al., 2000). While the presence of an IRES has not been described to date 

in the hGSR mRNA, the secondary structure predictions for the GSR mRNA include 

structures similar to those seen in the Y-type stem-loop of the BiP IRES (Le and Maizel, 

1997). Further investigation will need to be done to determine which of these 

mechanisms contribute to the regulation of hGSR promoter as well as whether there is an 

affect of oxidative stress on promoter function.  
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Figure 36. Predicted secondary structures for three possible transcripts of hGSR, 

depending on the transcriptional initiation site. 
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The GSR promoter has been shown to be sensitive to the redox state of the cell. 

The presence of the ARE in the promoter region could be part of the regulation of 

expression of GSR under oxidative stress. When the ARE site is knocked out there is no 

response to the expression of GSR, however, when the ARE knockout and wild-type 

promoters are cotransfected with nrf2, the wild-type promoter displayed increased 

expression from the promoter while the expression from the ARE knockout remained 

unchanged. The binding to the ARE could be competed away by an excess of unlabeled 

oligonucleotides that contained a consensus site for either an ARE or the Ap1 

transcription factor. These results indicate the ARE is functional and implicate the ARE 

site as necessary for stimulation by nrf2, likely through a complex of Ap1/nrf2.  

The results observed in these experiments implicate a complex method of 

regulation of the hGSR promoter. The ability to increase the expression of mtGSR in 

response to oxidative stress is critical for cellular function and survival. The 

understanding of the regulation of the hGSR promoter will provide a great deal of insight 

to the mechanism by which the cell responds to oxidative stress. The role of translation 

regulation will also provide additional understanding to the field of translational 

regulation. The transcriptional and translational aspects to regulation from the hGSR 

promoter provide an interesting platform for further investigations to take place. The lab 

will continue experiments to examine the possible methods of regulation of GSR 

expression. The factors which bind to the secondary structure will be determined. Also, it 

will be necessary to better define the 5’-termini of the hGSR mRNA. This will be 

accomplished through high resolution 5’-RACE or primer extension. 
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CONCLUSIONS 

 

 

The mGABPα/CF6 bi-directional promoter is regulated by GABP but does not respond 

to treatment with H2O2. 

 

 The mGABPα/CF6 bi-directional promoter is regulated by GABP in cooperation 

with YY1 and Sp1/3. The role of Sp1/3 appears to be one of inhibition, while GABP and 

YY1 function to activate expression from the promoter. Complexes form on different 

regions of the promoter to coordinate the regulation of transcription. These studies have 

shown a complex including GABPαβ/Sp1/3 binds to the probe containing the region of 

the promoter containing the GA4 binding site and the Sp1/3 binding site. Functional 

interactions have been demonstrated between GABP and YY1, as the mutation of these 

two binding sites has an inhibitory effect on transcription. It is reasonable to assume that 

YY1 and GABP interact physically on this promoter although the interaction may be 

through an intermediary such as YEAF-1, which has been shown to interact with both 

proteins and even form a ternary complex (Du et al., 1998).  

Since GABP is sensitive to oxidative stress, the binding of GABP to the 

mGABPα/CF6 bi-directional promoter allows for the possibility of expression from the 

mGABPα/CF6 bi-directional promoter being sensitive to oxidative stress. The expression 

of luciferase from the mGABPα/CF6 bi-directional promoter was unaffected by the 

addition of H2O2. These results do not necessarily mean the mGABPα/CF6 bi-directional 

promoter would not respond to another type of oxidant. Confirmation of the response to 
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oxidative stress of the mGABPα/CF6 bi-directional promoter should be attempted. To 

ensure that the cells were not preadapted to oxidative stress due to exposure to 

atmospheric levels of oxygen, the oxidative stress tests should be repeated in cells that 

are grown at oxygen levels similar to physiological levels. Other oxidants should be used 

as well. GABP was sensitive to oxidative stress when treated with DEM. The response of 

the mGABPα/CF6 bi-directional promoter to other forms of oxidants including DEM 

should be tested. DEM is a GSH depleting agent and GABP is inactivated by treatment 

with DEM. The concentration of H2O2 used in this experiment may not be enough to 

cause depletion of GSH and therefore be unable to inactivate GABP. The response of the 

mGABPα/CF6 bi-directional promoter to other oxidants may cause a response to 

oxidative stress. 

 

The GSR gene appears to be regulated at both the transcriptional and translational 

level. 

 

 The hGSR promoter is regulated primarily through complexes that form at the 

GC2 and GA3 site on the promoter. The GA3 complex is bound more tightly by GABP 

than the other GABP binding sites. A Sp3 complex binds the promoter at the GC2 

binding site. The binding of these two transcription factor binding sites by transcription 

factors indicate that the hGSR promoter is regulated by the binding of GABP and Sp3 to 

the promoter complex. 

 The regulation of translational start site selection has not been clearly illustrated at 

this time. The results of the 5’RACE experiment displays a transcriptional control over 
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AUG selection as transcripts are present with only the cytGSR AUG present in some of 

the transcripts. These results though are contradicted by the measurement of GSR cDNAs 

present in a HeLa cell cDNA library. PCR measurements of the GSR present in the 

cDNA library from HeLa cells indicates that the vast majority if not all of the GSR 

transcripts are initiated upstream of the mtGSR AUG. The contradiction between these 

two results needs to be resolved. The 5’RACE experiment should be repeated with a 

thermal stable reverse transcriptase. The secondary structure of the RNA upstream of the 

cytGSR AUG is rather extensive. The thermal stable reverse transcriptase would allow 

the secondary structure to be denatured at the higher temperatures that the experiment 

will be repeated.  

 The presence of three AUGs within the mRNA does display some regulation over 

the selection of the start site. The uAUG regulates expression from the mRNA containing 

all three AUGs, decreasing the GSR expression. The mtGSR AUG has a regulatory role 

in translation as well as optimizing the context of the AUG decreases expression rather 

than maintaining wild-type expression.  

 The regulation of the translational start site selection of the hGSR promoter has 

not been clearly illustrated at this time. The results presented in this dissertation provide 

evidence for both transcriptional and translational control over start site selection. Further 

experimentation will be needed to determine the regulation of expression of mt- and 

cytGSR from the hGSR promoter. 

 153



REFERENCES CITED 

 

Adams, J.D., Lauterburg, B.H., and Mitchell, J.R. (1983) Plasma glutathione and 
glutathione disulfide in the rat: regulation and response to oxidative stress. 
Journal of Pharmacology and Experimental Therapeutics. 227:749-754. 

 
Aebi, H. (1984) Catalase in vitro. Methods in Enzymology 105:121-126. 
 
Agorio, A., Chalar, C., Cardoza, S., and Salinas, G. (2003) Alternative mRNAs arising 

from trans-splicing code fro mitochondrial and cytosolic variants of Echinococcus 
granulosus thioredoxin glutathione reductase. Journal of Biological Chemistry 
278:12920-12928. 

 
Akerboom, T.P.M., Bilzer, M., and Sies, H. (1982) The relationship of biliary glutathione 

disulfide efflux and intracellular glutathione disulfide content in perfused rat liver. 
Journal of Biological Chemistry. 257:4248-52. 

 
Akiyama, S., Endo, H., Inohara, N., Ohta, A., and Kagawa, Y. (1994) Gene structure and 

cell type-specific expression of the human ATP synthase α subunit. Biochimica et 
Biophysica Acta  1219:129-140. 

 
Aksenov, M.Y., Tucker, H.M., Nair, P., Aksenova, M.V., Butterfield, D.A., Estus, S., and 

Markesbery, W.R. (1999) The expression of key oxidative stress-handling genes in 
different brain regions in Alzheimer's disease. Journal of Molecular Neuroscience 
11:151-164. 

 
Ame, J-C., Schreiber, V., Fraulob, V., Dolle, P., de Murcia, G., and Niedergang, C. P. 

(2001) A bidirectional promoter connects the poly (ADP-ribose) polymerase 2 
(PARP-2) gene to the gene for RNase P RNA. Journal of Biological Chemistry 
276:11092-11099. 

 
Anderson, M.F. and Sims, N.R. (2000) Improved recovery of highly enriched 

mitochondrial fractions from small brain tissue samples. Brain Research Protocols 
5:95-101. 

 
Andersson, U., Houstek, J., and Cannon, B. (1997) ATP synthase subunit c expression: 

physiological regulation of the P1 and P2 genes. Biochemical Journal 323:379-385. 
 
Ankacrona, M., Dypbukt, J.M., Bonfoco, E., Zhivotosky, B., Orrenius, S., Lipton, S., and 

Nicotera, P. (1995) Glutamate-induced neuronal death: a succession of necrosis or 
apoptosis depending on mitochondrial function. Neuron 15:961-973. 

 

 154



Atamna, H., Robinson, C., Ingersoll, R., Elliot, H., and Ames, B.N. (2001) N-t-butyl 
hydroxylamine is an antioxidant that reverses age-related effects in mitochondria in 
vivo and in vitro. FASEB Journal 15:2196-2204.  

 
Avots, A., Hoffmeyer, A., Flory, E., Cimanis, A., Rapp, U.R., and Serfling, E. (1997) 

GABP factors bind to a distal interleukin 2 (IL-2) enhancer and contribute to c-Raf-
mediated increase in IL-2 induction. Molecular and Cellular Biology 17:4381-4389. 

 
Bae, Y.S., Kang, S.W., Seo, M.S., Baines, I.C., Tekle, E., Chock, P.B., and Rhee, S.G. 

(1997) Epidermal growth factor (EGF)-induced generation of hydrogen peroxide. 
Role in EGF receptor-mediatedtyrosine phosphorylation. Journal of Biological 
Chemistry 272:217-221.   

 
Bannert, N., Avots, A., Baier, M., Serfling, E., and Kurth, R. (1999) GA-binding protein 

factors, in concert with the coactivator CREB binding protein/p300, control the 
induction of the interleukin 16 promoter in T lymphocytes. Proceedings of the 
National Academy of the Sciences, USA 96:1541-1546. 

 
Batchelor, A.H., Piper, D.E., de la Brousse, F.C., McKnight, S.L., and Wolberger, C. 

(1998) The structure of GABPα/β: an ETS domain-ankyrin repeat heterodimer bound 
to DNA. Science 279:1037-1041.  

 
Benedetti, A.D. and Graff, J.R. (2004) eIF-4E expression and its role in malignancies and 

metastases. Oncogene 23:3189-3199. 
 
Berlett, B. and Stadtman, E.R. (1997) Protein oxidation in aging, disease and oxidative 

stress. Journal of Biological Chemistry 272:20313-20316. 
 
Bibb, M. J., van Etten, F. A., Wright, D. T., Walberg, M. W., and Clayton, D. A. (1981) 

Sequence and gene organization of mouse mitochondrial DNA. Cell 26:167-180. 
 
Blobel, G.A. (2001) CREB-binding protein and p300: molecular integrators of 

hematopoietic transcription. Blood 95:745-755. 
 
Boonstra, J. and Post, J. A. (2004) Molecular events associated with reactive oxygen 

species and cell cycle progression in mammalian cells. Gene 337:1-13. 
 
Böttinger, E.P., Shelley, C.S., Farokhzad, O.C., and Arnaout, M.A. (1994) The human b2 

integrin CD18 promoter consists of two inverted Ets cis elements. Molecular and 
Cellular Biology 14:6204-6215. 

 
Brodie, A.E. and Reed, D.J. (1992) Glutathione disulfide reduction in tumor 

mitochondria after t- butyl hydroperoxide treatment. Chemico-Biological Interactions 
84:125-132. 

 

 155



Brown, G.C. (1992) Control of respiration and ATP synthesis in mammalian 
mitochondria and cells. Biochemical Journal 284:1-13.  

 
Bush, T.S., St. Coeur, M., Resendes, K.K., and Rosmarin, A.G. (2003) GA-binding 

protein (GABP) and Sp1 are required, along with retinoid receptors, to mediate 
retinoic acid responsiveness of CD18 (beta2 leukocyte integrin): a novel mechanism 
of transcriptional regulation in myeloid cells. Blood 101:311-317. 

 
Butterfield, D. A. and Kanski, J. (2001) Brain protein oxidation in age-related 

neurodegenerative disorders that are associated with aggregated proteins. Mechanics 
of  Ageing and Development 122:945-962. 

 
Bykova, N. V., Rasmusson, A.G., Igamberdiev, A.U., Gardestrom, P., and Moller, I.M. 

(1999) Two separate transhydrogenase activities are present in plant mitochondria. 
Biochemical and Biophysical Research Communications 265:106-111. 

 
Byrd, M. P., Zamora, M., and Lloyd, R. E. (2002) Generation of multiple isoforms of 

eukaryotic translation initiation factor 4GI by use of alternative translation initiation 
codons. Moecular and Cellular Biology 22:4499-4511. 

 
Carretero, J., Obrador, E., Pellicer, J.A., Pascual, A., and Estrela, J.M. (2000) 

Mitochondrial glutathione depletion by glutamine in growing tumor cells. Free 
Radical Biology and Medicine 29:913-923. 

 
Carter, R.S. and Avadhani, N.G. (1994) Cooperative binding of GA-binding protein 

transcription factors to duplicated transcription initiation region repeats of the 
cytochrome c oxidase subunit IV gene. Journal of Biological Chemistry 269:4381-
4387. 

 
Carter, R.S., Bhat, N.K., Basu, A., and Avadhani, N.G. (1992) The basal promoter 

elements of murine cytochrome c oxidase subunit IV gene consist of tandemly 
duplicated ets motifs that bind to GABP-related transcription factors. Journal of 
Biological Chemistry 267:23418-23426. 

 
Celli, A., Que, F.G., Gores, G.J., and LaRusso, N.F. (1998) Glutathione depletion is 

associated with decreased Bcl-2 expression and increased apoptosis in 
cholangiocytes. Americal Journal of Physiology 275:G749- G757.  

 
Chandel, N.S., Maltepe, E., Goldwasser, E., Mathieu, C.E., Simon, M.C., and 

Schumaker, P.T. (1998) Mitochondrial reactive oxygen species trigger hypoxia-
induced transcription. Proceedings of the National Academy of Sciences, USA 
95:11715-11720. 

 
Chappell, S. A. and Mauros, V. P. (2003) The internal ribosome entry site (IRES) 

contained within the RNA-binding motif protein 3 (Rbm3) mRNA is composed of 
functionally distinct elements. Journal of Biological Chemistry 278:33793-33800. 

 156



 
Chappell, S. A., Edelman, G. M. and Mauro, V. P. (2004) Biochemical and functional 

analysis of a 9-nt RNA sequence that affects translation efficiency in eukaryotic cells. 
Proceedings of the National Academy of Sciences, USA 101:9590-9594. 

 
Chen, Q., Vazquez, E. J., Moghaddas, S., Hoppel, C. L., and Lesnefsky, E. J. (2003) 

Production of reactive oxygen species by mitochondria: cental role of complex III. 
Journal of Biological Chemistry 278:36027-36031. 

 
Chen, Z. and Lash, L.H. (1998) Evidence for mitochondrial uptake of glutathione by 

dicarboxylate and 2-oxoglutarate carriers. Journal of Pharmacology and 
Experimental Therapeutics 285:608-618.  

 
Chinenov, Y., Coombs, C., and Martin, M. E. (2000a) Isolation of a bi-directional 

promoter directing the expression of the mouse GABPα and ATP Synthase Coupling 
Factor 6 genes. Gene 261:311-320. 

 
Chinenov, Y., Henzl, M., and Martin, M. E. (2000b) The α and β subunits of the GA-

binding protein form a stable heterodimer in solution. Revised model of 
heterotetramer complex assembly. Journal of Biological Chemistry 275:7749-7756. 

 
Chinenov, Y., Schmidt, T., Yang, X-Y., and Martin, M.E. (1998) Identification of Redox 

Sensitive Cysteines in GA-Binding Protein-α that Regulates DNA Binding and 
Heterodimerization. Journal of Biological Chemistry 273:6203-6209. 

 
Cho, B., Taylor, D.C., Nicholas, H.B., Jr., and Schmidt, F.J. (1997) Interacting RNA 

species identified by combinatorial selection. Bioorganic and Medicinal Chemistry 
5:1107-1113. 

 
Choi, Y.H. and Hagedorn, C.H. (2003) Purifying mRNAs with a high-affinity eIF4E mutant 

identifies the short 3’ poly A end phenotype. Proceedings of the National Academy of 
Sciences, USA 100:7033-7038. 

 
Choi, K., Kim, J.H., Paek, K. Y., Has, S. H., Ryu, S. H., Wimmer, E. and Jang, S. K. 

(2004) Identification of cellular proteins enhancing activities of internal ribosome 
entry sites by competition with oligonucleotides. Nucleic Acids Research 32:1308-
1317. 

 
Coffey, R.N.T., Watson, R.W.G., Hegarty, N.J., O’Neill, A., Gibbons, N., Brady, H.R., 

and Fitzpatrick, J.M. (2000). Thiol-mediated apoptosis in prostate carcinoma cells. 
Cancer 88:2092- 2104.  

 
Cohen, G., Farooqui, R., and Kesler, N. (1997) Parkinson disease: A new link between 

monoamine oxidase and mitochondrial electron flow. Proceedings of the National 
Academy of Sciences, USA 94:4890-4894. 

 

 157



Corpas, F.J., Barroso, J.B., Sandalio, L.M., Palma, J.M., Lupianez, J.A., and del Rio, 
L.A. (1999) Peroxisomal NADP-dependent isocitrate dehydrogenase. 
Characterization and activity regulation during natural senescence. Plant Physiology 
121:921-928. 

 
Cotgreave, I.A. and Gerdes, R.G. (1998) Recent trends in glutathione biochemistry: 

glutathione- protein interactions: A molecular link between oxidative stress and cell 
proliferation? Biochemical and Biophysical Research Communications 242:1-9. 

 
Cowley, D.O. and Graves, B.J. (2000) Phosphorylation represses Ets-1 DNA binding by 

reinforcing autoinhibition. Genes and Development 14:366-376. 
 
Curcic, D., Glibetic, M., Larson, D.E., and Sells, B.H. (1997) GA-binding protein is 

involved in altered expression of ribosomal protein L32 gene. Journal of Cellular 
Biochemistry 65:287-307. 

 
Davidson, J.F. and Schiestl, R.H. (2001) Mitochondrial respiratory electron carriers are 

involved in oxidative stress during heat stress in Saccharomyces cerevisiae. 
Molecular and Cellular Biology 21:8483-8489. 

 
Davies, K.J.A. (1999) The broad spectrum of responses to oxidants in proliferating cells: 

a new paradigm for oxidative stress. IUBMB Life. 48:41-47. 
 
Davies, K.J.A. (2000) Oxidative stress, antioxidant defense, and damage removal, repair 

and replacement systems. IUBMB Life. 50:279-289. 
 
De la Brousse, F.C., Birkenmeier, E.H., King, D.S., Rowe, L.B., and McKnight, S.L. 

(1994) Molecular and genetic characterization of GABP-beta. Genes and 
Development 8:1853-1865. 

 
Demple, B. and Halbrook, J. (1983) Inducible repair of oxidative DNA damage in 

Escherichia coli. Nature 304:466-468. 
 
Dignam, J. D., Lebovitz, R. M., and Roeder, R. G. (1983) Accurate transcription 

initiation by RNA polymerase II in a soluble extract from isolated mammalian nuclei. 
Nucleic Acids Research 11:1475-1489. 

 
Ding, W.H., Chu, S.Y., Jiang, H.F., Cai, D.Y., Pang, Y.Z., Tang, C.S., and Qi, Y.F. 

(2004) Plasma mitochondrial coupling factor 6 in patients with acute myocardial 
infarction. Hypertension Research 27:717-722. 

 
Dolphin, D., Poulson, R., and Avramovic, O., (Eds.) Glutathione:Chemical, Biochemical 

and Metabolic Aspects, Vols. A and B, J. Wiley and Sons (1989). 
 

 158



Donaldson, L.W., Peterson, J.M., Graves, B.J., and McIntosh, L.P. (1996) Solution 
structure of the ETS-domain from murine Ets-1: a winged helix-turn-helix motif. 
EMBO Journal 15:125-134. 

 
Douville, P., Hagmann, M., Georgiev, O., and Schaffner, W. (1995) Positive and 

negative regulation at the herpes simplex virus ICP4 and ICP0 TAATGARAT motifs. 
Virology 207:107-116. 

 
Du, K., Lue, J. I., Peng, Y., and Taub, R. (1998) Transcriptional up-regulation of the 

delayed early gene HRS/SRp40 during liver regeneration. Interactions among YY1, 
GA-binding proteins, and mitotic signals. Journal of Biological Chemistry 
273:35208-35215. 

 
Eftekharpour, E., Holmgen, A., and Juurlink, B.H. (2000) Thioredoxin reductase and 

glutathione synthesis is upregulated by t-butylhydroquinone in cortical astrocytes but 
not in cortical neurons. GLIA 31:241-248. 

 
Eklöw, L., Moldeus, P., and Orrenius, S. (1984) Oxidation of glutathione during 

hydroperoxide metabolism. A study using isolated hepatocytes and the glutathione 
reductase inhibitor 1,3-bis(2-chloroethyl)-1-nitrosourea. European Journal of 
Biochemistry. 138:459-63. 

 
Eklöw, L., Thor, H., and Orrenius, S. (1981) Formation and efflux of glutathione 

disulfide studied in isolated rat hepatocytes. FEBS Letters. 127:125-8. 
 
Erkmann, J.A. and Kutay, U. (2004) Nuclear export of mRNA: from the site of 

transcription to the cytoplasm. Experiments in Cell Research 296:12-20. 
 
Esposito, L.A., Kokoszka, J.E., Waymire, K.G., Cottrell, B., Macgregor, G.R., and 

Wallace, D.C. (2000) Mitochondrial oxidative stress in mice lacking the glutathione 
peroxidase-1 gene. Free Radical Biology and Medicine 28:754-766. 

 
Esteve, J.M., Mompo, J., de la Asuncion, J.G., Sastre, J., Asensi, M., Boix, J., Vina, J., 

and Pallardo, F.V. (1999) Oxidative damage to mitochondrial DNA and glutathione 
oxidation in apoptosis: studies in vivo and in vitro. FASEB Journal 13:1055-1064.  

 
Farber, J.L., Kyle, M.E., and Coleman, J.B. (1990) Mechanisms of cell injury by 

activated oxygen species. Laboratory Investigations 62:670-679. 
 
Finkel, T. (2001) Reactive oxygen species and signal transduction. IUBMB Life 52:3-6. 
 
Fitzsimmons, D., Hodsdon, W., Wheat, W., Maira, S.M., Wasylyk, B., and Hagman, J. 

(1996) Pax-5 (BSAP) recruits Ets protooncogene family proteins to form functional 
ternary complexes on a B-cell-specific promoter. Genes and Development 10:2198-
2211. 

 

 159



Flory, E., Hoffmeyer, A., Smola, U., Rapp, U.R., and Bruder, J.T. (1996) Raf-1 kinase 
targets GA-binding protein in transcriptional regulation of the human 
immunodeficiency virus type I promoter. Jounral of Virology. 70:2260-2268. 

 
Fratelli, M., Demol, H., Puype, M., Casagrande, S., Eberini, I., Salmona, M., Bonetto, V., 

Mengozzi, M., Duffieux, F., Miclet, E., Bachi, A., VandeKerckhove, J., Gianazza, E., 
and Ghezzi, P. (2002) Identification by redox proteomics of glutathiolynated proteins 
in oxidatively stressed human T lymphocytes. Proceedings of the National Academy 
of Sciences, USA 99:3505-3510. 

 
Fridovich, I. (1995) Superoxide radical and superoxide dismutases. Annual Reviews in 

Biochemistry 64:97-112. 
 
Fridovich, I. (1998) Oxygen Toxicity: a Radical Explanation. Journal of Experimental 

Biology 201:1203-1209. 
 
Friedland, D.E., Wooten, W.N.B., LaVoy, J.E., Hagedorn, C.H., and Goss, D.J. (2005) A 

mutant of eukaryotic protein synthesis initiation factor eIF4EK119A has an increased 
binding affinity for both m7G cap analogues and eIF4G peptides. Biochemistry 
44:4546-4550. 

 
Frischer, H., Kennedy, E. J., Chigurupati, R., and Sivarajan, M. (1993) Glutathione, cell 

proliferation and 1,3-bis-(2-chloroethyl)-1-nitrosourea in K562 leukemia. Journal of 
Clinical Investigations 92:2761-2767. 

 
Frohman, M.A., Dush, M.K., and Martin, G.R. (1988) Rapid production of full-length 

cDNAs from rare transcripts:amplification using a single gene-specific 
oligonulceotide primer. Proceedings of the National Academy of Sciences, USA 
85:8998-9002.  

 
Galvagni, F., Capo, S., and Oliviero, S. (2002) Sp1 and Sp3 physically interact and co-

operate with GABP for the activation of the utrophin promoter. Journal of Molecular 
Biology 306:985-996. 

 
Galvez, S., Roche, O., Bismuth, E., Brown, S., Gadal, P., and Hodges, M. (1998) 

Mitochondrial localization of a NADP-dependent isocitrate dehydrogenase 
isoenzyme by using the green fluorescent protein as a marker. Proceedings of the 
National Academy of Sciences, USA. 95:7813-7818. 

 
Galvin, K. M. and Shi, Y. (1997) Multiple mechanisms of transcription repression by 

YY1. Molecular and Cellular Biology 17:3723-3732. 
 
Genuerio, R.R., Kelley, D.E., and Perry, R.P. (1993) Comparative utilization of 

transcription factor GABP by the promoters of ribosomal protein genes rp30 and 
rpL32. Gene Expression 3:279-288. 

 

 160



Genuerio, R.R. and Perry, R.P. (1996) The GA-binding protein can serve as both an 
activator and repressor of ribosomal protein gene transcription. Journal of Biological 
Chemistry 271:4388-4395. 

 
Gingras, A-C., Raught, B., and Sonenberg, N. (1999) eIF4 initiation factors: effectors of 

mRNA recruitment to ribosomes and regulators of translation. Annual Review in 
Biochemistry 68:913-963. 

 
Gleyzer, N., Vercauteren, K., and Scarpulla, R. C. (2005) Control of mitochondrial 

transcription specificity factors (TFB1M and TFB2M) by nuclear respiratory factors 
(NRF-1 and NRF-2) and PGC-1 family coactivators. Molecular and Cellular Biology 
25:1354-1366. 

 
Goetz, T.L., Gu, T.L., Speck, N.A., and Graves, B.J. (2000) Auto-inhibition of Ets-1 is 

counteracted by DNA binding cooperativity with core-binding factor α2. Molecular 
and Cellular Biology 20:81-90. 

 
Golub, T.R., Barker, G.F., Lovett, M., and Gilliland, D.G. (1994) Fusion of PDGF 

receptor beta to a novel ets-like gene, tel, in chronic myelomonoleukemia with t(5;12) 
chromosomal translocation. Cell 77:307-316. 

 
Gong, Q., Brown, L.J., and MacDonald, M.J. (2000) Functional analysis of two 

promoters for the human mitochondrial glycerol phosphate dehydrogenase gene. 
Journal of Biological Chemistry 275:38012-38021. 

 
Graves, B.J. and Peterson, J.M. (1998) Specificity within the ets family of transcription 

factors. Advances in Cancer Research 1-55. 
 
Gredilla, R., Sanz, A., Lopez-Torres, M. and Barja, G. (2001) Caloric restriction 

decreases mitochondrial free radical generation at complex I and lowers oxidative 
damage to mitochondrial DNA in the rat heart. FASEB Journal 15:1589-1591.  

 
Gross, G., Mielke, C., Hollatz, I., Blocker, H., and Frank, R. (1990) RNA primary 

sequence or secondary structure in the translational initiation region controls 
expression of two variants interferon-β genes in Escherichia coli. Journal of 
Biological Chemistry 265:17627-17636.  

 
Grune, T., Reinheckel, T., and Davies, K.J.A. (1997) Degradation of oxidized proteins in 

mammalian cells. FASEB Journal 11, 526-534. 
 
Gugneja, S., Virbasius, C.M., and Scarpulla, R.C. (1996) Nuclear respiratory factors 1 

and 2 utilize similar glutamine-containing clusters of hydrophobic residues to activate 
transcription. Molecular and Cellular Biology 16:5708-5716. 

 

 161



Gugneja, S., Virbasius, J.V., and Scarpulla, R.C. (1995) Four structurally distinct, non-
DNA-binding subunits of human nuclear respiratory factor 2 share a conserved 
transcriptional activation domain. Molecular and Cellular Biology 15:102-111. 

 
Gyrd-Hansen, M., Krag, T.O., Rosmarin, A.G., and Khurana, T.S. (2002) Sp1 and ets-

related transcription factor caomplex GABP alpha/beta functionally cooperate to 
activate utrophin promoter. Journal of Neurological Science 197:27-35. 

 
Haddad, J.J., Olver, R.E., and Land, S.C. (2000) Antioxidant/Pro-oxidant equilibrium 

regulates HIF-1α and NF-κB redox sensitivity. Journal of Biological Chemistry 
275:21130-21139. 

 
Halliwell, B., and Aruoma, O.I. (1993) DNA and Free Radicals. Ellis Horwood, 

Chichester, England. 
 
Halliwell, B. and Gutteridge, J. M. C. (1999) Free Radicals in Biology and Medicine. 

Third edition. Oxford Univ. Press, Oxford. 
 
Han, B. and Zhang, J-T. (2002) Regulation of gene expression by internal ribosome entry 

sites or cryptic promoters: the eIF4G story. Molecular and Cellular Biology 22:7372-
7384. 

 
Hansen, J. J., Bross, P., Westergaard, M., Nielsen, M. N., Eiberg, H., Borglum, A. D., 

Morgensen, J., Kristiansen, K., Bolund, L., and Gregersen, N. (2003) Genomic 
structure of the human mitochondrial chaperonin genes: HSP60 and HSP10 are 
localized head to head on chromosome 2 separated by a bidirectional promoter. 
Human Genetics 112:71-77. 

 
Hassler, M. and Richmond, T.J. (2001) The B-box dominates SAP-1-SRf interactions in 

the structure of the ternary complex. EMBO Journal 20:3018-3028 
 
Hauck, L., Kaba, R.G., Lipp, M., Dietz, R., and von Harsdorf, R. (2002) Regulation of 

E2F1-dependent gene transcription and apoptosis by the ETS-related transcription 
factor GABPgamma1. Molecular and Cellular Biology 22:2147-2158. 

 
Hemmings-Mieszczak, M., Hohn, T., and Preiss, T. (2000) Termination and peptide 

release at the upstream open reading frame are required for downstream translation on 
synthetic shunt-competent mRNA leaders. Molecular and Cellular Biology 20:6212-
6223. 

 
Hempel, N., Wang, H., LeCluyse, E. L., McManus, M. E., and Negishi, M. (2004) The 

human sulfotransferase SULT1A1 gene is regulated in a synergistic manner by Sp1 
and GA binding protein. Molecular Pharmacology 66:1690-1701. 

 

 162



Hickman, J.W., Barber, R.D., Skaar, E.P., and Donohue, T.J. (2002) Link between the 
membrane-bound pyridine nucleotide transhydrogenase and glutathione-dependent 
processes in Rhodobacter sphaeroides. Journal of Bacteriology 184: 400-409. 

 
Hodnick, W.F., Duval, D.L., and Pardini, R.S. (1994) Inhibition of mitochondrial 

respiration and cyanide-stimulated generation of reactive oxygen species by selected 
flavonoids. Biochemical Pharmacology 47:573-580. 

 
Hoffmeyer, A., Avots, A., Flory, E., Weber, C.K., Serfling, E., and Rapp, U.R. (1998) 

The GABP-responsive element of the interleukin-2 enhancer is regulated by 
JNK/SAPK-activating pathways in T lymphocytes. Journal of Biological Chemistry 
273:10112-10119. 

 
Huez, I., Creancier, L., Audigier, S., Gensac, M-C., Prats, A-C., and Prats, H. (1998) 

Two independent internal ribosome entry sites are envolved in translation initiation of 
vacular endothelial growth factor mRNA. Molecular and Cellular Biology 18:6178-
6190. 

 
Ikeda, S., Mochizuki, A., Sarker, A. H., and Seki, S. (2000) Identification of functional 

elements in the bidirectional promoter of the mouse Nthl1 and Tsc2 genes. 
Biochemical and Biophysical Research Communications 273:1063-1068. 

 
Iozef, R., Becker, K., Boehme, C.C., Schirmer, R.H., and Werner, D. (2000) Assembly 

and functional expression of murine glutathione reductase cDNA: a sequence missing 
in expressed sequence tag libraries. Biochimica et Biophysica Acta 1500:137-141. 

 
James, A.M., Wei, Y.H., Pang, C.Y., and Murphy, M.P. (1996) Altered mitochondrial 

function in fibroblasts containing MELAS or MERRF mitochondrial DNA mutations. 
Biochemical Journal 318:401-407. 

 
Jiang, P., Kumar, A., Parrillo, J.E., Dempsey, L.A., Platt, J.L., Prinz, R.A., and Xu. X. 

(2002) Cloning and characterization of the human heparanase-1 (HPR1) gene 
promoter: role of GA-binding protein and Sp1 in regulating HPR1 basal promoter 
activity. Journal of Biological Chemistry 277:8989-8998. 

 
Jitrapakdee, S., Gong, Q., MacDonald, M.J., and Wallace, J.C. (1998) Regulation of rat 

pyruvate carboxylase gene expression by alterantive promoters during development 
in genetically obese rats and in insulin-secreting cells. Journal of Biological 
Chemistry 273:34422-34428. 

 
Jo, S-H., M.K. Son, H.J. Koh, S.M. Lee, I.H. Song, Y.O Kim, Y.S. Lee, K.S. Jeong, 

W.B. Kim, J.W. Park, B.J. Song, and T.L. Huhe. (2001) Control of mitochondrial 
redox balance and cellular defense against oxidative damage by mitochondrial 
NADP+-dependent isocitrate dehydrogenase. Journal of Biological Chemistry 
276:16168-16176.  

 

 163



Jonsen, M.D., Peterson, J.M., Xu, Q.-P., and Graves, B.J., (1996) Characterisation of the 
co-operative function of inhibitory sequences in Ets-1. Molecular and Cellular 
Biology 16:2065-2073. 

 
Jousset, C., Carron, C., Boureux, A., Quang, C.T., Oury, C., Dusanter-Fourt, I., Charon, 

M., Levin, J., Bernard, O., and Ghysdael, J. (1997) A domain of TEL conserved in a 
subset of ETS proteins defines a specific oligomerization interface essential to the 
mitogenic properties of the TEL-PDGFR beta oncoprotein. EMBO Journal 16:69-82. 

 
Jung, K., Seidel, B., Rudolph, B., Lein, M., Cronauer, M.V., Henke, W., Hampel, G., 

Schnorr, D., and Loening, S.A. (1997) Antioxidant enzymes in malignant prostate 
cell lines and in primary cultured prostatic cells. Free Radical Biology and Medicine 
23:127-133. 

 
Kain, K.H., Popov, V.L., and Herzog, N.K. (2000) Alterations in mitochondria and 

mtTFA in response to LPS-induced differentiation of B-cells. Biochimica et 
Biophysica Acta 1494:91-103. 

 
Kamara, T., Handa, H., Hamasaki, N., and Kitajima, S. (1997) Characteization of the 

human thrombopoietin gene promoter-A possible role of an Ets transcription factor, 
E4TF1/GABP. Journal of Biological Chemistry. 272:11361-11368. 

 
Karelin, A.A., Korotkina, R.N., Matskevich, G.N., Borisov, V.V., Vishnevskii, A.A., 

Polikarpova, L.V., and Kunitsyn, A.G. (2000) In vitro effects of folic acid on gamma-
glutamyltransferase and glutathione reductase activities in malignant lung and thymus 
tumors. Bulletin of Experimental Biology and Medicine 130:973-975. 

 
Kelly, D. P. and Scarpulla, R. C. (2004) Transcriptional regulatory circuits controlling 

mitochondrial biogenesis and function. Genes and Development 18:357-368. 
 
Kelner, M.J. and Montoya, M.A. (2000) Structural organization of the human glutathione 

reductase gene: determination of correct cDNA sequence and identification of a 
mitochondrial leader sequence. Biochemical and Biophysical Research 
Communications 269:366-368. 

 
Keyse, S.M. (2000) Stress Response, Methods and Protocols. Methods in Molecular 

Biology. 99, Humana Press, Totowa, New Jersey. 
 
Kim, H., Poelling, R.R., Leeper, T.C., Meyer, M.A., and Schmidt, F.J. (2001) In vitro 

transactivation of Bacillus subtilis RNase P RNA. FEBS Letters 506:235-238. 
 
Kim, W.Y. (1999) Mutual activation of Ets-1 and AML1 DNA binding by direct 

interaction of their autoinhibitory domains. EMBO Journal 18:1609-1620. 
 
Kim, Y. K., Back, S. H., Rho, J., Lee, S. H., and Jang, S. K. (2001) La autoantigen 

enhances translation of BiP mRNA. Nucleic Acids Research 29:5009-5016. 

 164



 
Klein, J.A. and Ackerman S. L. (2003) Oxidative stress, cell cycle, and 

neurodegeneration. Journal of Clinical Investigation 111:785-793. 
 
Knight, R.J. and Buxton, D.B. (1996) Stimulation of c-Jun kinase and mitogen-activated 

protein kinase by ischemia and reperfusion in the perfused rat heart. Biochemical and 
Biophysical Research Communications 218:83-88. 

 
Kochetov, A. V. (2005) AUG codons at the beginning of protein coding sequences are 

frequent in eukaryotic mRNAs with a suboptimal start codon context. Bioinformatics 
21:837-840. 

 
Kodandapani, R., Pio, F., Ni, C.Z., Piccialli, G., Klemsz, M., McKercher, S., Maki, R.A., 

and Ely, K.R. (1995) A new pattern for helix-turn-helix recognition revealed by the 
PU.1 ETS-domain DNA complex. Nature 380, 456-460. 

 
Kokoszka, J.E., Coskun, P., Esposito, L.A., and Wallace, D.C. (2001) Increased 

mitochondrial oxidative stress in the Sod2 (+/-) mouse results in the age-related 
decline of mitochondrial function culminating in increased apoptosis. Proceedings of 
the National Academy of the Sciences, USA 98:2278-2283. 

 
Komar, A.A. and Hatzoglou, M. (2005) Internal ribosome entry sites in cellular 

mRNAs:mystery of their existence.Journal of Biological Chemistry 280:23425-
23428. 

 
Korotkina, R.N., Matskevich, G.N., Devlikanaova, A., Vishnevskii, A.A., Kunitsyn, 

A.G., and Karelin, A.A. (2002) Activity of glutathione-metabolizing and antioxidant 
enzymes in malignant and benign tumors of human lungs. Bulletin of Experimental 
Biology and Medicine 133:606-608 

 
Kozak, M. (1989) Circumstances and mechanisms of inhibition of translation by 

secondary structure in eukaryotic mRNAs. Molecular and Cellular Biology 9:5134-
5142.  

 
Kozak, M. (2001) New ways of initiating translation in Eukaryotes? Molecular and 

Cellular Biology 21:1899-1907.  
 
Kozak, M. (2002) Pushing the limits of the scanning mechanisms for initiation of 

translation. Gene 299:1-34.  
 
Kubal, G., Meyer, D.J., Norman, R.E., and Sadler, P.J. (1995) Investigations of 

glutathione conjugation in vitro by 1H NMR spectroscopy. Uncatalyzed and 
glutathione transferase-catalyzed reactions. Chemical Research in Toxicology 8:780-
791. 

 

 165



Kussmaul, L., Hamprecht, B., and Dringen, R. (1999) The detoxification of cumene 
hydroperoxide by the glutathione system of cultured astroglial cells hinges on hexose 
availability for the regeneration of NADPH. Journal of Neurochemistry 73:1246-
1253. 

 
Laderoute, K.R. and Webster, K.A. (1997) Hypoxia/reoxygenation stimulates Jun kinase 

activity through redox signaling in cardiac myocytes. Circulation Research 80:336-
344. 

 
Lai, L.B., Tausta, S.L., and Nelson, T.M. (2002) Differential regulation of transcripts 

encoding cytosolic NADP-malic enzyme in C3 and C4 Flaveria species. Plant 
Physiology 128:140-149. 

 
LaMarco, K.L. and S.L. McKnight. (1989) Purification of a set of cellular polypeptides 

that bind to the purine-rich cis-regulatory element of herpes simplex virus immediate 
early genes. Genes and Development 3:1372-1383. 

 
LaMarco, K., Thompson, C.C., Byers, B.P., Walton, E.M., and McKnight, S.L. (1991) 

Identification of ets- and Notch-related subunits in GA binding protein. Science 
253:789-792. 

 
Lander, HM. (1997) An essential role for free radicals and derived species in signal 

transduction. FASEB Journal 11:118-124.  
 
Le, S-Y. and Maizel, J. V. (1997) A common RNA structural motif involved in the 

internal initiation of translation of cellular mRNAs. Nucleic Acids Research 25:362-
369. 

 
Lee, S.L., Wang, W.W., Finlay, G.A., and Fansburg, B.L. (1999) Serotonin stimulates 

mitogen-activated protein kinase activity through the formation of superoxide anion. 
American Jounral of Physiology: Lung Cellular and Molecular Physiology 
277:L282-L291. 

 
Lee, S.M., Koh, H-J., Park, D-C., Song, B.J., Huh, T-L., and Park, J-W. (2002) Cytosolic 

NADP+-dependent isocitrate dehydrogenase status modulates oxidative damage to 
cells. Free Radical Biology and Medicine 32:1185-1196. 

 
Leeper, T.C., Martin, M.B., Kim, H., Cox, S., Semenchenko, V., Schmidt, F.J., and Van 

Doren, S.R. (2002) Structure of the UGAGAU hexaloop that braces Bacillus RNase P 
for action. Nature Structural Biology 9:397-403. 

 
Lenka, N., Vijayasarathy, C., Mullick, J., and Avadhani, N. G. (1998) Structural 

organization and transcription regulation of nuclear genes encoding the mammalian 
cytochrome c oxidase complex. Progress in Nucleic Acids Research 61:309-344. 

 

 166



Li, R., Pei, H., and Watson, D.K. (2000) Regulation of Ets function by protein-protein 
interactions. Oncogene 19:514-523. 

 
Li, X.R., Chong, A.S-F., Wu, J., Roebuck, K.A., Kumar, A., Parrillo, J.E., Rapp, U.R., 

Kimberly, R.P., Williams, J.W., and Xu, X. (1999) Transcriptional regulation of Fas 
gene expression by GA-binding protein and AP-1 in T cell antigen receptor.CD3 
complex-stimulated T cells. Journal of Biological Chemistry 274:35203-35210. 

 
Liu, H. and Kehrer, J.P. (1996) The reduction of glutathione disulfide produced by t-butyl 

hydroperoxide in respiring mitochondria. Free Radical Biology and Medicine 20:433-
442.  

 
Lo, Y.Y.C., Wong, J.M.S., and Cruz, T.F. (1996) Reactive oxygen species mediate 

cytokine activation of c-Jun NH2-terminal kinases. Journal of Biological Chemistry. 
270:11727-11730. 

 
Loeber, G., A.A. Infante, I. Maurer-Fogy, E. Krystek, and M.B. Dworkin. (1991) Human 

NAD+-dependent mitochondrial malic enzyme. Journal of Biological Chemistry 
266:3016-3021.  

 
Luikenhuis, S., Perrone, G., Dawes, I.W., and Grant, C.M. (1998) The yeast 

Saccharomyces cerevisiae contains two glutaredoxin genes that are required for 
protection against reactive oxygen species. Molecular Biology of the Cell 9:1081-
1091. 

 
Lutsenko, E.A., Carcamo, J.M., and Golde, D.W. (2002) Vitamin C prevents DNA 

mutation induced by oxidative stress. Journal of Biological Chemistry 277:16895-
16899.  

 
Magni, G., Amici, A., Emanuelli, M., Raffaelli, N., and Ruggieri, S. (1999) Enzymolgy 

of NAD+ synthesis. Advances in Enzymology and Related Areas of Molecular Biology 
73:135-182. 

 
Maniatis, T. and Reed, R. (2002) An extensive network of coupling among gene 

expression machines. Nature 416:499-506. 
 
Markiewicz, S., Bosselut, R., Le Deist, F., de Villartay, J-P., Hivroz, C., Ghysdael, J., 

Fischer, A., and de Saint Basile, G. (1996) Tissue-specific activity of the gammac 
chain gene promoter depends upon an Ets binding site and is regulated by GA-
binding protein. Journal of Biological Chemistry. 271:14849-14855. 

 
Martin, M.E., Chinenov, Y., Yu, M., Schmidt, T.K., and Yang, X-Y. (1996) Redox 

regulation of GA- binding protein-α DNA binding activity. Journal of Biological 
Chemistry 271:25617-25623. 

 

 167



Mata, J., Marguerat, S., and Bähler J. (2005) Post-transcriptional control of gene 
expression: a genome wide perspective. Trends in Biochemical Sciences 30:506-514. 

 
Mathews, D.H., Sabina, J., Zuker, M., and Turner, D.H. (1999) Expanded sequence 

dependence of thermodynamic parameters improves prediction of RNA secondary 
structure. Journal of Molecular Biology 288:911-940. 

 
Matsui, A., Ikeda, T., Enomoto, K., Hosoda, K., Nakashima, H., Omae, K., Watanabe, 

M., Hibi, T., and Kitajima, M. (2000) Increased formation of oxidative DNA damage, 
8-hydroxy-2'-deoxyguanosine, in human breat cancer tissue and its relationship to 
GSTP1 and COMT genotypes. Cancer Letters 151:87-95. 

 
McCord, J.M. and Fridovich, I. (1969) Superoxide dismutase. Journal of Biological 

Chemistry 244:6049-6055.  
 
McLean, T.W., Ringold, S., Neuberg, D., Stegmaier, K., Tantravahi, R., Ritz, J., 

Koeffler, H.P., Takeuchi, S., Janssen, J.W., Seriu, T., Bartram, C.R., Sallan, S.E., 
Gilliland, D.G., and Golub, T.R. (1996) TEL/AML-1 dimerizes and is associated with 
a favorable outcome in childhood acute lymphoblastic leukemia. Blood 88:4252-
4258. 

 
Meijer, H.A. and Thomas, A.A.M. (2002) Control of eukaryotic protein synthesis by 

upstream open reading frames in the 5’-untranslated region of an mRNA. 
Biochemical Journal 367:1-11. 

 
Mirmohammadsadegh, A., Baer, A., Nambiar, S., Bardenheuer, W., and Hengge, U. R. 

(2004) Rapid identification of dysregulated genes in cutaneous malignant melanoma 
metastases using cDNA technology. Cells Tissues and Organs 177:119-123. 

 
Mitchell, S. A., Brown, E. C., Coldwell, M. J., Jackson, R. J., and Willis, A. E. (2001) 

Protein factor requirements of the Apaf-1 internal ribosome entry segment:roles of 
polypyrimidine tract binding protein and upstream of N-ras. Molecular and Cellular 
Biology 21:3364-3374. 

 
Mo, Y., Vaessen, B., Johnston, K., and Marnorstein, R. (1998) Structures of SAP-1 

bound to DNA sequences from the E74 and c-fos promoters provide insights into how 
ETS proteins discriminate between related DNA targets. Molecular Cell 8:210-212. 

 
Mo, Y., Vaessen, B., Johnston, K., and Marnorstein, R. (2000) Structure of elk-1-DNA 

complex reveals how DNA-distal residues affect ETS domain recognition of DNA. 
Nature Structural Biology 7:292-297. 

 
Morii., E. Ogihara, H., Oboki, K., Sawa, C., Sakuma, T., Nomura, S., Esko, J.D., Handa, 

H., and Kitamura, Y. (2001) Inhibitory effect of the mi transcription factor encoded 
by the mutant mi allele on GA-binding protein-mediated transcript expression on 
mouse mast cells. Blood 97:3032-3039. 

 168



 
Nakayama, A., Odajima, T., Murakami, H., Mori, N., and Takahashi, M. (2001) 

Characterization of two promoters that regulate alternative transcripts in the 
microtubule-associated protein (MAP) 1A gene. Biochimica et Biophysica Acta 
1518:260-266. 

 
Nevins, T. A., Harder, Z. M., Korneluk, R. G., and Holcik, M. (2003) Distinct regulation 

of internal ribosome entry site-mediated translation following cellular stress is 
mediated by apoptotic fragments of eIF4GI translation initiation factor family 
members eIF4GI and p97/DAP5/NAT1. Journal of Biological Chemistry 278:3572-
3579. 

 
Nomura, K., Imai, H., Koumura, T., Arai, M., and Nakagawa, Y. (1999) Mitochondrial 

phospholipid hydroperoxide glutathione peroxidase suppresses apoptosis mediated by 
a mitochondrial death pathway. Journal of Biological Chemistry 274:29294-29302. 

 
Nomura, K., Imai, H., Koumura, T., Kobayashi, T., and Nakagawa, Y. (2000) 

Mitochondrial phospholipid hydroperoxide glutathione peroxidase inhibits the release 
of cytochrome c from mitochondria by suppressing the peroxidation of cardiolipin in 
hypoglycaemia-induced apoptosis. Biochemical Journal 351:183-193. 

 
Nose, K. and Ohba, M. (1996) Functional activation of the egr-1 (early growth response-

1) gene by hydrogen peroxide. Biochemical Journal. 316:381-383. 
 
Nose, K., Shibanuma, M., Kikuchi, K., Kageyama, H., Sakiyama, S., and Kuroki, T. 

(1991) Transcriptional activation of early-response genes by hydrogen peroxide in a 
mouse osteoblastic cell line. European Journal of Biochemistry. 201:99-106. 

 
O’Donovan, D.J., Katkin, J.P., Tamura, T., Husser, R., Xu, X., Smith, C., and Welty, S.E. 

(1999) Gene transfer of mitochondrially targeted glutathione reductase protects H441 
cells from t- butyl hydroperoxide-induced oxidant stresses. American Journal of 
Respiratory Cell and Molecular Biology 20:256-263.  

 
O’Leary, D. A., Koleski, D., Kola, I. Hertzog, P. J., and Ristevski, S. (2005) 

Identification and expression analysis of alternative transcripts of the mouse GA-
binding protein (Gabp) subunits α and β1.Gene 344:79-92. 

 
O’Leary, D. A., Pritchard, M. A., Xu, D., Kola, I., Hertzog, P.J., and Ristevski, S. (2004) 

Tissue-specific overexpression of the HSA21 gene GABPα: implication for DS. 
Biochimica et Biophysica Acta 1739:81-87. 

 
Ohba, M., Shibanuma, M., Kuroki, T., and Nose, K. (1994) Production of Hydrogen 

peroxide by transforming growth factor-beta 1 and its involvement in induction of 
egr-1 in mouse osteoblastic cells. Journal of Cellular Biology 126:1079-1088. 

 

 169



Oikawa, T. and Yamada, T. (2003) Molecular biology of the Ets family of transcription 
factors. Gene 303:11-34. 

 
Olafsdottir, K. and Reed, D.J. (1988) Retention of oxidized glutathione by isolated rat 

liver mitochondria during hydroperoxide treatment. Biochimica et Biophysica Acta 
964:377-382. 

 
Osanai, T., Okada, S., Sirato, K., Nakano, T., Saitoh, M., Magota, K., and Okumura, K. 

(2001b) Mitochondrial coupling factor 6 is present on the surface of human vascular 
endothelial cells and is released by shear stress. Circulation 104:3132 - 3136. 

 
Osanai, T., Sasaki, S., Kamada, T., Fujiwara, N., Nakano, T., Tomita, H., Matsunga, T., 

Magota, K., and Okumura, K. (2003) Circulating coupling factor 6 in human 
hypertension: role of reactive oxygen species. Journal of Hypertension 21:2323-8. 

 
Osanai, T., Tanaka, M., Kamada, T., Nakano, T., Takahashi, K., Okada, S., Sirato, K., 

Magota, K., Kodama, S., and Okumura, K. (2001a) Mitochondrial coupling factor 6 
as a potent endogenous vasoconstrictor. Journal Clinical Investigation 108:1023–
1030.  

 
Outten, C. E. and Culotta, C. C. (2004) Alternative start sites in the Saccharomyces 

cerevisiae GLR1 gene are responsible for mitochondrial and cytosolic isoforms of 
glutathione reductase. Journal of Biological Chemistry 279:7785-7791. 

 
Ouyang, L.H., Jacob, J.J., and Stanley, F.M. (1996) GABP mediates insulin-increased 

prolactin gene transcription. Journal of Biological Chemistry 271:10425-10428. 
 
Özben, T. (1998) Free radicals, Oxidative Stress, and Antioxidants: Pathological and 

Physiological Significance. Nato ASI Series A, Vol 296. Plenum Press, New York. 
 
Pacifici, R.E. and Davies, K.J.A. (1991) Protein, lipid, and DNA repair systems in 

oxidative stress: The free radical theory of aging revisited. Gerontology 37:166-180. 
 
Peake, S.J., Venning, J.D., Cotton, N.P.J., and Jackson, J.B. (1999) Evidence for the 

stabilization of NADPH relative to NADP+ on the dIII components of proton-
translocating transhydrogenases from Homo sapiens and from Rhodospirillum 
rubrum by measurement of tryptophan fluorescence. Biochimica et Biophysica Acta 
1413:81-91. 

 
Penta, J.S., Johnson, F.M., Wachsman, J.T., and Copeland, W.C. (2001) Mitochondrial 

DNA in human malignancy. Mutation Research 488:119-133. 
 
Peterson, J.M., Skalicky, J.J., Donaldson, L.W., McIntosh, L.P., Alber, T, and Graves, 

B.J. (1995) Modulation of transcription factor Ets-1 DNA binding: DNA-induced 
unfolding of an α-helix. Science 269:1866-1869. 

 

 170



Pickering, B. M., Mitchell, S. A., Evans, J. R., and Willis, A. E. (2003) Polypyrimidine 
tract binding protein and poly r(C) binding protein 1 interact with the BAG-1 IRES 
and stimulate its activity in vitro and in vivo. Nucleic Acids Research 31:639-646. 

 
Pineda-Molina, E., Klatt, P., Vazquez, J., Marina, A., Garcia de Lacoba, M., Perez-Sala, 

D., and Lamas, S. (2001) Glutathionylation of the p50 subunit of NF-κB: a 
mechanism for redox-induced inhibition of DNA binding. Biochemistry 40:14134-
14142. 

 
Plummer, J.L., Smith, B.R., Sies, H., and Bend, J.R. (1981) Chemical depletion of 

glutathione in vivo. Methods in Enzymology 77:50-59. 
 
Polyak, K., Xia, Y., Zweier, J.L., Kinzler, K.W., and Vogelstein, B. (1997) A model for 

p53-induced apoptosis. Nature 389:300-305. 
 
Puri, P., Avantaggiati, M.L., Burgio, V.L., Chirillo, P., Collepardo, D., Natoli, G., 

Balsano, C., and Levero, M. (1995) Reactive oxygen species intermediates mediate 
angiotensin II-induced c-Jun. C-Fos heterodimer DNA binding activity and 
proliferative hypertrophic responses in myogenic cells. Journal of Biological 
Chemistry 270:22129-22134. 

 
Ramamoorthy, R. and Schmidt, F.J. (1991) Transcript hairpin structures are not required 

for RNA polymerase pausing in the gene encoding the E. coli RNase P RNA, M1 
RNA.  FEBS Letters 295:227-229. 

 
Rao, M.K., Maiti, S., Ananthaswamy, H.N., and Wilkinson, M.F. (2002) A highly active 

homeobox gene promoter regulated by ets and Sp1 family members in normal 
granulose cells and diverse tumor cell types. Journal of Biological Chemistry 
277:26036-26045. 

 
Ristevski, S., O’Leary, D. A., Thornell, A. P., Owen, M. J., Kola, I., and Hertzog, P. J. 

(2004) The ETS transcription factor GABPα is essential for early embryogenesis. 
Molecular and Cellular Biology 24:5844-5849. 

 
Roberts, S.J., Chung, K-N., Nachmanoff, K., and Elwood, P.C. (1997) Tissue-specific 

promoters of the alpha human folate receptor gene yield transcripts with divergent 5’ 
leader sequences and different translational efficiencies. Biochemical Journal 
326:439-447. 

 
Rosmarin, A.G., Caprio, D.G., Kirsch, D.G., Handa, H., and Simkevich, C.P. (1995) 

GABP and PU.1 compete for binding, yet cooperate to increase CD18 (b2 leukocyte 
integrin) transcription. Journal of Biological Chemistry 270:23627-23633. 

 
Rosmarin, A.G., Luo, M., Caprio, D.G., Shang, J., and Simkevich, C.P. (1998) Sp1 

cooperates with the ets transcription factor, GABP, to activate the BD18 (beta2 
leukocyte integrin) promoter. Journal of Biological Chemistry 273:13097-13103. 

 171



 
Rosmarin, A. G., Resendes, K. K., Yang, S., McMillin, J. N., and Fleming, S. L. (2004) 

GA-binding protein transcription factor: areview of GABP as an integrator of 
intracellular signaling and protein-protein interactions. Blood Cells, Molecules and 
Disease 32:143-154. 

 
Sadasivan, E., Cedeno, M.M., and Rothenberg, S.P. (1994) Characterization of the gene 

encoding a folate-binding protein expressed in human placenta. Identification of 
promoter activity in a G-rich SP1 site linked with the tandemly repeated GGAAG 
motif for the ets encoded GA-binding protein. Journal of Biological Chemistry 
269:4725-4735. 

 
Sasaki, S., Osanai, T., Tomita, H., Matsunaga, T., Magota, K., and Okumura, K. (2004) 

Tumor necrosis factor α as an endogenous stimulator for circulating coupling factor 
6. Cardiovascular Research 62:578-586. 

 
Sastre, J., Pallardo, F.V., and Vina, J. (2000) Mitochondrial oxidative stress plays a key 

role in aging and apoptosis. IUMB Life 49:427-435. 
 
Savoysky, E., Mizuno, T., Sowa, Y., Watanabe, H., Sawada, J., Nomura, H., Ohsugi, Y., 

Handa, H., and Sakai, T. (1994) The retinoblastoma binding factor 1 (RBF-1) site in 
RB gene promoter binds preferentially E4TF1, a member of the Ets transcription 
factor family. Oncogene 9:1839-1846. 

 
Sawa, C., Goto, G, Suzuki, F., Watanabe, H., Sawada, J., and Handa, H (1996) 

Functional domains of transcription factor hGABP beta1/E4TF1-53 required for 
nuclear localization and transcription activation. Nucleic Acids Research 24:4954-
4961. 

 
Sawa, C., Yoshikawa, T., Matsuda-Suzuki, F., Deléhouzée, S., Goto, M., Watanabe, H., 

Sawada, J., Kataoka, K., and Handa H. (2002) YEAF1/RYBP and YAF-2 are 
functionally distinct members of a cofactor family for the YY1 and E4TF1/hGABP 
transcription factors. Journal of Biological Chemistry 277:22484-22490. 

 
Sawada, J., Goto, M., Sawa, C., Watanabe, H., and Handa, H. (1994) Transcriptional 

activation through the tetrameric complex formation of E4TF1 subunits. EMBO 
Journal 13:1396-1402. 

 
Sawada, J., Simizu, N., Suzuki, F., Sawa, C., Goto, M., Hasegawa, M., Imai, T., 

Watanabe, H., and Handa, H. (1999) Synergistic transcriptional activation by hGABP 
and select members of the activation transcriptional factor/cAMP response element-
binding protein family. Journal of Biological Chemistry. 274:35475-35482. 

 
Scarpulla, R. C. (1997) Nuclear control of respiratory chain expression in mammalian 

cells. Journal of Bioenergetics and Biomembranes 29:109-119. 
 

 172



Schweppe, R.E. and Guitierrez-Hartmann, A. (2002) Pituitary Ets-1 and GABP bind to 
the growth factor regulatory sites of the rat prolactin promoter. Nucleic Acids 
Research 29:1251-1260. 

 
Seelan, R.S., Gopalakrishnan, L., Scarpulla, R.C., and Grossman, L.I. (1996) Cytocrome 

c Oxidasesubunit VIIa liver isoform. Journal of Biological Chemistry 271:2112-2120. 
 
Seelan, R.S. and Grossman, L.I. (1997) Structural organization and promoter analysis of 

the bovine cytochrome c oxidase subunit VIIc gene. Journal of Biological Chemistry 
272:10175-10181. 

 
Sen, C.K. and Packer, L. (1996) Antioxidant and redox regulation of gene transcription. 

FASEB Journal 10:709-720. 
 
Sharrocks, A.D. (2001) The ETS-domain transcription factor family. Nature Reviews of  

Molecular and Cellular Biology 2:827-837. 
 
Sharrocks, A.D., Brown, A.L., Ling, Y., and Yates, P.R. (1997) The ETS-domain 

transcription factor family. International Journal of Biochemistry and Cell Biology 
29:1371-1387. 

 
Shi, Z., Osei_Frimpong, J., Kala, G., Kala, S.V., Barrios, R.J., Habib, G.M., Lukin, D.J., 

Danney, C.M., Matzuk, M.M., and Lieberman. M.W. (2000) Glutathione synthesis is 
essential for mouse development but not for cell growth in culture. Proceedings of the 
National Academy of the Sciences, USA 97:5101-5106.  

 
Shiio, Y., Sawanda, J.I., Handa, H. Yamamoto, T., and Inoue, J.I. (1996) Activation of 

the retinoblastoma gene expression by Bcl-3: implication for muscle cell 
differentiation. Oncogene 12:1837-1845. 

 
Shinya, E. and Shimada, T. (1994) Identification of two initiator elements in the 

bidirectional promoter of the human dihydrofolate reductase and mismatch repair 
protein 1 genes. Nucleic Acids Research 22:2143-2149. 

 
Shore, P. and Sharrocks, A.D. (1994) The transcription factors Elk-1 and serum response 

factor interact by direct protein-protein contacts mediated by a short region of Elk-1. 
Molecular and Cellular Biology 14:283-291. 

 
Shore, P., Whitmarsh, A.J., Bhaskaran, R., Davis, R.J., Waltho, J.P., and Sharrocks, A.D. 

(1996) Determinants of DNA-binding specificity of ETS-domain transcription 
factors. Molecular and Cellular Biology 16:3338-3349. 

 
Sitte, N., Huber, M., Grune, T., Ladhoff, A., Doecke, W.-D., von Zglinicki, T., and 

Davies, K.J.A. (2000) Proteasome inhibition by lipofuscin/ceroid during postmitotic 
aging of fibroblasts. FASEB Journal 14:1490-1498. 

 

 173



Skalicky, J.J., Donaldson, L.W., Peterson, J.M., Graves, B.J., and McIntosh, L.P. (1996) 
Structural coupling of the inhibitory regions flanking the ETS-domain of murine   
Ets-1. Protein Science 5:296-309. 

 
Spector, D., Labarre, J., and Toledano, M.B. (2001) A genetic investigation of the 

essential role glutathione. Journal of Biological Chemistry 276:7011-7016.  
 
Spyropoulos, D.D., Pharr, P.N., Lavenburg, K.R., Jacker, P., Papas, T.S., Ogawa, M., and 

Watson, D.K. (2000) Hemorhage, impaired hematopoiesis, and lethality in mouse 
embryos carrying a targeted disruption of the Fli 1 transcription factor. Molecular 
and Cellular Biology 20:5643-5652. 

 
Stoneley, M., Subkhankulova, T., Le Quesne, J. P. C., Coldwell, M., Jopling, C. L., 

Belsham, G. J., and Willis, A. E. (2000) Analysis of the c-myc IRES; a potential role 
for cell-type specific trans-acting factors and the nuclear compartment. Nucleic Acids 
Research 28:687-694. 

 
Stoneley, M. and Willis, A. E. (2004) Cellular internal ribosome entry segments: 

structures, trans-acting factors and regulation of gene expression. Oncogene 23:3200-
3207. 

 
Sucharov, C., Basu, A., Carter, R.S., and Avadhani, N.G. (1995) A novel transcriptional 

initiator activity of the GABP factor binding ets sequence repeat from the murine 
cytochrome c oxidase Vb gene. Gene Expression 5:93-111. 

 
Sullivan, D.M., Wehr, N.B., Fergusson, M.M., Levine, R.L., and Finkel, T. (2000) 

Identification of oxidant-sensitive proteins: TNF-α induces protein glutathiolation. 
Biochemistry 39:11121-11128. 

 
Sundaresan, M., Yu, Z.Y., Ferrans, V.J., Irani, K., and Finkel, T. (1995) Requirement for 

generation of H2O2 for platelet-derived growth factor signal transduction. Science 
270:296-299. 

 
Svitkin, Y.V., Pause, A., Haghighat, A., Pyronnet, S., Witherell, G., Belsham, G.J., and 

Sonenberg, N. (2001) The requirement for eukaryotic initiation factor 4A (eIF4A) in 
translation is in direct proportion to the degree of mRNA 5’ secondary structure. RNA 
7:382-394. 

 
Takahashi, Y., Kako, K., Arai, H., Ohishi, T., Inada, Y., Takehara, A., Fukamizu, A., and 

Munekata, E. (2002) Characterization and identification of promoter elements in the 
mouse COX17 gene. Biochimica et Biophysica Acta 1574:359-364. 

 
Tamura, T., McMicken, H.W., Smith, C.V., and Hansen, T.N. (1997) Gene structure for 

mouse glutathione reductase, including a putative mitochondrial targeting signal. 
Biochemical and Biophysical Research Communications 237:419-422. 

 

 174



Taniguchi, M., Hara, T., and Honda, H. (1986) Similarities between rat liver 
mitochondrial and cytosolic glutathione reductases and their apoenzyme 
accumulation in riboflavin deficiency. Biochemical Interactions 13:447-454. 

 
Taylor, A. Shand, F., and Obin, M. (1997) Relationships between stress, protein damage, 

nutrition, and age-related eye diseases. Molecular Aspects of Medicine 18:305-414. 
 
Thompson, C.C., Crown, T.A., and McKnight, S.L. (1991) Convergenge of Ets-and 

notch-related structural motifs in a heteromeric DNA binding complex. Science 
253:762-768. 

 
Toone, W.M., Morgan, B.A., and Jones, N. (2001) Redox control of AP-1-like factors in 

yeast and beyond. Oncogene 20:2336-2346. 
 
Tullis, G. E., Labieniec-Pintel, L., Clemens, K. E., and Pintel, D. (1988) Generation and 

characterization of a temperature-sensitive mutation in the NS-1 gene of the 
autonomous parvovirus minute virus of mice. Journal of Virology 62:2736-2744. 

 
Ullrich, O., Reinheckel, T., Sitte, N., Hass, R., Grune, T., and Davies, K.J.A. (1999) 

Poly-ADP ribose polymerase activates nuclear proteasome to degrade oxidatively 
damaged histones. Proceedings of the National Academy of the Sciences 96:6223-
6228. 

 
Verhoef, K., Sanders, R.W., Fontaine, V., Kitajima, S., and Berkhout, B. (1999) 

Evolution of the human immunodeficiency virus type I long terminal repeat promoter 
by conversion of an NF-kappaB enhancer element into a GABP binding site. Journal 
of Virology 73:1331-1340. 

 
Vernon, E. G. and Gaston, K. (2000) Myc and YY1 mediate activation of the Surf-1 

promoter in response to serum growth factors. Biochimica et Biophysica Acta 
1492:172-179. 

 
Villena, J. A., Vinas, O., Mampel, T., Iglesias, R., Giralt, M., and Villarroya, F. (1998) 

Regulation of mitochondrial biogenesis in brown adipose tissue: nuclear respiratory 
factor-2/GA-binding protein is responsible for the transcription regulation of the gene 
for mitochondrial ATP synthase β subunit. Biochemical Journal 331:121-127. 

 
Virbasius, J.V. and Scarpulla, R.C. (1994) Activation of the human mitochondrial 

transcription factor A gene by nuclear respiratory factors: a potential regulatory link 
between nuclear and mitochondrial gene expression in organelle biogenesis. 
Proceeding of the National Academy of the Sciences, USA 91:1309-1313. 

 
Virbasius, J.V., Virbasius, C.A., and Scarpulla, R.C. (1993) Identity of GABP with NRF-

2, a multisubunit activator of Cytochrome oxidase expression, reveals a cellular role 
for an ETS domain activator of viral promoters. Genes and Development 7:380-392. 

 

 175



Voehringer, D.W., Hirschberg, D.L., Xiao, J., Lu, Q., Roederer, M., Lock, C.B., 
Herzenberg, L.A., Steinman, L., and Herzenberg, L.A. (2000) Gene microarray 
identification of redox and mitochondrial elements that control resistance or 
sensitivity to apoptosis. Proceeding of the National Academy of the Sciences, USA 
97:2680-2685. 

 
Vogel, J.L. and Kristie, T.M. (2002) The novel coactivator C1 (HCF) coordinates 

multiprotein enhancer formation and mediates transcription activation by GABP. 
EMBO Journal 19:683-690. 

 
Vogel, R., Jennemann, G., Seitz, J., Wiesinger, H., and Hamprecht, B. (1998) 

Mitochondrial malic enzyme: purification from bovine brain, generation of an 
antiserum, and immunocytochemical localization in neurons of rat brain. Journal of 
Neurochemistry 71:844-852. 

 
Vogel, R., Wiesinger, H., Hamprecht, B., and Dringen, R. (1999) The regulation of 

reduced glutathione in rat forebrain mitochondria identifies metabolic pathways 
providing the NADPH required. Neuroscience Letters 275:97-100. 

 
Vos, O., van der Schans, G.P., and Roos-Verhey, W.S. (1984) Effects of BSO and DEM 

on thiol-level and radiosensitivity in HeLa cells. International Journal of Radiation 
Oncology Biology Physics 10:1249-1253. 

 
Wallace, D. C. (1999) Mitochondrial diseases in man and mouse. Science 283:1482. 
 
Wang, D., Kreutzer, D.A., and Essiggmann, J.M. (1998) Mutagenicity and repair of 

oxidative DNA damage: insights from studies using defined lesions. Mutation 
Research 400:99-115. 

 
Wang, J., Boja, E.S., Tan, W., Tekle, E., Fales, H.M., English, S., Mieyal, J.J., and 

Chock, P.B. (2001b) Reversible glutathionylation regulates Actin polymerization in 
A431 cells. Journal of Biological Chemistry 276:47763-47766. 

 
Wang, J., Silva, J.P., Gustafsson, C.M., Rustin, P., and Larsson, N-L. (2001a) Increased 

in vivo apoptosis in cells lacking mitochondrial DNA gene expression. Proceeding of 
the National Academy of the Sciences, USA 98:4038-4043. 

 
Wang, L.C., Kuo, F., Fujiwara, Y., Gilliland, D.G., Golub, T.R., and Orkin, S.H. (1997) 

Yolk sac angiogenic defect and intra-embryonic apoptosis in mice lacking Ets-related 
factor TEL. EMBO Journal 16:4374-4383. 

 
Wang, T-G., Gotoh, Y., Jennings, M.H., Rhoads, C.A., and Aw, T.Y. (2000) Lipid 

hydroperoxide-induced apoptosis in human colonic CaCo-2 cells is associated with an 
early loss of cellular redox balance. FASEB Journal 14:1567-1576. 

 

 176



Ward, N.E., Pierce, D.S., Chung, S.E., Gravitt, K.R., and O'Brian, C.A. (1998) 
Irreversible inactivation of Protein Kinase C by glutathione. Journal of Biological 
Chemistry 273:12558-12566. 

 
Waris, G., Huh, K-W., and Siddiqui, A. (2001) Mitochondrially associated hepatitis B 

virus X protein constitutively activates transcription factors STAT-3 and NF-κB via 
oxidative stress. Molecular and Cellular Biology 21:7721-7730. 

 
Werner, M.H., Clore, G.M., Fisher, C.L., Fisher, R.J., Trinh, L., Shiloach, J., and 

Gronenborn, A.M. (1997) Correction of the NMR structure of the ETS1/DNA 
complex. Journal of Biomolecular NMR 10:317-328. 

 
Wilson, A.C., LaMarco, K., Peterson, M.G., and Herr, W. (1993) The VP16 accessory 

protein HCF is a family of polypeptides processed from a large precursor protein. 
Cell 74:115-125. 

 
Wong-Riley, M., Guo, A., Bachman, N.J., and Lomax, M.I. (2000) Human COX6A1 

gene: promoter analysis, cDNA isolation, and expression in the monkey brain. Gene 
247:63-75. 

 
Yamaguchi, M. and Y. Hatefi. (1991) Mitochondrial energy-linked nicotinamide 

nucleotide transhydrogenase. Journal of Biological Chemistry 266:5728-5735.  
 
Yamamoto, H., Flannery, M.L., Kupriyanov, S., Pearce, J., McKerchner, R., Henkel, 

G.W., Maki, R.A., Werb, Z., and Oshima, R.G. (1998) Defective trophoblast function 
in mice with a targeted mutation of Ets2. Genes and Development 12:1315-1326. 

 
Yang, Q. and Sarnow, P. (1997) Location of the internal ribosome entry site in the 5' non-

coding region of the immunoglobulin heavy-chain binding protein (BiP) 
mRNA:evidence for specific RNA-protein interactions. Nucleic Acids Research 
25:2800-2807. 

 
Yokomori, N., Tawata, M., Saito, T., Shimura, H., and Onaya, T. (1998) Regulation of 

the rat thyrptropin receptor gene by the methylation-sensitive transcription factor GA-
binding protein. Molecular Endocrinology 12:1241-1249. 

 
Young, P. K., Newman, A., Jensen, K. T., Burger, L. R., Pintel, D. J., and Lorson, C. L. 

(2005) Minute virus of mice small non-structural protein NS2 localizes within, but is 
not required for the formation of, Smn-associated autonomous parvovirus-assoicated 
replication bodies. Journal of General Virology 86:1009-1014. 

 
Yu, M., Yang, X-Y.,  Schmidt, T., Chinenov, Y., and Martin, M.E. (1997) GA-binding 

protein- dependent transcription initiator elements: effect of helical spacing between 
polyomavirus enhancer A factor 3 (PEA3)/ Ets-binding sites on initiator activity. 
Journal of Biological Chemistry 272:29060- 29067.  

 

 177



Zhang, L-F., Ding, J-H., Yang, B-Z., He, G-C., and Roe, C. (2003) Characterization of 
the bidirectional promoter region between the human genes encoding VLCAD and 
PSD-95. Genomics 82:660-668. 

 178



 
 
 
 
 
 

 
VITA 

 
 
 

 John David Patton was born October 14, 1976, in Des Peres, Missouri. He 

attended private and public school in Missouri. He received a B.S. in Biology and 

Chemistry from Southwest Baptist University in Bolivar, Missouri in May of 1999. He 

spent one year at Texas Tech University in Lubbock, Texas. He received a Ph. D in 

Biochemistry from the University of Missouri-Columbia in December 2005. He is 

married to the former Hillary Minden Glauser of St. Joseph, Missouri. He is presently a 

member of the Chemistry Department at Southwest Baptist University, in Bolivar. 

Missouri. 

 

 179


	 
	Mutagenesis. 
	Tissue Culture. 
	Transfection. 
	Oxidative stress induction. 

