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ABSTRACT 
 
 
 Iron is an enigmatic molecule – a divalent metal 

absolutely required for life, but toxic in excess. Because 

of this dual nature, iron trafficking within the cell is 

tightly regulated, with little free iron available in the 

cytosol. Iron entry into the cell is mediated through two 

distinct pathways, both of which utilize the Divalent Metal 

Transporter (DMT1), a twelve-transmembrane protein which is 

the only known iron importer in the cell. Dexras1 is a 

small G-protein regulated by glucocorticoids and neuronal 

nitric oxide synthase (nNOS). Using yeast-two-hybrid 

analysis, we have discovered that Dexras1 interacts with 

DMT1 via an adaptor protein, the Peripheral Benzodiazepine 

Receptor Associated Protein (PAP7). We have identified a 

novel signaling cascade in neurons whereby stimulation of 

glutamate-NMDA receptors activates nNOS, leading to S-

nitrosylation of Dexras1, which by its interaction with 

PAP7 and DMT1, physiologically induces iron uptake. We have 

also investigated whether misregulation of this pathway 

participates in NMDA-mediated neuronal excitoxicity. 
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CHAPTER 1: 

Introduction 

PART 1: IRON 

Part 1.1: Iron Absorption 

 Iron is the most abundant metal in the body and is an 

essential cofactor for cytochromes, oxygen binding 

molecules, such as heme, and many other enzymes, including 

those involved in DNA and neurotransmitter synthesis 

(reviewed in [(Andrews, 1999; Donovan and Andrews, 2004; 

Hentze et al., 2004)]). As iron has a dual nature – 

necessary for life, but toxic in excess- it is tightly 

regulated within the cell and also in its uptake into the 

cell. Iron absorption is the sole mechanism by which iron 

stores in the body are regulated, as there is no known 

physiological mechanism for iron excretion (McCance and 

Widdowson, 1938). 

 Iron is taken up from the diet in two forms: inorganic 

non-heme iron or heme. 1-3 grams of iron is stored in the 

adult body, balanced between dietary uptake and loss (Muir 

and Hopfer, 1985). Non-heme iron is absorbed in the 

duodenum and upper jejunum (Donovan and Andrews, 2004), 

which is regulated by the levels of iron stores. At low 

levels, absorption is increased, while at high levels, 
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absorption is decreased.  The physical state of iron itself 

influences its absorption: at pH 7, ferrous (Fe2+) is 

converted into the insoluble ferric (Fe3+) state. Gastric 

acid lowers pH, thus enhancing solubility and uptake of Fe2+ 

by intestinal mucosal cells. Other factors which enhance 

absorption are ascorbate and citrate (Conrad and Umbreit, 

1993), while phytates, tannins and antacids inhibit 

absorption and other divalent metals, such as lead, cobalt, 

manganese and zinc are competitors for absorption.   

 Iron passes from the gut lumen through the apical and 

basolateral membrane of the enterocytes to reach the plasma 

membrane (Figure 1) (reviewed in [(Andrews, 1999; Hentze et 

al., 2004). Low pH dissolves ingested iron and facilitates 

the enzymatic reduction of ferric iron to ferrous iron at 

the apical surface via a brush border ferrireductase, Dcytb 

(Riedel et al., 1995).  Fe2+ is transported across the 

apical membrane into the enterocyte via the Divalent Metal 

Transporter (DMT-1, discussed later) (Cellier et al., 1995; 

Fleming et al., 1997) in a proton-coupled process. Once 

inside the enterocyte, the iron has two fates: it can 

either be stored in ferritin if body iron stores are high, 

or it can be transported across the basolateral membrane to 

reach the plasma (Andrews, 1999). Iron efflux requires two 

proteins: the transporter itself called Ireg1, also known 
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as Metal Transporter 1 (MTP1) or Ferroportin (Abboud and 

Haile, 2000; Andrews, 1999; Donovan et al., 2000; McKie et 

al., 2000), and a multicopper ferroxidase called hephaestin 

(Andrews, 1999; Vulpe et al., 1999). Fe2+ is converted to 

Fe3+ by hephaestin, which is then immediately bound to 

transferrin (Tf). The mechanism of iron loading onto Tf is 

unknown, though it may involve a copper oxidase known as 

ceruloplasmin (Harris et al., 1999). Two molecules of Fe3+ 

can bind to Tf, which renders the iron insoluble under 

physiological conditions, preventing iron-mediated free 

radical toxicity and facilitating transport into cells. 

Most cells in the body are believed to acquire iron from 

plasma Tf via transferrin receptors (TfR) and receptor-

mediated endocytosis (discussed later) (Klausner et al., 

1983). 80% of iron bound to circulating Tf is delivered to 

the bone marrow and incorporated into newly formed 

erythrocytes (Finch et al., 1982; JANDL and KATZ, 1963). 
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Figure 1: Schematic Illustration of Iron Absorption 

Iron can be absorbed from the diet into the gut in two different 
forms: either as ferric iron (Fe3+) or as heme. At low pH in the 
gut, most of the free iron is converted to the ferrous (Fe2+) 
form, with some help from the ferrireductase, DcytB. The Fe2+ is 
transported across the apical membrane of the enterocyte via 
DMT1, where it can either be stored in ferritin or be transported 
across the basolateral membrane to reach the plasma. Iron efflux 
is mediated by Ireg1, an iron transporter, and hephaestin, a 
multicopper ferroxidase that converts Fe2+ back to Fe3+, where it 
is bound by Tf.  
Heme is transported across the apical membrane by the recently 
identified heme transporter, HCP1. Within the cell, iron can be 
freed from the protoporphyrin ring by HO1 and join the inorganic 
iron pool, or the heme can transit through the cell intact and be 
exported by the heme transporter Bcrp. 
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 Several factors can regulate iron absorption (reviewed 

in [(Andrews, 1999; Donovan and Andrews, 2004)]): 

1) MUCOSAL BLOCK or DIETARY REGULATOR – Iron absorption 

is affected by recent dietary iron uptake. In the 

event of a large recent iron uptake, the enterocyte 

is rendered refractory to absorption for several 

days.  

2) STORES REGULATOR – Iron absorption is affected by 

levels of total body iron, which is sensed by iron 

saturation in circulating Tf. This iron sufficiency 

information modulates the expression of hepcidin, a 

20-25 amino acid peptide produced in and secreted by 

the liver, which acts as a negative regulator of 

iron absorption (Nicolas et al., 2002; Weinstein et 

al., 2002). Hepcidin levels increase in the presence 

of iron overload, and decreases during iron 

deficiency. This regulation potentially acts at the 

level of the duodenal crypt cells (pre-mature 

enterocytes) and may involve the alteration of 

levels of DMT1 at the apical membrane. 

3) ERYTHROPOIETIC REGULATOR – Iron absorption responds 

to the demands of erythropoiesis, independent of 

total body iron levels. When erythroid cells require 
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iron, hepcidin expression levels decrease and lead 

to increase in iron absorption. The erythropoietic 

regulator has a greater capacity for influencing 

iron absorption than does the stores regulator. 

4) ACUTE HYPOXIA – Iron absorption is stimulated 

through some unknown mechanism. 

Iron can also be absorbed as heme, which can also 

enter the enterocyte via a recently identified heme 

transporter called Heme Carrier Protein 1 (HCP1) (Shayeghi 

et al., 2005), which localizes to the apical membrane of 

duodenal enterocytes. Dietary heme attaches to the brush 

border and is transported into the cells intact. Within the 

cell, iron can be freed from the protoporphyrin ring, 

likely by heme oxygenase 1 (Raffin et al., 1974), an enzyme 

that breaks down heme to liberate iron. This iron can then 

presumable join the inorganic iron pool which can then 

enter the serum via Ireg1, though some heme transits 

through the enterocyte intact and can be exported by two 

heme exporters, Bcrp or FLVCR (Krishnamurthy et al., 2004; 

Quigley et al., 2004).  

Table 1 shows the distribution and usage of iron. It 

is important to note that only 1-3 mg of iron enters the 

body each day, however, the requirement by various 

organelles, such as red blood cells, is much higher. To 
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achieve these high levels, iron is supplied via recycling 

of senescent red cells and catabolism of hemoglobin by 

macrophages. The liver is a primary depot for iron storage 

as hepatocytes can do iron uptake, storage and export, and 

although the major players have not been identified, it is 

believed that ceruloplasmin may play a role in iron export 

through some unknown mechanism (Andrews, 1999; Donovan and 

Andrews, 2004; Hentze et al., 2004). 

 

 

 

 

 

 

 

 

 

 

Table 1: Distribution of iron in the body (adapted from     

(Andrews, 1999)) 

DISTRIBUTION OF IRON
Dietary Iron Uptake 1-2 mg/day
Plasma Transferrin 3 mg
Utilization:

Myoglobin (muscle) 300 mg
Bone Marrow 300 mg

Erythrocytes (hemoglobin) 1800 mg
Storage:
Reticuloendothelial macrophages 600 mg

Liver Parenchyma 1000 mg
Iron Loss 1-2 mg/day
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Part 1.2: Iron Trafficking in the Cell 

 Iron is taken up into the cell via two methods: the 

classical Tf-mediated iron uptake pathway and the Non-

Transferrin Bound Iron (NTBI) uptake. Iron required for 

physiological processes is taken up through Tf-mediated 

iron uptake (Figure 2) (Iacopetta and Morgan, 1983; Karin 

and Mintz, 1981; Klausner et al., 1983). Tf binds to two 

molecules of Fe3+ released from the enterocyte. The Fe-Tf 

then binds to the TfR and, via receptor mediated 

endocytosis, leads to internalization of TfR and DMT1 

within an endocytic vesicle containing holo-Tf. 

Acidification of the endosome to pH 5.5 – 6.0 via an ATP-

dependent proton pump leading Tf to release iron and bind 

tighter to TfR (Dautry-Varsat et al., 1983; Paterson et 

al., 1984; Van et al., 1982; Yamashiro et al., 1984). Iron 

then exits the endosome via DMT1 and enters the 

intracellular labile iron pool, which is then delivered to 

the mitochondria for heme biosythesis and formation of 

iron-sulfur clusters or to ferritin for storage. The iron 

is so tightly regulated in the cell by binding to protein 

that the labile iron pool cannot be measured. The intact 

apoTf-TfR complex recycles to the cell surface, where the 

neutral pH promotes the detachment of Tf from TfR and back 

into circulation (Donovan and Andrews, 2004).  
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Figure 2: The Transferrin Cycle 
 
Iron required for physiological processes is taken up 
through the transferrin (Tf) cycle. Tf binds to two 
molecules of Fe3+ released from the enterocyte, which then 
binds to the Tf receptor (TfR) and, via receptor mediated 
endocytosis, leads to the internalization of TfR and DMT1 
within an endosome. Acidification of the endosome to pH 5.5 
allows Tf to release the iron, which then exits the 
endosome via DMT1 into the labile iron pool. The intact Tf-
TfR complex then recycles to the cell surface, where the 
neutral pH promotes the detachment of Tf from TfR and back 
into circulation. 
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For NTBI uptake, DMT1 in the plasma membrane directly 

mediates iron transport, though this iron is not used for 

physiological purposes(Fleming et al., 1997; Gunshin et 

al., 1997). It’s been postulated that this iron may act in 

a pathophysiological manner. NTBI uptake can occur when 

iron overload produces fully saturated Tf. This NTB iron 

circulating is in a chelatable, low molecular weight form 

and is weakly associated with albumin, citrate, amino acids 

and sugars (Farcich and Morgan, 1992; Fleming et al., 1997; 

Garrick et al., 1999; Richardson and Ponka, 1997). Non-

hematopoietic tissues, such as the liver, endocrine organs, 

kidneys and heart, can preferentially take up this iron. In 

the brain, the free iron levels exceed that of Tf, so NTBI 

uptake is also used (Moos and Morgan, 1998; Rouault, 2001). 

 

 Transferrin 

 Plasma Tf is a 80 kDa glycoprotein synthesized in and 

secreted by the liver. It contains N-terminal and C-

terminal iron binding domains (reviewed in [(Huebers et 

al., 1984)]). These domains are globular structures of 330 

amino acids divided into subunits with iron binding and 

anion binding sites in the intersubdomain cleft. This cleft 

opens with release of iron and closes with binding 

(reviewed in [(Baker and Lindley, 1992)]). Tf has six 
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coordination sites for binding to iron, with a Kd of 10-22 

M, and only in the presence of an anion, predominantly 

carbonate. The anion serves as a bridge between metal and 

protein, excluding water from two coordination sites (Aisen 

and Listowsky, 1980; Shongwe et al., 1992).  The remaining 

four coordination sites on Tf consist of a histidine 

nitrogen, an aspartate carboxyl oxygen and two tyrosine 

phenolate oxygen (Anderson et al., 1989; Bailey et al., 

1988). Anion binding must take place before iron binding; 

iron release from Tf involves protonation of the carbonate, 

during the acidification of the endosome, thus loosening 

the metal-protein bond. Each molecule of Tf can bind to two 

molecules of diferric iron. The average Tf molecule has a 

half-life of eight days and may be used up to 100 times for 

iron delivery (Harford et al., 1994). Tf is not universally 

required for efficient iron transport, but it is the major 

physiological source for iron in the body. 

 

Transferrin Receptor 

 The TfR is a single transmembrane, disulfide-linked 

homodimer of two glycoproteins of 760 amino acids each 

(Cheng et al., 2004b). Each monomer has four glycosylation 

sites, three are N-linked while one is O-linked, leading to 

a 90 kDa protein (Hayes et al., 1992). Mutations that 
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abolish N-linked glycosylation lead to the receptor having 

decreased Tf-binding and surface expression (Williams and 

Enns, 1991; Williams and Enns, 1993). The transmembrane 

domain resides between amino acids 62-89 and functions as 

an internal signal peptide (Zerial et al., 1986).  TfR has 

the ability to bind to both monoferric (Kd = 10-6/mole) and 

diferric (Kd = 10-7 – 10-9M) iron (Sawyer and Krantz, 1986; 

Stein and Sussman, 1986); as the concentration of 

circulating Tf is 25µM, the TfRs are normally fully 

saturated. Binding of Tf to Tfr is mediated by its C-

terminus (Zak et al., 1994); once bound, the Tf-TfR complex 

is rapidly internalized into clathrin-coated pits to form 

endocytic vesicles. This process requires the 61 amino acid 

intracellular tail of TfR (Girones et al., 1991; McGraw and 

Maxfield, 1990; Rothenberger et al., 1987), specifically 

the conserved Tyr-Thr-Arf-Phe (YTRF) sequence which 

functions as a signal for endocytic internalization 

(Collawn et al., 1993).  

 The expression level of TfR is regulated by the 

intracellular levels of iron. At low iron levels, the 

expression is increased to bring more iron into the cell, 

while conversely, at high iron levels, the expression level 

of TfR is decreased. This regulation is mediated by Iron 

Regulatory Proteins (IRPs) binding to Iron Response 
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Elements (IREs) on the mRNA of TfR (details discussed 

below) (reviewed in [(Hentze et al., 2004)]). 

 

Ferritin 

 Ferritin is the cellular iron storage protein (Torti 

and Torti, 2002). A complex 24 subunit heteropolymer made 

up of heavy (H) and L (light) chains. The H-chains are 21 

kDa while the L-chains are 19.7 kDa. These form a sphere 

with a hollow interior that is capable of binding up to 

4500 atoms of crystalline iron (Harrison, 1977; Theil, 

1987) in a soluble, non-toxic but bioavailable form, such 

as ferrihydrite. The H-chain has ferroxidase activity, able 

to convert Fe2+ to Fe3+, promoting incorporation into 

ferritin (Lawson et al., 1991; Levi et al., 1988). The L-

chain is associated with nucleation of the mineral core 

within the protein shell. Different combinations of each of 

the subunits lead to different isoforms of ferritin, which 

show tissue specific variation (Drysdale, 1988). Ferritins 

that are heavy in L-chains correlate to increased iron 

storage while ferritins that are predominantly H-chains 

correlate with increased iron utilization and response to 

stress (Drysdale, 1988; Theil, 1987). The H:L ratio 

increases with activation of heme synthesis or cellular 

proliferation (McClarty et al., 1990; Pattanapanyasat et 
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al., 1987). Over time, ferritin molecules aggregate to form 

clusters with are engulfed by lysosomes and degraded 

(Bridges, 1987), resulting in an end product known as 

hemosiderin. In the case of iron overload, there is an 

increase in hemosiderin that can be visualized by Prussian 

blue staining.  

 The expression level of ferritin is regulated in a 

pattern opposite that of TfR. At low iron levels, the 

expression is decreased so that storage is minimized and 

more iron can be brought into the cell, while at high iron 

levels, the expression level is increased. The expression 

is regulated by the same IRP/IRE system as that which 

regulates TfR (reviewed in [(Hentze et al., 2004)]). 

 

Divalent Metal Transporter (DMT1) 

 DMT1 is a ubiquitously expressed twelve trans-membrane 

channel localized to the plasma membrane and is the only 

known mammalian iron importer in the cell. Originally 

identified as Natural Resistance Associated Macrophage 

Protein-2 (NRAMP2) and Divalent Cation Transporter (DCT1) 

(Cellier et al., 1995; Fleming et al., 1997; Gunshin et 

al., 1997), it channels iron preferentially in the ferrous 

form, but can also channel cobalt, manganese, copper, 

cadmium, lead and zinc, but not calcium or magnesium. There 
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are two different splice forms of DMT1, encoding different 

C-termini and different 3’ untranslated regions (UTRs). In 

one form, the 3’UTR can contain an IRE, though whether DMT1 

expression is regulated by IRPs is still unknown (Gunshin 

et al., 2001; Hubert and Hentze, 2002).  Different DMT1 

isoforms are present in different tissues: the +IRE form is 

found in enterocytes, while in the brain, the –IRE form is 

dominant. 

 DMT1 is known to transport iron across the apical 

membrane of the enterocyte and also to transport iron out 

of the endosome after Tf-TfR mediated iron uptake. The 

function of DMT1 is pH dependent, working optimally at low 

pH and has been reported to co-transport protons. Rodents 

that have a naturally occurring mutation in DMT1, known as 

microcytic anemia (mk) mice or Belgrade (b) rats, where 

glycine 185 is mutated to arginine (G185R) have defects in 

iron import and are anemic (Fleming et al., 1997; Fleming 

et al., 1998). In this case, DMT1 can no longer channel 

iron, but instead, channels calcium through the pore (Xu et 

al., 2004). 

 

IRPs/IREs 

 IRPs and IREs are involved in the post-transcriptional 

control of the expression of many molecules involved in 
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iron homeostasis: TfR, ferritin, DMT1, Ireg1, etc. 

(reviewed in [(Eisenstein, 2000)]) and act as the sensor 

for the intracellar levels of iron. IREs are short 

untranslated 30 nucleotide sequences that form stable stem 

loop structures which are docking sites for IRPs (Andrews, 

2000). There are two IRPs: IRP1 and IRP2, which are 

cytoplasmic proteins that bind to IREs in 5’ or 3’UTRs of 

mRNAs (Hentze and Kuhn, 1996).  IRP1 is functions normally 

as an aconitase, however, in the presence of low iron 

levels, it switches and binds to IREs in TfR and ferritin 

mRNAs. This switch in activity is dictated by the iron-

sulfur clusters within IRP1, which is how it senses iron 

levels. At normal iron levels, the iron-sulfur clusters are 

intact and IRP1 acts as an aconitase. At low levels, the 

iron-sulfur clusters can no longer form, and IRP1 binds to 

IREs. IRP1 is modulated by nitric oxide, as well as oxygen 

– during hypoxia, IRP1 binding to IREs is decreased (Haile 

et al., 1992; Kaptain et al., 1991). 

IRP2’s regulation is different from that of IRP1. IRP2 

binds to IREs in low iron conditions and is degraded at 

high iron concentrations. This is dependent on a cysteine-

rich 73 amino acid sequence that is unique to IRP2, which 

leads to an iron dependent oxidation event. Under high iron 

conditions, this oxidized form is a target for 
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ubiquitination and proteosomal degradation (Kang et al., 

2003; Yamanaka et al., 2003). In the brain, there is more 

IRP2 than IRP1, which is reversed in the heart and liver, 

and IRP2 knockout mice have iron overload in the central 

nervous system (CNS) and neurodegenerative disease (LaVaute 

et al., 2001; Rouault, 2001). 

In the case of TfR, IRP1 binds to multiple IREs at the 

3’UTR, thus stabilizing the message and allowing 

translation of TfR to bring more iron into the cell (Hentze 

and Kuhn, 1996). In the case of ferritin, IRP1 binds to the 

5’UTR and blocks translation, thus decreasing the levels of 

the storage protein (Gray and Hentze, 1994).For DMT1, the 

IRPs bind to the 3’ IRE while for Ireg1, the IRPs bind to 

the 5’ IRE, but it is unknown if this really contributes to 

their regulation (Gunshin et al., 2001).  

 

Other proteins involved in iron homeostasis 

 Table 2 shows a brief overview of other proteins 

involved in iron homeostasis. All of these proteins work 

together to tightly regulate the entry of iron into cell, 

starting with dietary iron entry in the gut to iron uptake 

in individual cells. Mutations in many of these proteins 

leads to either iron overload or iron deficiency. 
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PROTEIN Function Disease Iron Status
Transferrin Ferric iron transporter Hypotransferrinemia Severe hypochromic,   

in plasma microcytic anemia but 
massive iron loading

TfR Membrane Receptor
 for Tf

HFE unknown function, Hereditary Iron overload
but binds to TfR in Hemochromatosis
enterocytes

Ferritin Iron Storage in the Cell Neuroferritinopathy Iron overload
IRP1 Iron sensor, binds to IREs
IRP2 Iron sensor, binds to IREs IRP2 -/- mice Iron overload in  

CNS and
neurodegeneration

DMT1 Iron transporter mk mice Iron deficiency
in enterocytes Belgrade rat
and endosomes

Dcytb Cytochrome b-like
ferric reductase at
apical membrane

Ireg1 Iron export from 
the enterocyte

Ceruloplasmin Copper ferroxidase Aceruloplasnemia Iron overload in 
the brain but decrease
in serum iron

Hephaestin Copper ferroxidase
at basal membrane 

Frataxin Regulation of iron Friedrich's ataxia Iron overload
export from
the mitochondria

Huntingtin Trafficking of TfR Huntington's Disease Iron overload
Heme Oxygenase 1 Breakdown of heme 

to release iron
Pantothenate Regulation of Halloverden-Spatz Iron overload
Kinase 2 co-enzyme A and 

turnover of cysteine
 

 

 

Table 2: A brief overview of proteins involved in iron 
homeostasis, and where known, diseases associated with 
mutations in the gene and the iron disposition in the 
cell/body. 
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Part 1.3: Iron homeostasis in the brain 

 Iron homeostasis in the brain is similar to that of 

the rest of the body in that all of the major proteins 

associated with regulating iron in the systemic circulation 

are also expressed in the central nervous system (CNS). 

However, iron acquisition by the CNS is problematic as the 

CNS is functionally separate from the systemic circulation 

by the blood-brain barrier and the blood-cerebrospinal 

barrier, and thus, cannot acquire iron from circulating 

serum Tf (reviewed in [(Rouault, 2001)]). Nutrients must be 

taken up by the barrier cells and specifically exported 

into the distal compartment.  Little is known about the 

mechanism of iron release into the brain or the regulation 

of transport mechanisms. It is postulated that cells in the 

brain must send a signal that iron is required to the 

endothelial cells lining the blood vessels in the brain and 

that these cells release iron into the brain extracellular 

fluid (Burdo and Connor, 2003).  

 Iron is abundant in the brain and has distinct 

regional and cellular pattern of distribution, highest in 

the basal ganglia at a concentration equivalent to that of 

the liver (Thomas and Jankovic, 2004). Within the basal 

ganglia, iron is highest in the globus pallidus, followed 
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by the zona reticulata of the substantia nigra, the red 

nucleus and the putamen (Sorond and Ratan, 2000). Iron is 

predominantly stored in the oligodendrocytes, cells that 

produce and maintain myelin (Sorond and Ratan, 2000). They 

regulate iron availability to neurons and are found 

associated with blood vessels where they monitor transport 

of iron across the BBB. The oligodendrocytes are also a 

source for brain Tf, as is the choroid plexus and 

epithelial cells, but the amount of Tf made is about 100-

fold lower than that of serum Tf (Burdo and Connor, 2003; 

Sorond and Ratan, 2000). In fact, unlike the systemic 

circulation, iron is often found to be as much as a molar 

excess relative to that of Tf iron binding capacity and 

thus, brain Tf is often saturated. Under normal conditions, 

there may be significant NTBI uptake into cells. This NTB 

iron may be associated with low molecular weight molecules, 

such as citrate and ascorbate, which aid in its transport 

around the brain (Burdo and Connor, 2003; Rouault, 2001).   

 Similar to systemic iron homeostasis, the following 

proteins are involved, with some proteins being found 

specifically in the brain (reviewed in [(Thomas and 

Jankovic, 2004)]): 
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1) UPTAKE - Tf/TfR, melanotransferrin, 

lactotransferrin, DMT1, MTP1/Ireg1 and Stimulator of 

Iron Transport (SFT) 

2) STORAGE – Ferritin, neuromelanin 

3) RELEASE – Ceruloplasmin/ferroxidase, HO1 

4) METABOLISM – HO1, Tf, ferroreductase 

5) POST-TRANSCRIPTIONAL CONTROL: IRP1, IRP2, IREs, 

DMT1, changes in redox state of the cell 

 

Part 1.4: Iron and Neurodegeneration 

 Most of the studies of iron in the brain have centered 

around its pathophysiological properties and participation 

in various neurodegenerative diseases (reviewed in [(Ponka, 

2004; Rouault, 2001; Shoham and Youdim, 2000; Zecca et al., 

2004)]). Iron accumulates normally as a result of ageing, 

however, when iron is present in excess, it has the ability 

to produce reactive oxygen species, such as hydroxyl 

radicals, via Fenton Chemistry, which can augment neuronal 

injury (Gutteridge et al., 1981).  These hydroxyl radicals 

are highly reactive and can attack proteins, lipids and 

DNA, forming cross-links and inhibiting function (Bacon and 

Britton, 1990). 
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Fenton Reaction: Fe2+ + H2O2  →  OH• + OH- + Fe3+ 

 There are two classes of iron related 

neurodegenerative disorders: 1) those that result from 

defects in iron metabolism and/or homeostasis and present 

with neurological defects, such as aceruloplasminemia and 

Friedrich’s ataxia and 2) those neurological diseases that 

present with iron accumulation in specific brain regions, 

such as Huntington’s disease and Alzheimer’s disease. For 

example, in Parkinson’s disease, there is an increased iron 

content in neuromelanin-containing cells, particularly in 

the substantia nigra (Zecca et al., 2004). In both cases, 

this involves protein modification, misfolding and 

aggregation, and formation of intracellular inclusion 

bodies, all of which are hallmarks of many 

neurodegenerative diseases. In the second class of 

neurodegenerative diseases, it is unknown whether the iron 

accumulation seen is just a by-product of degenerating 

neurons or whether the high iron concentration contributes 

to the pathology of the disease.  
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PART 2: DEXRAS1 AND RHES 

Part 2.1: Dexras1  

 Dexras1 is a small G-protein belonging to a subfamily 

of Ras proteins.  It was originally revealed by 

differential display as an upregulated mRNA after treatment 

with dexamethasone, a synthetic glucocorticoid (Kemppainen 

and Behrend, 1998). Dexras1's mRNA was shown to be 

upregulated in as little as 30 minutes, peaking at 2 hours. 

Northern blotting results have shown that Dexras1 is 

enriched in the brain, but is also localized to the heart, 

liver and kidneys. The cDNA encoding the protein was found 

to be about 900 bases or about 30 kDa. While Dexras1 

contains all of the conserved G-protein regions, such as 

the P-loop at the N-terminus, which binds to GDP/GTP, the 

magnesium binding loop and a C-terminal CAAX box, a 

prenylation site, it differs from the typical small GTPases 

as it has an extended C-terminal tail of about 7 kDa 

(Kemppainen and Behrend, 1998). Like all G-proteins, 

Dexras1 is inactive when bound to GDP. Upon binding to GTP, 

it undergoes a confirmational switch, at which point it can 

bind to downstream effector molecules. The functions for 

Dexras1 have been fairly diverse; so far it has been found 
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to inhibit cyclic AMP-dependent ACTH secretion (Graham et 

al., 2001; Kemppainen and Behrend, 1998), bind to and act 

as a guanine nucleotide exchange factor (GEF) for the 

heterotrimeric G-protein (Gαi2) leading to inhibition of 

adenylate cylase (Cismowski et al., 2001; Cismowski et al., 

2000; Graham et al., 2002; Graham et al., 2004; Kemppainen 

and Behrend, 1998), and is localized to the suprachiasmatic 

nucleus where it is involved in the entrainment of the 

circadian clock (Cheng et al., 2004a; Takahashi et al., 

2003).  

 In order for a G-protein to be activated, it must 

release GDP and bind to GTP. This is the rate-limiting step 

in the activation of G-proteins, thus, these small G-

proteins usually require some kind of GEF to catalyze the 

exchange of GDP for GTP. Thus far, no protein GEF has yet 

been identified for Dexras1. 

Nitric oxide (NO) is a well-established 

neurotransmitter in the brain and in the nerves of the 

autonomic nervous system throughout the body. Its primary 

functions are muscle relaxation, penile erection and 

movement of food through the digestive tract (Furchgott and 

Zawadzki, 1980; Ignarro et al., 1987; Palmer et al., 1987).  

NO is a produced by nitric oxide sythase (nNOS) (Bredt and 



 25

Snyder, 1990), which converts arginine to citrulline, 

producing NO.  The enzymatic reaction is outlined below: 

 
 
 
 
 
 
 
 
 
 
 
 
  

There are several forms of NOS. Neuronal NOS (nNOS) 

has a molecular weight of 160 kDa, while endothelial NOS 

(eNOS) and macrophage NOS (mNOS or iNOS) are about 130 kDa. 

nNOS and eNOS are constitutively expressed, while iNOS is 

inducible (Hibbs, Jr. et al., 1987; Stuehr and Nathan, 

1989). All isoforms occur as dimmers. 

nNOS is stimulated to produce NO via the NMDA 

receptor. Glutamate binds to the NMDA receptor, causing 

calcium channels to open, such that the intracellular 

calcium concentration is increased.  The calcium binds to 

calmodulin, which binds and activates NOS, in turn, leading 

to NO production and diffusion of NO from the neuron.  NO 

release from the neuron leads to activation of guanyl 

cyclase, leading to the production of cGMP as a secondary 

messenger (Bredt et al., 1990; Bredt and Snyder, 1989).   
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 A second role for NO is protein S-nitrosylation (Hess 

et al., 2005). The nitric oxide moiety is usually attached 

at a cysteine residue side chain. Because NO is highly 

reactive and is easily inactivated by oxygen, superoxide 

and glutathione, it is increasingly appreciated that NO may 

not simply diffuse freely to reach its physiological target 

but may be conveyed to these sites by interactions of nNOS 

with other proteins. We have previously identified CAPON, a 

55 kDa protein that contains a C-terminal domain that binds 

to the PDZ domain of nNOS as well as an N-terminal 

phosphotyrosine binding (PTB) domain (Jaffrey et al., 

1998). CAPON interacts with Dexras1, creating a tertiary 

complex between nNOS, CAPON and Dexras1 (Fang et al., 

2000). This leads to the nitrosylation of Dexras1 on 

cysteine-11, thus activating Dexras1, by causing the 

protein to bind to GTP in the absence of a protein GEF 

(Figure 3) ((Fang et al., 2000; Jaffrey et al., 2002). The 

selective lessening of Dexras1 activation in the brains of 

mice with targeted deletion of nNOS and the existence of a 

ternary complex of nNOS, CAPON and Dexras1, establish that 

neuronally derived NO physiologically serves as a guanine 

nucleotide exchange factor to activate Dexras1 by S-

nitrosylation (Fang et al., 2000). 
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Figure 3: Dexras1 is regulated by NMDA and nNOS 
 
Glutamate-NMDA binds to the NMDA receptor at the plasma 
membrane, allowing calcium (Ca2+) to flux through the 
receptor and enter the cytoplasm, where it binds to 
calmodulin. This Ca2+-calmodulin complex activates nNOS to 
produce nitric oxide (NO). nNOS interacts with Dexras1 via 
the adaptor protein CAPON, leading to S-nitrosylation and 
activation of Dexras1.



 28

Part 2.2: Rhes 
 
 Rhes (Ras homolog enriched in striatum) is the closest 

homolog to Dexras1, sharing 62% identity (Figure 4). Though 

it shares homology with Dexras1, it is not 

transcriptionally regulated by dexamethasone, but rather, 

thyroid hormone (Falk et al., 1999; Vargiu et al., 2001). 

Rhes contains all of the conserved domains of the classical 

GTPases, but like Dexras1, it also contains that extended 

C-terminal tail of unknown function. Due to its selective 

expression in the striatum, it has been shown to be 

involved in striatal function, where Rhes knockout mice had 

impaired locomotor function and increase in anxiety (Spano 

et al., 2004). Rhes has also been shown to regulate signal 

transduction from G-protein coupled receptors. Rhes is 

post-translationally farnesylated and targeted to the 

membrane. Rhes is able to bind to and activate 

phosphoinositide 3-kinase (PI3K). Rhes also interferes with 

the cyclic AMP (cAMP)/ Protein Kinase A (PKA) pathway 

mediated by the thyroid stimulating hormone (TSH) receptor 

(Vargiu et al., 2004).  

 Though Rhes and Dexras1 are highly homologous, no 

study has yet been performed to determine whether Rhes is 

also regulated by nNOS/NMDA and S-nitrosylation.  
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Figure 4: Sequence alignment of Dexras1 and Rhes 
 
Dexras1 and Rhes share 68% homology at the amino acid 
level, with the typical conserved regions found in all GTP 
binding proteins sharing the highest homology. Rhes also 
contains the extended 7kDa C-terminal tail that Dexras1 
has, but that is absent in other small G-proteins.
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CHAPTER 2: 

Materials and Methods 

 

Cells and Reagents 

HEK 293T cells were maintained in DMEM with 10% fetal 

bovine serum (FBS), 2 mM L-Glutamine and 100U/ml 

penicillin-streptomycin (PS) at 37°C with 5% CO2 atmosphere 

in a humidified incubator. PC12 cells were maintained in 

DMEM with 10% FBS, 5% horse serum, 2 mM L-glutamine and 

100U/ml PS in the same environment. All chemicals were 

purchased from Sigma, unless otherwise indicated. 

 

Generation of constructs 

Rat PAP7 was cloned from EST #5621578 (Open Biosystems) 

into either pCMV-GST or pCMV-HA (Clontech). Rat Dexras1, 

wild-type and A178V or C11S mutants, were all cloned into 

pCMV-Myc (Clontech).  

 

Characterization of PAP7 

To examine the expression pattern of PAP7 throughout the 

body, a male C57/B6 mouse was dissected and each organ was 

homogenized in Buffer A (100 mM Tris pH 7.4, 150 mM NaCl, 

1% Triton X-100, 15% Glycerol, 1 mM PMSF, 25 µg/ml antipain, 
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50 µg/ml leupeptin, 50 µg/ml aprotinin, 25 µg/ml chymostatin 

and 25 µg/ml pepstatin). Total protein (100 µg) was loaded 

onto a Western blot and immunoblotted with a rabbit anti-

nNOS antibody (previously generated in our laboratory), 

rabbit anti-PAP7 (V. Papadopolous) antibody and rabbit 

anti-Dexras1 antibody (Calbiochem).  

To examine the expression pattern of PAP7 in the brain, a 

male Sprague-Dawley rat brain was dissected into several 

parts, lysed in Buffer A, and total protein (100 µg) loaded 

and a Western blot performed.  

To examine the expression pattern of PAP7 and Dexras1 in 

different cell lines, 100 µg of total protein from each cell 

line lysed in Buffer A was loaded onto a Western blot. 

 

GST pull-down assay 

GST or GST-tagged PAP7 constructs were co-transfected with 

Dexras1-Myc constructs into HEK 293T cells using PolyFect 

(Qiagen), with a transfection efficiency of greater than 

90%. Cells were lysed 48h after transfection in Buffer A. 

Lysates were pre-cleared with pansorbin cells (Calbiochem), 

then 1 mg of total protein was incubated with glutathione-

Sepharose beads overnight at 4°C. Beads were washed with 

Wash Buffer A (50 mM Tris pH 7.4, 500 mM NaCl, 10 mM β-
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glycerophosphate) twice, then once with Buffer A. Beads 

were quenched in sample buffer (100 mM Tris, pH 6.8, 10% 

glycerol, 250 mM β-mercaptoethanol, 2% sodium dodecyl 

sulfate and bromophenol blue). Total protein (50 µg) was 

loaded as input. Dexras1-Myc binding was examined using an 

anti-myc antibody (Roche) followed by incubation with anti-

mouse secondary conjugated to horseradish peroxidase(HRP) 

(Jackson Immunoresearch); blots were then stripped and 

probed with an anti-GST antibody conjugated to HRP to 

detect PAP7. Chemiluminescence (Pierce) was used to detect 

bands on the Western blot. 

 

Co-immunoprecipitation 

Undifferentiated PC12 cells were lysed in Buffer A and 

lysates were pre-cleared with protein A Sepharose. 1 mg of 

total protein was incubated with 2 µg of either goat anti-

Dexras1 antibody (Abcam) or rabbit anti-NRAMP2 antibody 

(Alpha Diagnostics) overnight at 4°C, then protein A 

Sepharose beads were added for 1h. Beads were washed in 

Buffer A three times and quenched in sample buffer. Total 

PC12 lysate (100 µg) was loaded as input. PAP7 binding was 

detected using a rabbit anti-PAP7 antibody, followed by 

anti-rabbit Ig conjugated to HRP. 
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For the ternary complex interaction, a male C57/B6 mouse 

was sacrificed and the whole brain was dissected and 

homogenized in Buffer A. Lysates were pre-cleared with 

protein A Sepharose. 1 mg of total protein was incubated 

with 2 µg of rabbit anti-PAP7 antibody overnight at 4°C, 

then protein A Sepharose beads were added for 1h. Beads 

were washed in Buffer A three times and quenched in sample 

buffer. Total brain lysate (100 µg) was loaded as input. 

Dexras1 and DMT1 binding was detected using a rabbit anti-

Dexras1 or anti-NRAMP2 antibody, followed by anti-rabbit Ig 

conjugated to HRP. 

 

Immunofluorescence Staining 

Undifferentiated PC12 cells were plated on poly-D-lysine 

coated glass coverslip dishes. For PAP7 localization to the 

Golgi, these cells were transfected with a plasmid 

containing a Golgi marker conjugated to YFP (pEYFP-Golgi, 

Clonetech) using Lipofectamine 2000 (Invitrogen). After 48 

hours, cells were stained as below. 

Cells were fixed in 4% paraformaldehyde in PBS, 

permeabilized in 1% Triton X-100 in PBS and blocked in PBS 

with 1% normal goat serum and 2% normal horse serum. 

Endogenous Dexras1 was detected using a goat anti-Dexras1 

antibody; endogenous PAP7 was detected using a rabbit anti-
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PAP7 antibody. Anti-goat Ig conjugated to FITC and anti-

rabbit Ig conjugated to rhodamine was obtained from 

Molecular Probes. Confocal microscropy images were obtained 

using a PerkinElmer UltraView LCI (Live Cell Imaging) 

System. 

 

S-nitrosylation of Dexras1 

PC12 cells were treated with various concentrations of GSNO 

(Alexis Biochemicals) for 3h. Cells were washed in PBS and 

harvested. S-nitrosylation of Dexras1 was monitored using 

the biotin-switch assay previously described (Jaffrey and 

Snyder, 2001). Dexras1 was detected on the immunoblot using 

a rabbit anti-Dexras1 antibody (Calbiochem).  

 

Iron Uptake Assays 

In HEK 293T Cells - NTBI uptake assays were performed as 

previously described (Picard et al., 2000). In brief, HEK 

293T cells were transfected (greater than 90% efficiency) 

with PAP7-HA and Dexras1-Myc (or mutants) using 

Lipofectamine and PLUS Reagent (Invitrogen) for 3h in DMEM 

only, then supplemented with full media After 48h, the 

cells were washed with phosphate buffered saline (PBS) then 

resuspended into Iron Uptake Buffer (25 mM Tris, 25 mM MES, 

140 mM NaCl, 5.4 mM KCl, 5 mM glucose, 1.8 mM CaCl2, pH 5.5) 



 35

and transferred to glass test tubes. Ascorbic acid was 

added to 1 mM FeSO4 at a 44:1 ratio. 55FeCl3 (PerkinElmer 

Life Science) was added to the iron/ascorbic acid mixture, 

which was then added to the cells in Iron Uptake Buffer to 

a final concentration of 20 µM. Cells were incubated at 37°C 

with shaking for 30 minutes. The cells were washed twice 

with cold PBS + 0.5 mM EDTA and harvested. An aliquot of 

resuspended cells was taken for protein assay using the 

Bio-Rad Protein Assay Reagent; the protein concentrations 

of individual samples were used to quantitate 55Fe 

incorporation (cpm/µg protein). Samples were normalized to 

control. 

In primary cortical neurons - Cells were dissected out of 

E16-E18 wild-type or nNOS knockout mice and plated in 6 

well plates at 3 X 106 cells per well. Cells were maintained 

in Primary Neuron Media (Neurobasal media supplemented with 

B27 serum, 2 mM L-glutamine and 100U/ml PS) at 37°C with 5% 

CO2 atmosphere in a humidified incubator. Using this media, 

the growth of the glia is suppressed and the amount of glia 

is less than 0.5% of the total culture, giving us an 

essentially pure neuronal culture. 

Neurons were aged 14-20 days after plating before being 

used for iron uptake assays. Cells were treated as follows: 
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100µM NMDA for 30 min, 300µM NMDA for 10 minutes or 5 µM 

ionomycin for 10 min. For samples with MK801, cells were 

pre-treated with 10 µM MK801 for 10 min, then 100 µM NMDA 

was added for 30 min. Cells were then washed once with warm 

PBS. For samples with MK801, the drug was added back after 

NMDA treatment.  

For NTBI uptake assays, 1 ml of warm Iron Uptake Buffer 

containing 20 µM iron prepared as above was added to each 

well and incubated at 37°C with 5% CO2 atmosphere in a 

humidified incubator for 30 min. Cells were harvested, 

washed twice in cold PBS + 0.5 mM EDTA and processed as 

above. 

For Tf-iron uptake pathway, assays were performed as 

previously described (Kim and Ponka, 2002). In brief, apo-

transferrin was loaded with 55Fe2+ and the concentration 

measured. After treatment, cells were incubated in a final 

concentration of 10 µM transferrin (1 µM 55Fe-transferrin 

and 9 µM holo-transferrin) in 1 ml of Primary Neuron Media 

for 2h. Cells were harvested, washed twice in cold PBS + 

0.5 mM EDTA and processed as above. 
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RNA Interference in PC12 cells 

The Dexras1 RNA interference (RNAi) insert was designed 

using the Genescript siRNA design center and cloned into 

pRNAT-U6.1/Neo (Genescript). To obtain knockdown in PC12 

cells, 24 µg of Dexras1 RNAi were transfected into cells 

using Lipofectamine 2000 (Invitrogen) in Optimem overnight. 

Control transfection used the pRNAT-U6.1/Neo empty vector. 

The next morning, cells were fed with full media and 

allowed to recover for 24h. They were transfected again 

overnight, and then allowed to recover for 2 days before 

treatment with GSNO for 3h. The transfection efficiency 

after the double transfection was greater than 90%. To 

monitor knockdown, lysate (100 µg) was run on a Western blot 

(mock transfected cells had no DNA), and Dexras1 protein 

levels were monitored using a rabbit anti-Dexras1 antibody.  

 

Heme Incorporation Assay 

Primary rat cortical neurons were treated with 100 µM NMDA, 

then incubated in 55Fe-transferrin as described above. Cells 

were washed in PBS + 0.5 mM EDTA, then resuspended in 1 ml 

of 0.2N HCl. Using an aliquot of cell lysate, the protein 

concentration of individual samples was determined using 

the Biorad Protein Assay. The resuspended cells were heated 



 38

at 100°C for 10 minutes, cooled on ice, and then transferred 

to glass test tubes. 10% TCA (3 ml) was added to each 

sample, vortexed, and incubated on ice for 15 minutes. 

Protein precipitate was pelleted by centrifugation, and the 

pellet was washed in 3 ml of 10% TCA, and resuspended in 

500 µL of 0.2N HCl. Scintillation fluid was added and 55Fe2+ 

incorporated into heme counted in a scintillation counter. 

Samples were normalized to control. 

 

HemoQuant Assay 

To measure heme content in whole brains, the HemoQuant 

assay was performed as previously described (Schwartz et 

al., 1983). Whole brains from age-matched wild-type and 

nNOS knockout mice were lysed in 4 ml of Buffer A. 50 µg of 

lysate was added to 1 ml of saturated 2M oxalic acid in a 

glass test-tube. Two sets of triplicates were set up for 

each sample – one set are blanks, while the other set are 

samples. The sample set was boiled at 100°C for 30 minutes, 

then cooled to room temperature. The blank set was left at 

room temperature. Boiling samples in 2M oxalic acid 

converts heme to prophyrin, the fluorescence of which was 

read in a spectrofluorometer using 400 nm excitation and 

662 nm emission. The blank values were subtracted from the 



 39

sample values. nNOS knockout porphyrin readings were 

normalized to the age matched wild-type controls (100%).  

 

Measurement of Reactive Oxygen Species 

To measure highly reactive oxygen species (hROS), such as 

hydroxyl free radicals generated by the Fenton reaction, we 

employed 2-[6-(4'-hydroxy)phenoxy-3H-xanthen-3-on-9-

yl]benzoic acid (HPF) (Cell Technology, Inc, Mountain View, 

CA) (Setsukinai et al., 2003). This scarcely fluorescent 

compound binds specifically to hydroxyl free radicals, and 

less specifically to peroxynitrate, and converts to a 

highly fluorescent molecule.  

Rat primary cortical neurons were prepared as above and 

aged for 14 days after plating. Measurement of hROS was 

conducted according to the manufacturer’s protocol. 

Briefly, neurons were pretreated with either 0 µM or 100 µM 

SIH for 3 hours in full media, which was then removed, and 

the cells were washed once with Hanks Balanced Salt 

Solution (HBSS). 5 µM HPF in HBSS was added to the cells and 

incubated at 37°C with 5% CO2 atmosphere in a humidified 

incubator for 30 min. 0 µM or 300 µM NMDA was then added to 

the cells and incubated for another 30 minutes. Cells were 

harvested in HBSS and fluorescence was measured in a 
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fluorimeter utilizing excitation 488 nm and emission 515 

nm.  

Phosphorylation Studies 

To examine in vivo phosphorylation of PAP7, we transfected 

HEK 293T cells with a myc-tagged construct using Polyfect. 

48 hours after transfections, we replaced the media on the 

cells with DMEM (Invitrogen) containing no sodium phosphate 

and supplemented with 32P-orthophosphate (Perkin Elmer) and 

incubated for 4 hours. All inhibitors were made up in DMSO 

and added at this time at the following final 

concentrations: 1 µM staurosporine, 1 µM H-89, 1 µM GFX, 25 

µM TBB, 50 µM DRB, 100 µM Olomoucine, 10 µM SB-216763 and 1 

µM Indirubin-3-monoxime (Biomol). Cells were rinsed twice in 

PBS and lysed in Buffer A. Cell lysates were precleared 

using Pansorbin cells for 30 minutes and a protein assay 

performed. Immunoprecipitations were performed using 1 mg 

of total lysate and 2 µg of anti-myc antibody, pulled down 

with Protein A Sepharose. Beads were washed with Buffer A 

three times, quenched in sample buffer and loaded on a 4-

12% Bis-Tris gel. The gel was then either stained with 

Commassie stain or transferred to nitrocellulose. After 

autoradiography, blots were probed with anti-myc antibody 

for sample input. 
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To examine in vitro phosphorylation of PAP7, Dexras1 and 

Rhes, we transfected HEK 293T cells with myc-tagged 

constructs using Polyfect. After 48 hours, cells were 

harvested and immunoprecipitations were performed as above 

using an anti-myc antibody. After washing the samples twice 

in Wash Buffer A, once in Buffer A and then twice in PBS, 

samples were either untreated or treated with lambda-

phosphatase at 30C for 2 – 4 hours, then washed again three 

times with PBS. The samples were then treated with 

different kinases and 32P-gamma-ATP (Perkin Elmer) for 30 

minutes at 30C. The samples were quenched in SDS-PAGE 

buffer, loaded on a 4-12% Bis-Tris gel and transferred to 

nitrocellulose. The blot was exposed to film, then probed 

with an anti-myc antibody for input samples. 

 

Generation and purification of the Rhes antibody 

Rat Rhes was cloned into pGEX-4T2 and transformed into 

BL21-Codon Plus RIL cells (Stratagene). Bacterial cells 

were grown to an OD600 nm of 0.4 and protein production was 

stimulated with 1 mM IPTG overnight at room temperature. 

Cells were lysed in Buffer B (50 mM Tris pH 7.4, 150 mM 

NaCl, 2% Sarkosyl, 10% Glycerol, 2 mM EDTA, 5 mM DTT, 1 mM 

PMSF, 25 µg/ml antipain, 50 µg/ml leupeptin, 50 µg/ml 

aprotinin, 25 µg/ml chymostatin and 25 µg/ml pepstatin ) and 
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sonicated for 10 minutes. The supernatant was obtained 

after spinning at 20,000 x g for 20 minutes and Triton X-

100 was added to a final concentration of 1%. The protein 

was allowed to bind to glutathione sepharose overnight at 

4C and the beads were washed two times in Wash Buffer B 

(PBS, 10% Glycerol and 1% Triton) and then twice in Wash 

Buffer C (PBS and 10% Glycerol). Protein was eluted in 1 ml 

fractions in Elution Buffer (50 mM Tris pH 8.0, 150 mM 

NaCl, 10% Glycerol, 2 mM EDTA, 5 mM DTT, 20 mM reduced 

glutathione, 1 mM PMSF, 25 µg/ml antipain, 50 µg/ml 

leupeptin, 50 µg/ml aprotinin, 25 µg/ml chymostatin and 25 

µg/ml pepstatin) and sent to Cocalico Biologicals for 

antibody production. 

Polyclonal antibodies were generated in two rabbits and 

bleeds were obtained. The antibodies to GST in the serum 

were purified out using the protocol from the Flemington 

lab (www.flemingtonlab.com). The antibody was tested 

against GST or myc-tagged over-expressed proteins in HEK 

293T cells to show specificity to Rhes. Whole body tissue 

samples were obtained from C57/B6 mice, while brain region 

samples were obtained from Sprague-Dawley rats. In all 

cases, 100 µg of total protein was loaded onto 4-12% Bis-
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Tris gels, transferred and probed with the anti-Rhes 

antibody. 

 

Measurement of Cell Death 

To quantitatively measure cell death after stimulation with 

various agonists, we employed the MTT assay. A 5 mg/ml 

stock of MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma, 

St. Louis) was diluted to a final concentration of 0.25 

mg/ml in HBSS buffer and added to cells after various 

treatments. Cells were incubated at 37C for 2 – 4 hours, 

then the MTT reagent was removed and the cells washed one 

time in HBSS. Healthy cells with intact mitochondria 

convert the yellow colored MTT reagent to purple crystals 

within the cells, which can then be dissolved in 0.1N HCl 

in isopropanol. The samples, measured in triplicate, were 

read in a spectrophotometer at OD 580 nm and OD 630 nm. The 

OD 580 nm – OD 630 nm reading was normalized to control and 

expressed as a percentage of cell viability. 
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CHAPTER 3: 

Results and Discussion 

 
Part 1: Dexras1 interacts with Peripheral Benzodiazepine 

Receptor Associated Protein (PAP7) 

Though it is known that Dexras1 interacts with nNOS 

and is activated by NO via S-nitrosylation, the function 

for this activated Dexras1 has not yet been determined. To 

elucidate physiological roles for Dexras1, we conducted 

yeast-two-hybrid analysis utilizing full length Dexras1 

fused to the GAL4 DNA binding domain, and a rat whole brain 

cDNA library fused to the GAL4 DNA activation domain. A 

single colony identified PAP7 as a potential interactor. 

PAP7 is a 62 kDa protein including several domains: an 

acyl-coenzyme A-binding protein signature, a bipartite 

nuclear localization signal at the N-terminus, a Golgi 

dynamics (GOLD) domain at the C-terminus and glutamate (E)-

, glutamine (Q)- and an asparagine (N)-rich domains (Figure 

5).  PAP7 was identified as an interacting protein of the 

peripheral benzodiazepine receptor (PBR) and may be 

involved in steroidogenesis in the mitochrondria. It also 

interacts with the regulatory subunit of PKA, though its 

effect on or by PKA is unknown (Li et al., 2001). 
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Figure 5: Schematic diagram of PAP7 
 
An Acyl-CoA Binding Protein Domain (ACBP) and bipartite 
nuclear localization signal (NLS) are located at the N-
terminus, while a Golgi Dynamics (GOLD) Domain resides at 
the C-terminus. The middle of the protein contains 
asparagine (N), glutamate (E) and glutamine (Q)-rich 
domains. The Dexras1 binding domain is located between 
amino acids 193-444 as determined by yeast two-hybrid 
analysis.
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Part 1.1: Characterization of PAP7 
 

As little is known about PAP7 and its functions, we 

began by characterizing PAP7 proteins expression levels in 

tissues and in the brain. Western blot analysis reveals 

that PAP7 is expressed at substantial levels in multiple 

mouse tissues including brain, adrenal, heart, lunch, 

liver, spleen and testes, but no detectable levels in the 

kidney, while Dexras1 is brain-selective with modest levels 

in the heart and testes and nNOS is expressed only in the 

brain (Figure 6A). PAP7 is expressed ubiquitously in all 

regions of the brain (Figure 6B) and occurs in high levels 

in many different cell lines, with very low levels in HEK 

293T and HeLa cells (Figure 7). Immunohistochemical 

staining of PAP7 in undifferentiated PC12 cells shows that 

PAP7 is localized to the Golgi and to the cytosol (Figure 

8). Localization of PAP7 in Golgi, where it interacts with 

gigantin and was designated GCP60, has been previously 

reported (Sohda et al., 2001). 

As PAP7 interacts with PKA (Li et al., 2001), we 

wondered if PAP7 is phosphorylated. In vivo and in vitro 

phosphorylation experiments show that PAP7 is 

phosphorylated by CK2, not PKA, and is attenuated with 

treatment with TBB, a CK2 inhibitor (Figure 9A – 9D). Using 

different fragments of PAP7, we have shown that PAP7 is  
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Figure 6: Localization of PAP7 

(A) Western blot analysis shows that PAP7 is expressed at 
substantial levels in multiple mouse tissues, including the 
brain, adrenal, heart, lung, liver, spleen and testis but 
not in the kidney. Dexras1 is brain-specific with modest 
levels in the heart and testis, while nNOS is expressed 
only in the brain. 
(B) PAP7 is expressed ubiquitously in all regions of the 
brain, with the highest level in the olfactory bulb.
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Figure 7: PAP7 expression in various cell lines 
PAP7 is expressed in many commonly used cell lines, 
including PC12 cells, the two neuroblastoma cell lines, N2a 
and N1E-11, the striatal cell line, M213-2O and COS7 cells 
but not in HEK 293T or HeLa cells. 
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Figure 8: Immunohistochemical localization of PAP7 

Undifferentiated PC12 cells were transfected with a Golgi 
marker and stained for endogenous PAP7, revealing that PAP7 
is localized to both the Golgi apparatus and the cytosol. 
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Figure 9: In vivo and in vitro phosphorylation of PAP7 

(A) HEK 293T cells were transfected with myc-tagged PAP7 
and labeled with 32P-orthophosphate in the presence or 
absence of various kinase inhibitors, revealing that PAP7 
is phosphorylated by CK2. Inhibitors (Kinase): 
Staurosporine (general Ser/Thr kinase), H-89 (PKA), GFX 
(PKC), TBB (CK2 – strong inhibitor), DRB (CK2 – weak 
inhibitor), Olomoucine (CDK5), SB216763 (GSK3β) and 
Indirubin-3-monoxime (GSK3β, CDK1, CDK5). The ratio of the 
densities of bands of the autoradiograph signal to 
Commassie blue signal was calculated, then normalized to 
control.
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B) Myc-tagged PAP7 was immunoprecipitated from 
transfected HEK 293T cells, treated with lambda 
phosphatase, then phosphorylated with various kinases, 
showing that CK2 specifically and robustly phosphorylates 
PAP7. This phosphorylation was significantly reduced both 
in vitro (C) and in vivo (D) with treatment of the samples 
with TBB. (E) In vivo phosphorylation experiments show that 
PAP7 is phosphorylated at the N- and C-terminus, but not in 
the middle of the protein. 



 52

phosphorylated at both the N- and C-terminus, but not in 

the middle of the protein and not in the region that 

interacts with Dexras1 (Figure 9E). The specific site and 

consequence of this phosphorylation is still unknown. 

 

Part 1.2: Interaction of Dexras1 and PAP7 

From the yeast-two hybrid, Dexras1 interacts with PAP7 

between amino acids 193-444, encompassing parts of the E-, 

Q- and N-rich domains, as well as the first part of the 

GOLD domain.  We have confirmed the Dexras1-PAP7 

interaction by transient transfections of GST-PAP7 and 

Dexras1-Myc in HEK 293T cells, which reveals selective 

binding of Dexras1 and PAP7 (Figure 10A). PAP7 also binds 

to a constitutively active form of Dexras1 (A178V)(Graham 

et al., 2001) at about the same level as while-type, 

indicating the activity status of Dexras1 is not important 

for protein interaction. In fact, Dexras1 has the ability 

to bind PAP7 even in the presence of 10 mM EDTA, which 

would chelate the Mg2+ from Dexras1 and render it nucleotide 

free (Figure 10B). 

We have narrowed down the binding region of Dexras1 on 

PAP7. Starting with the 193-444 region, which binds to 

Dexras1 (Figure 11A), we made deletion constructs of this 

region from both the N-terminus and the C-terminus (Figure  
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Figure 10: Dexras1 binds to PAP7 in transfected HEK 293T 
cells 
 
(A) HEK 293T cells were transfected with GST or GST-PAP7 
and either wild-type or constitutively active (A178V) 
Dexras1. GST pulldown experiments show that both wild-type 
and A178V Dexras1 specifically binds to PAP7, in about 
equal amounts, suggesting that the activity status of 
Dexras1 does not affect binding. (B) Dexras1 is still able 
to bind to PAP7 in the presence of 10 mM EDTA, which would 
render Dexras1 inactive. 
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Figure 11: Narrowing down the Dexras1 binding region on 
PAP7 
 
(A) Yeast-two hybrid analysis revealed the Dexras1 binding 
region on PAP7 to be between amino acids 193-444, which was 
confirmed by GST pulldown experiments in HEK 293T cells. 
Deletion constructs were made within this region and the 
binding was narrowed down to a 50 amino acid region (B) 
between amino acids 393–444, then further narrowed to a 5 
amino acid region (C) between amino acids 414-419. 
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11B). Using this, we have determined that Dexras1 binds to 

PAP7 between amino acids 414-419 (Figure 11C). We have also 

narrowed down the binding region of PAP7 on Dexras1 to 

amino acids 96-101, close to the Mg2+ loop of the G-protein 

(Figure 12). 

Immunohistochemical staining of undifferentiated PC12 

cells reveals PAP7 is localized to the Golgi apparatus and 

to the cytosol, while Dexras1 is cytosolic and plasma 

membrane associated, so Dexras1 and PAP7 co-localize in the 

cytosol (Figure 13). 

 

Part 1.3: Dexras1, PAP7 and DMT1 participate in iron 

trafficking 

To evaluate the interaction of endogenous Dexras1 and 

PAP7, we employed PC12 cells, which contain high levels of 

both PAP7 and Dexras1. Using an antibody to Dexras1, we 

observe specific co-immunoprecipitation of PAP7 (Figure 

14A). An NCBI nucleotide sequence submission reported PAP7 

as interacting with DMT1 (NCBI accession number NM_182843), 

though no data had yet been shown to prove this. Using PC12 

cells and an antibody for DMT1, we have confirmed the 

binding of PAP7 and DMT1 by co-immunoprecipitation (Figure 

14B). To examine a more physiological preparation, we 

conducted immunoprecipitation experiments in whole mouse  



 56

 

 
Figure 12: Narrowing down the PAP7 binding region on 
Dexras1 
 
(A) Deletion constructs of Dexras1 were made such that 
they overlapped with identical regions of Rhes and GST 
pulldown experiments were performed in HEK 293T cells. 
Initial studies showed that PAP7 binds to Dexras1 between 
amino acids 71-106, and the binding region was further 
narrowed down to 5 amino acids (B) between amino acids 96-
101.  
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Figure 13: Immunohistochemical co-localization of Dexras1 
and PAP7 
 
Undifferentiated PC12 cells were fixed and stained for 
endogenous Dexras1 and PAP7. Dexras1 is localized to the 
cytosol and plasma membrane, while PAP7 is localized to the 
cytosol and Golgi apparatus. 
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brain and examined for the presence of a ternary complex. 

Using an antibody to PAP7, we observe simultaneous co-

precipitation of both Dexras1 and DMT1 (Figure 14C). Thus, 

these three proteins appear to exist in a ternary complex 

in intact brain, suggesting that they may interact 

physiologically.  

DMT1 is the only known iron importer in the cell, and 

since PAP7 and Dexras1 binds to DMT1, we wondered whether 

Dexras1 and PAP7 influence iron homeostasis. Using HEK 293T 

cells, which contain very low levels of PAP7, we show that 

over-expression of wild-type Dexras1 very modestly augments 

NTBI uptake, which is substantially enhanced by co-

transfection with PAP7 (Figure 15). Thus, PAP7 is required 

for robust influence of Dexras1 on iron uptake. The action 

of Dexras1 on iron uptake derives from its GTPase actions, 

as a constitutively GTPase active form of Dexras1, with a 

mutation of alanine-178 to valine (A178V), increases iron 

uptake more than native Dexras1 in the presence or absence 

of PAP7.  

As NO S-nitrosylates and activates Dexras1, we 

examined effects of NO donors on iron uptake. Treatment of 

undifferentiated PC12 cells with S-nitrosoglutathione 

(GSNO) results in S-nitrosylation of Dexras1 (Figure 16A) 

and enhances NTBI uptake in a concentration dependent 



 59

 

Figure 14: Endogenous interaction of Dexras1 and PAP7 and 
DMT1 
 
(A) Immunoprecipitation experiments were performed using 
undifferentiated PC12 cells with a Dexras1 antibody, 
showing co-precipitation of PAP7. (B) Immunoprecipitation 
experiments were performed using undifferentiated PC12 
cells with a DMT1 antibody, showing co-precipitation of 
PAP7. (C) Immunoprecipitation experiments were performed 
using mouse brain lysate with a PAP7 antibody, showing 
simultaneous immunoprecipitation of Dexras1 and DMT1, 
suggesting that the three proteins exist in a ternary 
complex in the cell. 
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Figure 15: Over-expression of Dexras1 and PAP7 increases 
NTBI uptake 
 
HEK 293T cells were transfected with Dexras1 or Dexras1-
A178V in the presence or absence of PAP7. NTBI uptake was 
measured as described in the Materials and Methods. (*, 
p<0.05, **, p<0.01). Dexras1 and PAP7 together increase 
NTBI uptake, which is further augmented by the 
constitutively active Dexras1 mutant, A178V. (NTBI uptake 
experiments were repeated three times, each sample in 
triplicate. Comparison with two-tailed student’s t-test; 
error bars represent SEM). 
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manner (Figure 16B). Other NO donors, sodium nitroprusside 

(SNP)(Figure 16C) and DETANONOate (Figure 16D), elicit 

similar effects. As Dexras1 activation by S-nitrosylation 

involves cysteine-11 (Jaffrey et al., 2002), we examined 

the effects of a Dexras1 cysteine mutant (C11S) on NO-

mediated iron uptake. The C11S mutant still interacts with 

PAP7 (Figure 17A), however, in HEK 293T ells transfected 

with PAP7 and wild-type or C11S mutated Dexras1, the C11S 

mutation abolishes GSNO activation of NTBI uptake (Figure 

17B).  

To determine whether Dexras1 is required for NO-

mediated iron uptake, we sought to deplete Dexras1. Since 

it is difficult to transfect primary cortical neurons, we 

employed undifferentiated PC12 cells, which contain 

endogenous Dexras1, PAP7 and DMT1. We successfully depleted 

Dexras1 in PC12 cells using vector-based RNA interference 

(Figure 18A). While GSNO augments NTBI uptake in control 

PC12 cells, it fails to increase uptake in the Dexras1-

depleted cells (Figure 18B).  

Previous work from our lab showed that Dexras1 is 

activated by glutamate-NMDA neurotransmission acting via 

nNOS and NO. We examined the influence of NMDA upon iron 

uptake in primary cortical neuronal cultures. These 

experiments were conducted in a media that contained about 
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Figure 16: Dexras1 is S-nitrosylated and NTBI uptake is 
increased in PC12 cells after treatment with NO donors. 
 
(A) Dexras1 in undifferentiated PC12 cells is S-
nitrosylated by GSNO in a concentration-dependent manner 
(B) GSNO treatment for 3h leads to a concentration-
dependent increase NTBI uptake in undifferentiated PC12 
cells, as does (C) SNP for 1h and (D) DETA NONOate for 4h. 
(All NTBI uptake experiments were repeated three times, 
each sample in triplicate. Comparison with two-tailed 
student’s t-test; error bars represent SEM). 
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Figure 17: NO-mediated NTBI uptake is mediated by S-
nitrosylation of Dexras1 
 
(A) HEK 293T cells were transfected with GST or GST-PAP7 
Dexras1-C11S-myc, a nitrosylation-dead mutant, which is 
able to bind specifically to PAP7. (B) HEK 293T cells were 
transfected with PAP7 and either wild-type Dexras1 or the 
C11S mutant. After transfection, the cells were treated 
with 100 µM GSNO for 3h and NTBI uptake was measured (*, 
p<0.01). GSNO treatment up-regulates NTBI uptake in cells 
containing wild-type Dexras1, but not the C11S mutant. 
(NTBI uptake experiments were repeated three times, each 
sample in triplicate. Comparison with two-tailed student’s 
t-test; error bars represent SEM). 
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Figure 18: Depletion of Dexras1 in PC12 cells abolishes NO-
mediated NTBI uptake 
 
(A) Undifferentiated PC12 cells were transfected with 
either control RNAi or Dexras1 RNAi (mock is 
untransfected). Dexras1 protein levels was fully depleted 
after transfection with Dexras1 RNAi, but not in control or 
mock-transfected cells (B) Undifferentiated PC12 cells were 
transfected with either control RNAi or Dexras1 RNAi, 
treated with 100 µM GSNO for 3h and NTBI uptake was measured 
(*, p<0.01). GSNO treatment up-regulates NTBI uptake in 
control cells, but not in cells depleted of Dexras1. (All 
NTBI uptake experiments were repeated three times, each 
sample in triplicate. Comparison with two-tailed student’s 
t-test; error bars represent SEM). 
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0.8 mM magnesium, a concentration which would be too low to 

impair NMDA neurotransmission and would not be expected to 

compete with iron uptake by DMT1 (Nowak et al., 1984; 

Picard et al., 2000). NMDA treatment increases NTBI uptake 

in a concentration-dependent manner (Figure 19A), with the 

effects blocked by pre-treatment with the NMDA antagonist 

MK801(+) (Figure 19C). NMDA fails to increase NTBI uptake 

in cultures from nNOS knockout mice, showing that nNOS and 

NO are required for NMDA-mediated NTBI uptake (Figure 19B 

and 19C). NMDA transmission augments calcium conductance 

though the NMDA receptor, which fits with the ability of 

the calcium ionophore, ionomycin, to stimulate NTBI uptake, 

and effect abolished in nNOS knockout cultures (Figure 

19B). 

 

Part 1.4: Physiological and Pathophysiological Relevance of 

Dexras1 Regulation of Iron Uptake 

Iron taken up through the Tf-mediated iron uptake 

pathway is used for physiological processes, such as heme 

synthesis. We examined whether the effects seen on NTBI 

uptake were mimicked in the Tf-iron uptake pathway. Using 

cortical neurons, we observed a concentration dependent 

uptake in Tf-iron uptake after NMDA treatment (Figure 20A). 

Tf-mediated iron uptake is also augments by treatment with 
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Figure 19: Glutamate-NMDA neurotransmission increases NTBI 
uptake, which is abolished in nNOS knockout mice 
 

(A) NMDA stimulation increases NTBI uptake in primary 
cortical neurons in a concentration-dependent manner. (B) 
NTBI uptake in primary cortical neurons is increased by 
both NMDA stimulation and ionomycin treatment, a calcium 
ionophore. This up-regulation is not seen in primary 
cortical neurons from nNOS knockout mice (*, p<0.05, **, 
p<0.01) and (C) is abolished by pre-treatment with MK801, 
an NMDA receptor antagonist (*, p<0.005). (All NTBI uptake 
experiments were repeated three times, each sample in 
triplicate. Comparison with two-tailed student’s t-test; 
error bars represent SEM). 
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ionomycin (Figure 20B), effects abolished by pre-treatment 

with MK801(+) or in nNOS knockout cultures (Figure 20B and 

20C). To assess the physiological relevance of NMDA-

stimulated iron uptake, we monitored 55Fe incorporation into 

heme in cortical cultures treated with NMDA. NMDA 

stimulation markedly increases the rate of heme 

biosynthesis (Figure 21A). Interestingly, when we measure 

the total heme content in brains of either wild-type or 

nNOS knockout mice, the nNOS knockout mice had a 25% 

decrease in total heme as compared to their wild-type 

counterparts, regardless of the age of the mice (Figure 

21B). 

We wondered whether the stimulation of iron uptake by 

NMDA neurotransmission might have pathophysiological 

consequences, as over-activation of NMDA receptors leads to 

neurotoxicity which has been implicated in vascular stroke 

and neurodegenerative diseases (Choi, 1994). In 

cerebrocortical cultures, a concentration of 0.3 mM NMDA is 

well established to elicit neurotoxicity (Dawson et al., 

1991; Koh and Choi, 1988). We have verified that this 

concentration of NMDA elicits a major augmentation in NTBI 

uptake (Figure 22A). As neurotoxicity is associated with a 

pronounced increase in reactive oxygen species (ROS), we 

monitored ROS formation utilizing a dye that selectively 
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Figure 20: Glutamate-NMDA neurotransmission increases Tf-
iron uptake, which is abolished in nNOS knockout mice 
 
(A) Tf-mediated iron uptake is increased in a dose-
dependent manner with NMDA treatment in primary cortical 
neurons. (B) Tf-mediated iron uptake is increased by both 
NMDA and ionomycin (*, p<0.01, **, p<0.01). This up-
regulation is not seen in primary cortical neurons from 
nNOS knockout mice and (C) is abolished by pre-treatment 
with MK801 (*, p<0.005). No increase in uptake is seen in 
neurons from nNOS knockout mice. (All Tf uptake experiments 
were repeated three times, each sample in triplicate. 
Comparison with two-tailed student’s t-test; error bars 
represent SEM). 
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Figure 21: Physiological Relevance of Iron Uptake 
 
(A) Rate of heme biosynthesis was measured using 
incorporation of 55Fe into heme and was increased after NMDA 
treatment (*, p<0.01). (B) Total heme content of the brains 
of wild-type and nNOS knockout mice was measured using the 
HemoQuant assay, showing that there is a significant 
decrease in heme in the nNOS knockout mice, regardless of 
the age of the mice (*, p<0.01). (All experiments were 
repeated three times, each sample in triplicate. Comparison 
with two-tailed student’s t-test; error bars represent 
SEM). 
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detects hydroxyl free radicals (Setsukinai et al., 2003). 

These radicals predominantly arise from the Fenton reaction 

that typically reflects iron interacting with hydrogen 

peroxide to form hydroxyl free radicals. Treatment with 0.3 

mM NMDA elicits a 3.5 fold augmentation in hydroxyl free 

radical formation (Figure 22B). To determine whether this 

increase is caused by the Fenton reaction elicited by iron, 

we employed SIH (salicylaldehyde isonicotinoyl hydrazone), 

a selective cell permeable iron chelator. SIH treatment 

abolishes the increase in hydroxyl free radicals caused by 

NMDA, implying that the free radical formation arises from 

the iron whose influx is stimulated by NMDA (Figure 22B). 

 We also examined whether this influx of iron is 

involved in NMDA-mediated neurotoxicity. Preliminary 

experiments using primary hippocampal cultures show that 

0.3 mM NMDA treatment leads to a significant amount of 

neuronal cell death after 24 hours. This phenomenon is 

attenuated by pre-treatment with either MK801(+), NOS 

inhibitors, SIH or DFO (desferroxamine), a cell non-

permeable iron chelator (Figure 23). This suggests that 

iron could be the effector molecule of NMDA-induced cell 

death, working through nitric oxide. 
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Figure 22: Excitotoxic concentration of NMDA stimulates 
iron uptake and formation of reactive oxygen species 
 
(A) NTBI uptake is significantly increased after treatment 
with an excitotoxic concentration of NMDA. (B) An increase 
in HPF fluorescence was observed after treatment with NMDA, 
indicating an increase in ROS formation. This increase was 
abolished with pre-treatment of the neurons with SIH. 
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Figure 23: Iron chelators attenuate NMDA-induced cell death 
 
Primary hippocampal neurons were pretreated for three hours with 
the following: 10 µM MK801(+), an NMDA receptor antagonist, 500 
µM L-NAME + 100 µM Nω-Nitro-L-Arginine, nNOS inhibitors, 100 µM 
Salicylaldehyde isonicotinoyl hydrazone (SIH), a cell permeable 
iron chelator and 100 µM Desferrioxamine, a cell non-permeable 
iron chelator. The solutions were removed and the cells were 
treated with 300 µM NMDA for 10 minutes, then the cells were 
incubated for 24 hours before cell viability was assessed by 
propidium iodide staining. Pre-treatment of neurons with iron 
chelator significantly reduced cell death induced by NMDA. 
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We wondered whether the influx of iron was specific to NMDA 

and NO-induced cell death. Using undifferentiated PC12 

cells, we treated them with 0.5 mM GSNO, 0.2 mM H2O2 or 1 µM 

staurosporine (STS) overnight and observed an increase in 

NTBI uptake only with GSNO treatment (Figure 24A), 

indicating that not all agonists of cell death stimulate 

iron uptake. To examine whether Dexras1, which we have 

already shown influences NO-mediated iron uptake, 

participates in NO-mediated cell death, we depleted Dexras1 

from PC12 cells using RNA inteference, then treated with 

various cell death stimulants and measured cell viability. 

In cells depleted with Dexras1, GSNO-mediated cell death 

was attenuated, while cell death caused by H2O2 or STS was 

unaffected (Figure 24B). 
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Figure 24: NO-induced cell death is mediated by Dexras1 
 
(A) Undifferentiated PC12 cells were treated overnight 
with various stimulators of cell death and NTBI uptake 
measured. GSNO stimulated iron uptake, while H2O2 and 
staurosporine did not. (B) PC12 cells were double 
transfected with either control or Dexras1 RNAi, then 
treated overnight with GSNO or staurosporine. Cell 
viability was measured using the MTT assay and normalized 
to control. Depletion of Dexras1 rescued GSNO-mediated cell 
death, while staurosporine-induced cell death was 
unaffected. 
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Part 2: Characterization of Rhes and its interaction with 
PAP7 
 
 Little is known about Rhes, except that it is enriched 

in the striatum and that it is transcriptionally 

upregulated by thyroid hormone (Falk et al., 1999; Vargiu 

et al., 2001). Dexras1 is known to be regulated by NO, but 

no studies about NO regulation of Rhes have yet been 

undertaken. We have produced an antibody to Rhes and have 

examined its protein expression levels in the whole body 

and the brain. The antibody is specific to Rhes, and does 

not detect either GST or Dexras1 (Figure 25A). Rhes is 

localized to the brain, adrenal, lung, spleen and testis 

(Figure 25B) Within the brain, it is localized to the 

cerebellum, cortex, hippocampus and striatum (Figure 25C). 

Rhes is expressed at high levels in PC12 and COS7 cells, as 

well as the mouse M213-2O striatal cell line, and the two 

neuroblastoma cells lines N2a and N1E-11, but not in HEK 

293T or HeLa cells (Figure 25D).  

 As Rhes and Dexras1 share about 68% homology, we 

wondered if it was also regulated in a similar manner by 

nitric oxide and S-nitrosylation. Using the biotin switch 

assay (Jaffrey and Snyder, 2001), we transfected HEK 29T 

cells with myc-tagged Rhes and examined for the increase in 

the biotin signal after treatment with GSNO. While a  
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Figure 25: Localization of Rhes 

(A) An antibody to Rhes was generated and was shown to be 
specific to Rhes using overexpressed protein in HEK 293T 
cells. (B) Using mouse tissue lysates, Rhes is shown to be 
localized to the brain, adrenal, lung, liver and testis. 
(C) Rhes is localized to various regions of the brain, 
including cerebellum, cortex, hippocampus, striatum and the 
olfactory bulb. (D) Rhes is localized to various cell 
lines, including PC12, N2a, N1E-11, COS7 and M213-2O cells, 
but not HEK 293T or HeLa  cells, while Dexras1 is present 
in only PC12 and N2a cells and nNOS is only present in N1E-
11 cells. 
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significant increase in biotin is seen after GSNO treatment 

of Dexras1, there is no increase in the biotin signal with 

Rhes, indicating that it is not nitrosylated (Figure 26). 

 We also examined whether Rhes can also bind to PAP7. 

We transiently transfected GST-PAP7 and Rhes-Myc in HEK 

293T cells, pulled down with glutathione sepharose and 

reveal Rhes and PAP7 specifically interact with one another 

(Figure 27A), even in the presence of 10 mM EDTA (Figure 

27B). Using deletion constructs of PAP7, we narrowed down 

the binding site of Rhes to amino acids 414-424 of PAP7, 

the same stretch of amino acids as Dexras1 (data not 

shown). We speculate, due to the high homology between 

Dexras1 and Rhes, that the binding region of PAP7 to Rhes 

will be the same as that of Dexras1, between amino acids 

96-101.  

We examined whether Rhes has a similar influence on 

iron uptake as that of Dexras1. Over expression of Rhes and 

PAP7 in HEK 293T cells significantly augments both NTBI 

(Figure 28A) and Tf-mediated iron uptake (Figure 28B). 

Though Rhes does not appear to be regulated by NO, perhaps 

it is involved in the regulation of iron uptake in other 

pathways or by thyroid hormone. 
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Figure 26: Rhes is not nitrosylated 

Myc-tagged constructs of Rhes and Dexras1 were transfected 
into HEK 293T cells. After 48 hours, cells were treated 
with 100 µM GSNO for 3 hours, and the biotin switch assay 
was performed to assess the nitrosylation state of the 
protein. While there is an increase in the biotin signal 
after GSNO treatment of Dexras1, no increase in signal is 
seen in Rhes, indicating that Rhes is not nitrosylated. 
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Figure 27: Rhes binds to PAP7 
 
(A) HEK 293T cells were transfected with GST or GST-PAP7 
and myc-tagged Rhes. GST pulldown experiments show that 
Rhes specifically binds to PAP7 and that (B) Rhes is still 
able to bind to PAP7 in the presence of 10 mM EDTA, which 
would render Rhes inactive. 
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Figure 28: Rhes and PAP7 over-expression stimulates both 
NTBI and Tf-mediated iron uptake 
 
(A) HEK 293T cells were transfected with Rhes in the 
presence or absence of PAP7. Rhes and PAP7 together 
increase NTBI uptake. (B) HEK 293T cells were transfected 
with Rhes in the presence or absence of PAP7. Rhes and PAP7 
together increase Tf-mediated iron uptake. 
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Part 3: Phosphorylation of Dexras1 and Rhes by PKA 
 
 PAP7 was also identified to interact with the 

regulatory subunit of PKA (Li et al., 2001), though its 

effects on PKA are unknown. PAP7 itself is not 

phosphorylated by PKA, so we wondered whether PKA has any 

effects on Dexras1 and Rhes with PAP7 acting as a connector 

molecule between PKA and the two proteins.  In vitro 

phosphorylation experiments show that both Dexras1 and Rhes 

are phosphorylated by PKA, an effect which is attenuated 

with treatment with H-89, a PKA inhibitor (Figure 29). 

Whether PAP7 plays a role in this phosphorylation, as well 

as the site of phosphorylation on both Dexras1 and Rhes, is 

currently unknown.  
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Figure 29: Dexras1 and Rhes are phosphorylated by PKA 

(A) Myc-tagged Dexras1 and (B) Rhes was immunoprecipitated 
from transfected HEK 293T cells, treated with lambda 
phosphatase, then in vitro phosphorylated with various 
kinases, showing that PKA specifically and robustly 
phosphorylates PAP7. (C) This phosphorylation was 
significantly reduced with treatment of the samples with H-
89, a PKA inhibitor. 
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Part 4: Discussion 
 
In summary, we have identified a novel signaling cascade 

whereby neurotransmission regulates iron homeostasis 

(Figure 30). Glutamate, acting via NMDA receptors, 

activates nNOS to form NO, which leads to protein S-

nitrosylation (Bredt and Snyder, 1994; Hess et al., 2005; 

Li et al., 2001). This modification activates Dexras1 

which, by its link to PAP7, augments both Tf-mediated and 

NTBI uptake. PAP7 does not appear to have a direct 

influence on iron homeostasis, as its over-expression does 

not affect iron uptake, though it does potentiate Dexras1-

induced enhancement of iron uptake. Instead, it presumably 

serves as a scaffold bringing Dexras1 into proximity to 

DMT1. Stimulation of iron uptake by Dexras1 reflects its 

GTPase activity, as constitutively active Dexras1 manifests 

enhanced activity in stimulating iron uptake. The influence 

of Dexras1 upon iron uptake is evidently the first example 

of a G-protein regulating an iron transporter. 

The molecular mechanism whereby Dexras1 and its GTPase 

activity regulate signaling via PAP7 and DMT1 is unclear. 

We presume that Dexras1 influences DMT1 directly but cannot 

rule out some action upon PAP7. Conceivably, other reported 

activities of Dexras1 may participate. For instance, 

Dexras1 activates the ERK1,2 pathway in a pertussis toxin 
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Figure 30: Dexras1, PAP7 and DMT1 mediate both NTBI and Tf-
mediated iron uptake 
 
A model of a signaling cascade whereby glutamate-NMDA 
neurotransmission regulates cellular iron homeostasis. 
Glutamate-NMDA stimulation leads to the activation of nNOS 
and, via the scaffolding protein CAPON, to S-nitrosylation 
of Dexras1, which interacts with PAP7 and DMT1 both at the 
endosome and the plasma membrane, thus influencing cellular 
iron uptake in the cell. 
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sensitive fashion (Cismowski et al., 2000). It impairs 

activation of G-protein coupled receptors that act via Gi, 

inhibiting adenylyl cylase (Graham et al., 2004). 

Functional relevance of those effects is suggested by its 

involvement in regulating circadian rhythm. Dexras1 

expression cycles in a circadian fashion in the 

suprachiasmatic nucleus (Takahashi et al., 2003). Its 

genetic deletion reduces photic entrainment of circadian 

responses to glutamate-NMDA transmission (Cheng et al., 

2004b). We have recently made a conditional Dexras1 

knockout mouse and plan to examine whether it has any gross 

hematological defects. We postulate that the Dexras1 

knockout mice will have defects in glutamate-NMDA induced 

iron uptake and wonder if neurons from these mice will be 

resistant to NMDA-induced excitotoxicity. 

Rhes is a homologue of Dexras1 and is induced by 

thyroid hormone, an interesting contrast to the stimulation 

of Dexras1 by glucocorticoids (Falk et al., 1999; Vargiu et 

al., 2001). Rhes is selectively localized to the corpus 

striatum. It also binds to PAP7 and regulates iron uptake 

into the cell, but does not appear to be regulated by nNOS 

and NO in the same fashion as that of Dexras1. Perhaps Rhes 

regulates iron uptake stimulated through other yet unknown 

pathways. 



 86

Iron is required for many physiological processes, 

such as heme synthesis, mitochondrial oxidation reactions 

and DNA synthesis, but is toxic in excess, so that its 

cellular disposition is tightly regulated. Studies of iron 

in the brain have largely focused on its pathophysiological 

roles, with iron accumulation occurring in numerous 

neurodegenerative diseases. Heretofore, no influence of 

neurotransmission upon iron uptake has been reported. Our 

findings establish a physiologic role for glutamate 

neurotransmission is regulating iron uptake in the brain in 

a novel signaling cascade. 
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