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Summary 

Murine Nramp1 (Natural Resistance-Associated Macrophage Protein 1) encodes a 

bivalent-metallFe2
+ transporter at the phagolysosome membrane and functions to control 

pathogen growth. Nramp1 is known to be upregulated by lipopolysaccharide + Interferon

Gamma (LPS+IFN-I'), iron loading and redox stress; however, the direction of iron 

transported by Nramp1 is not known. The purpose of this study is to increase knowledge 

of the regulation of the TATA-Iess Nramp1 promoter by initiator element binding 

transcription factors, to identify the role of LPS+IFN-I', and oxidant stress (OS) and 

examine the effect of host-cell Nramp1 genotype on these responses. 

Transient transfection of Nramp1 promoter-reporter constructs demonstrated 

upregulation of Nramp 1 by upstream stimulatory protein 1 (USF 1) in synergy with 

transcription factor II-I (TFII-I), but not with c-Myc interacting zinc finger protein-l (Miz-

1). Ying yang 1 (YY1) prevented c-Myc mediated repression of Nramp1 promoter 

function. Mutation of the specificity protein 1 (Sp 1) binding site within the proximal 

Nramp1 promoter attenuated Nramp1 transcriptional responses. Oxidant stress (OS) 

activated Nramp1 and Spl-dependent transcriptional responses in macrophage cells. 

Nramp1 allele G169 increased tolerance to iron- or butathione sulphoximine-induced 

oxidant stress compared with cells expressing the D 169 allele. Higher basal Nramp 1 

transcription was observed following transient transfection into D169 allele cells which 

was reduced with iron chelation. Furthermore, the transfected Nramp 1 promoter construct 

was more responsive to LPS+IFN-I' activation in G 169 allele cells. 

In conclusion, results showed that NrampJ carried a classical Inr element that functions 

III tandem with a consensus Sp 1 binding site. A role for Sp 1 was proposed for the 

activation of Nramp 1 promoter under oxidative stress. It is proposed that Nramp 1 in 

depleting iron from the cytosol caused a low OS response, providing an environment to 

facilitate a strong inflammatory response to LPS+IFN-I' signalling pathways activation. 
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1. Chapter 1 

1.1. General Introduction 

1.1.1. The Discovery of NrampJ Gene 

Nrampl is the positional gene candidate for that defined by the fty/Lsh/Bcg phenotype I, 

originally described for its roles in regulating the resistance or susceptibility to Salmonella 

typhimurium, Leishmania donovani, and Mycobacterium bovis infection in mice 2-5. The 

fty/Lsh/Bcg loci were individually mapped to proximal mouse chromosome 1 6 and it was 

proposed that this single gene, termed Nrampl, was responsible for controlling all 

responses to these phylogenetically distinct organisms. 

The mouse Nrampl gene is presented in two naturally occurring allelic forms 7. A 

non-conserved glycine (G) to aspartic acid (D) mutation at codon 169 of Nrampl makes 

the mice susceptible to Leishmania donovani, Salmonella typhimurium and Mycobacterium 

bovis infection 8,9. The other Nrampl allele Gl69 provides a phenotype in mice that 

restricts early pathogen growth (termed resistant) 7. 

1.1.2. The Nramp Family 

Human NRAMP 1 is composed of 15 exons and spans 11.5 kb of genomic DNA 

encoding a SSO-amino acid (90- to 100-kDa integral membrane protein) protein 10, 

showing 92% similarity with mouse Nrampl ". Human NRAMPI is associated with 

multiple infectious and autoimmune diseases. The infectious diseases include viral (HIV), 

bacterial (tuberculosis, leprosy, meningococcal meningitis) and protozoan (visceral 

leishmaniasis) pathogens 12-19. The autoimmune diseases include rheumatoid arthritis, 

juvenile rheumatoid arthritis, diabetes, sarcoidosis and Crohn's disease 20-25. It has been 

concluded that hypermorphic alleles associate with resistance to infection and 

susceptibility to autoimmunelinflammatory diseases (alleles 3 and 7) and reciprocal 

responses were described for hypomorphic alleles (allele 2) 26-28. 

Mouse Nrampl is paralogous (77% identity) to mouse Nramp2 29,30. A non-conserved 

mutation G 18SR in mouse Nramp2 is responsible for microcytic anaemia associated with 

abnormal TfR receptor/transferrin iron assimilation, reticulocyte iron uptake and 

gastrointestinal iron absorption 31. 
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1.1.3. The NrampJ Protein 

Mouse Nrampl encodes a ~90-100kDa (548 amino acid) transmembrane protein 1,32 . 

The protein is heavily N-linked glycosylated on the extracellular loop (close to 50% of its 

mass) 1,33 . It contains a Ser- and Pro-rich N-terminal domain and a consensus transport 

signature 34. The intra-cytoplasmic loop between transmembrane 8-9 contains a conserved 

transport motif (CTM) known as the 'Binding-protein-dependent transport system inner 

membrane component signature', which is believed to participate in substrate translocation 

across the membrane 1 (Figure. 1.1). 

Lumen 

COOH 

Figure 1.1. The Schematic Representation of the Membrane Associated 

Arrangement of the Murine Nrampl Protein. The amino (NH2) and carboxyl 

terminial (COOR) of the protein are identified on the cytoplasmic side of the 

phagosomal membrane, and the individual predicted transmembrane domains (TJ\..1D) 

1-12 are represented as open columns. The predicted TJ\..1D 4 (shown in red) carries a 

natural mutation in mice bearing the susceptible allele D169 of Nrampl . Possible 

phosphorylation (P) and glycosylation (luminal loop 4) sites are identified. The 

consensus transport motif (CTM) found in several bacterial and eukaryotes 

membrane transport protein is in the cytoplasmic loop 4 1. 

The Nrampl protein is expressed exclusively in the late endosomal and lysosomal sub

cellular compartments of monocytes and macrophages in mice, but not in the early 

endosomes 35 . 
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1.1.4. Role of Murine Nrampl 

The Nramp1 protein is implicated with direct divalent cation transport (Mn2+, Fe2+, 

Zn2+) 36. The intimate co-localisation of the Nramp1 polypeptide with a phagocytosed 

pathogen has provided clues to its putative function in antimicrobial activity 37. Upon 

infections in mice, macrophages are activated by LPS, and release the pro-inflammatory 

cytokines such as IFN-')' then triggers the recruitment of Nramp1 from endocytic vesicles 

to the phagosomal membrane where it alters the microenvironment of the vesicles and 

thereby control the replication of the pathogen 35. It was found that the macrophages that 

contained the resistant Nramp1 G 169 allele has a greater capacity to control the 

proliferation of phagocytosed bacteria 38. In addition, the M. bovis 39 and M. avium 40 

containing phagosomes are more acidic than those with the non-functional Nramp1 or null 

Nramp1 alleles. These studies support the hypothesis that Nramp1 controls the replication 

of intracellular parasites by directly (or indirectly) altering the intravacuolar environment 

of the microbe-containing phagosome. 

Apart from the direct role of transporting cations across the macrophage membrane, 

Nramp1 exerts a wide range of other pleiotropic effects in IFN-')' and LPS-activated 

macrophages. They include the increased expression of the chemokines, IL-{J, iNOS and 

MHC II 26,41-45. Macrophages carrying the resistant Nramp1 allele also caused an increase 

in respiratory burst, the release of nitrates, L-arginine flux and PKC activity 11,41,46,47. 

Nramp1 also stabilizes the mRNA of several IFN-')' inducible genes and TNF-a which 

provides the co-stimulus for NO production 48. This increase of NO production by 

Nramp1 could be part of the protective function of Nramp1 to control infections with 

Mycobacteria. However, macrophages carrying the mutated infection susceptible Nramp1 

allele D169 have a defect in antigen processing and presentation which reduces the 

capacity to control bacteria proliferation 49. 

1.1.5. The Nrampl Promoter 

Murine Nramp 1 promoter does not contain a TAT A box sequence but carries two 

putative consensus sequence motifs for the 1m element (Inr#1: CACT+ I CGCT, Im-like#2: 

TCCCACT+ ICTT) located near to the start site of transcription 50 (Figure. 1.2) The first 

1m conform to the consensus sequence for 1m elements; Py Py A+l N T/ A Py Py, with a 

core motif of (CACT). The second sequence is an 1m-like sequence due to the difference 

in purine instead of the pyrimidine at the 3' end 51 (Figure. 1.3). 
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Many known 1m-binding factors such as c-Myc 52, USFI 53, YYl 54, TFII-l 55 and Miz-

1 56,57 interact at the 1m elements. Miz-l is a zinc finger transcription factor that positively 

regulates NrampJ promoter 56,57. YYl belongs to the zinc finger transcription factors 

family that functions as an 1m-binding protein 54, which either activates 58 or represses 59 

transcription at the 1m. USFI and TFII-l are transcription factors that bind to the 1m and 

also to the E-box site (CACGTG or CACATG) 60. While 2 1m elements and 7 consensus 

E-box elements are found within the Nrampl promoter, little is known on the role of the 

above factors in regulating NrampJ promoter activity (for more details on 1m-binding 

factors, see chapter 3). 

Additionally, the ubiquitous transcription factor Sp 1 binding site or GC box (5'

GGGCG-3 ') is found at position -26/-21 bp, which is necessary for Miz-l to mediate the 

upregulation of NrampJ promoter 57. Alignment sequences of the NrampJ core promoter 

region has shown a 100% conservation of the Sp 1 binding site between human, mouse and 

rat indicating the importance of the Spl binding site on NrampJ promoter regulation 

(Figure. 4.2) (for more details on Spl, see chapter 4). 

Gene Inr el ernent 

Ad-MLP T C A C T C T 

C/EBP T C A C C T T 

MT-1 T C A C C A C 

NCAM T C A C T C A 

LFA-1 T C A T T T T 

HLA-A2 T C A G A T T 

HLA-C T C A G A T T 

Cav-1 T C A G T T C 

Nramp1 #1 C C A C T C T 

Nramp1 #2 T C A C T C G 

Consensus Y Y A N TA Y Y 

Figure 1.2. Sequence Alignment of the Inr Elements from Different 

Promoters. Consensus 1m element alignment matches perfectly with the first 

NrampJ 1m element (Nrampl #1). The 2nd 1m-like element (Nrampl #2) which 

spans the transcription initiation site does not match with the 1m consensus 

sequence where the 3' end of the nucleotide is a purine and is not a pyrimidine. 52. 
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.." 

-' 
Core promoter 

-1555bp 

CACGTG / CACATG/CACTTG 

-26/-21bp 

GGGCG 

+ lbp 

InrI : CCACTCT 
Inr2 : TCACTCG 

Figure 1.3. Schematic Diagram of the Murine Nrampl Promoter Consensus 

Sequence Elements. The Nrampl nucleotide sequences can be found in the EMBL 

data base (accession number AJ458183). The sequence is also available from the 

mouse genome data base (www.ensemb1.orgl Mus_musculus/). The 7 non-canonical 

E boxes (MyclMax 1-7) (CACGTG or CACATG or CACTTG) are represented as 

blue squares E#I- E#7. The 2 pyrimidine rich Inr elements (InrI: CCACTCT and 

Inr2: TCACTCG) are represented by yellow ovals with the transcription initiation 

start site represented by the red arrow above (CTC at +lbp). The single Spl binding 

site (GGGCG -211-26bp) is represented by the pink circle. The diagram is modified 

and adapted from Govoni et aI. , 1995 50 and Bowen et aI. , 2002 1, 56. 

1.1.6. Regulation of Nrampl by LPS and IFN-y 

Upregulation of Nrampl mRNA by LPS+IFN-y resulted in increased levels of the 90-

100kDa mature Nrampl protein in the resistant Nrampl G169 cells 8,50,61,62. There are cis

acting sequence motifs associated with macrophage expression or associated with 

differentiation specific to this cell lineage by LPS+IFN-y in the region between -265bp to 

+127bp on Nrampl promoter which include the IRE (CWKKANNY, positions -183bp) 

and (TKNNGNAAK, positions -144 and -243bp) respectively 50. The mechanism of the 

upregulation of Nrampl promoter by LPS + IFN-y has not yet been worked out although a 

recent report suggested that Miz-l is implicated in the LPS + IFN-y induction of Nrampl 63 

(More details on transcription factor Miz-l in chapter 3). 

1.1. 7. Regulation of Nrampl by Iron and Redox Stress 

Nrampl's own transport substrate, iron and iron loading-induced redox stress enhanced 

Nrampl polypeptide and mRNA accumulation, as efficiently as the inflammatory 
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cytokines 62,64. Nramp1 regulates iron metabolism as demonstrated by modulating the 

IRP2 binding activity 62,65. Studies have reported that cells with the resistant Nramp1 

allele G 169 have a low labile iron pool and iron treatment induced Nramp 1 expression, 

therefore, the transport of iron by Nramp 1 from the cytoplasm was suggested to serve as a 

negative autoregulatory link between Nrampl's function and expression 62. 

Iron is involved with a lot of physiological responses such as cell growth as well as 

combating infection. Dysregulation of iron increase bacteria growth and cause the excess 

formation of ROS via Fenton/Harber-Weiss reaction 66. Excessive ROS overcomes the 

anti-oxidant defences which provokes OS, leading to the destruction of cellular 

components including lipids, protein, and DNA 66 (for more details on OS, see chapter 5). 

While Nramp1 regulates the divalent cationliron transport, little is known on the role of 

Nramp 1 in mediating iron induced-OS in macrophage. 

1.1.8. The Controversy of Nrampl Function 

There is controversy regarding the mechanism of Nramp1 on the direction iron 

transport activity has on bacterial growth. Some data suggest that iron depletion from the 

phagosome to the cytoplasm by Nramp1 results in a bacterial-static mechanism 67-69. 

However, others suggest that the transport of divalent cation, Fe2
+ into the phagosome, 

(where iron catalyses the Fenton chemistry) mediates the bacterial-cidal killing within the 

phagosome 36,70 (Figure. 1.4). 

Some studies have indicated the depletion of iron from the cytoplasm. Barton and 

Atkinson 65 showed that Nramp 1 does not increase iron uptake in Cos-1 cells that express 

Nramp1, and the Nrampl expression was associated with reduced cellular iron load. A 

lower cytoplasmic iron is also found in Nramp1 expressing cells, compared with the non

Nramp1 expressing cells 71,72, and greater flux of iron in Nramp1-expressing cells from the 

cytoplasm has been found 73. Cell growth rates are also reduced in macrophage cell lines 

expressing Nramp1, suggesting a decrease in iron availability together with the decrease of 

the iron storage protein ferritin expression 62,74. The mutant Nramp1 allele D169 

transfected macrophage cells is found to contain more iron than the wild-type-transfected 

cells 39. The increased cytosolic iron is shown to attenuate NF-IL6 activity and iNos 

expression, contributing to the susceptibility of bacterial infection 75-77. These results 

provide support for the notion that Nramp1 depletes cationliron levels within the cytosol. 

In contrast to the results shown above, others have shown that the addition of excess 

iron increased the growth of Mycobacterium avium, hypothesising that Nramp1 carries out 
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anti-microbial action by transporting iron out of the M. avium phagosome 67. In addition, 

Gomes 67 and labado 68 proposed the transport of cations into the cytosol. Thus, the 

function of Nrampl-mediated iron transport is still unclear. 

Despite the controversy of Nrampl function, little is known about the transcriptional 

regulation of Nrampl. A negative autoregulatory link was proposed between the Nrampl 

function and Nrampl promoter activity in the macrophage (i.e. the increase of Nrampl 

expression by iron functions to deplete the cytosolic iron which reduces the expression of 

Nrampl). However, no model of mechanism has been described that could mediate 

regulation by iron or OS. Wu 78 showed that c-Myc induced IRP2 transcription and inhibit 

ferritin expression which co-ordinately enhanced the cytosolic iron pool for cell growth. 

Recent experiments have shown that c-Myc represses Nrampl transcription, which 

provides support for the notion that Nrampl deplete cation/iron levels within the cytosol 62. 

Hence, the study of the regulation of Nrampl promoter activity will provide information 

concerning the direction of divalent cation transport by Nrampl. 
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Figure 1.4. Two Proposed Opposing Models on the Function of Bivalent 

Cation Transporter Nrampl. Nramp1 (represented by pink rectangle) is 

expressed in the late endosome/lysosomes. Upon LPS+IFN-y stimulation, 

Nramp 1 is recruited to the phagosome membrane which regulates the pathogen 

growth by direct iron (Fe2
) transport. Iron, which is essential for pathogen 

growth is either depleted or it is being transported into the phagosome vesicle 

to catalysis the FentonlHaber Weiss reaction to generate hydroxyl radicals in 

killing the pathogens. 
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1.2. General Aim 

The Nrampl gene sequence IS known. However, little is known about the 

transcriptional regulation of Nrampl. The purpose of this study is to investigate the 

transcriptional regulation of the proximal Nrampl promoter; to gain insights into the 

molecular mechanisms underlying the regulation of Nrampl promoter activity by 

LPS+IFN-,)", iron and oxidative stress and its direct cation/iron transport function in 

mediating those responses in macrophages. 

Nrampl is a TATA-Iess promoter, but contains the 1m element(s) and a single 

consensus Sp I-binding site close to the initiation start site 50. Hence, Nrampl is a suitable 

model for the study of many macrophage-expressed genes and for 1m promoters in general. 

The 1m-binding factor Miz-I upregulated the Nrampl promoter 71; however, no results 

have been published on the potential role of other 1m-binding factors that may function 

cooperatively with Miz-I. The aim is to examine the role of these other factors such as 

USFI, YYI, TFII-I, Miz-I, c-Myc for their role, if any, on the regulation of Nrampl. 

Studies have shown that transcription factor Sp I is responsive to LPS stimulation in 

macrophages 79,80. The Spi binding site was found to be necessary for the upregulation of 

Nrampl by Miz-I 56,57 where Miz-I was involved with the upregulation of Nrampl 

promoter by LPS+IFN-,)" 63. Furthermore, Spi was suggested to playa regulatory role in 

response to L-Gln and OS. Therefore, we hypothesised that the Sp I binding site is 

necessary for the regulation of Nrampl promoter by LPS+IFN-,)", L-Gln and OS where Spl 

may playa regulatory role on Nrampl transcription under different stimulus. 

Previously, the Nrampl promoter was found to be positively regulated by redox 

stressliron loading which proposed that the direct mediation of iron activity by Nrampl 

may control its own expression and supports the notion of cytosolic iron depletion 62. 

Hence, Nrampl which transports iron could modulate oxidant stress responses. Therefore, 

by investigating the regulation of Nrampl promoter in function/non-functional Nrampl 

cells, this may provide insights into the role of Nrampl in the regulation of OS status in 

macrophages and the possible evidence to support the controversies of Nrampl function. 
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2. Chapter 2 

Materials and Methods 

2.1. Cell Culture 

The macrophage Raw 264.7 cell lines and Cos-l Monkey fibroblast cell lines were 

cultured in the low-endotoxin complete Dulbecco's Modified Eagle's Medium (DMEM) 

(Sigma-Aldrich), supplemented with 100 U/ml penicillin, 100 ).lg/ml streptomycin, 2 mM 

L-glutamine, and 10% FBS (Life sciences Gibco). Raw 264.7 and Cos-l cells were grown 

to confluent on a Nunc 75cm2 flask and maintained at 37°C at an atmosphere of 5% CO2. 

2.2. Construction of NrampJ Promoter Reporter Plasm ids 

Nrampl constructs pHB4, pHB4SplM, pHB20, pHB22, pHB23 were generated by the 

previous PhD. student Holly Bowen 56. 

Nrampl construct pCAT24 (with the first mutation on 15t Inr) was generated by Abi 

Lapham corresponding to the 5' restriction endonuclease cleavage sites Sal I (with TC fill 

in) and BamHI site of pBLCAT3 plasmid. Oligonucleotides (sense, 5'-

GA TTCCCACTCTTACTCACggGGACC-3' and antisense, 5'-

CTGGTCCccGTGAGTAAGAGTGGGAA-3' was annealed and ligated with annealed 

oligonucleotides 5' - AGCACCCACAGAAGGGGACAGA TTGAG-3' and 5'

GA TCCTCAA TCTGTCCCCTTCTGTGGGTG - 3 '). 

Nrampl construct and pCAT25 (second Inr mutation) was generated in the same way 

as pCA T24 but with different oligonucleotides (sense 5'-

GATGCCCACggGTACTCACTCGGACC-3' and 5'-

CTGGTCCGAGTGAGTAcccGTGGGCA-3 '). The underline DNA sequence was the 

natural Inr sequence and the small letters represents the mutation of the Inr sequence). 

Nrampl luciferase reporter plasmids pL4, pL4SplM, pL4SplMGal4 were generated 

by Emma Philips 57,81. Briefly, a restriction fragment of the XbaI site at -1555bp and a 

synthetic Bam HI site from the Nrampl CAT reporter construct pHB4 56, pHB4SpiM 56 

was subcloned into the pGL3-basic luciferase vector, generating Nrampl luciferase 

construct named pL4 and pL4Sp 1 M. 

21 



The Ga14-Sp1 site substitution mutant NrampJ construct (pL4Sp1MGaI4) was 

prepared from a Sp1 site mutant in pBLCAT3 (pHB4Sp1M). Briefly, a double stranded 

oligonucleotide pair incorporating a Gal4 DNA binding site were cloned into pL4, for use 

in transfection reporter gene studies via XbaI and BamHI sites on the insert and NheI and 

BglII sites on the vector; sense 5' -tttCGGGTGACAGCCCTCCGA-3', anti-sense 3'

aGCCCACTGTCGGGAGGCTtt-5', the lower case letters represent bases introduced to 

facilitate cloning into the EcoRI site. Recombinant clones were selected and orientation of 

the inserts was determined by PCR (PFU enzyme 0.51l1 + 5111 lOX PFU buffer + 0.41l1 

dNTPs (25mM) to give 250llM + 41. 1 III dH20 + 0.51l1 DNA (100 ng/Ill) + 0.51l1 sense 

primer (100 ng/1l1) + 0.51l1 anti-sense primer (100 ng/1l1) + PCR grade water to make up to 

50111 / reaction) 

2.3. Transformation using the Competent E. coli JMI09 cells 

50111 of the competent E. coli JM109 cells (Promega) were pipetted into pre-chilled 

1.5ml eppendorf tubes on ice. 2111 of the DNA ligation mixture (0.1-50ng of DNA) (11l1 

lOx DNA ligase buffer (Promega) + 12 III T4 DNA ligase (Promega) + 6111 Vector + 

Insert/H20 (1 Vector : 5 Inserts) + sterile water to make up to 10 III per reaction tube) and 

11lg of control plasmid were added to the eppendorfs, each was mixed with 50111 

competent cells, gently mixed and incubated on ice for 30 minutes which allowed the DNA 

to precipitate around the competent cells. The cells were then heat shocked by incubating 

at 42' C for 45 seconds, enabling the uptake of the DNA into the competent E. coli cells. 

The cells were carefully transferred back to the ice for 2 minutes after the heat shock. 

500111 of sterile LB medium (lOg NaCI + 109 Bacto-Tryptone + 5g yeast extract + 1L 

dH20 + autoclaved at once and then used at room temperature) without antibiotics was 

added drop by drop in the eppendorfs and were incubated at 37 t for 1 hour with shaking 

at approximately 200-250 rpm. 

After recovery, cells were pelleted by centrifuging at 100 rpm and resuspended in 

100tti of LB medium without antibiotics. The recombinant cells ressupended in lOOll1 LB 

medium were then plated out onto the LB agar plates containing the appropriate antibiotics 

(Ampicillin [50mg/ml]) for selection of resistant recombinant bacterial colonies. The LB 

ampicillin agar plates were prepared in advance of the transfonnation as follow (1.5% / 

7.5g Agar powder + 500ml LB medium was autoclaved, cooled to ~50°C and 1ml of 

ampicillin 50mg/ml was added. The 10 cm Petri-dishes was poured with the LB agar half 
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way through under the blue/yellow flame and was left in room temperature to set). The LB 

agar plates were then incubated overnight at 37°C. Individual single colonies of the 

recombinant clones will grow on the ampicillin LB agar plates which were then streaked 

from the LB agar plate and was grown in a 10ml LB ampicillin liquid medium (1 ml of 

ampicillin SOmg/ml + SOOml LB medium) in the universal tube for overnight at 37 t on 

the shaker (~22S-2S0 rpm). 

2.4. Extraction of Plasmid DNA from the Recombinant E. coli cells 

After incubating the recombinant E. coli cells overnight in 10ml LB medium, glycerol 

stocks of the recombinant E. coli clones were made by mixing 1ml of SO% glycerol + SO% 

sterile LB with 1ml of bacteria culture which can be stored in -70°C for further inoculation. 

The rest of the recombinant E. coli suspension (9ml) were then pelleted, resuspended in 

STE (10mM EDTA pH=8.0 + O.lM NaCI + O.lM Tris-HCI pH=8.0) and was transferred to 

the I.Sml sterile eppendorf tube. The DNA plasmid from the individual clones was 

extracted using a commercial DNA extraction mini prep kit (Midiprep; Machery Nagel) 

according to the manufacturer's instruction. DNA restriction digest was perfonned to 

ensure the correct DNA fragment was being cloned into the plasmid using the appropriate 

restriction enzyme (1).11 of the appropriate restriction enzyme + 1).11 lOX of appropriate 

enzyme buffer + l).1g of plasmid DNA + sterile distill H20 to make up to 10).11 / reaction). 

Eppendorfs were incubated for 1 hour at 37°C. After incubation, 2).11 of DNA loading dye 

(4g Ficoll + 4ml O.SM EDTA + 16ml sterile H20 + a pinch of bromophenol blue) was 

added to tenninate the restriction digest. The reaction mixture was loaded on a 1 % agarose 

electrophoresis gel (1g of electrophoresis agarose (Roche) + 100ml of IX TBE was 

dissolved in the microwave in the conical flask). Gel was run at 120V to separate the 

linear DNA plasmid according to size. 

The recombinant clones, containing the correct size DNA plasmid were then grown in 

large quantity which was later used for cell transient transfection. The glycerol stock of 

the recombinant clone (1 OO~tl) was added to the flask containing 100ml LB medium and 

was incubated overnight at 37°C on the shaker (~22S-2S0 rpm). All plasmid DNA cell 

transfection was extracted using a commercial DNA extraction and isolation kit (Sigma

Aldrich). Plasmid DNA underwent a DNA restriction digest again to reassure the correct 

NrampJ promoter constructs were obtained. 
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2.5. Extraction of Sterile DNA for Cell Transfection 

Following extractions of the large quantities of DNA plasmid and provided the DNA 

plasmid was the correct size, DNA plasmid was then concentrated at l/lg//ll. The 

absorbance at 260nm of the DNA was measured using a spectrophotometer to calculate the 

concentration of the DNA present. DNA plasmid was then ethanol precipitated by adding 

1110 volume of sodium acetate 3M (pH 5.2), 1 volume of 100% ethanol, inverted the tube 

a few times and was spun for 10 minutes at 12,000 rpm. Following centrifugation, the 

alcohol supernatant was carefully discarded by inverting the tube carefully in one direction, 

leaving a white pellet of DNA. The pellet was then washed in 800/l1 of 80% ethanol and 

followed with another 10 minutes of centrifugation at 12,000 rpm. The alcohol was 

removed in a sterile hood by pouring the alcohol supernatant in one direction and excess 

liquid was pipetted off. The DNA pellet was then dried in the flow hood and resuspended 

in sterile dH20 at a concentration of 1/lg//l1 using the following equation. 

Reading of Absorbance 260nm X 50 x 200 (dilution factor) = X Ilg of DNA. 

Therefore X III of water was used to resuspend the X Ilg of DNA to give a DNA = 
[1/lg/ul]. 

2.6. Extraction of Transcription Factor Expression Plasm ids 

The transcription factor expression vector received was dotted on the piece of watman 

paper. The area where the transcription factor expression vector dotted was excised and 

soaked in 50/l1 of sterile water in the sterile 1.5ml eppendorf tube. The DNA contained

water underwent transformation, amplification and extraction for cell transfection (see 

transformation using the competent E. coli JM 1 09 cells, extraction of plasmid DNA from 

the recombinant E. coli cells and extraction of sterile DNA for cell transfection). 

• pEF-c-Myc were kindly provided by Yongfeng Shang - Nutrition Department, 

Pennsylvania State University, University Park, Pennsylvania 16802, USA 

• pCMV-Miz-l expression plasmid was provided by Frank Hanel - Hans Knoll 

Institut fUr Naturstoff-Forschung, Beutenbergstrasse 11,07745 Jena, Germany 

• USF 1 was kindly provided by Sawadogo - Department of Molecular Genetics, The 

University of Texas, MD Anderson Cancer Center, 1515 Holcombe Boulevard, 

Houston, TX 77030, USA 
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• YY1 was kindly provided by S.Roberts - Department of Cell Biology, University of 

Massachusetts Medical Center, Worcester 01655, USA 

• TFII-I was kindly provided by A Roy - Program in Immunology, Tufts University 

School of Medicine, Boston Massachusetts, USA. 

• Sp1 were kindly provided by Jackson and Tjian - Department of Molecular and 

Cell Biology, Howard Hughes Medical Institute, University of California, Berkeley, 

401 Barker Hall, Berkeley, CA 94720, USA. 

• (pGaI4)5-LUC and PM-Sp1 were provided by Yoshihiro Sowa - Division of 

Cancer Biology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, 

Massachusetts 02115, USA 

2.7. Cell Transient Transfection 

Mouse Raw264. 7/Cos-l cell lines were transfected by the liposomal protocol using 

Lipofectamine reagent (Invitrogen). Briefly, the day before transfection, Raw264.7 cells 

were harvested by scraping in the complete DMEM media contained in the flasks. For the 

Cos-1 cells, cells were washed in sterile PBS, 5ml of sterile Trypsin-EDTA (Sigma) was 

added and was incubated at 37°C for 5 minutes. The trypsinized Cos-1 cells were then 

placed in complete DMEM media + 10% FCS + 100 U/ml penicillin, 100 Ilg/ml 

streptomycin, 2 mM L-glutamine to terminate trypsin digestion. 

Cos-1 I Raw 264.7 cells were then transferred to the 50ml falcon tube and were 

counted using a haemocytometer. Cells were homogenised by pi petting up and down and 

equal volume of cell was mix,ed with tryphan blue solution to count the number of viable 

cells. The following equation was the number of cells needed for transfection: 

No. of cells counted (16 squares) x 2 (dilution factor) x 104 = the number of cells Iml 

Raw 264.7 cells were plated at a density of 5x 105 cells/well in a 12 well tissue culture 

plate and the Cos-1 cells were plated at a density of 1.5x 1 05 cells/well in a 6 well tissue 

culture plate the day before transfection. 

F or every 3 wells of Cos-1 cells to be transfected, 3 flg of the appropriate Nramp 1 

constructs ± the appropriate amount of other transcription factor expression vector were 

dissolved in 150fll of sterile serum and antibiotic free DMEM in a 1.5 ml sterile eppendorf 
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tubes. lS0pJ of the free addition DMEM together with 7.SJLl of Lipofectamine were also 

added to the first 1.5 ml tube containing plasmid DNA, giving a total volume of 300).1l. 

For every 3 wells of Raw 264.7 cells that were to be transfected, l.SJLg of appropriate 

NrampJ promoter constructs were co-transfected with the appropriate amount of other 

protein expression vectors and 5).11 of Lipofectamine in no additon DMEM, giving the total 

volume of200).1l. 

Cells were incubated at room temperature for ~20 minutes for the formation of 

liposomes with the DNA ready for uptake by the cells. During the 20 minutes incubation 

time, cells were washed with no addition DMEM. After 20 minutes of incubation at room 

temperature, 60).11 or 90).11 of the Lipofectamine + plasmid DNA mixture were applied to 

the wells with Raw264.7/ Cos-l cells containing O.Sml I1ml of no addition DMEM 

respectively. After 5 hours of transfection, 0.5 ml 11 ml of 20% FCS+DMEM were added 

to the 12 well plates of Raw264. 7 and in the 6 well plates with Cos-1 cells respectively. 

For experiments using LPS+IFN-jI or BSO, Raw264.7 cells were treated with LPS 

(100ng/ml) + IFN-jI (2SU/ml) or BSO (indicated concentration) for 24 hours and reporter 

gene activity assay performed. For studies on L-Gln and transcriptional regulation we used 

L-Gln-deficient media (Sigma) and the FCS was dialysed overnight against distilled water 

to remove residual L-Gln. L-Gln was made in L-Gln -deficient media and was added back 

as indicated after transfection or when needed. 

2.8. Firefly Luciferase Reporter Assay 

Luciferase assays were performed using a dual luciferase kit (Promega) according to 

the manufacturer's instructions and was measured by the luminometer (Tuner Design 

TD20/20). Briefly, Raw264.7 cells were washed twice with PBS (200ml dH20 + 1 PBS 

tablet (Sigma) and were lysed directly in the wells with SOJLI of Ix reporter lysis buffer. 

The cells were scraped and cell debris was pelleted by centrifugation at 12,000 rpm for 5 

minutes and the supernatant was transferred to a 96 well plates. Samples were stored at 

4°C on ice. 

For each sample, SJLl of cell protein extract was added to 50).11 of the luciferase assay 

reagent / 2ml eppendorf tube (Luciferase assay reagents were prepared by mixing 1: 1 of 

the luciferase assay substrate + luciferase assay buffer provided in kit. The 1.3ml aliquots 

stored in -70°C was then thawed at room temperature before use). Sample tube was 

immediately placed in the luminometer and light emission was measured 3 times per 

sample with 100% sensitivity. 
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Protein assay was determined using the BioRad (IX phosphoric acid) assay kit and was 

used to normalize the luciferase activity per amount of protein (Luciferase Unitlf.lg of 

protein). 1JlI of the protein sample was added with 250JlI of the BioRad protein reagent, 

incubated at room temperature for 5 minutes and was measured with the plate reader 

(absorbance 570 nm). 

2.9. CAT Reporter Gene Assay 

To perform CAT assay, cells were harvested by freeze thawing. Transfected cells were 

washed once with PBS and harvested by scraping into 1ml of PBS. Cell pellets were 

resuspended in 100JlI of 0.25M Tris-HCI (pH7.8) and subjected to three rounds of freeze

thaw (-140°C and 37°C) lysis. The cell protein extract in the supernatant were transferred 

into the 96 well microtitre plates and stored at 4°C for assaying. Equal amount of protein 

extracts used in CAT assay was adjusted by CAT protein assay (see below - CAT protein 

assay). 

After determining the amount of protein for assaying (10-20 mg), a premix of CAT 

assay reagents (17.5JlI Tris-HCI (pH 7.8) + 200f.l1 acetyl coenzyme A (0.2mg mrl) + 0.5JlI 

14Chloramphenicol (54 Ci mmor l, Amersham Biosciences) was prepared and added to the 

88f.l1 of cell protein extract plus deionised water sample per 1.5ml eppendorf. Sample 

tubes were then incubated at 37°C for Yz -3 hours, depending on the amount of CAT 

protein present, reflected by the activity of the Nrampl promoter activity. The reaction 

was then stopped by adding 0.5ml of ethyl acetate (Sigma). The extracted Acetyl CoA 

substrate and the acetylated 14C product were dissolved in ethyl acetate by vortexing the 

eppendorf tubes, vacuumed dried and was re-dissolved in ~ 1 OOJlI ethyl acetate ready for 

spotting onto the TLC plates. 

The spotted TLC plates were then placed into a tall glass tank containing CAT running 

solvent (95% v/v of chloroform (45ml) + 5% v/v of absolute methanol (5ml)). The solvent 

travelled to the top of the TLC plates to separate the acetylated chloramphenicol product. 

The TLC plate was then air dried, wrapped in cling film and was placed in the film case 

ready for quantification on the next day. 

The film was then placed directly onto the phosophoimager system (Storm 860) where 

the radioactive product appeared as a black spot which was then quantified using an Image 
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Quant 5.0 programme. The CAT activities were described as CAT % conversion (Figure 

2.1.). 

2.9.1. CAT Protein Assay 

The adjusted amount of protein extracts used in CAT assay was normalized by protein 

assay. lOOll1 of PBS + 0.1 % SDS and lOOll1 of protein assay reagent (Pierce, Rockford, 

USA, made with the manufacturer's instructions) were added to 5J..lI of cell protein extract 

in the 96 well micro-titre plate. In addition to the samples, a protein standard curve was 

also produced by pipetting 0 to 11 J..lI of BSA [2mg/ml] + lOOll1 of PBS +0.1 % SDS and 

lOOll1 of protein assay reagent. Samples in the 96-well plate were then incubated at 37° C 

for 40 minutes. The 96-well plate was read at 570 nm and the amount of protein was then 

calculated. 
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Tri-acetylated 14C 

Products 

Di-acetylated 14C 

Mono-acetylated 14C 

Substrates Non-acetylated 14C 

Origin of Spotting 

% CAT conversion = [prOducts J 
Products+Substrates 

Figure 2.1 Calculation of % Chloramphenicol Acetyl Transferase (CAT) conversion. 

This is an autoradiograph of a CAT assay scanned by the phosophoimager. It indicates the 

origin and the different acetylated states of the C4C]-chloramphenicol. The equation 

shown above was used to calculate the % CAT conversion. 

2.10. Stable Transfectant Macrophage Cell lines 

Nramp 1 stable transfectant cell lines R37 (Nramp 1 allele G 169) and the control cell 

line R2I (Nramp1 allele D169) were prepared as described previously 73 with Nramp1 

expression under the control of human b-actin promoter in the pHu-b-actin promoter-I-neo 

plasmid that was provided by P. Gunning (Children's Medical Research Institute, 

Australia). 

expression 73. 

Anti-NrampI immunoblotting confirmed functional NrampI protein 
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2.11. SDS - Polyacrylamide Gel Electrophoresis and Immunoblotting 

2.11.1. Preparation for the Cell Nuclear Extracts 

Nuclear extracts from the stable transfectants (R21 and R37) were prepared by 

resuspending the cell pellet (107 cells) with 100l-tl Dignam buffer A (see below) in the 2ml 

eppendorf. Then the eppendorf was spun at 13,000 rpm for 30 sec. Supernatant was 

pipetted into a fresh 2ml eppendorf and was mixed with 1 volume (lOOfll) of the Dignam 

buffer C (see below) which was obtained as cytoplasmic extract. The remaining cell pellet 

was resuspended in 50fll of Dignam buffer C, incubated on ice for 10 min, spun at 13,000 

rpm for 30 sec where the supernatant was obtained as the cell nuclear extracts. The protein 

concentration of samples was determined using a Bradford DC assay kit (Bio-Rad) 

according to the manufacturer's instruction. 

Dignam Buffer A 

lOOfll 1M Hepes 

15fll 1M MgCb 

100fll1M KCI 

5fll 1M DTT (reducing agent) 

200fli 1110 NP40 (protease inhibitor) 

9.4ml dH20 

Total volume = 10ml 

Dignam Buffer C 

200fli 1M Hepes 

2.5ml Glycerol 

842fll 5M NaCI 

15fll 1M MgCb 

5fll 1M DTT (reducing agent) 

4fll 0.5M EDTA 

6.5ml dH20 

Total volume = 10ml 

2.11.2. Preparation for Loading and Running the SDS - Polyacrylamide 

Gel 

The nuclear extracts together with the protein dye was boiled to denature the secondary 

structure of protein for loading. Nuclear extracts (20 flg) from the stable transfectant 

Raw264.7 cells (R21 and R37) and mouse Raw264.7 cells treated with BSO and L-Gln 

respectively were fractionated by electrophoresis through a 10% resolving gel (see below). 

~ 1 ml of Butanol was pipetted on top to straighten up the gel. When the 10 % resolving gel 

was set, butanol was discarded and was rinsed with dH20. Stacking gel was then prepared 

( see below), overlaid on the 10% resolving gel and the gel comb was inserted. Single SDS 

gel was run at ~ 100V in the IX running buffer (see below) until the blue dye almost ran off 

the bottom and the gel was transferred into the transfer buffer (see below). 
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2.11.3. Transfer of Protein from the SDS-Polyacrylamide Gel onto 

Nitrocellulose Membrane by Semi-dry Electrophoresis 

Nitroceullose membrane (nitrocellulose membrane (Millipore PVDF with 4Sum filter 

pore size) and Watman paper was cut to size 6cm x 8cm. They were soaked in the transfer 

buffer (see below) prior to the transfer. Three Watman paper was laid on the 

electrophoresis plate of the semi-dry transfer machine (BioRad), then the nitrocellulose 

membrane, the polyacrylamide gel and finally the 3 pieces ofWatman paper on top. After 

the transfer for 1 hour at 100V, the nitrocellulose membrane was blotted in the blocking 

solution (see below) for about 10 mins to prevent non-specific protein binding. 

10% Resolving Gel 

4.2ml 4X resolving solution 

Sml H20 

3.3ml Acrylamide 30% 

100f.tl of APS (lOOmg/lml) 

10fli TEMEM (last to mix in) 

Resolving Solution 

SOml of I.SM Tris pH8.8 

2ml of 10% SDS 

Distill H20 to make 200ml in total 

Running Buffer 

900ml dH20 

100ml Running buffer solution lOX 

Blotting Solution 

109 Marvel milk 

Stacking Gel 

2.Sml stacking solution 2X 

8S0fll Acrylamide 

1.7ml H20 

SOfll APS 

Sfll TEMED (Last to mix in) 

Stacking Solution 

2Sml 1M Tris pH6.8 

2mll0% SDS 

Distill H20 to make up 200ml in total 

Transfer Buffer 

200ml Running buffer IX 

SOml Absolute Methanol 

TBS -Tween (pH7.4) 

1.21g Tris 

100ml TBS-O.l % Tween (400ml 4g NaCI 
TBS+OAml Tween 20) 

SOOml dH20 

500~d Tween 20 

2.11.4. Immunoblots with Antibodies 

The nitrocellulose blot was incubated for 1 hour with primary antibodies diluted in 

TBS-O.l % Tween 20 containing S% Marvel. Rabbit polyclonal recognizing Nramp 1 
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(1: 1000) was raised to the amino-tenninal cytosolic domain of Nramp 1 using GSH-S

transferase (GST) fusion proteins 82. After incubation with primary antibodies, blots were 

extensively washed (>3 times) in TBS-O.1 % Tween 20 before incubation for 1 hour in the 

Goat anti-rabbit horseradish peroxidase conjugate immunoglobulin G (IgG) antibody at 

1: 15000 dilution in TBS-O.l % Tween 20 containing 5% Marvel. After extensive washing 

in TBS-O.l % Tween 20, the blots were soaked in distilled water for detection of protein 

using the chemiluminescence (Santa Cruz). 

2.11.5. Visualisation of Protein on the Nitrocellulose Membrane 

The amount of protein being transferred from the SDS-polyacrylamide gel to the 

nitrocellulose membrane can be visualised by staining the membrane with ami do black 

(45% absolute methanol + 10% acetic acid + 0.1% napthol blue black). Excess amido 

black on the membrane can be removed with some destain (45% absolute methanol + 5% 

glacial acetic acid + 50% distill H20. 

2.12. Cell Proliferation Assay 

Crystal violet was used to stain the cells and the density of the cells was measured with 

the plate reader at 570nm. Briefly, sparse number of cells (~lx 1 03
) stable transfectant cells 

R21 and R37 were plated in 96-well micro titre plate. 100/lM of F AS and the indicated 

amount of BSO were incubated with the cells which were left to grow from day 1-5 by 

incubating at 37°C. After incubation, medium in the wells were removed by flicking and 

blotted on the blue paper towel. On day 1, day 2, day 3, day 4 and day 5, one 96 well plate 

was then stained with ~500/l1 of crystal violet for ~ 1 min (20% absolute methanol (20ml) + 

0.5% crystal violet (0.5g) + 79.5% dH20 (79.5ml)). Post crystal violet staining, excess dye 

was removed by soaking the 96-well plate in tap water, blotted on the blue towel and then 

fixed in 100% methanol. The absorbance was then measured at 570nm. 
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3. Chapter 3 

Role of the Initiator Binding Factors - USFl., YYl., c-Myc., 

Miz-l., TFII-I on the Regulation of NrampJ Promoter 

Activity 
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3.1. Introduction 

3.1.1. c-Myc 

c-Myc is the proto-oncoprotein that belongs to the bHLHlLZ transcription factor super 

family where its deregulation promotes tumour development and progression 83 (Figure. 

3.1). The role of c-Myc in the regulation of Nrampl was initiated by the findings ofWu et 

at., 78 which demonstrated that c-Myc positively regulates IRP2 and negatively regulates 

ferritin to enhance the cytosolic iron pool. The works suggested a fundamental role of c

Myc in the regulation of transcription for the control of genes that regulate iron 

homeostasis. c-Myc inhibits the Nrampl promoter by competing with the Inr-binding 

protein Miz-1 for the binding of co-activator p300 56,57,84,85. One interpretation of these 

data is that Nrampl reduces cytosolic iron in cells. 

c-Myc expression promotes cell proliferation by inhibiting the expression of growth 

repressing genes such as p2l 86, pl5 87 and p27 88-90 by binding indirectly to the Inrs in 

their promoters. 1m-binding factors through which c-Myc interacts include the Inr

binding proteins YY1 91,92, Miz-1 84, TFII_1 93 and Sp1 94. 

N-terminus Central region 

1 TAD C-terminus 439 a.a 

---l MBI MB2 NLS H Basic I bHLH I LZ 

Miz-l I 
Spl I Max I 

VYII 

Figure. 3.1 A Schematic Diagram of the c-Myc Polypeptide Structure. c-Myc contains 

3 domains: N-terminus, C-terminus and the central region consisting of 439 amino acid. 

The bHLH-LZ motifs promote protein-protein interaction. The basic region mediates 

sequence-specific DNA binding. The transcriptional activation domain (TAD) has been 

mapped to the amino terminus. Both the bHLH-LZ and TAD domains are essential for 

transcriptional transactivation, proliferation and trans-formation 83 . Two highly conserved 

domains are found in the N-terminus of c-Myc - Myc box 1 (MB1) and MB2. Factors 

involved in Inr-dependent transcriptional repression such as Miz-1 binds to c-Myc at the C 

terminus HLH-LZ through the amino acid V394 78,85. Factors that are involved in Inr

dependent transcriptional repression such as Miz-1 and YY1 bind to the C-terminal of c-
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3.1.2. USFI 

USF1 is a member of the blll.,H-LZ protein super family wruch includes Myc, Max 

and Mad (Figure 3.2) 95. USF1 is ubiquitously expressed 96 and is originally identified by 

its ability to bind to 1nr or to the E-box site (CACGTG or CACATG) of the AdML 

promoter 53,60,97,98 . 

USF interacts at the promoter by forming either homo (USF1IUSF1 or USF2IUSF2) or 

heterodimers (USF1IUSF2) (the major fonn ofUSF present in most cell) 96,98 . In addition, 

USF1 physically interact with p300 99, Sp1 100, but not Miz-1 84 . USF1 also interacts co

operatively with TFII-I at both Inr and E-box sites 60. 

c-Myc and USF1 differentially regulate cell proliferation, cellular transformation 101 

and the promoter transcription 102 . Interestingly, the opposing activity of USF and c-Myc 

on cellular transformation and proliferation resulted from their opposite effects on the 

expression of initiator-containing genes 103. 

A 

N-Ter 

B C 0 USR BR HLH LZ 

I - ----'-----'---_---'----------'-_------I.I_--"'.~.. 11111 I 
I I 

100 200 300 
C-Ter 

Figure. 3.2 The Schematic Diagram of USFI Polypeptide Structure. USF 1 domains 

include the basic region (BR), the helix-loop-helix region (lll.,H), the leucine zipper 

domain (LZ), USF specific region (USR) domain, the post-activation domain A (A), the 

negative regulatory domain B (B) and its counteracting activation domain A (C), and the 

spacer/activation domain D (D). The bar at the bottom indicates the positions within the 

310 residue of USF 1. USR is well conserved, located just upstream of the BR that is 

implicated both in nuclear localization and in the specific activation of promoters 

containing an initiator element 101 . 

3.1.3. Miz-l 

Miz-1 was isolated as a novel c-Myc interacting transcription factor 84,104 wruch is 

made up of803 amino acids with a predicted molecular weight of 87,970 Da 105. It has 13 

zinc fingers and 12 of which are immediately clustered in the central domain of the protein 

(Figure 3.3). Miz-l forms a Miz-1 /c-MyclMax trimeric complex that specifically binds to 

the Inr elements and represses cell cycle inhibitor genes pi5, p2i and p27 84,106. In 
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response to c-Myc down-regulation, these genes are activated In a Miz-1 dependent 

manner at the Inr. 

Miz-1 positively regulates the Nrampl promoter and the repressive action of c-Myc 

requires the binding ofMiz-1 at the Inr of Nrampl 107. Miz-1 also stabilizes c-Myc against 

ubiquitin-mediated proteolysis 108. Furthermore, Miz-1 binds c-Myc but not USF1 84. 

1 108 269 308 13 Zinc finger motifs 637 719 738 803 a.a. 

I POZ I ()()()()()()()()()()()() () 
269 c=J 308 C-Myc interaction 637 718 

Figure. 3.3 A Schematic Diagram Representing the Miz-l Protein Structural 

Domain. The N-terminal POZ domain is well conserved which is important for 

protein-protein interaction. The 13 zinc finger motifs are represented as ovals. 

Interacting region of c-Myc with Miz-1 is shown 105. 

3.1.4. TFII-I 

TFII-1 is a transcription factor that binds to the Inr sites and stimulates transcription 

from the TATA and 1nr containing AdML promoter with the consensus sequence 5' 

YAYTCYYY-3 ' 60,109 (Figure 3.4). TFII-1 acts independently and synergistically with 

USF1 through E-box and Inr elements present in the AdML promoter 53,60,109 . Studies have 

shown that simultaneous addition of USF1 and TFII-1 generated a novel complex 

indicative of highly cooperative interactions 55. TFII-1 physically and functionally interacts 

with transcription factors USF 109, c-Myc 93, and potentially YY1 55,91. 

N 
c 

Figure. 3.4. Schematic Diagram of TFll-I. TFII-1 has four alternatively spliced 

isoforms: ~ (977 amino acids), ~ (978 amino acids), Y (998 amino acids), and 

A (957 amino acids). TFII-1 was characterized by the presence of six repeating 90-

residue motifs that each possesses a potential helix-Ioop/span-helix homology (R1-6). 

Leucine zipper (LZ) motif occurs between amino acids 23 and 44 represented by the 

purple box. The functional nuclear localization sequence (a.a.278-284) and the basic 

region (a.a 301-306) are marked as nuclear localization signal (NLS) and (basic region) 

BR respectively 60. 
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3.1.5. YYl 

YYI is a ubiquitously expressed transcription factor that binds with its four C2H2 zinc 

fingers to the Inr of the AA V P5 promoter 110 (Figure 3.5). YYI plays a role to either 

activate or repress transcription through the interaction with HDACs or HATs 58,1ll-113 . 

The role ofYYI implicates both Sp 1 114,115 or p300 III factors and the general transcription 

machinery 112,113. YYI associates with c-Myc 91,53,92 and its increase DNA binding 

activities impaired the association of c-Myc with Max or Mad for regulation of 
. . 116 transcnptlOn . 

N 

1 

Transcriptional repression domain 

Transcriptional activation domain -

54 80 154 

p300 170 C==::J1 200 

295 414 a.a 

C 

DNA binding domain 

Sp1 

Figure 3.5 Schematic Diagram of the Human YYI Primary Protein 

Structure. Acidic regions 1 and 2 are transactivation domain. 'His' represents 

a stretch of 11 consecutive Histidine residues. The acetylation ofYYI by p300 

occurs at the GA which are glycine and alanine rich region; the spacer region 

contain no recognized structure but are required for optimal transactivation; 

The 4 Zn finger-DNA binding domains (Zn) are represented in pink. The first 

one and a half of the Zinc fingers of YYI contain an element necessary for the 

interaction with SpI 114,115 . 
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3.2. Specific Aims 

The aims of this chapter are to investigate: 

1. Potential roles of the Inr-binding factors USFl, YYl, TFII-I, Miz-l and c-Myc on 

the transcriptional regulation of Nramp J promoter. 

a. In the context of AdML promoter, TFII-I and USFI activated both at the Inr 

and at the E-box elements 60,109. We investigate ifTFII-I and USFI has any 

consequence on the Nramp J promoter function. 

b. As USF 1 and Miz-l do not interact functionally with each other 84, yet both 

of the transcription factors functionally interact at the Inr of different 

promoters 2,56, we investigate the role of USF 1 and Miz-l on the regulation 

ofNrampJ. 

c. c-Myc interacts with YYl 91,92 where c-Myc alone negatively regulates the 

NrampJ promoter 8. Therefore, we investigate the role of YYl and c-Myc 

on the regulation of NrampJ promoter. 
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3.3. Results 

3.3.1. 5' Deletion Analysis of the Nrampl Promoter Activity 

As the 5' Nrampi promoter sequence was deleted (Figure 3.6A), there was ~1.2-fold 

increase of Nrampi promoter activity when comparing Nrampi construct pHB4 with 

pHB20 (P=0.02). Furthermore, the deletion of the consensus Spl binding site (5'

GGGCG -3', -26/-21bp) caused a further ~6-fold activation of Nrampi construct pHB23 

when compared with pHB20 (Figure 3.6A, P = 0.01). 

3.3.2. USFI Activated the Nrampl Promoter 

Transfection of USF 1 expression plasmid alone caused activation on different Nramp 1 

promoter constructs, pHB4, pHB6, pH20 and pHB23 when compared with the respective 

controls, which were without the addition ofUSFl plasmid (Figure 3.6B ~3-, 3-, 11-, 16-

fold activation respectively, P = 0.11, 0.05, 0.01 and 0.008). The highest fold of activation 

on pHB23 with USF1 suggested functional interaction ofUSFl at the 1m. 

3.3.3. Functional Redundancy of Nrampl promoter Inr Elements 

Nrampi construct pHB23 demonstrated ~100-fold activation when compared with 

pHB22 (Figure 3.7, P = 0.01), suggesting that the 2 1m elements were necessary for the 

basal transcriptional activity of Nramp 1. 

To determine which 1m was necessary for the Nrampi promoter activity, Cos-1 cells 

were transfected with pHB23, pCAT24 (15t 1m sequence, CCACTCT mutated to 

CCACGGG) and pCA T25 (2nd 1m sequence, TCACTCG mutated to TCACGGG) (Figure 

3.8). However, no significant reduction was observed in pCAT24 (P = 0.08) or in pCAT25 

(P = 0.24) when compared with pHB23 indicating functional redundancy ofIm elements. 

3.3.4. USFI Activated the Nrampl Promoter was Dependent upon the 

Inr 

The importance of the 1m elements for the positive regulation by USF 1 in pHB23 was 

assessed (Figure 3.6B). Transfection of USF1 expression plasmid caused activation in 

pHB23 (Figure 3.9 - P = 0.004), but not in pHB22 when both the 1m elements were 

deleted (P = 0.45). This indicated that the activation of the Nrampi promoter by USFI 

was dependent upon the 2 1m elements. 
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3.3.5. YYl Blocked the c-Myc Mediated Repression on the Nrampl 

Promoter 

YYl activated the Nrampl construct pHB23 (Figure 3.10, ~1.3- fold, P = 0.03) but not 

in pHB4 (P = 0.78). c-Myc repressed the activity of Nrampl constructs pHB4 and pHB23 

(Figure 3.10, ~3 and 5- fold inhibition with P = 0.04 and 0.002 respectively) which was 

consistent with previous results 8. 

Co-transfection of YYl with c-Myc expression plasmids had no effect on pHB4 

(Figure 3.10 - P = 0.38) and pHB23 (P = 0.07) when comparing with the plasmid controls. 

However, the combination of YYl and c-Myc blocked the inhibition of c-Myc on both 

pHB4 and pHB23 Nrampl constructs (Figure 3.10, ~2- and 5- fold, P = 0.04 and 0.0008 

respectively). 

3.3.6. Synergistic Effect of TFII-I + USFI on the Nrampl Promoter 

Transfection of the TFII -I expression plasmid alone did not activate pHB6 (Figure 3.11, 

P = 0.3) or pHB20 (P = 0.35) when compared to the control. However, co-transfection of 

TFII-I and USFI expression plasmids activated pHB20 in comparison with the control 

(Figure 3.11, ~19- fold activation, P = 0.01), but did not activate pHB6 (P = 0.12). In 

addition, synergistic activation was observed with USFI +TFII-I when compared to USF1 

alone (Figure 3.11, ~2- fold activation, P = 0.04) in pHB20, but not in pHB6 (P = 0.6) that 

correlates with the loss of 2 putative E-box elements. 

3.3.7. Miz-l and USFI did not Functionally Interact at the Nrampl 

Promoter 

Co-transfection of Miz-l +USF 1 caused 18- fold activation in construct pHB20 (Figure 

3.12, P = 0.04) and pHB23 (P = 0.02, ~9-fold activation) when compared to the control. 

However, Miz-l +USF 1 did not cause a synergistic increase of the Nramp 1 construct 

pHB20 or pHB23 when compared to USFI alone (Figure 3.12 - P = 0.32 and 0.8 

respectively). Transfection of USFI alone activated the Nrampl construct pHB20 and 

pHB23 (Figure 3.12, 14- and 8.8- fold activation, P = 0.01 and 0.0001 respectively). Miz-

1 alone caused activation on pHB20 but not in pHB23 (Figure 3.12, ~3-fold activation, P = 

0.04 and 0.67 respectively), which was consistent with the results shown in the previous 

experiments 57. 
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Figure 3.6A. 5' Deletion Analysis of Nrampl Promoter Activity. 1.5x105 Cos-l cells 

were co-transfected with 11lg of the deletion NrampJ CAT driven constructs pHB4, 6, 

20 and 23 . Results are presented as acetylated chloramphenicol product expressed as a 

percentage of substrate + product (CAT conversion, %). Five hours after transfection, 

20% FCS no addition media was added for overnight. Cells were washed with PBS 

and lysed by freeze thawing. 20)lg of protein products were incubated for 4 hours at 

37°C (see Material and Methods for CAT assay protocol). 

B. Schematic diagram of the different NrampJ promoter 5' deletion constructs (pHB4, 

pHB6, pHB20, pHB23) 
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Figure 3.6B Activation of Nrampl Promoter Activity by Co-transfecting USFI 

plasmids. 1.5xl05 Cos- l cells were co-transfected with lllg of Nrampl CAT driven 

constructs pHB4, 6, 20 and 23 with O.lllg of USF 1 expression plasmid. Result were 

presented as fold activation by USFI relative to their respective control (without the 

addition of O.lllg USFl), which was shown as an acetylated chloramphenicol product 

volume quantitation expressed as a percentage of substrate + product (% CAT 

conversion). The total amount of plasmid in the transfection experiments were 

normalized to l .lllg with the control plasmid. Five hours after transfection, 20% FCS 

with no addition DIvIEM- media was added. 24 hours later, cells were washed with 

PBS and lysed by freeze thawing. 20llg of protein products were incubated for 4 hours 

at 37°C. Student T-test is represented as * = P ~0 . 05 ** = P = 0.008. 

B. Schematic diagram of the different Nrampl promoter 5' deletion constructs (pHB4, 

pHB6, pHB20, pHB23) 
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B 

---1 CAT I pHB22 

Figure 3.7 The Essential Function of the 2 Putative Inr Elements on 

Nrampl Promoter. A. 1.5xl05 Cos-l cells were co-transfected with l/lg of 

Nrampl CAT driven construct pHB22 or pHB23 . Five hours after 

transfection, 20% FCS no addition DMEM media was added for overnight. 

Cells were washed with PBS and lysed by freeze thawing. 20).lg of protein 

extract was incubated for 112 hour at 3rc. Results were presented as log % 

CAT conversion. 

B. Schematic diagram of the different Nrampl promoter 5' deletion 

constructs (pHB22, pHB23) 
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Figure 3.8 Functional Redundancy of the Inr Elements on NrampJ 

Promoter. A. 1. 5x 105 Cos-I cells were co-transfected with lllg of the 

NrampJ CAT driven constructs pHB23 , pCAT24 or pCAT25 . Five hours 

after transfection, 20% FCS no addition DMEM media was added for 

overnight. Cells were washed with PBS and lysed by freeze thawing. lOllg 

of protein extract was incubated for liz hour at 37°C. Data were presented as 

% CAT conversion. 

B. Schematic diagram of the different NrampJ promoter 5' deletion 

constructs (pHB23, pCAT24, pCAT25) 
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Figure 3.9 Functional Redundancy of Inr Elements on the Activation of 

NrampJ by USFI. A. 1.5xl05 Cos-l cells were co-transfected with Ij..lg of 

Nrampl CAT driven construct plIB22 or plIB23 (black) with O.Ij..lg of USFI 

expression vector (clear). The total amount of plasmid in the transfection 

experiments were normalized to 1.1 j..lg with the control plasmid. Five hours after 

transfection, 20% FCS no addition DMEM media was added and incubated for 

overnight. Cells were then washed with PBS and lysed by freeze thawing. 20j..lg 

of protein extract was incubated for 112 hour at 37°C. Results were presented as % 

relative to the control plasmid of% CAT conversion. 

B. Schematic diagram of the different Nrampl promoter 5' deletion constructs 

(plIB22, plIB23). 
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Figure 3.10. YYl Prevented the Inhibitory Role of c-Myc on Nrampl 

Promoter. A. 1.5xl05 of Cos-l cells were co-transfected with l/J.g of Nrampl 

CAT driven construct pHB4 and pHB23 with l/J.g of c-Myc (clear), l/J.g of YYl 

expression vector (spotted) or with both c-Myc and YYl (shaded). The total 

amount of plasmid in the transfection experiments were normalized to 3/J.g with 

the control plasmid. Five hours after transfection, 20% FCS media was added and 

incubated overnight. Cells were then washed with PBS and lysed by freeze 

thawing. 20 /J.g of protein extract was incubated for 3 hours at 37°C. Results were 

indicated as CAT conversion (%). Student t-tests are compared with respective 

control * = P ::; 0.05 . 

B. Schematic diagram of the different Nrampl promoter 5' deletion constructs 

(pHB4, pHB23) 
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Figure 3.11. USFI and TFll-I Activated Nrampl Promoter in a Synergistic 

Manner. A. 1.5xl05 Cos-l cells were co-transfected with lllg Nrampl CAT 

construct pHB6 or pHB20 with lllg of TFII -I (dotted), O. lllg of USF 1 (Shaded) 

or in combination (clear) . The total amount of plasmid in the transfection 

experiments were normalized to 2.11lg with the control plasmid (black). Five 

hours after transfection, 20% FCS with no addition of media was added and 

incubated for overnight. Cells were then washed with PBS and lysed by freeze 

thawing. 20llg of protein extract was incubated for 4 hour at 37°C. Results were 

indicated as % CAT conversion. 

B . Schematic diagram of the different Nrampl promoter 5' deletion constructs 

(pHB6, pHB20) 
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Figure 3.12. Miz-l and USFl Independently Activated NrampJ promoter but 

not in Synergy. A. 1. 5x 105 Cos-1 cells were co-transfected with 1 llg of pHB20 or 

pHB23 Nramp 1 CAT constructs with 1 llg of Miz-1 (dotted), 0.1 llg of USF 1 

(clear) or in combination (shaded), The total amount of plasmid in the transfection 

experiments were normalized to 2. 1 llg with the control plasmid (black) . Five 

hours after transfection, 20% FCS no addition DMEM media was added and 

incubated for overnight. Cells were then washed with PBS and lysed by freeze 

thawing. 20llg protein extract was incubated for 4.5 hour at 37°C (for method, see 

chapter 2). Results were indicated as % CAT conversion. Student t-tests were 

compared with the control. * = P :5 0.05, ** = P = 0.0001. 

B. Schematic diagram of the different Nrampl promoter 5' deletion constructs 

(pHB20, pHB23) 

48 



3.4. Discussion + Future Experiments 

This chapter demonstrated the role of 1m-binding transcription factors on the regulation 

of Nrampl promoter. The present study has focused on the following factors, USFl, TFII

I, Miz-l, c-Myc and YYl which interact at the consensus 1m elements. Data supported the 

concept that USFI transactivated the Nrampl promoter which was dependent upon the two 

1m elements. The single 1m-deletion experiments supported the notion that the two Ims 

are identical and functionally redundant. USFI and TFII-I also activated the Nrampl 

promoter in a synergistic manner indicating functional interaction between USFI and TFII

Ion the Nrampl promoter. Interestingly, TFII-I or YYl did not activate when transfected 

alone in a promoter construct that contained upstream promoter sequences. However, YYI 

activated at the 1m, although significant, the fold induction was very low and the relevance 

was not clear. An interesting finding of YY 1 function was that YY I prevented the 

repressive activity of c-Myc on the Nrampl promoter. The present study also 

demonstrated that Miz-1 and USFI individually activated Nrampl, but did not display 

synergy. This chapter has given insights to the role of the 1m-binding factors on the 

regulation of Nrampl transcription (Figure 3.13); however these functional data need to be 

validated by protein binding studies such as the use of the CHIP assay. 

3.4.1. USFI Positively Regulated the Murine Nrampl Promoter 

Transcription at the Inr 

USFI belongs to the same bHLH-LZ protein superfamily member as c-Myc 95 which 

binds at the E-box elements or at the 1m on AdML promoter 60,98,109. The result in Figure 

3.6B demonstrated that USFI caused the dramatic upregulation of the Nrampl construct 

pHB23 which indicated the role ofUSF1 in activating the Nrampl at the 1m. 

c-Myc is shown to mediate the repression of 1m containing promoters such as HIV-1 

and AdML while USF1 stimulates them 52,53. Other studies demonstrated the opposing 

activity of USF1 and c-Myc on transcription, where excess USF1 can overcome the 

inhibitory effect of c-Myc 102,103. c-Myc was previously shown to inhibit Nrampl 

promoter mediated by the interaction with Miz-1 at the 1m 56. Hence, the positive 

regulation of Nrampl by USF1 can be explained by the over expression of USFl which 

may overcome the inhibitory effect of c-Myc on Nrampl. However, the exact mechanism 

requires further investigation. 
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The activation of NrampJ by USFI may also be explained by the physical interactions 

between other transcription factors. It was found that USFI upregulated promoter activity 

via interaction with Spl 100, the co-activator p300 99 but not with Miz-l 84. As Spl and 

p300 were necessary for the upregulation of NrampJ promoter by Miz-l, it was possible 

for USFI to interact physically with p300 and/or Spl for the positive regulation of NrampJ 

promoter. However, the deletion of the Sp 1 binding site on pHB23 suggested that USF 1 

activated Nramp J promoter independently of the Sp 1 binding site. 

3.4.2. TFII-J and USFI Synergistically Activated the NrampJ Promoter 

The present studies showed that TFII-I alone has no role on NrampJ transcription alone 

but caused a synergistic activation in combination with USF 1 (Figure 3.11). It is unclear 

why TFII-I alone caused no effect on NrampJ transcription. This may be explained by the 

possible interaction of TFII-I with the inhibitory effect of c-Myc at the NrampJ promoter, 

while c-Myc was suggested to prevent the further binding of TFII-I to the basal 

transcriptional machinery, thereby preventing transcriptional activation from the 1m ll7. 

The synergistic activation of NrampJ by USFI +TFII-I was consistent to the previous 

experiment where TFII-I and USFI activated transcription in synergy through both 1m and 

the E-box elements of the AdML 60,109. However, results showed a synergistic activation 

in NrampJ construct pHB20 but not in pHB6, suggesting a possible functional interaction 

at the core promoter region and not at the E-box elements (Figure 3.11). Alternatively, the 

possible interaction of c-Myc at the E-box elements on NrampJ prevents further interaction 

of TFII-I at the Imlto the basal transcriptional machinery ll7, while c-Myc was suggested 

to functionally interact at E-box element and inhibit NrampJ transcription by looping over 

to prevent Miz-I mediated activation at the 1m 56. 

TFII-I is found to serve as a co-regulator that can integrate regulatory responses ofUSF 

to the basal machinery and enhance the binding of USFI to 1m 109. This provided a 

possible mechanism for the initiation of transcription from TATA-Iess promoters 118. A 

direct interaction between TFII-I and USFI has never been reported, however, EMSA or 

CHIP assay could reveal the binding ofUSF and TFII-I at the 1m of NrampJ promoter. 

An alternative hypothesis of the synergistic activation of NrampJ promoter could 

involve a co-activator that bridges the transcription factors to the basal transcriptional 

machinery and allows recruitment and/or stabilization of the pre-initiation complex. 

Although USFI does not interact with p300 in the context of the TGF-{32 promoter 119, 

however, it has been shown that p300 mediates the transcriptional activation of the FIFO 

50 



ATP synthase promoter by USF2 through an Inr element 120. In addition, co-activator p300 

display intrinsic HAT activities. The acetylation of histone is thought to be involved in 

destabilization of nucleosomes, a crucial event for the access of transcription factors to 

their DNA templates 121. It may be hypothesized that a specific co-activator such as p300 

that is common to TFII-I and USF, allows an enhancement of transcription through the 

binding ofTFII-I and USF to the Inr element of Nrampl promoter. 

3.4.3. USFI and Miz-l do not Functionally Interact with each other at 

the Nrampl Promoter 

Miz-l 57 and USFI (Figure 3.6B) individually upregulated the Nrampl promoter at the 

core promoter region but did not display synergy in combination (Figure 3.12) which 

suggested that they do not functionally interact with each other at the core promoter region. 

These results were consistent with the previous findings that Miz-l and USF 1 do not 

physically and functionally interacts with each other 84. 

3.4.4. YYl Blocked the c-Myc Mediated Negative Regulation of the 

Nrampl Promoter 

As shown before that YY 1 is an Inr binding factor that regulates Inr containing 

promoter 110. It is interesting to note that YYl transactivated the Nrampl promoter 

through the Inr but not upstream of the Nrampl promoter (Figure 3.9, P = 0.03). Although 

the result was significant, the fold induction was very low and its relevance on Nrampl 

transcription was not clear. 

Previous study showed that YYl associated with c-Myc 91,92. Interestingly, results 

suggested that co-transfection of YYl with c-Myc prevented the c-Myc mediated 

repression on the Nrampl promoter at the Inr of Nrampl (Figure 3.10). Studies have 

shown that the impaired association between c-Myc, Max, and Mad resulted in an 

increased DNA binding activity of YY1, which is a repressor of the CXCR4 promoter 116. 

Hence, the ability of YYl to overcome the repression of c-Myc on Nrampl promoter may 

be explained by the interaction between YYl and c-Myc, where YYI mopped up c-Myc 

and prevented c-Myc mediated repression on Nrampl transcription. Alternatively, it may 

be explained by the interaction ofYYl with co-activators p300 III, which act as a repressor 

in preventing the p300 from activating Nrampl transcription. 

51 



Murine Nramp 1 promoter (-1555/+ 1 OObp) 

• , 
--1 7 E- box elements H,-~_S_P_l_--,HL-__ In_ r_1_/_In_r_2_-I_ik_e_---,r-

++ 

GV 
® 

+ + + + 

0GVGV 
®® 

Prevented 
Inhibition 

Fig. 3.13. The Proposed Model on the Regulation of Murine NrampJ 

Promoter by Different Inr-binding Factors. The schematic diagram showing 

the murine Nrampl promoter (-1555/+1 OObp) which contains the consensus 

transcription factor binding elements (represented by rectangle) 50. Results 

showed that UFS 1 and TFII -I causes a synergistic activation (+ +), both at the 

1nr and upstream of the Nrampl promoter. YYl prevented the c-Myc mediated 

repressive activity at the Inr of the Nrampl promoter. USFI and Miz-l did not 

activate Nrampl promoter in a synergistic manner which indicated that they did 

not functionally interact with each other on Nrampl but individually activated 

Nrampl at the Inr (+). However, the direct binding region of the transcription 

factors is not known and awaits further investigations. 
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4. Chapter 4 

The Importance of the Spl Binding Site on the Regulation of 

NrampJ by LPS+IFN-)" L-Glutamine and Oxidative Stress 
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4.1. Introduction 

4.1.1. The Transcription Factor Spl 

SpI, the 778 amino acid DNA binding transcription factor, is ubiquitously expressed 

binds to and activates transcription from Sp 1 binding sites or so-called GC-boxes (5 '

GGGGCGGGG-3 ') within a few hundred base pairs of the transcriptional start site 122-124. 

Many promoters which lack both the traditional TATA and CCAAT boxes rely on the 

presence of a single or multiple Sp 1 consensus binding sites 125 . 

The Sp family of transcription factors is united by a combination of three conserved 

Cys2His2 zinc finger (containing two histidine and two cysteine residues which coordinate 

with a Zn2
+ ion in each finger) that form the DNA-binding domain of Sp factors 126. It also 

contains the central activation domains that are often glutamine-rich or serine/threonine

rich which interact with TBP 127 and TAFIII10 128 (Figure 4.1). 

A B C D - -
SpI N ~,-,-I __ ---l-JIII,---__ --,--_+---,1 ~ c 778 

Figure 4.1. A Schematic Diagram Represents the Spl Polypeptide Structure. Sp 1 

consists of 778 amino acids and has three putative zinc fingers (blue) of the CyS2 His2 

type which binds DNA. The Sp 1 transactivation domain has been subdivided into two 

subdomains (A and B) with regions rich in glutamine residues (yellow), which are 

known activation domain. The red box indicated the known inhibitory domain. The 

green boxes indicated the regions of Sp protein that is rich in serine I theronine 

residues. A region close to the first zinc fingers largely composed of charged amino 

acids (+1-), which synergistically stimulate transcription. The region of Sp 1 for YY1 

interactions is located in domain D of Sp 1 124. 

4.1.2. Spl is Regulated and Function as a Regulator 

Sp 1 is a constitutive transcription factor, but increasing data suggest that Sp 1 also has a 

regulatory role. Most of the regulation occurs through post-translational modification, 

which in tum regulates transcription. 

There is evidence that O-glycosylation plays a role in controlling both the turnover and 

transactivation activities of Sp 1 129 Jackson and Tjian showed that the ubiquitous 
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transcription factor Sp 1 bears multiple 0- glycosylation residues, containing - 8 molecule 

of O-glycosylation per protein molecule 130. The recombinant Sp 1 transactivation domain, 

which contains O-glycosylation, fails to bind to known Sp 1 binding partners such as the 

TAFIIllO in vitro, indicating that the regulated removal of O-glycosylation is necessary 

for Sp 1 to bind to specific partners 131. O-glycosylation also protected the Sp 1 

. '.c: . ..: d d' 132 133 transcnptIOn lactor protem lrom proteasome egra atIOn ' . 

In addition, N-acetylglucosamine in the NH2-terminal transcriptional activation domain 

of Spl 130,134 and/or the phosphorylation modification to serine and threonine residues can 

also regulate the protein degradation, Sp 1 protein abundance, protein-protein or protein

DNA interactions ofSpl 131-135. 

4.1.3. Regulatory Role of Spl on the Promoter Regulation by L-Gln 

Sp 1 demonstrated a regulatory role on transcription through O-glycosylation which 

enhanced argininosuccinate synthetase promoter transcription via the hexosamine pathway 

in response to L-Gln 136. This demonstrates a functional relationship between a regulating 

signal (L-Gln), a transcription factor Sp 1, and transcription via O-glycosylation post 

translational modification. 

4.1.4. Role of Spl on the Promoter Regulation with LPS 

Several studies found that Spl sites conferred the responsiveness to bacteria LPS 79,80, 

where Sp 1 was a target in the signalling pathways involved with the activation of IL-lO 

gene with LPS in the macrophages 79. In LPS-stimulated human macrophages, the 

p38MAPK pathway regulated the human IL-IO promoter via activation of Spl 79. 

Furthermore, in human monocytic cells, Sp I mediated the effect of LPS on the regulation 

of VEGF mRNA 80. These results implied that the transcription factor Sp I mediates gene 

regulation under LPS stimulation. 

LPS+IFN-'Y activates NrampJ transcription 8,50, involving the transcription factor Miz-l 

in synergy with ICSBP 63 which requires the Sp 1 binding site 56. However, the role of the 

Spl binding site on the activation of NrampJ by LPS+IFN-'Y is still unclear. 
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4.1.5. Regulatory Role of Spl under Oxidative Stress 

Sp 1 also senses OS to prevent apoptosis in the cortical neurons by activating a set of 

Sp1-regulated genes 137. Other studies have shown that the DNA-binding activity of Sp1 is 

affected directly by the redox status of the cell 138. In addition, Sp 1 O-glycosylation is 

increased by OS in response to hyperglycaemia in PAI-1 promoter 139,140. These results 

indicated a regulatory role of Sp 1 under OS. 

OS can be caused by the excess accumulation of the ROS inside the cells and/or 

depletion of the key thiol antioxidants GSH to prevent scavenging of ROS. Excess labile 

iron pool contributes to the production of ROS through Fenton/Haber Weiss chemistry 

which results in the generation of excess highly reactive radicals and provokes OS (Figure 

5.1). OS damages cell lipids, protein, DNA which leads ultimately to cell death 141 (for 

more details about OS, see Chapter 5). Pharmacological reagent BSO is known to prevent 

the synthesis of antioxidant GSH by inhibiting the enzyme glutamylcysteine synthetase 

required for GSH synthesis to induce OS in cells (Iron and Infection by Bullen Griffiths, 

publisher Wiley) (Figure 5.2). Previous work had shown NrampJ responses to OS 62 but it 

is unclear if the OS-responsive Sp1 plays a regulatory role on NrampJ transcription. 

4.1.6. Reason for Studying the Transcriptional Regulation of the 

Nrampl Promoter via Spl 

Firstly, a single consensus Sp 1 binding site was found in Nramp J promoter (5'

GGGCG-3') at position (-26/-21bp) 50 that has 100% conservation between human, mouse 

and rat suggesting the importance of the Spl binding site on NrampJ promoter (Figure 4.2). 

In addition, studies have shown that Spl activates NrampJ promoter in Raw264.7 cells 57. 

These results have indicated the importance of the Sp 1 binding site on the Nramp J 

promoter. 

Secondly, Sp 1 has been shown to have a regulatory role on the TAT A-less promoter 

transcription 125,142, in response to OS 137 and to L-Gln 139,140; therefore, we investigated 

whether the transcription factor Sp1 regulates NrampJ transcription in response to 

LPS+IFN-,)" L-Gln and OS. Hopefully, this may give insights to the role of Spl on the 

NrampJ promoter and the molecular mechanism of NrampJ transcription in response to 

LPS+IFN-,)" L-Gln and OS. 
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Spl binding site lnr #1 lnr #2 
human AGGGCGTGGGCTGGCAC-----ACTTACTTGCACCAGTGCCCA 

. .. .. .. .. .. .. .. .... .. .. .... ...... .. ........ .. .. .. .. .. .. .. .. .. .... .. .. .... ...... .. ........ .. 
mouse AGGGCGTGGGTT-CCCACTCTTACTCACTCGGACCAGCACCCA 

.. .. .. .. .. .. .. .... .... .................................... .. .................. .. .. .. .. .. .. .. .. .... .... .................................... .. .................. .. 
rat AGGGCGTGGATTCCCCACTCTTACTCACTCGCACCAGCACCCA 

human GAGAGGGGGTGCAGGCTGAGGAGCT---GCCCAGAGCACCGCT 
.. .... .. .... .. .................. .. .... .. .... .. .. .............. .. 

mouse CAGAAGGGG-ACAGATTGAGGAGCTAGTTGCCAGGCGATGGTG 
.. ............ .. .......................... .. .. ............ .. .......................... .. ............ .. .......... 

rat TACAAGGGG-ACAGATTGAGGAGCTC----CCAGGCCCGG---
Met 

human CACACTCC--CAGAGTA-CCTGAAGTCGGCATTTCAATGCAGA 
.. .... ...... ........ .. .. .. .... ...... ........ .. .. 

mouse TGACCACACACAGTGTATCCTGCAGCGTGCGTCCTCATGATTA 
.. .... ............ .. .. .. .. .. .... .......... .... ........ .. .......... .. .. .... ............ .. .. .. .. .. .... .......... .... ........ .. .......... .. 

rat TGATCACACAGAG--TATCCTGCAGCCTGTGTCCCCATGATTC 

Figure 4.2. The Alignment Sequence of the Proximal NrampJ 

Promoters between Human, Mouse and Rat. The nucleotide bases in 

the Nrampl sequence of the 2 species that are identical to the human 

sequence are shown as dots. In all 3 species, the single Sp 1 consensus 

binding site or GC-box is 100% sequence and spatially conserved 

suggesting the importance of Sp 1 interacting at the Sp 1 binding sites on 

Nrampl promoter. The alignments also showed the 100% conservation 

of the Initiator element (Im #1) and the second initiator-like elements (Im 

#2) between the rat and the mouse. 
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4.2. Specific Aims 

The Sp 1 binding site was found to be essential for the upregulation of Nramp 1 

promoter by Miz-I 57 and a recent report suggested that Miz-I was involved with the 

upregulation of Nrampl promoter by LPS+IFN-,), 63. In addition, SpI was shown to be 

regulated by LPS to activate IL-IO genes in macrophage 79; therefore, we investigated if 

the consensus Sp 1 binding site was necessary for the upregulation of the Nramp 1 promoter 

by LPS+IFN-,),. 

Increasing data suggest that Sp 1 plays a regulatory role under OS in response to 

hyperglycaemia which occur through the increase of the O-linked glycosylation by L

glutamine 136,139,140; therefore, we investigate if SpI plays a regulatory role on Nrampl 

promoter in response to L-Gln. 

In addition, SpI has a regulatory role under the influence of OS 137. Previously, 

Nrampl promoter was shown to be upregulated by redox stress with H20 2 or iron loading 

itself 62. The direct transport substrate of Nramp 1, iron, can result in the generation of 

highly reactive radicals that provokes OS 141; hence, we investigated whether SpI plays a 

regulatory role under OS which may provide insights to the role of Sp I in the regulation of 

Nrampl promoter in response to the OS in macrophages. 

1. Therefore, firstly, we investigate whether Nrampl promoter transcription and its 

protein expression are regulated by OS. BSO, a reagent which depletes the key 

anti-oxidant GSH was used for this purpose. 

2. Secondly, we investigate whether OS regulates the Sp I-dependent promoter in the 

macrophage Raw264.7 cell line. 

By studying the transcriptional regulation of the Nrampl promoter, it may help to 

determine the impOliance of Sp I and the Sp I binding site on the transcriptional regulation 

of the Nrampl promoter under LPS+IFN-,)" OS and L-Gln responses. In addition, this may 

give insights to the molecular mechanism of Nrampl promoter regulation in response to 

LPS+IFN-,)" L-Gln and OS. 
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4.3. Results 

4.3.1. The Consensus Spl Binding Site was Necessary for the 

Up regulation of Nrampl Promoter Activity by LPS+IFN-), 

Nrampl luciferase construct pL4 was activated by LPS+IFN-,), (Figure 4.3, P = 0.03, 

~2- fold activation) with a 6-fold induction when co-transfected with Miz-1 +LPS+IFN-'Y 

(P = 0.01). Mutation of the Sp1 binding site abolished the basal Nrampl promoter activity 

(Figure 4.3, P = 0.03, ~9- fold inhibition), with LPS+IFN-,), (P = 0.03, ~2S- fold reduction) 

plus Miz-1 (P = 0.01, 38- fold reduction). This result indicated that the single consensus 

Spl binding site was necessary for basal and activated Nrampl promoter activity with 

LPS+IFN-,),± Miz-l. 

4.3.2. L-Gln Induced the Nrampl Promoter Activity 

L-Gln (S and 10mM) activated Nrampl construct pL4 (Figure 4.4A, P = O.OS and 0.04 

respectively, ~ 2 and 9 fold activation). The increased Nrampl promoter activity was also 

reflected by the increase of the Nrampl protein expression when NIl microglial cells were 

treated with 10mM of L-Gln (Figure 4.4B). This indicated that L-Gln increased the 

Nrampl transcription and protein expression. 

4.3.3. Induction of the Nrampl Promoter Activity by L-Gln is Spl 

Dependent 

Secondly, we determined if Spl is necessary for the upregulation of Nrampl promoter 

by L-Gln. 

L-Gln (SmM) induced the Nrampl construct pL4Sp1MGal4 in the presence ofpMSp1 

(Figure 4.S, P = O.OOS, ~26 fold activation) but not in the absence of pMSp1 (P = 0.4). 

This indicated that Sp 1 played a role in the upregulation of Nrampl by L-Gln. 

4.3.4. BSO Activated the Nrampl Promoter Activity 

Nrampl construct pL4 was induced with BSO (SmM) (Figure 4.6A, P = 0.047, ~ 3 fold 

activation). The induction of the Nrampl promoter activity by BSO was also reflected by 

an increase of the Nrampl protein expression (Figure 4.6B). This indicated that Nrampl 

promoter is OS-sensitive which resulted in the increase ofNramp 1 protein expression. 
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4.3.5. BSO-Induced OS Upregulated the Spl-Dependent Promoter 

Transcription in Macrophage Cells 

Next, we investigated whether Spl played a regulatory role in response to OS in the 

macrophage Raw264.7 cells. 

BSO (lmM) activated the pG5-luc promoter activity in the presence of lflg pM-Spl 

(Figure 4.7, P = 0.008 and ~2-fold activation) but not in the absence ofpM-Spl (P = 0.15). 

This suggested that Sp 1 played a regulatory role under OS-activated transcription in the 

macrophage Raw264.7 cell lines. 
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Figure 4.3 Spl Consensus Binding site was Necessary for the Basal and 

Activation of Nrampl Promoter by LPS+IFN-y. A. 5xl05 Raw 264.7 cells 

were transfected with 1.5)lg wild-type NrampJ construct (PL4) or the mutant 

Sp 1 construct (pL4Sp 1M) ± l)lg Miz- l expression plasmid. Five hours after 

transfection, 20% FCS- no addition DMEM media ± 25U/ml IFN-y and 

100ng/ml LPS were incubated overnight. Cells were washed with PBS and 

lysed with Ix lysis buffer (see chapter 2 Luciferase reporter assay). Cell 

lysates were analyzed for luciferase activity. Results were presented as 

luciferase unit per )lg of protein (LU/)lg). 

B. Schematic diagram represents the differences between NrampJ constructs 

pL4 and pL4SplM. (See chapter 2 - Construction of NrampJ promoter 

reporter plasmids.) 
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Figure 4.4A. Dose Dependent Increased of NrampJ Promoter by L-Gln. 

5x 105 Raw264.7 cells were transfected with 1.5 J.lg of Nramp J construct (pL4) in 

low L-glutamine no addition DMEM. After 5 hours of transfection, cells were 

treated with 5mM or 10mM L-glutamine overnight in low L-glutamine and 

dialysed 20% FCS-DMEM media. Data were represented as luciferase units per 

J.lg of protein relative to the control plasmid pcDNA3.1. 
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Figure 4.4B Western Immunoblotting Indicated the Increased Expression of 

Nrampl Protein with L-Glutamine. 70% confluence of NIl cells were plated 

out before the day of treatment in the IOcm petri dish and were then treated with 

IOmM or 20mM of L-glutamine for overnight. Cells were then harvested (See 

chapter 2 Western immunoblotting). Equal amount of the nuclear extract protein 

(15J.lg) were loaded in each well on the SDS polyacrylamide gel. NrampI 

antibody (1: 1000 dilution) and the secondary antibody Goat anti Rabbit 

immunoglobulin G (IgG) (1:15000 dilution), conjugated to horseradish peroxidase 

were used for the immunodetection. Bands were visualized by 

chemiluminescence. Equal amount of the protein loading was visualized with the 

amido black staining on the nitrocellulose membrane. 

62 



P=0.049 

25 

P=0.005 17.25 

20 

I: 
Q) - 15 0 ... 

l~omM Gin 
Co -0 P=0.02 .5mM Gin 
~ 10 -::::) 

.....I 

7.79 
5.02 

5 

0.27 0.19 
0 

pL4Sp1 MGal4 pL4Sp1 MGaI4+PM-Sp1 pL4 

Figure. 4.5 The Spl Consensus Binding Site was Necessary for the 

Upregulation of NrampJ Promoter with L-Glutamine. 5xl05 Raw264.7 

cells were transfected with 1.51lg of NrampJ luciferase construct (pL4) or 

with 1.51lg pL4SplMGal4 (substitution of the Spl site with Gal4 DNA 

binding sequence) ± pMSp 1 expression plasmid. After 5 hours of 

transfection, cells were treated with 5mM of L-glutamine for overnight in 

low glutamine and dialysed 20% FCS-DMEM no addition media. See 

chapter 2 Luciferase reporter assay. Data were presented as luciferase units 

per Ilg of protein relative to the control plasmid pcDNA3.1. 
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Figure 4.6A BSO-Induced Oxidative Stress Activated NrampJ Promoter. 

5xl05 Raw264.7 cells were transfected with Nrampl luciferase construct pL4 (-

1555bp to + 1 OObp). After 5 hours of transfection, cultures were treated with the 

indicated concentrations of BSO and incubated with 20% FCS-DMEM for 

overnight. Data were presented as luciferase units per Ilg of protein. 
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Figure 4.6B BSO-Induced Oxidative Stress Activated Nrampl Protein 

Expression. 70% confluence of NIl cells were plated out the day before BSO 

treatment on the 10cm petri dish and was either untreated or treated with BSO (1 mM 

or 5mM) for overnight. Nuclear extract were obtained using buffer A and buffer C 

(see method Western immunoblotting). Equal amounts of protein lysate (15Ilg) was 

loaded into each lane of the Polyacrylamide gel. Nramp 1 antibody (1: lOOO dilution 

and goat anti rabbit immunoglobulin G (IgG) (1: 15000 dilution), conjugated to 

horseradish peroxidase were used for the immunodetection. Bands were visualized 

by chemiluminescence. Equal amount of the protein loading is visualized with 

amido black staining on the nitrocellulose membrane. 
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Figure 4.7 Spl-dependent Promoter Transcription in Macrophage Cells 

was Responsive to as. 5xlo5 Raw264.7 cells were co-transfected with 

5xGal4 luciferase reporter construct (driven by a minimal promoter, pG5-luc) 

(1.5)lg) and the indicated amount of pM-Spl (a plasmid that directs the 

expression of an Spl-Gal4 DNA-binding domain chimaeric protein). After 5 

hours of transfection, cells were treated with the indicated amount of BSO for 

overnight. Data were presented as luciferase units per )lg of protein. 
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4.4. Discussions + Future Experiments 

The results in this present chapter highlighted the important role of Sp 1 and the Sp 1 

consensus binding site for Nrampl transcription in response to LPS+IFN-)" L-Gln and OS. 

The present results also demonstrated that both Nrampl promoter and the Spl-dependent 

promoter were OS-sensitive with GSH depletion in macrophage Raw 264.7 cells which 

suggested the potential regulatory role of Sp 1 on promoter transcription in response to OS. 

4.4.1. Spl Binding Site was Necessary for the Basal Transcriptional 

Regulation of Nrampl Promoter 

Results showed that the Sp 1 consensus binding site was necessary for the basal 

Nrampl transcription (Figure 4.3, Figure 4.5). In addition, over expression of Sp I 

activated the Nrampl promoter (Figure 4.5) which was consistent to the previous 
. 57 expenment . 

Studies have shown that many genes that lack TAT A boxes can employ the Sp 1 

binding site for basal transcription 125,142. In addition, Spl functions most effectively in the 

f . . I I 114 143 H' . . context 0 a core promoter contammg an nr e ement ' . ence, It was not surpnsmg 

that the interaction of Sp 1 in its binding site was necessary for the basal transcriptional 

regulation of TATA-Iess Nrampl promoter. Therefore, Nrampl possesses a Spl

dependent regulated promoter. 

4.4.2. Spl Binding Site was Necessary for the Activation of Nrampl 

Promoter by LPS+IFN-), 

Results showed that the Spl binding site was necessary for the upregulation of Nrampl 

by LPS+IFN-), as mutation of the Sp 1 binding site abolished the upregulation of Nrampl 

with LPS+IFN-), ± Miz-l (Figure 4.3). Previously, Nrampl promoter was induced by 

LPS+IFN-), involving Miz-l 63. Furthermore, the Sp 1 binding site was necessary for the 

uprcgulation of Nrampl promoter by Miz-l 56,57 (Figure 4.3) which suggested the possible 

involvement of the Spl binding site on Nrampl promoter in response to LPS+IFN),± Miz-

1. 

In addition, Sp 1 was shown to be a signalling target which was responsive to LPS in 

macrophage cells on the activation ofIL-lO and VEGF promoter 79,80, which suggested that 

the transcription factor Sp 1 that was responSIve to LPS, was important for promoter 
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activation in macrophages. Sp1 was necessary for Nrampl promoter activation 57, but the 

result in Figure 4.3 has not determined if Sp 1 plays a regulatory role on the upregulation of 

Nrampl promoter under LPS+IFN-), stimulation. 

Therefore, further co-transfection experiments using the Nrampl promoter substituted 

with Gal4 DNA sequence at the Sp1 binding site (pL4Sp1MGaI4) and pM-Spl could be 

done to investigate if the interaction of Sp 1 at its consensus binding site is necessary for 

the upregulation of the Nrampl promoter with LPS+lFN-),. 

It will be of interest to determine how Sp 1 plays a regulatory role on transcription as 

literature suggested that Sp 1 can be regulated by post-translational modification such as 

phosphorylation or O-glycosylation 131-133,135,136. It has been suggested that 0-

glycosylation of the proteins display features that are essential for a role in signal 

transduction. Most signal induced modifications (phosphorylation and O-glycosylation) 

affect a protein's ability to associate with other proteins or affect its DNA binding activity, 

translocation into the nucleus, Sp1 protein expression, Sp1 degradation, interaction with 

other transcription factors 144. Hence, the molecular mechanism of Nrampl activation by 

LPS+IFN-), via the Sp 1 binding site required further investigation. 

4.4.3. 

L-Gln 

Spl was Necessary for the Upregulation of Nrampl Promoter by 

Results have shown that the Sp1 was necessary for the induction of Nrampl promoter 

with L-Gln (Figure 4.5). 

It was well known that Sp 1 is ubiquitously expressed and regulates the myeloid 

specific gene expression 142. However, recent data suggested the regulatory role of Sp1 

through O-glycosylation by L-Gln on argininosuccinate synthetase gene expression 136. At 

present, the results can not distinguish whether the effects of L-Gln on the Nrampl 

promoter can be explained by the direct O-glycosylation of Sp 1. It is possible to 

hypothesis that the increase of Nrampl transcription by L-Gln is due to the alteration of 0-

glycosylation status on Sp1 130 or on other transcription factors such as YY1 145, c-Myc 146, 

which affects the protein-protein interaction properties, DNA binding activities and protein 

complexes at the Nrampl promoter. Interestingly, addition of pM-Sp 1 with pL4Sp 1 Gal4 

Nrampl construct did not give the same promoter response compared with the wild type 

pL4 Nrampl construct. This may indicate the involvement of other transcription factor 

such as Sp1 with YY1 and c-Myc, as Spl was shown to interact physically with YY1 114 

and c-Myc 94. However, further investigation on the post-translation modification of the 
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transcription factors needed to be undertaken before the regulatory role of Sp I on the 

Nrampl promoter activity in response to L-Gln is understood. It may be possible to 

investigate the size of the Spi protein on SDS polyacrylamide gel. Alternatively, wheat 

germ agglutinin 130 can be used to determine the amount of O-glycosylation on Sp I III 

response to L-Gln treatment. 

4.4.4. Regulation of Promoter Transcription in Macrophages under OS 

is Spl-Dependent 

Results showed that Sp I is under redox regulation in the macrophage Raw264.7 cell 

lines demonstrated by the activation of the Sp I-dependent promoter in the Raw264.7 cells 

with BSO-induced OS (Figure 4.7). In addition, results showed that the Sp I-dependent 

promoter, Nrampl was OS sensitive (Figure 4.6A and Figure 4.6B). 

Previous results showed that Nrampl's own transport substrate, Iron and/or OS 

enhanced polypeptide and mRNA accumulation 62 Hence, the Nrampl promoter 

activation and its increased protein expression by OS are consistent with the previous 

experiment. 

The regulation of promoter activity via Sp I under OS may be explained by the fact that 

Sp I is a zinc finger protein and proteins containing zinc finger motifs is more susceptible 

to redox regulation 147. Spi is also shown to be a redox-regulated transcription factor and 

the DNA binding activity of Sp I is redox regulated 138 which suggested that Sp I can playa 

regulatory role in response to OS in the regulation of Sp I dependent promoter in the 

macrophage cells (Figure 4.7). Interestingly, SpI was significantly induced by GSH 

depletion or H20 2 in the cortical neurons to prevent apoptosis caused by OS 137. Hence, 

the expression of genes controlled by Sp I is likely to have beneficial consequences on cell 

viability to OS challenge. This suggested that Sp I may playa regulatory role in response 

to OS on the activation of Nrampl. 

Further investigation is required to determine the mechanism on the upregulation of 

Nrampl transcription under OS. It will be of interest to determine how Spi senses OS that 

regulates the SpI-dependent promoter in the macrophage. As OS increased the SpI 0-

glycosylation in response to hyperglycaemia-induced OS 139,140, it is possible for the 

increase of SpI O-glycosylated in the regulation of Nrampl transcription for OS defences 

in the macrophages. 
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5. Chapter 5 

The Role of Nrampl-mediated Iron Transport in the 

Regulation of Oxidative Stress Status and the Nrampl 

Promoter Responsiveness to LPS+IFN-'Y Activation in 

Macrophages 
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5.1. Introduction 

5.1.1. What is Oxidative Stress? 

Under normal physiological conditions, up to 1 % of the mitochondrial electron flow 

leads to the formation of 02·, the primary oxygen free radical produced by mitochondria; 

and interference with electron transport can dramatically increase O2• production 141,148,149 

(Figure 5.1). Apart from the mitochondria electron transport chain, ~40% of the O2• are 

generated by the respiratory-burst NADPH oxidase by phagocytic cells 141,148. O2• is 

rapidly converted to H20 2 by the antioxidant SOD within the cell. However, H20 2 can 

react with the reduced transition metals such as iron, via the Fenton reaction, to produce the 

highly reactive OH·/OH-. 

The generation of ROS such as 02·, H20 2 and OH·/OH- are in balance with antioxidant 

molecules, including GSH, Vitamin E, carotenoids, and Vitamin C which react with most 

oxidants. In addition, the antioxidant enzymes catalase and glutathione peroxidase (GP) 

detoxify H20 2 by converting it to O2 and H20 to maintain the tight homeostatic control 141. 

However, OS occurs when this critical balance is disrupted because of the depletion of 

antioxidants or with excess accumulation of ROS inside the cells which leads to the 

destruction of cellular components including lipids, protein, and DNA, and ultimately cell 

death via apoptosis or necrosis 141,148,150. There is a growing awareness that OS plays a role 

in malignant diseases, diabetes, atherosclerosis, chronic inflammation, HIV, infection, 

neurodegenerative diseases and aging 141,148 (Figure 5.1). 
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Figure 5.1. Metabolic Pathways of Reactive Oxygen Radicals Formation. 

Reactive oxygen species (ROS) such as hydrogen peroxide (H20 2), superoxide 

radicals (02.), hydroxyl radicals + anions (OB" + OH-) are generated in cells by 

several pathways. 02- is generated by NADPH oxidase and in the mitochondrion. 

Superoxide Dismutase (SOD) converts O2• into H20 2 and then H20 2 is mostly 

degraded to H20 by glutathione peroxidase (GP), catalase and glutathione 

(GSH). H20 2 produces a highly reactive radical OB" + OH- by Fenton or Haber

Weiss reactions through the redox active free iron (Fe2+). Imbalance between 

ROS and anti-oxidant provokes OS which is known to be involved with diseases 

such as cancer, aging, atherosclerosis, auto-immune and neurodegenerative 
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5.1.2. Depletion of Glutathione Induce Oxidative Stress 

The tripeptide glutathione (L-/"-glutamyl-L-cysteine-glycine, GSH) IS the most 

important intracellular thiol antioxidant and a major determinant of the intracellular 

thiol/disulfide redox state 151. GSH works synergistically with other cellular anti-oxidants 

to scavenge free radical species to prevent or diminish OS. Almost one fifth of the 

intracellular GSH is located in the mitochondria and plays an important role in the 

protection against ROS which are constantly produced at the mitochondrial electron 

transport chain 152. GSH synthesis can be inhibited by BSO that induces OS (Iron and 

Infection by Bullen Griffiths, publisher Wiley) (Figure 5.2). 

Evidence suggested that the intracellular redox state modulates the immunological 

functions of macrophages. Murata 153 reported that macrophages vary strongly in their 

release of prostaglandins, IL-6, and IL-12, depending on the intracellular content of GSH. 

The balance between "reductive" and "oxidative" macrophages regulates the ThllTh2 

balance 153. This is of significant interest given that functional NrampJ allelic variants 

correlate with a Thl response to vaccination, whereas non-functional NrampJ variants a 

Th2 response 154. 
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ATP Glutamic Acid 

~/ 
/"- glutamyl-cysteine 

Glutathio~ 
synthetase 

GSH 

Glycine 
ATP 

Glutamylcysteine 
Synthetase 

T 
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Figure 5.2 Mechanism of BSO Function. The glutathione (GSH) precursor, L-

glutamine (L-Gln) is synthesised by 2 pathways shown above. Butathione 

Sulphoximine (BSO) inhibits glutamylcysteine Synthetase and prevents the synthesis of 

GSH (Iron and Infection by Bullen Griffiths, publisher Wiley). 
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5.1.3. Oxidative Stress is Provoked by Excess Redox Active Free Iron 

d . 1::' k d OS' 11 141 148 Excess re ox actIve lree Iron provo e In ce s ' . Free radical inducer 

menadione and H202 is rapidly and specifically shown to down modulate the membrane 

transferrin receptor by blocking receptor recycling to prevent the influx of iron into the 

cells 155. 

Previous data has shown NrampI to be positively regulated by redox stress and iron 

loading 62. When this is taken into consideration with data that demonstrated Nramp I 

depletes the cytosol of iron, a suggestion of an autoregulatory control pathway that was 

important for the maintenance of low cytoplasmic redox active iron levels in the 

macrophage was made 62. In addition, the results in chapter 4 suggested that BSO-induced 

OS activated the NrampI promoter and protein expression (Figure 4.6A and Figure 4.6B). 

This poses the possibility of Nramp I-mediated iron transport regulating Nramp I 

transcription and controlling the OS status in macrophage cells. This has implications for 

the effect of NrampI genotype in modulating Th1l2 responses. 

5.1.4. Role of Iron in the Regulation of Bacterial Infection, Immune 

Responses and the Pleiotropic Effect of Nrampl 

Iron is necessary for cell growth and generates ROS VIa Fenton chemistry in an 

inflammatory environment which plays an important role as a first line of defence against 

pathogens 71. Mice lacking the NADPH oxidase components gp91 phox or p47 exhibit 

reduced resistance to infection 76. However, NADPH oxidase is not necessary either for 

cytokine or NrampI-mediated growth restriction of M. avium inside mouse bone marrow 

d . d h 156 enve macrop ages . 

Iron needs to be tightly regulated in the macrophage, as too much iron increases 

bacterial cell growth 67,71. In addition, increased iron attenuates iNos transcription via 

effects on NF-IL6 and NrampI function is needed for sustained iNos transcription via 

sustained activation of Stat-l 75,77. Studies by Weiss and colleagues have also shown that 

iron regulates post-transcriptional and post-translational events 157. Furthermore, Lafuse 

158 has demonstrated that the oxidant-generated signalling pathway was essential for effects 

of NrampI on mRNA stabilization regulated via p38 MAPK and PKC. This poses the 

possibility that NrampI, by direct divalent cation transport, controls the pleiotropic effects 

such as the pro-inflammatory properties of the macrophage. 
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5.2. Specific Aims 

1. To investigate if Nramp1 genotype modulates basal Nramp1 promoter activity 

using stable transfectant Raw264.7 cell lines (R21, allele D 169; and R3 7, allele 

G169). 

2. To investigate the effect of Nramp1 genotype in responses to BSO and/or iron

induced OS. 

3. To determine if Nramp1 genotype regulates transcriptional responses to 

LPS+IFN-,},. 
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5.3. Results 

5.3.1. Expression of NrampJ GJ69 Increased Cell Viability against 

BSO-Induced OS 

Cell growth, a measure of cell viability was quantitated in the untreated or BSO treated 

cells expressing the functional allelic variant of NrampJ (R37) or the non-expressing 

NrampJ cells (R21) (Figure 5.3). Western blotting using antibodies against NrampJ 

showed that R21 do not express NrampJ protein and R37 expresses the Nrampl protein 

(Figure 5.3). 

R21 cells grew 25% faster from day 2 to day 4 than R37 (Figure 5.3, P = 0.028). In 

contrast, higher relative cell growth (3 fold) was observed for R37 than R21 cells with 

BSO (5mM) treatment (Figure 5.3, P = 0.01). 

5.3.2. Expression of NrampJ GJ69 Induced Cell Viability against BSO-

and Iron- Induced OS 

Next, to determine if NrampJ -mediated iron transport functions to protect cells against 

OS, cell viability was measured between the two stable cell lines with iron loading (100/lM 

ofFAS). 

Addition of 100/lM FAS reduced the relative growth in R21 cells (Figure 5.4, P = 

0.000002, ~2 fold cell growth reduction), but enhanced the relative growth in R37 cells 

(Figure 5.4, P = 0.003). R37 cells did not reveal any additional growth suppression with 

100/lM FAS when treated with a low (0.5mM) dose of BSO when compared to 0.5mM 

BSO alone, (Figure 5.4, P = 0.2). However, a 44% decrease of the relative cell growth was 

observed in R21 cells with 100/lM FAS+0.5mM BSO (Figure 5.4, P = 0.002). 

These results indicate that the R21 cells which lack the functional Nramp 1 protein were 

more sensitive to OS, as shown by the decrease in relative cell growth as a consequence of 

BSO in the presence or absence of additional iron loading. 

5.3.3. Basal NrampJ Transcription was Greater in Cells which Lacked 

the Functional NrampJ 

Figure 5.5A shows that the normalised level of the NrampJ transcription was ~2 fold 

greater in R21cells than in the R37 cells (Figure 5.5A, P = 0.0016). This indicates that the 
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absence of Nramp 1 function in macrophage cells activated signalling pathways that 

resulted in increased transcriptional responses including that of the Nrampl gene itself. 

5.3.4. Iron Chelation Caused a Reduction of Basal NrampJ 

Transcription in Cells which Lacked the Functional NrampJ 

The higher basal Nrampl transcription observed in the R21 cells (Figure 5.5A) might 

reflect the increase of iron induced OS due to the impaired iron transport. To determine 

whether iron present in R21 cells might be associated with the increased Nramp 1 promoter 

activity, cultures were treated with the iron chelator Def (100jLM). 

Iron chelation by Def (100jLM) caused a 30% reduction of the Nrampl promoter 

activity in R21 cells (Figure 5.5B, P = 0.05), but no significant change in R37 cells (P = 

0.49). This suggests that more chelatable iron was present in R21 cells that could be 

associated with the higher basal Nrampl transcriptional activity. 

5.3.5. Function of NrampJ Was Necessary for the Activation of NrampJ 

Transcription in Response to LPS+IFN-'Y Signalling 

LPS+IFN-,), treatment activated Nrampl construct pL4 in R37 cells (Figure 5.6, 

P=0.0067, ~5- fold activation), but no activation response was observed in R21 cells (P = 

0.3). This indicated that the expression of the functional Nrampl allele Gl69 regulates the 

Nrampl activation in response to LPS+IFN-,),. 

76 



B 

_ 500 .00 
E 450.00 c:: 

0 

~ 400.00 
c o 350.00 -~ 300.00 
«l 

"0 250.00 
~ 

I 

200.00 N 
.c 

150.00 .... 
;: 
0 100.00 ... 
C) 

<ii 50 .00 
u 0.00 

A 

21 37 

P=0.028 

41Cl 
339.00 

0 

-90-100kDa 

-45kDa 

P=O.OI 

I_ R21 : 
o R37 

~ 
44 .25 109.50 

5 
BSOmM 

Figure 5.3 Increased Cell Viability with Nrampl Polypeptide Expression 

Under as. A. Western immunoblotting (see chapter 2) demonstrated the 

Nramp 1 protein expression in Nramp J allele G 169 stable transfectant Raw264.7 

cells (R37) but not in control (R21). Molecular weight of the mature Nramp 1 

proteins (~90-100kDa) were shown on the right. 

B. Cell proliferation data for R21 (close bar) and NrampJ expressing R37 (open 

bar). lxl03 RAW264.7 cells were plated out in the 96 well micro titre plate from 

day 0 and treated with BSO (5mM). Each 96 well plates were collected from day 

2 to day 4 and were stained with 0.5% crystal violet in 20% methanol and the cells 

were measured with an absorbance 570nm. Cell proliferation values were 

presented as a percentage growth of untreated cells for each respective line. 
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Figure 5.4 Increased Cell Viability with Nrampl Expression Under 

BSO+FAS-Induced OS in the NrampJ Expressing Stable Transfectant 

Cells. 1 x 103 of control Raw 264.7 cell transfectants R21 (close bar) and 

NrampJ expressing Raw264.7 cell transfectants (open bar) were plated in 96 

well plates and treated ± Butathione Sulphoximine (BSO) (0.5mM) ± Ferrous 

Ammonium Sulphate (FAS) (lOOIlM). Each 96 well micro titre plate was 

collected from day 2 to day 5 which were stained with 0.5% crystal violet in 

20% methanol and the cells were measured with an absorbance 570nm. Cell 

proliferation values are presented as a percentage growth of untreated cells for 

each respective line. 
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Figure 5.5A The Absence of the Nramp-1 Allele G169 in Stable 

Transfectant R21 Cells Caused a Higher Basal Nramp1 Transcription. 

5x 105 of the Nramp 1 lacking Raw 264.7 cell stable transfectants R21 

(close bar) and Nrampl expressing Raw264.7 cell stable transfectants R37 

(open bars) were transfected with 1.5)lg Nrampl construct pL4 in parallel 

with the control plasmid pGL3. The transfection efficiency of pL4 was 

controlled by parallel transfection with pGL3 control. Results were 

presented as the mean LU/)lg of protein for pL4 relative to LU/)lg protein 

for pGL3 for each line. 
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Figure 5.5B Role of Nramp-l Regulated Iron transport which Affected 

NrampJ Transcription. 5x 1 05 of the control Raw 264.7 cell transfectants R21 

(close bar) and Nrampl expressing Raw264.7 cell transfectants (open bars) 

were transfected with 1.5flg NrampJ construct pL4 or with luciferase control 

reporter pGL3. After transfection, cultures were treated without Def (lOOflM) 

(pL4cont) or with Def (pL4+def). The transfection efficiency of pL4 was 

controlled by parallel transfection with pGL3 control plasmids. Results were 

presented as the mean LU/flg protein for pL4 relative to LU/flg protein for 

pGL3 for each line and culture treatment. 
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Figure 5.6 The Presence of NrampJ Allele GJ69 in Stable Transfectant 

Cells R37 Cells Regulated the NrampJ activation in response to 

LPS+IFN-),. 5x105 of the control Raw 264.7 stable cell transfectants R2l 

(close bar) and Nramp1 expressing Raw264.7 cell transfectants (open bars) 

were co-transfected with 1.5/lg of Nrampl expression plasmid (pL4) in 

parallel with the luciferase control reporter pGL3. After 5 hours of 

transfection, cultures were treated ± LPS (lOOng/ml) + IFN-r{ (25U/ml) as 

indicated. Results were presented as the mean LU//lg protein for pL4 

relative to LU//lg protein for pGL3 for each line and culture treatment. 

81 



5.4. Discussions + Future Experiments 

The results in this chapter have given insight to the possible role of NrampJ in 

increasing cell tolerance towards OS. In addition, Nramp 1 function was necessary for the 

upregulation of NrampJ transcription in response to LPS+IFN-'Y. The results may also 

indicate that iron transport by NrampJ restricts Fenton chemistry in the cytosol and 

increases Fenton chemistry within the lumen of intracellular vesicles. The formation of 

ROS as described might explain how NrampJ plays a role in controlling OS status, pro

inflammatory responses and anti-microbial responses. Hence, these results may be 

interpreted in favour of the potential role of Nramp 1 in depleting iron from the cytoplasm 

of macrophage cells, however this notion was not universally accepted within the Nramp 1 

field. 

5.4.1. Nrampl Reduced the Iron Content in the cells 

Previous results show that the basal cell growth rates were reduced in the macrophage 

cell lines expressing NrampJ, possibly via a decrease in iron availability, and iron loading 

does enhance the extent of cell growth in R37 cells 62. Hence, one interpretation of the 

enhanced basal cell growth (Figure 5.3) and the increased basal NrampJ promoter activity 

described here (Figure 5.5A) in the non expressing NrampJ R21 cells was that a higher 

amount of iron was present relative to the cells with Nrampl function (allele GJ69). In 

addition, studies by Wu and colleagues revealed that c-Myc regulates genes, stimulatory 

and inhibitory effects, to increase the labile iron pool for cell proliferation. That Nramp 1 is 

inhibited by c-Myc is concordant with Nrampl iron transport depleting the labile iron pool. 

5.4.2. Nrampl Protects the Nrampl Stable Transfectant Cells against 

OS caused by GSH Depletion 

The decreased growth observed in both NrampJ functional (R37) and non-functional 

cells (R21), with GSH depletion, might indicate the depletion of GSH induced OS in the 

macrophage cells (Figure 5.4). Since GSH is an important intracellular antioxidant 151, this 

was not surprising. 

Interestingly, cell viability was increased in the NrampJ functional R37 cells with BSO 

treatment (5mM) when comparing with the R21 cells (Figure 5.4). One interpretation was 
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that in addition to the anti-oxidant GSH, Nramp I function might also have a role In 

protecting cells against OS. 

5.4.3. Potential Role of Nrampl in the Protection of Cells from 

Oxidative Stress, via Iron Transport 

Higher basal NrampJ promoter activity was observed in the NrampJ lacking R21 

stable transfectant cell lines compared with the NrampJ functional R37 cells (Figure 5.3 

and Figure 5.4). This result may suggest that the NrampJ functional R37 cells were iron 

limiting. These results may be interpreted that NrampJ functions by reducing the cytosolic 

redox active free iron, resulting in a lower OS which caused a lower basal NrampJ 

transcription. This assumption was supported by the experiment of iron chelation (Figure. 

S.SB). The basal NrampJ promoter activity in R21 cells was repressed by iron chelation. 

In contrast, the lower basal NrampJ promoter activity observed in R37 cells was not 

reduced by iron chelation. One could interpret this result as follows: that iron content was 

limited in the latter cells as a result of NrampJ-mediated iron transport. 

It will be of interest to determine the underlying signalling mechanism that determines 

the NrampJ promoter transcription in the 2 stable transfectant cells. Lafuse has 

demonstrated that p38 MAPK is essential for effects of NrampJ on mRNA stabilization 

regulated by an oxidant-generated signalling pathway that requires PKC 158. PKCs contain 

a conserved Cys-SH residue within their active site domain that is not required for the 

activity but can be oxidised into Cys-SOH which altered the PKC activity 159. Inhibitors 

of p38MAPK (SB203S80) or PKC (DN-PKC,6 or Calphostin) could be used to determine 

the signalling pathways involved in the NrampJ transcription. Not all studies have 

reported an increase of NrampJ expression that correlates with allele G J 69; however this 

may be related to the system for study. Here we have constitutive NrampJ expression, 

whereas others were dependent upon Nramp I being activated. Since Nramp 1 takes 24-48 

hours for functional expression it is likely that Nramp I phenotypic effects will manifest 

themselves later and correlate with a sustained inflammatory response. 

The experiment showing a Sp I-dependent promoter was also regulated by OS (Figure 

4.8) provided evidence for the role of Sp 1 in the regulation of transcription under OS. Sp 1 

act as an effector to mediate the PKC-signalling pathway elicited by extracellular signals -

PMA 160. It will be of interest to determine if Spi is involved in regulating the elevated 

NrampJ promoter activity by OS in the 2 stable transfectant cells. 

83 



5.4.4. Role of Nrampl which determined the Stimulatory or 

Attenuated Effect of LPS+IFN-), on Nrampl Transcription 

Results showed that NrampJ was necessary for increased activation of Nrampl 

promoter function in response to LPS+IFN-,), stimulation (Figure 5.6). 

The mechanism responsible for the enhanced activation of NrampJ transcription with 

LPS+IFN-,), in the Nramp 1 functional cells has not been elucidated, but is probably related 

to Nrampl-mediated iron redistribution within the macrophage. The NrampJ genotype 

specific responses probably apply not only to NrampJ transcription itself, but have been 

reported from other IFN-')' inducible genes as NrampJ function is needed for sustained 

iNos transcription 77, I-A 44, MHCII 161 and the arginine uptake transport 47. Hence, this 

suggested that NrampJ functionality is vital for IFN-')' transcriptional responses in 

macrophages. 

Buschman stated that exclusion of iron from the phagosome by Nramp 1 can prevent 

bacterial growth and result in the pleiotropic effects of macrophage activation 69,162. 

However, other studies suggested that iron export from the phagosome into the cytosol by 

NrampJ might have an immunosuppressive activity on iNos expression 75,77 as iron loading 

attenuates iNos. 

It is unknown as to why the NrampJ transcription was enhanced in the functional 

NrampJ expressing cells in response to LPS+IFN-,)" but not in the NrampJ lacking cells. 

H20 2 has been shown to contribute to cellular signalling by activating the MAPK and 

inhibiting the PTPs such as SHP-I 163. H202 is particularly relevant here because Lee and 

co-workers recently concluded that the activation of a receptor tyrosine kinase following 

binding of the corresponding growth factor/cytokine, may not be sufficient to increase the 

steady state level of protein tyrosine phosphorylation in cells and that inhibition of protein

tyrosine phosphatases by H20 2 might also be required for sustained signalling 164. Thus 

maintaining high levels of H20 2 and minimizing hydroxyl radicals/anion might be central 

to a sustained pro-inflammatory response. NrampJ -mediated cytosolic iron depletion 

might be required to prevent the formation of OH'/OH- via Fenton chemistry and enabling 

H20 2 generation. It was shown that the Bcgs/NrampJ resistant macrophages had a 

superior ability to phosphorylate p38 MAPK 165. This may indicate that the increased 

phosphorylation of p38MAPK or PKC through inhibition of PTPs by H20 2 contribute to 

the increased responsiveness of NrampJ promoter upon LPS+IFN-,), stimulation. 

Hence, it is proposed here that Nramp I-mediated iron depletion participated in the 

process of Fenton chemistry or SOD activity producing H20 2 enhanced the pro

inflammatory reaction in response to LPS+IFN-,),. In addition, the proposed role of 
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Nramp 1 in iron depletion may prevent OS in macrophage cells. There is also a possibility 

that the expression of the Nrampl protein then regulates other pro-inflammatory responses. 
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6. Chapter 6 

Final Conclusion 
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The purpose of this study was to investigate regulation of the Nrampl promoter, in 

order to gain insight into the molecular mechanisms underlying the regulation of Nrampl 

transcription by Inr element-binding transcription factors and to stimulation by LPS+IFN-)" 

iron and OS. 

In addition, knowledge of the transcriptional regulation of Nrampl is important 

because it is relevant to human autoimmune and infectious diseases. Secondly, many iron 

regulatory genes and transporters are regulated by iron in a manner related to their function. 

It is hoped that study of regulation is likely to provide further clues with regard to its 

function and this is the essence of micro array analysis. 

6.1. NrampJ is a Classical Initiator Promoter 

Nrampl, like many genes expressed within the differentiated macrophage, does not 

carry a TATA-box, but incorporates Inr and Inr-like elements 50. The molecular 

mechanisms directing transcription from such promoters are not well defined, but they are 

well represented within genes expressed by the macrophage. As many as 85% of genes 

contain initiator elements 166 suggesting that any mechanism of regulation of initiator 

promoters is likely to be widespread. A number of initiator binding factors including c

Myc/Max 52, USFI 53, YYI 54, TFII-I 55 and Miz-I 56,57 have been identified, although it is 

not clear what features of a promoter are important for a particular factor to function. 

Experiments described in chapter 3 have given some insights to the transcriptional 

regulation of the Nrampl promoter by these factors. However, these functional data need 

to be validated by protein binding studies such as the use of CHIP/EMSA assay. 

6.2. Consensus Spl Binding Site is Necessary for the Basal and 

Activated NrampJ Transcription 

In the present study, a consensus Sp I binding site was shown to be necessary for the 

basal and activated Nrampl transcription with LPS+IFN-), and L-Gln. Results also 

showed that OS activated a Sp I-dependent promoter. Together these data could support 

the argument that Sp I may be involved in the oxidant regulation of Nramp 1 transcription 

(Chapter 4), however direct oxidant activation of Nrampl by Sp I still needs to be 

demonstrated. It is widely thought that Sp I is a constitutive, but data suggest that it might 

have a regulatory role. 
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Studies in man have realized NRAMPI polymorphisms are associated with 

resistance/susceptibility to infection 167, and it is a candidate susceptibility locus for 

diseases such as type-I diabetes 21,28,168. Inappropriate Sp I activation has also been linked 

with some of the associated pathological consequences in type-I diabetes 169. It is not 

known if these two events are linked, nor if the Sp I site in human NRAMP I is functional, 

although based on mouse studies it would be predicted to be essential. The Sp I dependent 

regulation of NRAMP I might be linked with the pathological consequences in type-I 

diabetes and pro-inflammatory responses, although it is likely that the latter occur prior to 

the onset of the hyperglycaemic state. 

Many other immune response genes are intimately linked with Sp I activity 170 and Sp 1 

is responsive to LPS and positively regulates many macrophage expressed genes 79,80. In 

the context of Nrampl, the consensus Sp I binding site is juxtaposed to the Miz-I-binding 

1m within the core promoter 57 and Miz-I is implicated in the IFN-,),-mediated upregulation 

of Nrampl 63. The precise role of SpI on Nrampl activation is not clear, but it might 

respond to LPS. It is difficult to study further given that the Sp I binding site mutant 

promoter exhibits very low activity, furthermore, Sp 1 and Miz-I do not make direct 

contact with each other 84 , but are possibly bridged by factors such as p300. 

6.3. Potential Role of Nrampl to Protect Cells against 

Oxidative Stress via Iron Depletion 

The current study has proposed a role of Nrampl in the protection of cells against OS. 

A possible link of Nrampl with OS is its ability to modulate the divalent cation/iron flux 

within macrophages. Redox active free iron can catalyze the formation ofROS via Fenton 

chemistry 141,148. The protective effect of Nrampl towards OS, described here, could be 

direct, through sequestering iron. Alternatively, Nrampl could influence the activity of 

transcription factors that control the oxidant defences themselves, such that these defences 

were heightened. Ferritin is also believed to be protective against OS and, as proposed 

here, like Nrampl also depletes the cytosolic iron pool suggesting a possible direct effect. 

Transport of cations into the cytosol, as proposed by labado 4 and Gomes 5, would 

result in an increase in OS unless the cations are buffered by iron-binding proteins. Mulero 

showed decreased ferritin expression in Nrampl G 169 macrophages relative to the D 169 

allele cells, thereby lowering potential buffering capacity 74. 

Previous reports have suggested the concept of a negative auto-regulatory pathway, 

involving the Nramp I-dependent iron transport which auto-regulates Nramp 1 expression 62. 
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Iron administration enhanced the Nramp I expression and our data and those of others 

supported the concept that NrampI functionality reduces the level of iron within the 

cytosol 62,74. If NrampI transported iron or divalent cations from the lumen of an 

intracellular vesicle or phagosome and into the cytosol, then given the positive regulation 

of NrampI by iron described previously 62, Nrampl-mediated divalent cation/iron transport 

would be expected to increase its own expression, via a positive feed-forward loop. This is 

of course assuming that the cell senses the levels of iron in the cytosol as opposed to the 

lumen on an intracellular transport vesicle. However, results of the present study support 

the converse. 

In conclusion, these results can be interpreted in favour of the role of Nramp 1 in 

depleting iron from the cytoplasm of macrophage cells and in the protection of cells 

against OS. 

6.4. Role of NrampJ in the Regulation of the Pleiotropic 

Effects Associated with Iron / Iron generated Oxygen Radicals 

NrampI controls the pro-inflammatory properties of macrophages and the growth of 

intra-macrophage pathogens by transporting divalent cations 75,77,167. The contribution of 

the Nramp I-mediated pathogen growth control by direct divalent cation transport at the 

level of the phagosome-cytosol interface is unclear, as Nramp I influences the macrophage 

transcriptome and wider inflammatory responses. The importance of this aspect of 

Nramp 1 is provided by its association with autoimmune diseases in man, where there is no 

evidence of an infectious aetiology. Other workers have suggested that the transcriptomes 

displayed by intracellular pathogens within the phagosomes in NrampI null allele cells 

were in an iron rich environment 171,J72 supporting the iron efflux hypothesis 67,68. 

However, if the phagosome of the functional Nramp 1 macrophages was in an iron depleted 

state, then the iron transported by Nramp 1 would be unlikely to accumulate within the 

cytosol, as it might have an immunosuppressive activity like iron-loading does on the 

expression of iNos 75, whereas the functional NrampI allele drives the enhanced iNos 

expression 77. Previous study demonstrated that the pleiotropic effects of allelic NrampI 

can be reproduced in a Raw264.7 transfectant cell model and ROS were required for 

expression of the IFN-)'response 47. Carter 173 recently showed that TNFa gene expression 

is dependent on p38 MAPK and adequate steady state levels of H20 2 are required for p38 

activation. Interestingly, Lafuse 174 demonstrated p38 MAPK was essential for effects of 

NrampI on mRNA stabilization regulated by an oxidant-generated signalling pathway that 
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requires PKC. Given that both TNFa and mRNA stabilization are modulated by Nrampl 

genotype, it is possible that they are both influenced by Nrampl through the control of 

radical generation. 

We propose that central to the inflammatory outcome is the choice between Fenton 

chemistry or superoxide dismutase activity producing H20 2 which takes place within the 

cytosol, and Nramp I-mediated iron transport regulates this process (Figure 6.1). 

Interestingly, Murata showed that GSH content influenced IL-6 or IL-12 production and 

proposed the concept of "reductive" and "oxidative" macrophages that regulate the ratio of 

Thl/Th2 153
• In the context of Nrampl biology, allele Gl69 has been linked with Thl 

responsiveness. Our model indicated that expression of Nramp 1 plays a role to sequester 

divalent cations to potentiate IFN-1' signalling and pro-inflammatory responses. In 

addition, the sequestering of iron prevented the GSH depletion to compensate for the OS in 

cells. It is also suggested that the pro-inflammatory activities of Nramp 1 are important and 

cannot be separated from cation transport at the phagosome-cytosol interface. 
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Figure. 6.1. Potential Role of the NrampJ - Mediated Bivalent Cation / Iron 

Transport. A model is proposed which suggests the expression of Nramp 1 In 

controlling the inflammatory response by Fenton chemistry in the generation of 

reactive oxygen species (ROS) mediated by iron transported by Nramp 1. Excess 

redox active iron/Fe2
+ provoked oxidative stress (OS) which induced the Sp1-

dependent promoter transcription. We propose that OS caused activation of NrampJ 

transcription, possibly via transcription factor Sp 1, leading to increase Nramp 1 

expression. The increased Nramp 1 expression is proposed to deplete the cytosolic 

iron and consequently reduced OS. In addition, the reduced iron in the cytosol via 

Nramp 1 transport led to the sustained inflammatory responses causing the robust 

LPS+IFN-y signalling, by shifting the balance to increase the H20 2 production via 

superoxide dismutase (SOD). The present study favors the role of Nramp1 in the 

depletion of cytosolic iron, which his consistent with the previous results shown. 
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