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Abstract 

This thesis examines the molecular properties ofNramp proteins by centering on 

the two mammalian orthologs. Nrampl (Slcllal) is expressed in phagocytic cells and 

restricts replication of intracellular pathogens by removing divalent metals from the 

phagolysosome. Nramp2 (DMTl, Slclla2) mediates uptake of dietary iron in the 

duodenum and aids in the acquisition oftransferrin-associated iron in many cell types. 

The first half ofthis thesis explores structure-function relationships. In Chapter 2, the role 

of charged amino acids within the membrane-spanning segments ofNramp2 was 

examined by site-specifie mutagenesis. These studies identified several invariant charged 

residues essential for metal transport and pH regulation of activity. In Chapters 3 and 4, 

the effects oftwo NRAMP2 mutations found in human patients suffering from severe 

congenital hypochromic microcytic anemia and iron overload were characterized in vitro. 

The first mutation was an E399D substitution in a region known as the "conserved 

transport motif' of the protein. The second mutation was an R416C substitution at an 

invariant residue in TM9. The effects ofboth mutations on expression, activity, and 

subcellular targeting were characterized. In both cases, a quantitative reduction in 

Nramp2 expression was found to be the cause of microcytic anemia and iron overload in 

the patients. The second half ofthis thesis focuses on the subcellular targeting of Nramp 1 

and 2. In Chapter 5, cytoplasmic signal(s) in Nramp2 responsible for its subcellular 

targetinglintemalization from the plasma membrane were studied. This work led to the 

identification of a tyrosine-based motif in the carboxyl terminus ofNramp2 (YLLNT555
-

559) critical for the transporter's intemalization from the cell surface and its recyc1ing 

back to the plasma membrane. Chapter 6 explored differences in trafficking between two 

splicing isoforms ofNramp2 and found that one isoform (isoform 1) possessed 

differences in intemalizationlrecyc1ing which enabeled it to become enriched at the 

plasma membrane. In Chapter 7, the subcellular trafficking properties of Nramp 1 , 

inc1uding cytoplasmic sequences responsible for targeting to lysosomes, were 

investigated by using chimeric Nrampl/Nramp2 proteins. This work led to the 

identification of a tyrosine-based motif (YGSI15
-
18

) in the amino terminus of Nramp 1 that 

functions as a lysosomal targeting signal. 



Abrégé 
Cette thèse examine les propriétés moléculaires des protéines Nramp, en particulier celles 

des deux orthologues de mammifère. Nrampl (SIc 1 laI) est exprimé par les cellules 

phagocytaires et bloque la réplication intracellulaire d'agents pathogènes en diminuant la 

concentration phagosomale de métaux divalent. Nramp2 (DMTI, SIc Ila2) est responsable de 

l'absorption de fer par le duodenum provenant de l'alimentation et aide à l'acquisition fer associé 

à la transferrine par plusieurs types cellulaires. La première moitié de cette thèse explore les 

relations structure-fonction. Au chapitre 2, le rôle des acides aminés chargés des segments 

transmembranaires de Nramp2 a été examiné par muta genèse de sites spécifiques. Ces études ont 

identifié plusieurs résidus chargés conservés comme étant essentiels au transport de métaux et à 

l'activité de régulation du pH. Aux chapitres 3 et 4, les effets de deux mutations de la protéinè 

NRAMP2 trouvées chez des patients souffrant d'une anémie hypochromique microcytique 

congénitale grave et d'un surplus de fer ont été caractérisées in vitro. La première mutation, la 

substitution E399D, se situe dans une région de la protéine nommée "motif de transport 

conservé". La seconde mutation, la substitution R416C, modifie un résidu invariant du domaine 

transmembranaire 9. Les effets des deux mutations sur l'expression, l'activité et la localisation 

intracellulaire ont été caractérisés. Dans les deux cas, une réduction significative de l'expression 

de Nramp2 s'est avérée la cause de l'anémie microcytique et de la surcharge de fer observées 

chez les patients. La seconde moitié de cettè thèse se concentre sur la localisation intracellulaire 

des protéines Nrampl et 2. Au chapitre 5, les signaux cytoplasmiques de la protéine Nramp2 

responsables de sa localisation et de son internalisation à partir de la membrane plasmique ont été 

étudiés. Cette étude a mené à l'identification d'un motif à base de tyrosine situé en carboxy 

terminal de Nramp2 (YLLNT555-559) essentiel à l'internalisation du transporteur de la surface 

cellulaire et à son recyclage vers la membrane plasmique. Le chapitre 6 explore les différences de 

localisation entre deux isoformes de Nramp2 issues d'épissage alternatif. n a été trouvé que 

l'isoforme 1 présente des différences d'internalisation et de recyclage, ce qui provoque son 

enrichissement à la membrane plasmique. Au chapitre 7, les propriétés de localisation 

intracellulaire de la protéine Nrampl, incluant les séquences cytoplasmiques responsables de sa 

localisation aux lysosomes, ont été examinées à l'aide de protéines chimères Nrampl/Nramp2. 

Cette étude a mené à l'identification d'un motif à base de tyrosine (YGSl1S
-
18

) dans la portion 

amino terminal de la protéine Nramp 1 qui fonctionne en tant que signal de localisation aux 

lysosomes. 
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transmembrane domain 6." Blood. 101(9):3699-707. Reprinted with 

permission, © the American Society of Hematology 2003. 

Chapter 3: Lam-Yuk-Tseung S., M. Mathieu, and P. Gros. 2005. "Functional 

characterization of the E399D DMT1/NRAMP2/SLCIIA2 protein 

produced by an ex on 12 mutation in a patient with microcytic anemia and 

iron overload." Blood Cells, Molecules and Diseases. 35(2):212-6. 

Reprinted with permission, © Elsevier 2005. 

Chapter 4: Lam-Yuk-Tseung S., C. Camaschella, A. Iolascon, and P. Gros. 2006. "A 

Novel R416C Mutation in Human DMTI (Slclla2) Displays Pleiotropic 

Effects on Function and Causes Microcytic Anemia and Hepatic Iron 

Overload." Blood Cells, Molecules and Diseases. Reprinted with 

permission, © Elsevier 2005. 

Chapter 5: Lam-Yuk-Tseung S., N. Touret, S. Grinstein, and P. Gros. 2005: 

"Carboxyl-terminus determinants of the iron transporter DMTI/SLC11A2 

isoform II (-IREIlB) mediate intemalization from the plasma membrane 

into recycling endosomes." Biochemtstry. 44(36):12149-59. Reprinted 

with permission, © American Chemical Society, 2005. 

Chapter 6: Lam-Yuk-Tseung S. and P. Gros. 2006. "Distinct targeting and recycling 

properties oftwo isoforms ofthe iron transporter DMTl (Nramp2, 

Slclla2)." Biochemistry. 45(7):2294-301. Reprinted with permission, © 

American Chemical Society, 2006. 
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Chapter 7: Lam-Yuk-Tseung S., V. Picard, and P. Gros. 2006. "Identification ofa 
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responsible for lysosomal targeting." Journal of Biological Chemistry. 
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Objectives of the Presented Work 
The first member ofthe Nramp family (Nrampl) was identified in 1993 as the 

gene responsible for natural resistance in mice to infection by certain intracellular 

parasites 1. Since Nramp 1 was isolated by a positional c10ning approach and represented 

the first member of a novel family of proteins, its molecular function was unknown and 

remained debated for several years. This debate virtually ended in 1997 when a second 

member of the Nramp family (Nramp2) was shown to function as a pH-dependent 

transporter of divalent metals important for intestinal iron absorption 2;3. Because of the 

high degree of conservation of among Nramp family members, it was believed that all 

Nramp orthologs shared similar metal transport characteristics. At the start of my thesis 

work in September 1999, the molecular basis ofproton-coupled metal transport by 

Nramp proteins was not well understood. At this time, structure-function studies became 

essential to understanding the molecular basis for both metal transport and pH­

dependence by Nramp proteins. Also unc1ear were the molecular mechanisms of 

subcellular trafficking of mammalian Nramp 1 and Nramp2. Therefore, the objective of 

my thesis project was to use biochemical and molecular biological techniques to provide 

a greater understanding ofthe structure, function, and subcellular trafficking ofNramp 

proteins. 

To accomplish this, the work described in the first three chapters of my thesis 

focus on the importance of conserved amino acid residues in the function ofNramp2. 

Chapter 2 addresses the role of charged amino acids within the membrane-spanning 

segments ofNramp2 and identifies several negatively-charged residues that are essential 

for metal transport as well as two invariant histidines necessary for the pH dependence of 

activity. Chapters 3 and 4 study the importance of conserved residues in Nramp2 that 

were found to be mutated in human patients suffering from severe congenital' 

hypochromic microcytic anemia and iron overload. These studies were essential to 

understanding the cause of disease in the patients and also provided insight into the role 

ofNramp2 in human iron homeostasis. 

The last three chapters of my thesis were aimed at better understanding the 

subcellular distribution of Nramp1 and Nramp2. Chapter 5 addresses the importance of 

xvi 



cytoplasmic sequence motifs in the subcellular targeting and trafficking of Nramp2. This 

work led to the identification of a novel tyrosine-based motif in the carboxyl terminus of 

Nramp2 (isoform II) that is critical for the transporter's intemalization from the cell 

surface and its recyc1ing back to the plasma membrane. Work described in Chapter 6 was 

aimed at comparing the distinct targeting and recycling properties oftwo naturally­

occurring splice isoforms ofNramp2. This work ultimately showed that altemate splicing 

ofNramp2 critically regulates the subcellular localization and site of iron transport. 

Finally, Chapter 7 of this thesis was aimed at better understanding the subcellular 

targeting of Nramp 1. It was known for some time that Nramp 1 is expressed in the 

lysosomes of phagocytic cells however, specific signaIs responsible for targeting to 

lysosomes remained unc1ear. Work described in Chapter 7 showed for the first time that a 

tyrosine-based motif of the form YXX<1> in the amino terminus Nramp 1 is responsible for 

the transporter' s Iysosomai targeting. 
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Chapter 1: 

Introduction and Literature Review 

1 



1.1 The Nramp family 

Nramp proteins represent a growing family of membrane metal transporters that 

perform a variety of functions in organisms ranging from bacteria to humans 1. The 

sequence conservation among members of the Nramp family is astoundingly high, even 

among phylogenically distant species (supplementary figure 1). In many organisms, 

Nramp pro teins are critical for the absorption of divalent metals and the maintenance of 

normal divalent metal homeostasis. More specialized roles for Nramp proteins have also 

been reported. In Drosophila, Nramp orthologs play a role in taste discrimination 2 and in 

sorne mammals, Nrampl is critical for host-resistance to infection by intracellular 

pathogens 3. In humans, polymorphisms in NRAMP 1 have been associated with increased 

susceptibihty to a number of infectious and inflammatory diseases while mutations at 

NRAMP2 disrupt normal iron homeostasis 4-6, 

Tremendous advances have been made in understanding Nramp protein function 

since the first member ofthis family was cloned in 1993 7. Much of the current 

knowledge on Nramp proteins originates from genetic studies performed in mouse 

models of diseases. The usage of mouse models provides many advantages over studies 

in humans. Whereas genetic and environmental factors are heterogeneous and complex in 

humans, these factors can be controlled for in inbred mouse strains. Furthermore, the 

breeding of mice is relatively fast and biological samples are easier to obtain from mice 

than from human patients. Finally, candidate genes can be individually targeted in mice 

by germ hne inactivation through homologous recombination and gain-of-function alleles 

can be re-introduced by BAC clones. 

1.2 Nramp1: Discovery of the firstNramp gene 

1.2.1 The Bcg/lty/Lsh Locus and the Nrampl gene 

Thirty years ago, there were reports of a mouse locus that possibly controlled the 

intracellular replication of a number of diverse intracellular pathogens. In 1976, studies 

performed on several inbred mouse strains showed that resistance or susceptibility to 

infection by Salmonella typhimurium was controlled by a single locus, which was called 

Ity 8. At the same time, similar experiments demonstrated that another locus, called Lsh, 
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Supplementary figure 1. Dendogram of some of the members of the 
Nramp family of metal transporters. The sequence conservation among 
members of the Nramp family is astoundingly high, even among phylogenically 
distant species. 



controlled intracellular replication of the protozoan parasite Leishmania donovani and 

that Lsh was either identical or tightly linked to Ity 9. A third locus, Bcg, which controlled 

intracellular replication of several mycobacteria was also mapped to the same region 7. 

The BcglltylLsh locus that gave resistance to these pathogens in a dominant fashion was 

traced back to a region on the proximal portion ofmouse chromosome 1. Subsequent in 

vitro and in vivo studies demonstrated that the cells affected by Bcg/ltylLsh were mature 

macrophages residing especially in the reticuloendothelial organs (spleen and liver) 10-l2. 

In 1993, without the benefit of a known gene product or a practical way to 

measure gene function, our group used a positional c10ning approach to isolate the 

Bcgllty/Lsh locus 7. The minimal genetic and physical intervals for the gene were defined 

and transcriptional units were isolated from the interval by exon amplification. Ofthe six 

genes present in the region, one emerged as a Iikely candidate since it encoded rnRNA 

that was highly expressed in the reticuloendothelial organs and aimost exc1usively in 

macrophages and neutrophils. The candidate gene was named Natural resistance 

associated macrophage protein 1 or Nrampl (OMIM # 600266, now re-c1assified as 

Slcllal but will be referred to as Nrampl in this thesis). 

1.2.2 Validation of Nrampl as a candidate gene 

Following the identification of Nrampl as a candidate gene for Bcg/lty/Lsh, 

several subsequent experiments confirmed Nramp 1 as the gene responsible for host 

resistance to infections. First, the sequencing of Nrampl mRNA from 27 inbred mouse 

strains showed that susceptibility to infection could be traced back to a single nuc1eotide 

point mutation. The result of this mutation was a non-conservative glycine to aspartate 

substitution (GI69D) in the fourth membrane-spanning segment (TM4) ofthe Nrampl 

protein 7. This mutation was Iater shown to cause a complete loss ofNrampl protein 

expression in macrophages 7;13 and result in a protein that is misfolded and retained in the 

endoplasmic reticulum for eventual degradation 14. Second, a null mutation at Nrampl 

(Nrampr/) introduced into embryonic stem cells by homologous recombination caused 

normally resistant I29sv mice to be susceptible to infection by Mycobacterium, 

Salmonella, and Leishmania 15. Finally, introducing a transgene containing the Nrampl 
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resistance alle1e (0169) into a naturally susceptible mouse strain (DI69) granted 

resistance to infection by Mycobacterium and Salmonella 16. The broad effect of Nrampl 

mutations on susceptibility to infection with antigenically diverse pathogens suggested a 

critical role for this protein in innate immunity. 

In mice, the Nrampl gene is made up of 15 exons that span an 11.5 kb region and 

is transcribed from one major and several minor transcription start sites. Using primer 

extension and SI nuc1ease mapping experiments, Oovoni and colleagues showed that the 

upstream region of Nrampl contains a TATA box-Iess promo ter, with consensus SPI 

binding sites and initiator sequences linked to RNA polymerase II transcription 17. Also in 

the promoter region are consensus binding sites for several ubiquitous and tissue-specifie 

transcription factors. Among them are sites for a macrophage and B-cell specifie 

transcription factor (PU. 1), general transcription factors (AP-1, AP-2, AP-3, and SPI), as 

well as response elements for lipopolysaccharide (NF-IL6) and interferon-y 17. Nrampl 

mRNA is found in primary macrophages and granulocytes 7;18 and its expression is 

increased in response to infection with mycobacterium, exposure to LPS, interferon-y, or 

by other inflammatory stimuli 17-23. In addition, studies by Lafuse and colleagues suggest 

that Nrampl mRNA levels can be controlled at the level of stability by MAP kinase 

signaling cascades in activated macrophages 24;25. By comparing RA W264.7 cells stably 

transfected with either resistant (0169) or susceptible (D169) Nramp1, they showed that 

inhibition ofERK1,2 and p38 MAP kinase activities decreases Nramp1 mRNA stability 

in cells infected with M avium. Furthermore, phosphorylation ofERK1,2 and p38 MAP 

kinases was higher in infected cells expressing resistant Nramp 1 Gl69 compared to 

susceptible Nramp1 D169 24. 

1.2.3 The Nrampl protein 

In 1996, Vidal and colleagues generated a polyc1onal anti-Nramp1 antisera and 

used it to demonstrate that Nrampl encodes a 90-100 kDa integral membrane protein that 

is highly glycosylated (up to 50% ofits mass) and phosphorylated in peritoneal 

macrophages obtained after thioglycolate stimulation 13. Theyalso showed that 

susceptible (NramplD169) macrophages fail to express mature Nramp1 protein. The 
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topology of Nramp 1 in the membrane was initially predicted from hydropathy plots and 

has been partially confirmed by epitope accessibility studies in intact cells 1 ;26;27. Nramp 1 

contains 12 putative transmembrane domains and a large extracellular loop flanked by 

TM7/8, which is heavily glycosylated at two neighboring N-linked glycosylation signaIs 

1. Complex glycosylation of Nramp 1 seems to be the end result of a stable and properly 

folded transporter but glycosylation itself does not appear to be critical for subcellular 

targeting 14. Nrampl contains a number ofhighly conserved yet thermodynamically 

disfavored charged amino acids within its transmembrane domains. These charged 

residues have been shown to be critical for the proper structure/function ofNramp 

proteins 28;29. Nramp 1 also possesses several phosphorylation sites including putative 

sites for protein kinase C phosphorylation and a Src homology3 domain (SH3) binding 

region in the amino terminus ofthe protein 1;30. Little is known about the role of 

phosphorylation or the binding of SH3 domain-containing proteins in the function of 

Nrampl, however, the fact that these regions are not conserved in Nramp orthologs 

suggests their lack of functional importance. Altematively, these regions may be critical 

for the unique regulation ofNrampl. Finally, the fourth intra-cytoplasmic loop of 

Nramp 1 flanked by TM8/9 is a region of extremely high conservation that contains a 

sequence motifknown as the "binding-protein-dependent transport system inner 

membrane component signature" or simply "conserved transport motif' (CTM). This 

motifwas originally discovered on the cytoplasmic face of the membrane anchor subunits 

ofbacterial periplasmic permeases, where it is believed to participate in the interaction of 

membrane components with peripheral ATP binding subunits ofthese transporters 31;32. 

This motif in Nramp 1 also shows similarity to a sequence motif identified in the K+ 

channel superfamily and other ion channels and transporters as a key structural 

determinant ofthe ion permeation pathway 33. The exact function ofthe CTM in the 

context ofNramp proteins is not currently known, however, mutations at key residues 

within this region are known to abrogate function 34. 

At steady-state, Nramp 1 is not expressed at the plasma membrane but is almost 

exclusively found in the membranes of Lamp l-positive late endosomes/lysosomes of 

macrophages and other phagocytic cells 35. The sorting machinery and specifie proteins 
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involved in the subcellular trafficking ofNramp1 are currently not well understood. In 

Chapter 7 ofthis thesis, experiments performed on Nramp1/Nramp2 chimeric proteins 

expressed in transfected LLC-PK1 kidney cells demonstrated that a tyrosine-based motif 

of the form YXX<I> in the amino terminal region of Nramp1 (YGSII5
-
18

) can function as a 

lysosomal targeting signal. Using subcellular fractionation and immunofluorescence 

microscopy, Gruenheid and colleagues demonstrated that Nramp 1 is recruited to the 

membrane of the phagosome and remains associated with this structure during its 

maturation to phagolysosome. After phagocytosis, Nramp 1 is acquired by the phagosomal 

membrane with kinetics similar to Lamp 1 35 where it controls the replication of 

intracellular parasites by altering the luminal environment of the microbe-containing 

phagosome. In addition to macrophages, Nramp 1 is expressed in polymorphonuc1ear 

(PMN) leukocytes such as neutrophils and other granulocytes. Using subcellular 

fractionation of granule populations together with immunoblotting with granule-specifie 

markers as well as immunogold electron microscopy, Canonne-Hergaux et al 

demonstrated that Nramp 1 is expressed primarily in the tertiary gelatinase-positive 

granules ofneutrophils 36. Theyalso showed that Nrampl is recruited from tertiary 

granules to the membrane of Candida albicans-containing phagosomes in human 

neutrophils 36. 

1.2.4 The function of Nrampl at the phagosomal membrane 

Nramp 1 is rapidly recruited to the phagosomal membrane upon phagocytosis of 

live bacteria (Salmonella, Leishmania, Mycobacterium, Yersinia) or inert partic1es (latex 

or zymosan beads) where it is proposed to exercise its antimicrobial activity 37-39. The 

molecular basis for Nramp1 's function remained unclear for several years after its 

c1oning. However, the polypeptide sequence ofNramp1 showed structural features that 

suggested it was a membrane transporter 7. In 1997, the identification and 

characterization of a second Nramp protein in mammals, Nramp2, provided strong 

evidence that Nramp proteins were pH-dependent divalent metal transporters. Gunshin 

and colleagues identified Nramp2 (DMT1/S1c11a2, OMIM # 600523) as a novel 

intestinal iron transporter in a screen for duodenal genes up-regulated in rats fed a low-
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iron diet 40. They showed evidence that Nramp2 behaved as a proton-coupled divalent 

metal transporter with an unusually broad substrate specify, inc1uding Fe2
+ and Mn2

+. 

The c10ning and characterization of Nramp2 is described in detail in Chapter 1.3 of this 

thesis. Indeed, the identification and characterization of numerous Nramp orthologs in 

species ranging from bacteria to humans suggested a potential function for Nramp 1 at the 

phagosomal membrane as a pH-dependent divalent metal transporter. By analogy to the 

known substrates, membrane organization, and direction of transport established for 

Nramp2, we and others proposed a model whereby Nramp 1 would act as an efflux pump 

at the membrane of pathogen-containing phagosomes, restricting microbial access to 

essential metals such as Mn2
+ and Fe2

+ 41;42. However, early studies suggested that 

Nramp 1 would act as a metal influx pump at the phagosomal membrane to facilitate the 

production of oxygen radicals via the Haber-Weiss reaction 43;44. These studies reported 

an Nrampl-dependant increase in the accumulationlbinding ofradiolabeled Fe2
+ into 

isolated phagosomes containing either Latex beads or Myocobacterium avium 43-45. The 

phagosomal Fe2
+ accumulation was blocked by the addition of anti-Nramp 1 antibodies 

suggesting that Nrampl might transport cytoplasmic Fe2
+ into phagosomes. However, a 

potentiallimitation ofthese studies was the lack of distinction between phagosomal metal 

binding (whether Nrampl-dependent or independent) and actual metal transport across 

the phagosomal membrane. A later study using Nrampl mRNA injected into Xenopus 

laevis oocytes found an increase in Zn2
+ -dependent inward currents when the cells were 

exposed to alkaline extracellular pH, which suggested metal uptake against the 

experimental proton gradient 46. Based on additional pH-dependent transport studies 

using radioabeled Zn2
+, these authors concluded that Nrampl might transport metals from 

the cytoplasm into phagosomes by a protonldivalent-metal antiport mechanism. They 

proposed that increased phagosomal Fe2
+ could stimulate oxygen radical production via 

the Fenton reaction for increased bactericidal activity 43-47. However, for Nramp 1 to 

function as protonldivalent-metal antiporter at the phagosomal membrane it would dictate 

a transport mechanism distinct from other Nramp orthologs as weIl as Nramp2, both with 

respect to the direction of transport and utilization ofthe transmembrane pH gradient. 
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This was very unlikely considering the high amino acid conservation in the polypeptide 

sequences of Nramp1 and Nramp2 (64% identify and 78% similarity) 1. 

Recent experiments have provided strong evidence that Nramp 1 indeed functions 

as a pH-dependent divalent metal efflux pump at the phagosomal membrane, consistent 

with the biochemical transport data reported in studies ofNramp orthologs 26;27;40;48-51. 

First, a metal-sensitive fluorescent dye was covalently coupled to zymosan partic1es, 

which were then fed to peritoneal macrophages isolated from Nramp l-expressing (+/+) 

and Nramp I-deficient (-/-) mice. The transport of divalent metals across the phagosomal 

membrane was monitored by tracking fluorescence quenching. Nramp 1 +1+ phagosomes 

showed reduced accumulation and increased efflux ofMn2+ compared to Nramprl
-

phagosomes. This difference was lost when phagosomal acidification was blocked with 

the V-type ATPase inhibitor bafilomycin, suggesting that divalent metal transport by 

Nrampl was H+-dependent, like Nramp2 52. Second, another consequence of the 

functional similarity between Nramp 1 and Nramp2 is that should Nramp 1 be expressed at 

the plasma membrane, it would function comparably to Nramp2 and transport divalent 

metals into the cell in a pH-dependent manner. Such an Nrampl variant was created by 

inserting a hemaglutinin epitope tag in the fourth predicted extracytoplasmic loop of the 

protein delineated by TM7 and TM8 27. At the cell surface, the Nramp 1 variant indeed 

caused pH-dependent uptake ofFe2+ and Mn2+, as measured by both fluorescence 

quenching and radioisotopic metals 27. Interestingly, Nramp 1 was found to be a more 

efficient transporter for Mn2+ than Fe2+, suggesting that Mn2+ is the natural substrate for 

Nramp 1 at the phagosomal membrane 27. These results give strong credence to the model 

that Nramp 1 controls the intracellular replication of mycobacteria and other pathogens by 

acting as an efflux pump at the phagosomal membrane, restricting microbial access to 

essential metals (Figure 1). 

1.2.5 Pathogens un der Nrampl control 

In addition to Salmonella typhimurium, Leishmania donovani, and several species 

ofMycobacteria (M bovis 53, M avium 54, M lepraemurium 55, M intracellulare 56), 

there are a number of other pathogens to which different leve1s of resistance or 
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Figure 1. Metal transport by Nramp proteins at the interface of host­
pathogen interaction. In the two diagrams, Nramp1 (green), Iysosomal 
associated membrane protein Lamp (yellow), vacuolar W-ATPase (red), and 
metal ions (blue) are colour coded (Ieft) and identified (right). In macrophages, 
bacterium-containing phagosomes mature by fusion to vacuolar W-ATPase 
positive vesicles, and Lamp-1/Nramp1 positive lysosomes. ATP-dependent 
acidification of the phagosome is required for Nramp1-mediated efflux of 
divalent metals (Fe2+, Mn2+, Zn2+). At the phagosomal membrane (right panel), 
the vacuolar W-ATPase creates a proton gradient ([H+] versus [H+), which is 
necessary for Nramp1-mediated metal efflux from the phagosomallumen. 
Bacteria present in the phagosome express Nramp homologues (e.g. MntH) 
that may import divalent metals from the phagosomal space by a similar pH­
dependent mechanism. The membrane topology of Nramp proteins is shown 
with respect to the amine (N) and carboxyl (C) terminus. (From: Lam-Yuk­
Tseung, S. and Gros, P. "Genetic control of susceptibility to bacterial 
infections in mouse models". Cellular Microbiology. 2003 May;5(5):299-313.) 



susceptibility have been associated with polymorphic variations in Nrampl. These 

inc1ude a variety of ovine 57 and avian 58 strains of Salmonella, as well as Brucella 

abortus 59, Pasteurella pneumotropica 60, Candida albicans 47, Toxoplasma gondii 61;62, 

and Francisella tularensis 63;64. Surprisingly, Nrampl is not critical for resistance in mice 

to in vivo infection with H37rv Mycobacterium tuberculosis, the cause ofpulmonary 

tuberculosis in humans 65-67. These reports are in contrast to the situation in humans 

where polymorphic variants at NRAMP 1 have been associated with tuberculosis 68-74. 

However, this apparent paradox may be explained by differences between the 

experimental model of tuberculosis in the mouse (low or high doses, i. v.), and the natural 

human situation (low doses, aerosol). The next sections of this thesis will describe the 

effects of Nramp 1 on controlling the intracellular replication of Mycobacterium and 

Salmonella, since the role ofNrampl in infection by these parasites have been relatively 

well characterized. 

1.2.6 Effect of Nrampl on intracellular Mycobacterium 

Nramp I-mediated metal efflux from the phagosome has pleiotropic effects on the 

engulfed pathogen. It has long been established that mycobacteria survive within 

macrophages by preventing the maturation of phagosomes into fully bactericidal 

phagolysosomes 75-81. Mycobacteria present in Nramp I-deficient phagosomes are able to 

inhibit luminal acidification by blocking recruitment of vacuolar H+ -ATPase pumps to the 

phagosomal membrane, as well as reducing the acquisition of lysosomal markers such as 

Lamp 1 and Cathepsin D 78-81. Rather, these phagosomes retain sortinglearly endosome 

markers such as transferrin receptor (an important source of Tf-iron) and Rab5 (required 

for early endosome fusion). This inhibition of phagosomal maturation appears to be an 

active process from the live pathogen since it does not occur when macrophages engulf 

latex beads or dead mycobacteria. In the presence ofNrampl (Nrampl+/+), mycobacteria 

are unable to block phagosomal maturation, resulting in increased luminal acidification, 

increased fusion with lysosomes, enhanced bacterial damage, and diminished 

mycobacterial replication compared to Nrampr/- phagosomes 82;83 (Figure 2). Nrampl+/+ 

macrophages also produce more nitric oxide (NO) in response to mycobacterial infection 
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Figure 2. The effect of Nramp1 on intracellular Mycobacterium. In the presence of 
Nramp1 (Nramp1+/+, left panel), mycobacteria are unable to block phagosomal matura­
tion, resulting in increased luminal acidification, increased fusion with lysosomes, 
enhanced bacterial damage, and diminished mycobacterial replication. Mycobacteria 
survive within macrophages by preventing the maturation of phagosomes into fully 
bactericidal phagolysosomes. Mycobacteria present in Nramp1-deficient phagosomes 
(right panel) inhibit lu minai acidification by blocking recruitment of V-ATPase pumps to 
the phagosomal membrane, as weil as reducing the acquisition of Iysosomal markers 
such as Lamp1 and Cathepsin D. Rather, these phagosomes retain sorting/early endo­
some markers such as transferrin receptor and Rab5. 



and/or interferon-y stimulation than Nramprl
- controIs, possibly contributing to 

bacteriostasis 84-86. 

The mechanism by which mycobacteria can inhibit phagosomal maturation is 

poorly understood. However, Nramp 1 c1early plays a role in antagonizing this process. 

One possible explanation is that inhibition of phagosomal maturation by mycobacteria is 

a metal-dependant process that can be countered by Nramp I-mediated metal efflux. 

Indeed, a number of studies have demonstrated the importance of iron in mycobacteria­

mediated inhibition of phagosomal maturation as well as in the virulence of the 

intracellular pathogens 87-90. In addition, microarray gene expression analysis of M 

tuberculosis isolated from activated macrophages, showed up-regulation ofmycobacterial 

genes involved in metal uptake, accounting for over half ofthe activated genes 89. Iron 

promotes mycobacterial growth in Nramp1+/+ mice and promotes the development of 

active tuberculosis in humans 90;91. Likewise, extracellular iron can stimulate 

intracellular growth of M avium in both Nramp1+/+ and Nrampr/- macrophages 92, 

suggesting that excess cellular iron may overwhelm the function of Nramp1 90;92. 

Collectively, these results suggest that iron is required by mycobacteria to arrest 

phagosomal maturation and survive intracellularly. 

1.2.7 Effect of Nrampl on intracellular Salmonella 

Unlike mycobacteria, Salmonella do not survive intracellularly by inhibiting 

phagosomal acidification. Rather, they sequester themselves inside specialized 

Salmonella-containing vacuoles (SCVs) that become acidified and are able to fuse with 

Lamp I-positive lysosomes 93. In permissive Nramp r/- macrophages, Salmonella survive 

by blocking recruitment of mannose-6-phosphate receptor (M6PR) positive vesicles and 

isolate themselves from the endosomal pathway 37. In non-permissive Nramp l-expressing 

macrophages, SCVs fuse with M6PR-positive vesic1es and maintain access to the 

endosomal pathway, expressing endosomal markers such as EEAI and fluid phase FITC­

dextran 37. These effects could be mimicked in Nramp I-negative macrophages 
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by using membrane-permeant iron chelators 94. These results suggest a mode! in which 

Nramp 1 counteracts the ability of Salmonella to sequester itself from the degradative 

phagosomal pathway by restricting its access to divalent metals. 

Divalent metals, such as Fe2
+ and Mn2

+, have been shown to be essential in 

Salmonella for virulence in vivo and replication in cultured macrophages 91;95. Salmonella 

possess several high and low affinity iron and manganese transporters 96-99 and several of 

these transporters have been shown to contribute to virulence in vivo 98;100-102. In fact, 

mutations at a number ofthese transporters (such asfeoB, sitA-D, or MntH) or divalent 

metal chelation have been shown to reduce or abrogate virulence of Salmonella 101. Thus, 

Nramp I-mediated depletion of metals from the intra-phagosomal space appears to have a 

major impact on intracellular survival and replication of Salmonella. The pathogen, in 

tum, reacts to the metal depletion by upregulating expression of metal transporters such 

as MntH and sitA 103 and increasing expression oftheir Pathogenicity Island 2 (SPI2) 

virulence genes 104. 

1.2.8 NRAMPI and its role in resistance to infection in humans 

In humans, NRAMP 1 has been mapped to chromosomal region 2q35 and consists 

of 15 exons that span a 13 kb region 105;106. Two transcriptional start sites have been 

mapped and regulatory motifs in the NRAMP 1 promoter region have been identified. 

These inc1ude a T AT A box element, interferon-y response elements, and binding sites for 

the transcriptional factors NFKB, AP-l, andPU.II05-108. Results obtained in murine 

models have raised the possibility that NRAMP genes could be important determinants of 

susceptibility to common human diseases. A number of studies conducted on ethnically 

and geographically diverse populations are in general agreement that NRAMP 1 alleles are 

risk factors for tuberculosis 74;109-116. Indeed, a number of genomic DNA polymorphisms 

have been identified in or near NRAMP 1 that have been associated with severa! infectious 

and inflammatory diseases such as leprosy 117-119, non-tuberculous mycobacterial (NTM) 

lung disease 120, human immunodeficiency virus (HIV) 121, rheumatoid arthritis 122-125, 

inflammatorybowel diseases 126;127, multiple sc1erosis 128, and type 1 diabetes 129;130. The 

numerous illnesses affected by NRAMP 1 polymorphisms reflect the pleiotropic effects of 
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Nramp 1 function and the importance of divalent metals in disease and infection. 

Recently, Kissler et al used lentiviral transgenesis and RNA interference to knock-down 

expression of Nramp 1 in a nonobese diabetic (NOD) mouse model, and showed that 

Nramp1-silencing reduced the frequency oftype 1 diabetes in these animaIs 130. Their 

results provided strong evidence that the insulin-dependent diabetes locus 5.2 (idd5.2), 

which has been implicated in the NOD mouse model, is indeed Nrampl. 

1.3 Nramp2 and its role in iron homeostasis 

1.3.1 Cloning orthe Nramp2 gene 

Two years after the positional cloning of Nrampl, a second mouse Nramp gene 

was identified by cDNA cross-hybridization studies based on its high sequence homology 

with Nrampl 131. The novel gene was named Nramp2, and was mapped to the distal part 

ofmouse chromosome 15. The murine Nramp2 gene consists of 18 exons spread over 

more than a 30 kb region. Analysis of the nucleotide and predicted amino acid sequence 

of Nramp2, indicated that it was a novel protein closely homologous to Nrampl and that 

the two pro teins defined a new family of proteins 1. The two Nramp proteins identified 

share a high 63% sequence identity and 78% similarity 1;131. However, in contrast to the 

macrophage-specifie Nrampl, Nramp2 rnRNA expression is detected almost ubiquitously 
40;131 

1.3.2 Nramp2 encodes a divalent metal transporter 

Although the polypeptide sequences of Nramp 1 and Nramp2 suggested that both 

proteins functioned as membrane transporters, the substrate and mechanism of transport 

ofNramp proteins remained elusive. Perhaps the first indication of the function ofNramp 

proteins occurred in 1996 when Supek and colleagues reported the identification a novel 

Saccharomyces cerevisiae mutant that was unable to grow in the presence of the metal 

chelator EGTA 132. The mutant cou1d be suppressed by overexpression of the yeast gene 

SMF 1, a gene originally cloned as a multicopy suppressor of a temperature-sensitive 

mutant (mifl-l) defective in the function ofmitochondrial processing peptidase 133. 

However, the ability ofSmflp to complement growth in the presence ofEGTA suggested 
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that SMFl pIayed a direct role in metal homeostasis in yeast. Consistent with this 

hypothesis, Supek et al. showed that a sm/1 null mutant exhibited reduced Mn2+ uptake. 

Interestingly, Smfl p showed significant resemblance (46% similarity) to both Nramp 1 

and Nramp2 pro teins 1. 

Further insight into the function ofNramp proteins occurred in 1997, when two 

simultaneous independent studies showed by different methods that Nramp2 functions as 

a transporter of divalent cations, including iron. In the first study, Nramp2 was isolated by 

expression cloning from a rat cDNA library in Xenopus oocytes by Gunshin and 

colleagues in a search for iron transport proteins 40. The goal ofthis study was to identify 

the intestinal transporter responsible for absorption of non-heme dietary iron. To 

accomplish this, they prepared a cDNA library using duodenal rnRNA from rats that were 

kept on a low-iron diet. The proximal duodenum had been previously identified as the 

main site ofnon-heme iron absorption byphysiological iron uptake measurements 134;135. 

A single cDNA clone caused a 200-fold increase in iron uptake compared to control 

uninjected oocytes. The clone was found to contain rat Nramp2, although it was re-named 

DCT1 (Diva/ent Cation Transporter 1) in this report, and was later re-named again to 

DMT1 for Diva/ent Metal Transporter 1. Although DMT1 is the most commonly used 

term for Nramp2 today, it has been recently re-named once again to S1c11a2 (solute 

carrier family Il member 2). For clarity, 1 will use the Nramp2/DMT1 nomenclature in 

the remainder ofthis thesis. 

Expression of Nramp2 in oocytes was demonstrated to mediate uptake of a broad 

range of divalent metals including Fe2+, Mn2+, Zn2+, C02+, Cu2+, Ni2+, Pb2+, and Cd2+ but 

not Ca2+ or Mg2+ 40. Metal transport was shown to be dependent on extracellular pH and 

the cell membrane potential. Furthermore, mRNA expression studies confirmed the 

ubiquitous expression of Nramp2 but also demonstrated a striking tissue-specifie 

upregulation of Nramp2 rnRNA upon chronic iron depletion. This upregulation was 

strongest in the proximal intestine but was also seen to a lower extent in the kidney, liver, 

brain, heart, lung, and testis 40. 
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1.3.3 A mutation at Nramp2 causes iron deficiency in rats and mice 

In a parallel study to Gunshin et al. 40, Fleming and colleagues used a positional 

c10ning approach to identify Nramp2 as the causative mutation in mice with microcytic 

anemia (mk) 136. Homozygous mklmk mice suffer from severe hypochromic, microcytic 

anemia due to impaired intestinal iron absorption and defective erythroid iron utilization 

137-140. The mk mutation arose spontaneously in the breeding stocks of the Jackson 

Laboratory over thirty years ago and is inherited as an autosomal recessive trait with full 

penetrance 137. Newbom mice homozygous for the mutation (mklmk) were readily 

distinguishable at birth by their small size and pale coloration, and were subsequently 

maintained by breeding onto several genetic backgrounds 137. The study by Fleming et al. 

traced the mk phenotype to a mutation in Nramp2 that results in a non-conservative 

glycine to arginine substitution (G185R) in the predicted TM4 ofthe protein 136. 

Strikingly, it was later discovered that the identical mutation in Nramp2 (G185R) was the 

cause of disease in a radiation-induced rat mutant that exhibited an mk-like phenotype, 

the Belgrade (b) rat 141. Like mk, b is inherited as an autosomal recessive trait that results 

in hypochromic, microcytic anemia associated with impaired reticulocyte iron uptake and 

gastrointestinal iron absorption 142-145. Together, these results provided strong evidence 

that Nramp2 functions as a pH-dependent iron transporter essential for both normal 

intestinal iron absorption and erythroid iron usage. 

In vitro studies have shown that the Nramp2Gl85R protein expressed in both mk 

mice and Belgrade rats displays multiple biosynthetic and functional defects that combine 

to cause iron deficiency in rodents. Su and colleagues have shown that the G 185R 

mutation reduces the ability ofNramp to transport iron in transfected HEK293 kidney 

cells 146. In contrast, protein expression studies in wild-type and mutant animaIs led 

Canonne-Hergaux et al to conc1ude that Nramp2Gl85R is inadequately targeted or retained 

by the plasma membrane of enterocytes and reticulocytes from mk mice 147. Experiments 

performed by Touret et al in transfected LLC-PK1 epithelial cells showed that 

Nramp2Gl85R is functionally impaired, less stable, and inefficiently processed resulting in 

defective glycosylation and reduced plasma membrane expression 148. Consequently, 
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Nramp2G185R was aiso shown to accumulate in the endoplasmic reticulum where it is 

rapidly degraded by a proteosome-dependent mechanism 148. 

The fact that the G 185R mutation has occurred spontaneously on two occasions in 

mk mice 136 and once in Belgrade 141 rats is striking and suggests that either the codon 

containing G 185 is hypermutable or that G 185R represents a gain of function that conf ers 

sorne survival advantage to the organism. Work by Xu and colleagues support the latter 

hypothesis. They showed that Nramp2G185R
, despite presenting multiple biosynthetic and 

function deficiencies, conf ers a novel Ca2
+ -selective permeability pathway 149. They argue 

that the influx of Ca2
+ might potentiate the residual Nramp2 iron-transport activity. The 

transferrin cycle is essential for iron uptake by erythroid precursor cells 150 and Nramp2 

mediates transfer of iron from transferrin cycle endosomes to the cytoplasm 42;51;141. 

Elevated intracellular Ca2
+ has been reported to accelerate iron uptake through the 

transferrin cycle, apparently through activation of protein kinase C 151. 

Recently, mutations in NRAMP2 have been identified in three human patients 

suffering from severe microcytic anemia and hepatic iron overload 4-6. The effects of 

these mutations at both the physiological and molecular levels are discussed further in 

section 1.3.9.3 ofthis chapter. 

1.3.4 Alternate splicing of Nramp2 rnRNA 

The amine acid sequence predicted from the rat cDNA isolated by Gunshin et al. 

was aimost identicai to the sequence reported for mouse Nramp2, except at the extreme C 

terminus, where the two sequences diverged 40;131. However, the rat Nramp2 sequence 

was homologous to the published C-terminai sequence ofhuman NRAMP2 152. The 

discrepancy in the C-terminai sequences was explained in subsequent studies reporting 

the existence oftwo isoforms of Nramp2, generated by alterative splicing at two 3' exons 

in mice, rats and humans 40;131;136;152;153. This altemate splicing generates two Nramp2 

proteins with different C-terminai segments. Interestingly, one of the two Nramp2 splice 

isoforms, named isoform 1 or +IRE, contains an iron responsive element (IRE) in its 3' 

untranslated region (UTR) and produces a 561 amino acid protein in rats and mice. The 

other splice isoform, named isoform Il or -IRE, lacks an IRE in its 3' UTR and produces 
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a 568 amino acid protein. IREs are known to play regulatory foIes in cellular iron 

metabolism through interactions with iron regulatory pro teins (IRPs). The role IRPs in 

regulating cellular iron homeostasis is described further in section 1.3.8.4 ofthis Chapter. 

Recently, a novel5' upstream exon has been identified in the hurnan, mouse, and rat 

Nramp2 genes 154. This novel exon (exon lA) is generated by the usage of an altemate 

transcription initiation site, and is predicted to produce an Nramp2 protein bearing an 

additional 29-31 amino acids (exon lA) upstream of the previously identified start codon 

ofNramp2 isoforms 1 and II (exon lB). The usage of exon lA also appears to be highly 

tissue-specifie, with enhanced usage in the kidney and duodenum 154. Thus, a theoretical 

total of four Nramp2 mRNAs and proteins can be produced by the gene, depending on 

altemate 5' (exon lA vs. lB) and 3' (I/+IRE vs. ill-IRE) splicing, giving rise to four 

Nramp isoforms: I(A), I(B), II(A), and II(B) (Figure 3). However, most in vitro studies on 

Nramp2, inc1uding aIl the studies described in this thesis, have been performed using the 

originally identified isoforms I(B) and II(B). Little is currently known about the 

importance of ex on lA or the extra 29-31 N-terminal residues in the regulation, function, 

or targeting ofNramp2. 

1.3.5 Structural features of the Nramp2 protein 

Like Nramp 1, Nramp 2 is expressed as a 90-100 kDa integral membrane 

phosphoglycoprotein in transfected CHO or LLC-PK1 cells that is predicted to have 

twelve membrane-spanning domains. The predicted topology ofNramp2 in the 

membrane has been supported by several epitope accessibility studies in intact cells 

26;27;51. Picard and colleagues used immunofluorecence experiments on intact CHO cells 

expressing an epitope-tagged Nramp2 variant to show that the region connecting TM7 

and 8 is indeed exofacial. Similar experiments with Nramp 1 and Nramp2 variants 

possessing N or C terminal epitope tags have demonstrated that the amino and carboxyl 

terminal segments ofboth transporters face the cytosol 26;27. Glycosylation in Nramp2 is 

extensive, with the transporter owing ~50% of its molecular mass to sugar moieties added 

at two consensus N-linked glycosylation signaIs present in the fourth extra-cytoplasmic 

loop 42. Extensive glycosylation ofNramp2 mayhelp protect the protein against 
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Figure 3. Alternative splicing of Nramp2 pre-mRNA generates four theoretical 
isoforms. The use of alternate transcription initiation sites at the 5' exon (exon.1 A vs. 
1 B), generates diversity atthe 5' end of the message. Alternate splicing at the 3' terminal 
exon generates further diversity, causing the inclusion (+IRE) or not (-IRE) an iron 
resonpive element (IRE) in the 3'untranslated region. 



degradation or may be important for proper maturation and targeting of the transporter to 

it site of action. Tabuchi and colleagues have shown that disruption ofthe N-linked 

glycosylation sites in Nramp2 affect the transporter's polarized distribution to the apical 

membrane of confluent MDCK kidney cells 155. As in Nramp 1, the fourth intra­

cytoplasmic loop ofNramp2 contains a conserved transport motif (CTM) ofunknown 

funetion 1;131. 

Consistent with other members of the Nramp family, Nramp2 possesses nine 

highly conserved, yet thermodynamically disfavored, eharged amino aeids within its TM 

domains 1. Aiso present are two highly eonserved histidine residues in TM6 of the 

protein. Beeause of their high conservation, these eharged residues likely play a eritieal 

role in the structure and/or function ofNramp2. The work deseribed in Chapter 2 ofthis 

thesis identifies three negatively eharged residues (D86, D192, E299) within 

transmembrane domains 1,4, and 7 ofNramp2 that are essential for metal transport 

activity 28. These negative residues are thought to form part of a metal binding site or line 

a hydrophilic pore or transport path. These results have been supported by similar 

subsequent mutagenesis studies of the charged TM residues in the bacterial Nramp 

ortholog, MntH 156. Several studies have been aimed at better understanding the pH­

dependence of metal transport by Nramp proteins. Sacher and colleagues have provided 

evidence from electrophysiological measurements that Nramp2, and other Nramp 

proteins, may exhibit a proton clutch meehanism, allowing multiple protons to "slip" 

through the transporter at acidic pH 50. The advantage of such a proton slippage 

mechanism is not currently known, however, it has been postulated to protect the 

organism against the overloading of metals in the presence of exeess protons. At the 

molecular level, experiments described in Chapter 2 identify two conserved histidines 

(H267, H272) in TM6 ofNramp2 that are eritieal for regulating the pH dependenee of 

metal transport 28. Subsequent studies on rat Nramp2 expressed in Xenopus ooctyes using 

electrophysiologieal and radioisotopic techniques have shown that H267 and H272 are 

critical for the H+-coupling required for metal transport 157. Finally, electrophysiological 

studies have shown that a single amino acid substitution (F227D in TM4 ofNramp2 can 

increase the ratio ofmetals to protons transported by 14-fold 158. 
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Studies involving the yeast Nramp orthologs (Smfl-3) have also provided valuable 

insight into the molecular structure and function ofNramp2. A mutant yeast strain with 

two of its Nramp orthologs inactivated (Smfl LYSmj2L1) is unable to grow in the presence 

of the metal chelator EGTA 34;132. Expression ofNramp2 in Sm/l LYSmj2L1 yeast is known 

to suppress this phenotype and restore growth in the presence of EGTA 34. Pinner et al 

took advantage ofthis to demonstrate that mutations (Q384E, G394V) at highly 

conserved residues within the CTM ofNramp2 abrogate the function of the protein 34. 

Cohen and colleagues used complementation assays in yeast in conjunction with 

e1ectrophysiological measurements in oocytes to analyze the structural and functional 

importance of the first extra-cytoplasmic loop (ECI) ofNramp2 159. They showed that 

critical single mutations in ECI, Gl19A and Q126D, resulted in a complete loss ofmetal 

uptake activity by Nramp2. However, the non-functional Ql26D mutant could be 

partially restored by the introduction of a second mutation at two amino acids upstream of 

Ql26 (D124A). The double mutant D124NQl26D also appeared to alter the metal ion 

specificity of the transporter in favor of Fe2
+ while a triple mutant 

(Gl19ND124NQ126D) displayed no transport activity yet possessed altered pre-steady­

state currents 159. These results suggest that the first extra-cytoplasmic loop ofNramp2 

may be involved in metal ion binding and proton-coupling of transport. 

1.3.6 Nramp2 expression 

Nramp2 expression has been detected at high levels in epithelial cells as well as 

peripheral tissues. In general, isoform 1 ofNramp2 appears to be predominantly expressed 

in epithelial cells while isoform II appears to be expressed mostly in non-epithelial cells. 

However, preferential expression ofNramp2 isoforms 1 and II is not necessarily mutually 

exclusive: simultaneous expression ofboth isoforms at the mRNAs level has been 

observed in several tissues including kidney, thymus, and liver 40;155;160. 

Isoform 1 is expressed at the apical membrane of duodenal brush border 

enterocytes 161, where it is responsible for the uptake of dietary inorganic iron (Figure 4). 

Immunostaining experiments of tissue sections show that Nramp2 expression is limited to 

the villi and absent in the crypts cells 161-165. Nramp2 expression appears to be strongest 
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Figure 4. Absorption of non-heme iron at the intestinal brush border and in 
reticulocytes. DMT1/Nramp2 isoform 1 is expressed at the apical membrane of 
intestinal enteracytes, where it mediates the absorption of non-heme divalent iran that 
has first been reduced bya putative ferrireductase (1). At the basolateral membrane, 
Ferroportin (Fpn) is responsible for the export of iran from the enterocyte into circula­
tion (2). Folrowing oxidation at the basolateral membrane by the ferroxidase Hephaes­
tin, iron is rapidly bound to transferrin (3). Non-epithelial cells such as erythroid 
precursors uptake iron primarily through internalization of the transferrin-transferrin 
receptor complex (4). Endosomal acidification facilitates the release of iron from 
transferrin and creates the proton gradient required for iron transport by Nramp2 
isoform Il acrass the endosomal membrane and into the cytosol (5). Iron is then 
transported into the mitochondria for he me synthesis or stored bound to ferritin. 
Apotransferrin-transferrin receptor and Nramp2 isoform Il are subsequently recycled 
back to the ceU surface. 



in the apical two-thirds of the villi where it is limited to enterocytes that make up the 

columnar absorptive epithelium of the mucosa. In these cells, Nramp2 localizes primarily 

to the apical plasma membrane known as the brush border. This pattern of expression was 

also observed in the human intestinal cellline Caco-2 163;166-168. In the intestine, Nramp2 

isoform 1 expression is up-regulated in response to dietary iron depravation and seems 

repressed under iron overload conditions 161.lmmunohistochemical studies by Canonne­

Hergaux and coneagues showed that in mk/mk enterocytes, Nramp2 expression is 

upregulated but is not properly targeted to the brush border 147. 

In contrast, isoform II ofNramp2 is predominantly expressed in peripheral or non­

epithelial cells such as in erythroid ceIls. Studies in primary as weIl as transfected ceIl 

lines have shown that isoform II is not only expressed at the plasma membrane ofthese 

cens but also in transferrin receptor positive recycling endosomes 42;51;146. In mice, 

reticulocytes and reticulocyte precursors ceIls (which give rise to mature oxygen-carrying 

red blood cens) are the major physiological site of isoform II expression, where the 

transporter is detected as a 70 kDa species and has been shown to colocalize with 

transferrin receptor 169. During erythropoiesis, precursor red blood ceIls have a large 

requirement for iron for heme biosynthesis and the production ofhemoglobin. The high 

level of expression of isoform II in these cens permits the coordinated uptake of iron into 

recycling endosomes via the transferrin cycle and the transport of iron across the 

endosomal membrane into the cytosol by Nramp2 (Figure 4). Although Nramp2 

expression in reticulocytes do es not seem to be regulated by body iron status, treatment of 

mice with phenylhydrazine or erythropoietin (to boost erythropoiesis) induces the 

production ofNramp2-expressing reticulocytes 170. However, reticulocytes from mk/mk 

mice express no detectable Nramp2 protein. 

Macrophages are another source of significant Nramp2 isoform II expression 42. 

These phagocytic cells play a critical role in the recycling ofheme iron through 

phagocytosis of senescent red blood cens. Nramp2 may indeed transport phagosomal iron 

into the cytosol after hemoglobin degradation. Immunoblotting experiments have shown 

that Nramp2 is expressed as a glycosylated 70-90 kDa protein in macrophages 42. 

Immunofluorescence experiments revealed that Nramp2 is localized primarily to the early 
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endosome compartment with sorne presence in Lamp I-positive late 

endosomes/lysosomes in transfected RA W264.7 macropages and two murine Seroli cell 

lines of the testis (TM4 and 15P-l) 171. Immunofluorescence studies have also shown that 

Nramp2 can be associated with phagosomal membranes during phagocytosis 42. More 

recently, Jabado et al showed that Nramp2 can associate with erythrocyte-containing 

phagosomes in transfected RA W264.7 macrophages 171. 

In the kidney, Nramp2 protein has been detected in microsomal membrane 

fractions as a 70-75 kDa membrane protein 161. In mouse kidneys, Canonne-Hergaux and 

colleagues used immunohistochemical staining with an affinity purified anti-Nramp2 

antibody to detect Nramp2 in the cortex but not the medulIa, and at the brush border and 

apical poles of epithelial cells of the proximal tubule 172 • In rat kidneys, Ferguson and 

colleagues detected Nramp2 expression in the intracellular vesicles of proximal tubule 

cells of S3 segment, collecting ducts, thick ascending limbs ofHenle's loop and, more 

intensely, at the apical membrane of distal convoluted tubules 173. Recently, Abouhamed 

et al reported the detection ofNramp2 in Lampl-positive late endosomes and lysosomes 

within rat proximal tubule cells 174. Because these studies used polyclonal antibodies 

recognizing the N terminus ofNramp2, the exact isoform (1 or II) expressed in the kidney 

could not be determined. Although the fact Canonne-Hergaux et al could not detect any 

significant expression in the kidney using an antibody specifically recognizing isoform il 

strongly suggests that the majority ofNramp2 present in the kidney is indeed isoform 1 

172. In sharp contrast to the intestine, Nramp2 mRNA and protein expression appears to 

be only modestly affected by dietary iron deprevation and is not affected by stimulation of 

erythropoiesis 172;175. Furthermore, while anemic mk and Belgrade mutants show strong 

upregulation ofNramp2 in the intestine, they show very low Nramp2 expression in the 

kidney 172;176. 

In the brain, work by Gunshin and colleagues showed Nramp2 mRNA is 

expressed in most neurons at low levels but not in glial or ependymal ceUs 40. Stronger 

Nramp2 expression was detected in densely packed cell groups, such as the hippocampal 

pyramidal and granule celIs, cerebellar granule celIs, the preoptic nucleus and pyramidal 

cells of the piriform cortex 40. Strong Nramp2 mRNA expression was also seen in the 
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ventral portion of the anterior olfactory nucleus and in the epithelial cells of the choroid 

plexus 40. At the protein level, Burdo and colleagues detected Nramp2 in neurons of 

striatum, cerebellum, thalamus and in the ependymal and vascular cells throughout the rat 

brain 177. Immunohistochemical studies by Moos and Morgan in rats confirmed that 

Nramp2 protein is expressed in neurons and the choroid plexus, but not in brain capillary 

endothelial cells or in macro- or micro glial cells 178. Sorne studies have suggested that 

Nramp2 expression in neuronal cells is regulated by the hypoxia regulator. Recent studies 

by Lis and colleagues have shown that hypoxia selectively increases expression of 

Nramp2, particularly the ex on lA containing isoforms of the transporter, in rat 

pheochromocytoma (PCI2) cells 179. 

In the liver, the main site ofbody iron storage, Nramp2 mRNA expression has 

been detected in a number of cells types. Using in situ hybridization and quantitative real­

time PCR, Zhang and colleagues detected Nramp2 mRNA expression in rat liver 

hepatocytes, Kupffer cells, sinusoidal endothelial cells (SECs), and hepatic stellate cells 

(RSCs) 180. At the protein level, immunohistochemical studies by Trinder and colleagues 

detected Nramp2 on the plasma membranes of rat hepatocytes and this expression 

appeared to increase and decrease in response to iron overload or iron deficiency, 

respectively 162. Trinder et al suggested that upregulation ofNramp2 in the liver during 

iron overload could reduce the risk of increased iron intake and cell damage elsewhere in 

the body. 

Nramp2 has also been detected in several other tissues, although the distribution 

of the transporter at these sites has been less extensively characterized. In the thymus, 

Nramp2 mRNA was detected in the cortical, but not medullary, thymocytes 40. In the 

testis, Nramp2 mRNA 40 and protein 171 expression has been detected in the Sertoli cells 

of seminiferous tubules. Nramp2 protein has also been detected in the placenta, both in 

the cytoplasm at the junction of fetal membrane and fetal vessels 181. In this study, 

Georgieff and colleagues suggested that Nramp2 may transport endosomal ferrous iron 

into the cytoplasm ofthe human syncytiotrophoblast to supply the fetus 181. 
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1.3.7 Subcellular targeting of N ramp2 

Although both Nramp2 isoforms 1 and II are expressed at the plasma membrane, 

immunolocalization studies in transfected cells have shown that isoforms 1 and II exhibit 

different subcellular endosomal targeting at steady-state. In transfected LLC-PKI , CHO 

and RA W264. 7 cells, isoform II is mostly expressed in early and recycling endosomes 

42;51. Studies using an exofacially-tagged Nramp2 molecule have shown that isoform II 

molecules present at the cell surface and in recycling endosomes are in dynamic 

equilibrium, with surface transporters being continuously internalized via a clathrin and 

dynamin-dependent process 51. In contrast, isoform 1 has been detected in Lampl-positive 

late endosomes and lysosomes in transfected HEp-2 and LLC-PKI cells 155;182. Lysosomal 

expression of isoform 1 in phagocytic cells such as macrophages may be required for the 

recycling of iron from senescent red blood cells. Work described in Chapter 6 of this 

thesis compares Nramp2 isoforms 1 and II with respect to function, subcellular 

localization, endocytosis kinetics, and fate upon internalization in transfected LLC-PKI 

cells. This work shows that isoform 1 is expressed at higher levels at the cell surface 

compared to isoform II due to a slower rate of internalized from the plasma membrane. In 

addition, isoform 1 is not efficiently recycled upon endocytosis and is targeted to late 

endosomes and lysosomes 182. Higher surface expression is advantageous for isoform 1-

expressing epithelial cells, which must absorb Fe2
+ and possibly other divalent metals 

across their plasma membranes. Thus, alternative splicing ofNramp2 critically regulates 

the subcellular localization and site of metal transport. 

Cytoplasmic motifs such as tyrosine-based (NPXY, YXX<l» and dileucine-based 

motifs (LL) signaIs have been shown to dictate the subcellular targeting and trafficking of 

membrane proteins (reviewed in 183). Experiments by Tabuchi and colleagues in 

transfected HEp-2 larynx carcinoma cells showed that the 36 carboxy terminal residues of 

Nramp2 isoform II are important for targeting to early endosomes. Truncation and 

mutagenesis experiments subsequently revealed that a novel YXLXX555-559 motif in the C 

terminus ofisoform II is responsible for the early endosome targeting of the protein, with 

mutations in this motif resulting in accumulation of the transporter in Lamp2-positive late 

endosomes/lysosomes 155. In addition, experiments described in Chapter 5 ofthis thesis 
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show that critical residues in the C terminus of isoform II, inc1uding the YXLXX~~~-~59 

signal, are required for the transporter' s intemalization from the cell surface and its 

recyc1ing back to the plasma membrane 184. Furthermore, removal of an intact 

YXLXX555-559 motif appears to cause lysosomal targeting by default. Targeting motifs in 

the N terminus ofNramp2, inc1uding putative NPXY and YXX<l> signaIs, were shown to 

have an additional but less determinate effect on subcellular targeting of the transporter 

184 

1.3.8 Nramp2 and cellular iron homeostasis 

Iron is an essential element for life, playing a variety of roles in organisms ranging 

from the transportation of oxygen to the generation of anti-microbial reactive oxygen 

species. One of the key properties ofiron is its ability to mediate oxidation-reduction 

reactions by altering between its Fe3
+ and Fe2

+ oxidative states. However, it is this highly 

reactive nature that makes an excess of "free" iron very toxic to organisms and 

necessitates strict mechanisms of regulation. 

1.3.8.1 Mechanisms of cellular iron absorption 

Highly reactive iron in its ionic form is not normally found at high levels in 

normal organisms. Rather, the majority of circulating iron (Fe3+) exists in an inert form 

bound to the abundant plasma glycoprotein transferrin (Tf). Most cells gain access to iron 

by intemalizing the entire diferric-Tf complex through the ubiquitously-expressed 

transferrin receptor 1 (TfRl), which resides in c1athrin-coated pits on the surface of cells. 

Diferric Tfbinds TfRl at the plasma membrane and entire complex is intemalized by 

clathrin-dependent receptor-mediated endocytosis into early endosomes. Endosomal 

acidification (pH 5.5-6.0) by vacuolar W-ATPase strengthens the interaction between Tf 

and TfRl but weakens the binding ofiron to Tf, causing the release ofFe3
+ in the 

endosomallumen. A recently identified ferrireductase, Steap3, reduces Fe3
+ to Fe2

+ in the 

endosomallumen 185;186. The acidic environment in the endosome also provides the 

proton gradient for Nramp2 to transport Fe2
+ across the endosomal membrane into the 

CytOSOI141;169. Apo-TflTfRl as well as Nramp2 are then recyc1ed back to the cell surface, 
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where they can be used in further cycles of iron uptake 51 (Figure 4). Although most cells 

are thought to uptake iron via the Tf-TfRl cycle, this process is ofparticular importance 

for developing erythrocytes which have an enormous need of iron for hemoglobin 

synthesis. A homolog ofTfRl, transferrin receptor 2 (TfR2), is expressed exclusively in 

erythroid cells, hepatocytes, and duodenal crypt cells 187. TfR2 also functions in the 

uptake of Tf-iron, although it binds Tfwith less affinity compared to TiRl and is not 

regulated by the IRP/IRE regulatory system. TfR2 clearly plays a critical role in iron 

homeostasis as mutations at the human TjR2 gene result in systemic iron overload 188. 

Polarized epithelial cells ofthe kidney are able to uptake Tf-iron by a megalin-dependent 

mechanism using the Tf-binding endocytic receptor cubilin 189. 

There are several Tf-independent cellular mechanisms of iron uptake. Brush 

border intestinal enterocytes uptake dietary non-heme iron directly across their apical 

membranes through the action ofNramp2 (Figure 4). Non-heme iron is found in 

vegetables and grain products and exists in its insoluble Fe3
+ form, which must first be 

converted to Fe2
+ before it can be transported by Nramp2. This is thought to occur 

through the action of a cytochrome b-like ferrireductase called Dcytb (CybrdJ), which is 

expressed at the apical enterocyte membrane 190. Other redundant ferrireductases may 

also exist since studies involving targeted disruption of the Cybrdl gene in mice suggest 

Dcytb is not essential for intestinal iron absorption in mice fed a normal iron diet 191. 

Gastric acid secretion by the stomach promotes the solubility of iron complexes and also 

provides the proton gradient required for Nramp2-mediated Fe2
+ uptake. 

Iron is required to maintain proper neuronal cell function, however, an excess of 

iron causes neurodegeneration. Early immunohistochemical studies by Moos clearly 

showed a diverse expression oftransferrin receptor throughout the central nervous system 

(CNS) 192. More recently, several independent groups have shown that Nramp2 is also 

expressed in neuronal cells 40;177;193, suggesting that TiR and Nramp2 work in 

conjunction in these cells to uptake transferrin-bound iron. Iron transported through the 

blood-brain barrier may exist in the brain interstitial fluid in a low molecular weight 

form, such as iron-citrate. The presence of nontransferrin-bound iron in brain 
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extracellular fluids suggests that neurons can also take up iron in a transferrin-free form 

194-197. This may be mediated by Nramp2 expression at the neuronal plasma membrane. 

Iron re-absorption in the kidney is not completely understood yet studies by 

Canonne-Hergaux et al 172 and F erguson et al 173 suggest that apically expressed Nramp2 

may function as part of an iron re-absorption system in the kidney, possibly to prevent the 

loss of precious iron in the urine. This idea is supported by the observation that Nramp2 

expression in the kidney increases approximately two-fold in mice fed a low-iron diet 172. 

Furthermore, Wareing and colleagues have shown using microinjection and 

microperfusion techniques that increased Nramp2 expression in rat kidney was 

accompanied by a decrease in urinary iron excretion rate and vice versa 198. Interestingly, 

mk/mk mice and b/b rats suffering from severe mycrocytic anemia show almost a 

complete loss ofNramp2 expression in the kidney 172;176. However, another study by 

Ferguson et al showed that although b/b rats exhibit higher serum iron levels than +/b 

rats, both animaIs display similar urinary iron excretion rates, suggesting that Nramp2 is 

not play a critical role in iron re-absorption by the kidney 176. 

Dietary heme iron is an important nutritional source of iron in carnivores and 

omnivores that is more readily absorbed than non-heme iron. Iron is released from heme 

through the breakdown ofhemoglobin and myoglobin present in red meat. In mammals, it 

has been known for some time that proximal duodenal enterocytes and hepatocytes are 

the major sites ofheme transport 199;200. The mechanism ofheme transport across the 

plasma membrane remained elusive until Shayeghi and colleagues recently identified a 

duodenal membrane protein, heme carrier protein 1 (HCPI), that mediates cellular heme 

uptake 201. HCPI shows sequence similarity to several bacterial metal-tetracyclin 

transporters, is upregulated is response to hypoxia, and appears to be recruited to the 

plasma membrane from the cytoplasm upon iron deficiency 201. Upon translocation across 

the plasma membrane, heme appears to localize in membrane bound vesic1es within 

the cytoplasm 199;200;202;203;203 before it is degraded by the enzyme heme oxygenase (HO-l 

and HO-2) to yield ferrous iron 204. 

Small peptide siderophores are secreted by micro-organisms to trap and import 

iron across the cell membrane. Like this bacterial iron-uptake system, mammalian neural 
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gelatinase-associated lipocalin (NGAL/24p3) has been reported to complex with iron and 

be intemalized and trafficked to late endosomes 205. Recombinant NGAL/24p3 loaded 

with iron has been shown to deliver the metal into cultured cells and affect the expression 

ofiron-regulated genes. This NGAL/24p3 delivery pathway appears to be important for 

differentiating epithelial cells during early embryonic development 205;206. 

Finally, tissue macrophages absorb iron indirectly through the phagocytosis of old 

or damaged erythrocytes. Engulfed red cells are lysed, hemoglobin is degraded (with the 

help ofheme oxygenase), and the released iron is either stored bound to ferritin or 

exported to reload circulating apo-Tf. The recycling of iron by macrophages is a highly 

efficient process that represents the major source of iron for cellular processes such as 

erythropoesis. 

1.3.8.2 Mechanisms of cellular iron storage and usage 

Once imported into the cell, excess iron that will not be immediately used is 

stored bound to the ubiquitous protein ferritin 207. Ferritin is a highly conserved 

multimeric protein that is able to sequester inorganic Fe2
+ by first converting it to Fe3

+ 

before storing it as the chemically less reactive ferrihydrite 208. Mammalian ferritin 

consists of24light (L) and heavy (H) chain subunits that can accommodate up to 4500 

atoms ofiron 209. When cells experience a greater requirement for iron, ferritin is 

degraded and iron is released, however this process is not currently well understood. 

Most of the iron within cells is directed to the mitochondria for either heme 

biosynthesis or maturation ofiron-sulfur (Fe-S) clusters. Herne is synthesized by an 

enzyme called ferrochelatase, which catalyzes the insertion of ferrous ions into 

protoporphyrin IX (reviewed in 210). Herne synthesis is ofparticular importance in 

oxygen-carrying erythroid cells, however the mechanism by which iron is delivered to 

mitochondria is not currently known. Recently, Zhang and colleagues proposed that a 

transient interaction between iron-ri ch endosomes and mitochondria is responsible for the 

transfer of iron acquired from transferrin to ferrochelatase 211. Newly synthesized heme is 

rapidly exported outside the mitochondria into the cytosol and endoplasmic reticulum, 

and associates with apo-hemoproteins 212;213. Fe-S clusters are ubiquitous and participate 
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in a number of proccsscs including clcctron transfer, substrate bindinglactivation, and 

ironlsulfur storage 214. The mitochondrial matrix protein frataxin is required for 

biogenesis ofFe-S proteins and is thought to play roles in mitochondrial iron export and 

storage 215-217. Mutations at thefrataxin gene cause the neurodegenerative disorder 

Friedreich's ataxia. Patients with Friedreich's ataxia possess a deficiency in Fe-S 

containing proteins and display mitochondrial iron overload 218. 

1.3.8.3 Mechanisms ofiron export 

Because iron is such a precious element, the current dogma is that there is no 

excretion mechanism for iron, with loss from the body normally resulting from 

desquamation or the loss ofbiological fluids (especially blood). At the cellular level, in 

contrast to the numerous mechanisms identified for cellular iron import, much less is 

known about the mechanisms underlying cellular iron eXPOrt' In fact, the only putative 

mammalian iron exporter identified to date is ferroportin (MTP, Ireg 1) 219-221. F erroportin 

is expressed at the basolateral membrane of duodenal enterocytes where it mediates iron 

(Fe2+) eXPOrt into the bloodstream in conjunction with the ferroxidase hephaestin, which 

converts Fe2+ to Fe3+ before it can be bound by circulating apo_Tf222. Mutation of 

hephaestin in sex-linked anemia (Sla) mice leads to iron accumulation in the epithelia and 

results in Sla mice having a systemic iron deficiency 222. In non-intestinal cells, iron 

export requires oxidation by the plasma protein ceruloplasmin 223. Ferroportin is also 

highly expressed in intracellular vesic1es of tissue macrophages, where it is thought to 

play a role in the eXPOrt of iron recyc1ed from engulfed red blood cells. When ferroportin 

expression is upregulated through iron treatment or erythropagocytosis, ferroportin 

expression is strongly enhanced at the plasma membrane of macrophages 224. In contrast, 

treatment with the iron regulatory protein hepcidin (see below) causes rapid 

intemalization and degradation of the macrophage iron exporter 224;225. 

1.3.8.4 Regulation of cellular iron homeostasis 

Proteins involved in iron uptake, usage, storage and export require tight 

regulation. The best characterized form of iron-dependent regulation is at the level of 
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mRNA stability. Iron responsive elements (IREs) are conserved hairpin structures 

approximately 30 nuc1eotides in length found in either the 5' or 3' untranslated regions 

(UTRs) ofmRNAs encoding proteins involved in iron homeostasis such as Nramp2, TfR, 

ferroportin, and ferritin. Specialized iron regulatory proteins (IRP l, IRP2) interact with 

the IREs based on cellular labile iron poollevels. Iron levels regulate the binding of IRP 1 

and IRP2 to IREs by distinct mechanisms 226. When cellular iron levels are high, iron (as 

Fe-S clusters) binds IRPI and inhibits its binding to IREs by converting it to an aconitase, 

which interaconverts citrate and isocitrate. When cellular iron stores are low, IRPI is able 

to freely bind IREs. IRP/IRE interactions are also controlled by other factors including the 

presence of reactive oxygen species, nitric oxide, and hypoxia. The mechanism by which 

iron regulates IRP2 is less well understood. Unlike IRPI, IRP2 does not bind Fe-S 

clusters but has been shown to accumulate in iron-starved cells and is targeted for 

degradation when iron levels are high 227. IRP2 is also sensitive to degradation in the 

presence ofnitric oxide (NO), whereas IRPI is activated byNO 228;229. Recent studies 

have suggested that IRP2 is the predominant regulator of iron homeostasis in mammalian 

cells. Indeed, mice deficient in IRPI appear normal yet mice deficient in IRP2 show 

pronounced mis-regulation ofiron metabolism and nerve damage 230;231. 

Single IREs are found in the 5' UTRs of mRNAs encoding ferritin, erythroid 

5-aminolevulinic acid synthase (required for heme biosynthesis), mitochondrial aconitase 

(a citrate cycle enzyme), and ferroportin 220;221;227;232. The formation ofIRP/IRE 

complexes on the 5' UTR of these transcripts inhibits their translation, leading to down­

regulation of the protein 233. The opposite result occurs when IREs are located in the 3' 

UTR of transcripts., Multiple IREs are present in the 3' UTR of mRNA encoding TfRl 

and binding of IRP serves to stabilize the transcript, leading to increased translation and 

up-regulation of the protein 227, The 3' UTR ofmRNA encoding Nramp2 isoform 1 

contains a single IRE that has been shown to bind IRPI in vitro 234, However, this IRE 

has been shown to only marginally regulate Nramp2 expression in cultured cells 234. The 

recently identified 5' promoter/exon lA region of Nramp2 appears to work in conjunction 

with the 3' UTR IRE modulate Nramp2 expression in response to the cellular and 

systemic iron levels 154. 
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Genes involved in iron homeostasis are also regulated at the transcriptionallevel. 

For example, cytokine production has been reported to modulate expression ofvarious 

iron-related genes. Interferon-y (INF-y), tumor necrosis factor-a, interleukin-l (IL-l), and 

IL-6 have all been reported to stimulate ferritin expression but down-regulate TfRl 207. 

INF-y and lipopolysaccharide (LPS) have been reported to induce Nramp2 expression but 

inhibit ferroportin expression in activated monocytes 235;236. The response offerroportin 

to LPS appears to require signaling through the LPS receptor, Toll-like receptor 4 (TLR-

4) 236, and may contribute to the iron sequestration by phagocytic cells observed during 

inflammation. 

1.3.9 Nramp2 and systemic iron homeostasis 

Over 65 years ago, studies on iron balance in humans showed that virtually no 

iron is excreted and that stable iron levels are maintained by modulating absorption of 

iron from the gut. Insufficient or excessive accumulation of iron can be problematic, 

especially coupled with the fact that mammals lack a natural physiological excretion 

system for iron. Therefore, organisms have developed sophisticated mechanisms to sense 

and regulate body iron levels in response to the demanding needs of systemic processes 

such as erythropoesis. The maintenance ofhealthy iron homeostasis requires efficient 

communication between the cells that use the most iron (erythroid precursors) and the 

cells that obtain and store iron (duodenal enterocytes, tissue macrophages, hepatocytes). 

1.3.9.1 Systemic iron regulators 

The primary iron storage sites are tissue macrophages and hepatocytes. Iron is 

stored bound to ferritin in these cells and the level of these stores is monitored and 

maintained by a so-called "stores regulator" 237;238. The stores regulator can, in part, alter 

intestinal iron absorption in response to body stores. Erythroid cells are by far the major 

consumers ofiron and the amount the iron present in the bone marrow, erythroid 

precursors, and circulating red blood cells is normally greater than the amount of iron 

present in the stores. When systemic iron demand for erythropoeisis exceeds what is 

available in the storage pools, an "erythroid regulator" up-regulates intestinal iron uptake 
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to compensate and replenish the stores 238. A "hypoxia regulator" is aIse believed te exist l 

altering iron homeostasis in response to insufficient blood and tissue oxygen levels. 

Meanwhile, an "inflammatory regulator" is thought to mediate the retention of iron within 

tissue macrophages as weIl as the reduction of intestinal iron absorption, as a host 

response to infection or inflammation. This action is believed to promote host resistance 

by restricting the amount of iron available to pathogens. 

It is clear that a hierarchy exists among the regulators. This is especiaUy evident in 

diseases where erythropoesis is iron-deficient yet the body iron stores are overfilled. 

Hypotransferrinemic mice (Tr!PX), which possess a mutation disrupting a splice donor 

site in the transferrin gene, have a near total deficiency in circulating serum transferrin 

239. Erythroid precursors uptake the majority oftheir iron as diferric-Tfvia TfR! and 

therefore erythropoesis is severely impaired in Tr!px mice 150. However, since a number 

of non-erythroid ceUs and tissues readily uptake non-transferrin bound iron, iron overload 

develops in various organs such as the liver and pancreas. In this case, signaIs from the 

erythroid regulator seem to override signaIs from the stores regulator, up-regulating the 

absorption of dietary iron in the duodenum. The body appears to prioritize (and rightfully 

so) iron needed for erythropoesis over the need to avoid iron overload. An analogous 

scenario occurs in two other mouse models of iron overload generated by targeted 

disruption ofthe Hfe and f3-2 microglobulin genes 240;241. 

The search for regulatory effectors that can modulate intestinal iron absorption, 

iron recycling by macrophages, and iron storage by hepatocytes has been extensive. This 

search led to the recent identification ofhepcidin (HAMP, LEAP-l), a smaU cysteine-rich 

peptide hormone that is produced by hepatocytes and excreted through the kidneys 242-244. 

Produced from the cleavage of a larger precursor protein, hepcidin shows sequence 

similarity to peptides (defensins) involved in innate immunity and possesses itself anti­

microbial properties 242;243. Hepcidin controls extraceUular iron levels by regulating its 

intestinal absorption, placental transport, recyc1ing by macrophages, and release from 

stores. Hepcidin-deficient (USF2-1
-) mice develop elevated body iron stores while 

transgenic mice constitutively-expressing hepcidin eventually die from severe iron 

deficiency anemia 245;246. Hepcidin also appears to be an acute phase response peptide 
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induced directly by various inflammatory stimuli including bacteriallipopolysaccharide 

247-250. Several studies have linked hepcidin to the erythroid, stores, hypoxia, and 

inflammatory regulators (reviewed in 251). Although the signaling pathways of these 

mechanisms are not completely understood, most studies are in agreement that when iron 

is scarce, decreased serum hepcidin expression is associated with enhanced iron release 

from intestinal cells and macrophages 248;252;253. Conversely, in a state of iron overload, 

increased serum hepcidin expression is associated with decreased iron release from 

intestinal cells and macrophages 244;254;255. Recently, hepcidin was found to inhibit 

cellular iron efflux by binding to the iron exporter ferroportin and inducing its 

internalization from the cell surface and degradation 224;256. Mutagenesis studies have 

revealed that the N terminus ofhepcidin is responsible for its interaction with ferroportin 
257 

1.3.9.2 Importance ofNramp2 in systemic iron homeostasis 

Because of its dual role in intestinal iron absorption as well as in acquisition of 

transferrin-iron, mutations in Nramp2 severely affect systemic iron homeostasis. Both mk 

mi ce and Belgrade rats, which possess the identical mutation (G 185R) in Nramp2, suffer 

from severe microcytic anemia 136;141. The need for increased erythropoesis in these 

rodents prompts the erythroid regulator to increase intestinal iron absorption by up­

regulating Nramp2 expression at the duodenal brush border 147. However, because the 

G185R mutation attenuates Nramp2 function, the anemia persists 146;148. 

Recent work by Gunshin and colleagues has furthered our understanding ofthe 

role ofNramp2 in vivo. They showed that global inactivation of Nramp2 in mice results 

in a similar but more severe phenotype than that seen for animaIs homozygous for the 

G 185R mutation 258. Although Nramp2-1
- mice were born alive with no apparent 

anatomical abnormalities, they were noticeably paler at birth and later displayed 

progressive post-natal growth retardation, with no mice surviving more than 7 days 258. 

The relatively normal development of the Nramp2-1
- mice in utero suggested that fetal 

Nramp2 is not essential for materno-fetal iron transfer. Transplanting hematopoetic stem 

cells from Nramp2-1
- mice into irradiated WT mice resulted in abnormal erythrocyte 
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morphology and decreased hemoglobin levels, confirming the importance ofNramp2 in 

erythroid iron utilization 258. Furthermore, studies involving selective inactivation of 

Nramp2 in the intestine confirmed the importance ofNramp2 in the absorption of dietary 

non-heme iron 258. 

1.3.9.3 Diseases associated with NRAMP2 mutations in humans 

Currently, there are three reported cases of mutations in human NRAMP2 

associated with iron-related disorders. The first case was identified in 2004, when 

Priwitzerova and colleagues reported a 20-year-old female patient of Czech origin, the 

product of a consanguineous union, who suffered from liver hemosiderosis and severe 

congenital hypochromic microcytic anemia due to defective erythroid iron use 259. A year 

later, Mims et al reported that this patient was in fact homozygous for a G to C 

substitution at the last nuc1eotide of exon 12 of NRAMP2 (NRAMP2G1285C) 4. This 

mutation had a dual effect, impairing normal splicing of exon 12 by an estimated 90% 

and introducing an amino acid substitution (E399D) in the remaining (-10%) properly 

spliced transcript found in the patient. The impaired splicing is thought to result from 

alteration of the consensus sequence for binding ofthe UlsnRNP at the exon 12/intron 12 

boundary and translates into a truncated, non-functional Nramp2 protein 4;260;261. 

Although E399D represents a conservative mutation, E399 resides in the highly 

conserved fourth intra-cytoplasmic loop ofNramp2 defined as the conserved transport 

motif. Work described in Chapter 3 ofthis thesis examined the effects of the E399D 

mutation as well as other mutations at that position in transfected LLC-PK1 cells. These 

results showed that the E399D mutation does not in itself affect expression, function, or 

targeting of the Nramp2 protein, and that the reduced Nramp2 function in the patient is 

likely caused by a quantitative reduction in NRAMP2 mRNA levels due to improper 

splicing 262. This result was confirmed by studies from other groups 260;261. 

In early 2006, Iolascon and colleagues reported a second human patient who is 

compound heterozygous for two novel mutations in NRAMP2 263. The patient is a 5-year­

old male ofltalian origin suffering from severe hypochromic microcytic anemia with 

hepatic iron overload. The patient possessed two novel mutations in NRAMP2: a 3 base 
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pair deletion (deI CTT) in intron 4 and a C to T transition (NRAMP2c/246T) in ex on 13 

resulting in an Arg to Cys substitution at position 416 (R416C) ofNramp2. The CTT 

deletion was shown to disrupt nonnal splicing of NRAMP2 pre-mRNA, causing a partial 

(30-35%) skipping of ex on 5 263. This skipping results in a truncated, non-functional 

Nramp2 protein that is inherited in a fully recessive manner. R416 represents a highly 

conserved residue located in TM9. Work described in Chapter 4 ofthis thesis examined 

the effects of conservative and non-conservative mutations at R416. These results showed 

that non-conservative substitutions at R416 (C, A, E) cause multiple functional 

deficiencies including defective protein processing, loss of transport activity, impaired 

cell surface targeting and recycling through endosomes, concomitant with retention of the 

transporter in the endoplasmic reticulum 264. These findings demonstrated that the R416C 

mutation represents a complete loss-of-function and that a quantitative reduction in 

Nramp2 expression is the cause of the microcytic anemia and iron overload in the patient. 

Recently, Beaumont and colleagues reported a third human patient compound 

heterozygote for two novel NRAMP2 mutations, associated with microcytic anemia and 

progressive liver iron overload 265. In the first mutation, a GTG deletion in exon 5 causes 

the in-frame deletion ofV114 in TM2. The second mutation, a G >T transition in exon 8, 

causes a G212V substitution in TM5. The effects ofthese recently identified mutations on 

Nramp2 function are not currently known and need to be studied. Although V114 is not a 

highly conserved among Nramp2 orthologs, its in-frame deletion may still affect Nramp2 

function. On the other hand, G212 in TM5 is significantly conserved and it is likely that 

the non-conservative G212V substitution affects Nramp2 function. 

Together, these three reported cases define a new syndrome of congenital 

microcytic hypochromic anemia with liver iron overload. In the first two reports, a 

quantitative reduction in Nramp2 expression was the cause of disease, indicating the 

presence of a minimum threshold ofNramp2 expression required for nonnal 

physiological function. This minimum threshold appears to be between the low level of 

activity observed in both NRAMP2 mutant patients and the 50% activity retained in their 

phenotypically nonnal heterozygote relatives 4;263. Results from studies with Nramp2-/­

mi ce suggest that complete loss ofNramp2 activity may not be compatible with life 258. 
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1.3.9.4 Other iron-overload disorders in humans 

Hereditary hemochromatosis (HH) is an autosomal recessive inherited iron 

overload disorder characterized by increased intestinal iron absorption and iron 

accumulation in vital organs, eventually leading to organ failure (reviewed in 266). When 

identified before severe organ damage has occurred, hemochromatosis can be treated by 

phlebotomy (bleeding) to remove iron-ri ch red blood cells. Mutations in four genes have 

been linked to HH: HFE, TFR2, hemojuvelin, and hepcidin. 

The first gene shown to be associated with HH was HFE, an atypical major 

histocompatibility class 1 protein that heterodimerizes with (3-2 microglobulin but does 

not bind a small peptide 267;268. Most patients (80%) with HFE-linked hemochromatosis 

are homozygous for a missense mutation (C282Y) that partially disrupts HFE function 

267. The C282Y mutation is particularly common in individuals ofNorthem European 

descent. Other mutations at HFE are rare and their contributions to clinical disease have 

not been well established. Only a fraction of patients with a hemochromatosis genotype 

develop clinical iron overload symptoms and environmental factors play a significant role 

in disease penetrance. Despite vast efforts, the precise molecular function of the HFE 

protein has remained elusive and experiments expressing HFE in transfected cells has 

yielded conflicting results 268-271. However, it is clear that HFE is linked to the transferrin 

cycle and can form a high-affinity complex with TfR!, competing with transferrin to bind 

the receptor 268;272;273. Recent studies in Hfe-/- mice have linked HFE to hepcidin levels 

and suggested the two proteins are part ofthe same signaling pathway 274-276. 

Although less common than HFE mutations, homozygous mutations in TfR2 have 

also been identified in patients with hemochromatosis 188;277-282. The clinical symptoms of 

TFR2 hemochromatosis are similar but more severe than the HFE-related disease 283. A 

defining characteristic of TFR2 hemochromatosis is the persistence ofhigh transferrin 

saturation, even following phlebotomy. 

Sorne patients with juvenile hemochromatosis are homozygous for mutations at 

HAMP, the gene encoding hepcidin 284. Mutations identified thus far cause either a 

complete inactivation of the protein 285 or substitute one of the invariant cysteines of the 
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peptide 286-288. However, most juvenile hemochromatosis patients possess mutations in 

the gene hemojuvelin (HFE2 or HJV) 289. Hemojuvelin encodes a 

glycosylphosphatidylinositol (GPI)-linked protein, characterized by an RGD motif and a 

von Willebrand type D domain that is highly expressed in the liver, skeletal muscle, and 

heart. Over 30 different mutations have been identified in the HJV gene in patients with 

juvenile hemochromatosis (reviewed in 290). HJVhemochromatosis shares numerous 

features with HFE hemochromatosis, but aU the clinical manifestations develop earlier 

due to greater intestinal iron absorption and faster rate of iron accumulation. The fact that 

patients with critical mutations in HJV display low or unmeasurable hepcidin levels 289 

suggest that the protein is a component of the hepcidin regulatory pathway. 

A distinct type of iron overload inherited in an autosomal dominant fashion is 

found in patients with critical mutations inferroportin 291;292. These patients present 

variable clinical phenotypes depending on the specifie mutation they harbor. Ferroportin 

mutations essentiaUy faU into two main classes: (1) mutations that disrupt ceU surface 

expression and inhibit iron export 293; and (2) mutations that localize to the ceU surface 

but are unable to respond the regulatory peptide hepcidin 294. Patients with the first type 

of mutation show typical ferroportin disease with low transferrin saturation and iron 

accumulation in macrophages. Patients with the second type of mutation show high 

transferrin saturation and early hepatocyte iron loading similar to classic hereditary 

hemochromatosis. The dominant inheritance of ferroportin-linked hemochromatosis may 

be explained by in vitro experiments that suggest ferroportin functions as a multimer and 

that mutants act as dominant negatives, affecting the behavior of the wild type protein 295. 

However, this still remains controversial since other studies have shown that WT and 

mutant ferroporins do not form oligomers in transfected HEK293 ceUs 293;296. 
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Preface to Chapter 2 

The identification ofNramp2 as a transporter of divalent metals in 1997 provided 

new insight into the function ofNramp proteins in vivo 40;136, Electrophysiological 

measurements indirectly identified Fe2
+, Mn2

+, C02
+, Cd2

+, Cu2
+, Ni2

+, Pb2
+, and Zn2

+ as 

substrates for Nramp2 and showed that transport occurred by a pH-dependent mechanism 

40, The demonstration of divalent metal transport by numerous distant Nramp orthologs 

highlighted functional conservation in the Nramp super-family 1;2;297;298, At this time, 

structure-function studies became essential to understanding the molecular basis for both 

metal transport and pH -dependence by Nramp proteins, 

Chapter 2 of this thesis describes one of the first systematic attempts to explore 

structure-function relationships in Nramp proteins by site-specifie mutagenesis. Through 

multiple sequence alignments of various prokaryotic and eukaryotie Nramp sequences, 

we identified a number ofhighly conserved yet thermodynamically disfavored charged 

amino acids residing within the hydrophobic TM domains ofNramp2. Our mutagenesis 

studies revealed several charged residues that are essential for Nramp2-mediated metal 

transport, as well as two invariant histidines (H267 and H272) that are critical for pH­

dependence. Later, similar mutagenesis studies performed in a baeterial Nramp ortholog, 

MntH, confirmed the importance of TM charged residues in metal transport by Nramp 

proteins 299, Furthermore, our identification ofH267 and H272 as critical for pH­

dependenee was later supported by electrophysiological experiments in Xenopus oocytes 
300 
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Chapter 2: 

Iron transport by Nramp2/DMT1: pH regulation 
of transport by two histidines in transmembrane 

domain 6 
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ABSTRACT 

Mutations at Nrampl impair phagocyte function and cause susceptibility to 

infections while mutations at Nramp2 (DMTl) affect iron homeostasis and cause severe 

microcytic anemia. Structure-function relationships in the Nramp super family were 

studied by mutagenesis, followed by functional characterization in yeast and in 

mammalian cells. These studies identify three negatively charged and highly conserved 

residues in transmembrane domains (TM) 1, 4, and 7 as essential for cation transport by 

Nramp2/DMTl. The introduction of a charged residue (G 185R) in TM4 found in the 

naturally-occurring microcytic anemia mk (mouse) and Be/grade (rat) mutants is shown to 

cause a partial or complete loss of function in mammalian and yeast cells, respectively. A 

pair of mutation-sensitive and highly conserved histidines (H267, H272) was identified in 

TM6. Surprisingly, inactive H267 and H272 mutants could be rescued by lowering the 

pH of the transport assay. This indicates that H2671H272 are not directly involved in 

metal binding but rather they play an important role in pH regulation of metal transport by 

Nramp proteins. 
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INTRODUCTION 

Nramp2 (DMTl, DCTl) is essential for nutritional iron (Fe2+) uptake by the 

duodenum brush border 40;136;141 and for iron transport across the endosomal membrane in 

peripheral tissues 42;141;301, Nramp2 is an integral membrane protein composed of 12 

predicted transmembrane (TM) domains 1. The Nramp2 gene produces 2 rnRNAs by 

alternative splicing of the terminal 3' exon that show different 3' untranslated regions 

containing (isoform I, +IRE) or not (isoform II, -IRE) an iron response element (IRE), as 

well as distinct C-terminal protein sequences 153;302, In normal tissues, Nramp2 protein 

(isoform 1) is expressed at the brush border of the proximal portion of the duodenum, 

where it is regulated by dietary iron deprivation 161. Nramp2 (isoform II) is also present in 

the Tf receptor positive recyc1ing endosome compartment of erythroid precursors that can 

be recruited in vivo by treatment with phenylhydrazine or erythropoietin 169. Nramp2 

mRNA expression was also detected in the kidney (Isoforms I and II) 175 and Nramp2 

protein expression (isoform 1) was detected at the brush border of the kidney proximal 

tubule 172, Direct transport studies in Xenopus laevis oocytes suggest that Nramp2 is a 

pH-dependent divalent metal transporter with broad substrate specificity inc1uding Fe2+, 
Mn2

+, C02+, Cd2+, Cu2+, Ni2+, Pb2+, and possibly Zn2+ and that may function by a H+ co­

transport mechanism 40. Parallel studies with metal-sensitive dyes have shown similar 

transport properties for Nramp2 expressed at the plasma membrane 26;168, An 

independently arising natural mutation in TM4 of Nramp2 (G 185R) is responsible for 

microcytic anemia of the mk mouse 136 and the Belgrade rat 141, both associated with a 

severe defect in intestinal iron absorption and impaired use by erythroid cells 138, 

Transport experiments in vitro in transfected HEK293 cells, as weIl as subcellular 

localization studies in vivo in target tissues from mk/mk mice have shown that the 

Nramp2G185R mutation causes a severe loss of function characterized by reduced activity 

and possibly impaired maturation/targeting 146;147. Together, these studies suggest a dual 

role for Nramp2 as the Tf-independent iron acquisition system ofthe duodenum, and as 

transporting reduced Tf-iron across the endosomal membrane 251 303. 

The Nramp2 homolog, Nrampl 1;7 is expressed in the lysosomal compartment of 

macrophages and neutrophils 18 and is recruited to the membrane ofpathogen containing 
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phagosomes fonned in these ceUs 35;304, where it may function as a Mn2+ efflux pump 52. 

A naturally-occurring mutation in predicted TM4 ofNrampl (G169D) impairs maturation 

and membrane targeting of the protein, and causes susceptibility to infection with 

unrelated intracellular pathogens 7;15. Nrampl and Nramp2 define a large super-family of 

membrane transport ers highly conserved from bacteria to humans 1;41;305. Demonstration 

of divalent cation transport by distant Nramp homologs from bacteria (MntH, Mramp) , 

yeast (Sm!1, Smj2, Smf3), fly (M/v), and plant (AtNramp) has highlighted functional 

conservation in this family 1;2;297;298, In addition, expression ofmouse Nramp2 protein in 

a double smfl/smj2 mutant can restore the ability ofthis mutant to grow at alkaline pH 

and on medium containing metal chelators 34;306, Likewise, expression ofhuman 

NRAMP 1 in the fly mutant ma/voUa corrects the taste discrimination defect of this mutant 

2, in a manner similar to that produced by increasing dietary Fe2+ or Mn2+ 307. 

In the present study, we have used multiple sequence alignments to identify highly 

conserved residues in the Nramp super-family. We have studied the functional role of 

conserved charged TM domain residues in substrate selectivity and pH regulation of 

Nramp2. 
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MATERIALS AND METHODS 

Materials 

Calcein acetoxymethylester (calcein-AM; 500 /lM stock solution prepared in 

DMSO) was obtained from Molecular Probes (Eugene, OR). Stock Fe2+ (2 mM) aqueous 

solutions of ferrous ammonium sulfate (FAS; Sigma) were always prepared fresh in 

degassed, de-ionized water. CoClz (Sigma) was prepared as a stock solution (2 mM) in 

water. The membrane-permeable iron chelator salicylaldehyde isocotinoyl hydrazone 

(Sm, 25 mM stock solution) was prepared in DMSO, and the membrane-impermeable 

iron chelator HES-DFO (6 desferroxamine/Mr 50,000 starch molecule; 38 mM stock) was 

prepared in water and stored at -20°C. sm and HES-DFO were generous gifts from Dr. 

P. Ponka (McGill University, Lady Davis Institute, Montreal, Canada). 

Plasmids and Constructs 

A fulliength mouse Nramp2 (DMTl) cDNA Isoform II lacking the IRE (GenBank™ 

Accession Number L33415) was modified by the in-frame addition of2 antigenic cMyc 

epitope tags at the carboxy terminus ofthe protein (N2-2Myc) 34. Mutations at specific 

amino acid positions were created by site-directed mutagenesis using a recombinant PCR 

protocol 308, and using oligonucleotide primers listed in Table 1. The mutants were cloned 

into the mammalian expression vector pCB6. For complementation studies in yeast, 

mutants were introduced in the yeast expression vector p VT. 

Yeast Transformation and smf l/smj2 Complementation Assays 

The S. cerevisiae smf 1 /smf 2 double mutant, is a mutant in which the SMF 1 and 

SMF2 genes have been insertionally inactivated (MATa ura3-521eu2-3 -112 gal2 

SMFl::LEU2, SMF2::LEU2) 34. This mutant cannot grow on alkaline medium or on 

medium containing metal chelators 34;306. Yeast cells were transformed with pVT/Nramp2 

constructs 309 and ura+ transformants were grown as mass populations, and crude 

membrane fractions 310 were prepared for Nramp2 protein expression by immunoblotting 

using the mouse anti-cMyc monoclonal antibody 9E10 (Babco, Berkeley, CA) 161. To test 
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Table 1. Primers used for mutagenesis. 

Primer Nucleotide sequence (5' to 3') Position in Nramp2 

pCB6F aatgggcggtaggcgtgta 848-866 of pCB6 

pCB6R aggccaggagaggcactgg 1006-1034 of pCB6 

N2 D86AF cctacctagCcccaggaaac 248-267 

N2 R119A F ctgctgctccagGCccttgcag 346-367 

N2 R146AF caaggtcccaGCgatcatcctgtg 426-449 

N2 E154AF ctgatggtg9Qgttggcaatca 451-472 

N2 D161A F cattggttctgCcatgcaggaagtc 471-495 

N2 G184D F ccctgtgggAcggagtcctca 542-563 

N2 G185R F gggtccccctgtggggcaGagtcctcatcaccatc 536-570 

N2 D192AF caccatcgcagCcacttttgtg 564-585 

N2 E225AF gtttggatat9Qgtacattac 663-684 

N2 H267A F atcatgccgGCcaacatgtacct 790-825 

N2 H267C F atcatgccgTGcaacatgtacct 790-825 

N2 H267R F atcatgccgcGGaacatgtacct 790-825 

N2 H272AF aacatgtacctgGCttctgcctta 802-825 

N2 H272C F aacatgtacctgTGttctgcctta 802-825 

N2 H272R F atgtacctgcGttctgcctta 805-825 

N2 H267/272A F atcatgccgGCcaacatgtacctgGCttctgcgtta 790-825 

N2 H267/272C F atcatgccgTGcaacatgtacctgTGttctgcgtta 790-825 

N2 H267/272R F ctgtgatcatgccgcGGaacatgtacctgcGttctgc 785-828 

cttagtc 

N2 E299AF acttcttcatc9Qgtcctgcatcg 883-907 

N2 R416AF gtgatcctgaccGCgtctatcgc 1234-1256 

F indicates forward; R, reverse. Codons of mutated amino acids are underlined. Uppercase letiers in 

nucleotide sequences indicate bases that differ from the Nramp2 sequence. 
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for possible complementation of the growth defects of the smJllsmJ2 mutant by Nramp2 

variants, duplicate aliquots (1 mL) of ura+ transfonnants were resuspended in either 

YPD medium or in alkaline YPD medium (pH 7.9, OD595 = 0.02) in 96-well plates (100 

~Llwell). Growth was measured after 24 h incubation at 30°C using an ELISA microplate 

reader (Bio-Rad model 450). Sensitivity to alkaline pH was measured as relative growth 

ofeach transfonnant (expressed as a %) in alkaline YPD 7.9 compared to growth of the 

same transfonnant in nonnal YPD medium (pH 5.5-6.0). For complementation studies on 

alkaline agar, cells grown to saturation in nonnal YPD were diluted to ODS95 = 0.2,0.02, 

0.002,0.0002, and 0.00002 in YPD 7.9, and 20 ~L of each dilution was spotted on 

alkaline YPD agar plates and grown for 36 to 48 hours at 30°C before photography. 

Cell Culture and Transfection 

LR-73 Chinese Hamster Ovary (CHO) cells were routinely grown in a-minimum 

es senti al medium (MEM) supplemented with 10% fetal bovine serum, 50 units/mL 

penicillin, and 50 ~glmL streptomycin (Invitrogen). AlI pCB6 (neo) plasmid constructs 

were transfected into cells as calcium phosphate co-precipitates, according to a procedure 

we have previously described 311. Clones of stable transfectants were selected in medium 

containing geneticin (G418; 770 ~glmL; Invitrogen) and were picked after 8-13 days of 

selection. 

Crude Membrane Preparation from CHO Transfectants 

Cell pellets were resuspended in 250 ~L ofTNE Buffer (100 mM NaCI; 10 mM 

Tris-Cl, pH 7.0; 10 mM EDTA) containing protease inhibitors (1mM PMSF, 1 ~M 

pepstatin, 0.3 ~M aprotinin, 1 ~M leupeptin). Cells were homogenized by 20 passages 

through a 25 gauge x 5/8 in needle, followed by centrifugation (4°C, 2000 x g, 10 

minutes) to eliminate nuc1ei and unbroken cells. Membranes were then pelleted from the 

supematant by ultracentrifugation (75000 rpm, TLA-I00 rotor (Beckman), 4°C), and 

were resuspended in TNE containing 30% glycerol and protease inhibitors. Recombinant 

Nramp2 protein variants were detected using the mouse monoclonal anti-c-Myc antibody 

9ElO (1:1000, Babco) as previously described 26. 
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Calcein Loading of the Cells and Divalent Metal Transport Assay 

CHO Nramp2 transfectants were loaded with the metal sensitive fluorescent dye 

calcein-AM, as we have previously described 26. Briefly, CHO transfectants (lx106 cells) 

were incubated with 0.250 J.LM calcein-AM for 10 minutes at 37°C in 1 mL ofloading 

medium (a-minimum essential medium, 1 mg/mL BSA, 20 mM HEPES, pH 7.4). The 

cells were washed twice in and resuspended in 500 J.LL of transport buffer (150 mM NaCI, 

20 mM MES, pH 5.0-6.5). The cell suspension was transferred to a stirred thermostated 

(37°C) semi-micro cuvette, and fluorescence was recorded using an LS-50B fluorescence 

spectrometer (PerkinElmer, Inc.; excitation, 488 nm; emission, 517 nm; excitation and 

emission bandpass, 5 nm; response time, 6 s; data interval, 0.5 s). Divalent metals (20 J.LM 

final concentration of Fe2+ or C02+) were added to the cell suspension after allowing 

fluorescence to stabilize for 60 s. For assays using iron, a combination of membrane­

permeable (Slli) and membrane-impermeable (HES-DFO) iron chelators were used at 

various time points (Fig. SA) to distinguish intracellular from cell-associated quenchable 

fluorescence: After fluorescence was allowed to stabilize for 60 s, 20 J.LM Fe2
+ was added 

to the cell suspension (Fig. SA, arrow 1). After 240 s, the membrane-impermeable iron 

chelator HES-DFO was added (Fig. SA, arrow 2) to release metal-induced quenching of 

extracellular cell-associated complexed calcein. At 300 s, a membrane-permeable iron 

chelator Slli was added (Fig. SA, arrow 3), to release metal-induced quenching of 

intracellular calcein fluorescence. Initial rates were calculated from quenching curves, 

and the size of the intracellular labile iron pool was extracted from data obtained with the 

2 metal chelators. 

Cell Surface Protein Biotinylation 

CHO Nramp2 transfectants were washed thoroughly with cold PBS 

(supplemented with 1 mM MgCh, 0.1 mM CaCh) and then with co Id borate buffer (10 

mM boric acid, 154 mM NaCI, 7.2 mM KCI, 1.8 mM CaCh, pH 9.0). Cells were labeled 

for 15 min on ice with 0.5 mg/mL Sulfo-NHS-SS-Biotin (Pierce) in co Id borate buffer. 

After washing three times with co Id quenching buffer (PBS, 200 mM glycine), cells were 
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scraped, collected and resuspended in 1 mL lysis buffer (1 % Triton X-100, 150 mM 

NaCI, 2 mM EDTA, 10 mM Tris-Cl pH 7.4,30% glycerol) plus protease inhibitors. 

Lysates were incubated on ice for 20 min and pelleted (10 min, 10 OOOxg, 4°C). 

Supematants were collected and protein levels were quantified by Bradford assay. 500 Ilg 

of total protein lysate were incubated ovemight at 4°C with 50 ilL of immobilized 

streptavidin beads (Pierce) in a final volume of 500 ilL (with lysis buffer and protease 

inhibitors). Streptavidin beads were washed three times with lysis buffer then once with 

PBS. Labeled cell surface proteins were eluted with 50 ilL 1 x SDS-P AGE loading buffer 

and separated by SDS-P AGE. 
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RESULTS 

Mutagenesis Strategy 

Alignment of 28 eukaryotic and prokaryotic Nramp sequences identify a common 

and conserved hydrophobie core of 10 TM domains (~30% identity between bacteria and 

man) 1 that contain four absolutely invariant (D86, E154, E299, R416) and 5 highly 

conserved (RI 19, R146, D161, D192, E225) charged residues (6 negative, 3 positive) in 

TM domains (Fig. 1; dark blue residues). Another unique feature of the Nramp family is 

the presence of two invariant Histidine residues (H267, H272) in the predicted TM 

domain 6 (Fig. 1; red residues). In mice, naturally occurring mutations at adjacent 

residues in TM4 of Nrampl and Nramp2 cause susceptibility to infection and microcytic 

anemia, respectively, and the loss-of-function phenotype of the microcytic anemia 

Nramp2 variant (GI85R) was studied. Mutant cDNAs were expressed in yeast S. 

cerevisiae, and tested for their ability to complement 2 phenotypes of a smfllsmj2 mutant: 

(a) impaired growth on metal chelators 306 and (b) impaired growth at alkaline pH.34 

Mutants showing partial or complete loss-of-function were subsequently expressed in 

CHû ceIls, and tested for Fe2+ and Co2
+ transport at the plasma membrane.26 

Conserved Charged Residues in Membrane Domains 

Immunoblotting indicated that aIl mutants could be stably expressed as 60-65kDa 

immunoreactive proteins in yeast membrane fractions (Fig. 2A, left panel). These results 

suggest that none of the mutations had a major effect on protein expression or stability in 

yeast. The ability of each mutant to complement the null smfl/smj2 yeast mutant was 

tested in paraIlel by plating seriaI dilutions of each transformant on YPD agar pH 7.9 

(Fig. 2B, left panel), and using a growth inhibition assay in liquid YPD (pH 7.9). 

Routinely, yeast WT Nramp2 transformants showed a 9-fold stimulation for growth on 

alkaline medium over negative controls (pVT, smf-/-; Fig. 3, left panel). Two Nramp2 

mutants previously shown to either abrogate (G394V) or to have no effect (Q395E) on 

Nramp2 function in yeast 34 were used as additional controls (Fig. 3, left panel). 

In both assays, mutants R119A, R146A, D161A, E225A showed full 

complementation of the smfl/smj2 growth defect, while mutants D86A, E154A, D192A, 
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314-358 

Isoforml 
(+IRE) 

Figure 1. Schematic representation of mouse Nramp2 (DMT1) isoform " (-IRE) and 
isoform 1 (+IRE). The twelve transmembrane domains are predicted from hydropathy profiling, 
calculations of hydrophobie moment and other computer-assisted analyses6 and from direct 
epitope mapping studies.13 Individual predicted intraeellular and extracel/ular segments are 
identified and their position within the primary sequence is shown. Amino acid residues defining 
sequence landmarks and signature motifs are depicted in different colors, including negatively 
and positively charged residues within predicted TM domains (dark blue), conserved histidine 
residues in TM6 (red), glycine residues in TM4 altered in anemic mkiBelgrade mutants (G185R), 
and mutated (in Nramp1) in mice susceptible to infections (G185D)(yellow). Aiso identified are 
Asn-linked glyçosylation signaIs in the TM7-TM8 extracytoplasmic loop (black), predicted 
membrane targeting/sorting motifs (tyrosine-based, and di-Ieucine)(green), and consensus 
transport signature common to Nramp orthologs and present in the cytoplasmic face of mem­
brane anchors of bacterial periplasmic permeases (orange). The 2 different C-termini of the 
protein generated by alternative mRNA splicing containing or not an iron-response element 
(isoform l, +IRE; isoform Il, -IRE) in the 3' untranslated region are identified, with corresponding 
numbering. Final/y, the polarity of the protein and membrane domains with respect to the 
membrane (Iight blue) is indicated (in, out, lumen). 
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Figure 2. Nramp2 protein expression in smf1/smf2 mutant yeast and functional comple­
mentation of growth at alkaline pH. (A). Crude membrane fractions from smf1/smf2 yeast cells 
(pVT) expressing either wild type (Nramp2) or individual mutant variants of Nramp2 (indicated on 
top) were separated by SDS-polyacrylamide gel electrophoresis. Immunoblotting was performed 
using an affinity purified rabbit anti-mouse polyclonal anti-Nramp2 antibody. Apparent electropho­
retic mobility of the immunoreactive species is consistent with a molecular mass of 60-65 kDa. 
(8). Functional complementation of the growth defect of the smf1/smf2 mutant was tested on solid 
YPD agar adjusted at alkaline pH (pH 7.9). Seriai ten-fold dilutions of cultures corresponding to 
individual Nramp2 mutants (identified) were spotted (from top to bottom) on YPD-agar plates (pH 
7.9), followed by incubation for 48 h at 30?C and photography. 
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Figure 3. Quantitation of complementation of the Smf1/Smf2 yeast mutant by 
Nramp2 variants. Individual Nramp2 mutants (identified), together with positive 
(Nramp2) and negative (pVT) controls were grown to s~turation and diluted to 00595 = 
0.02 in either YPO or YPO pH 7.9. CeUs were seeded in 96-well plates and growth w~s 
measured after 24 h incubation at 30 C by measuring OD595. Results represent relative 
growth (expressed as a percentage) of individual mutant grown at pH 7.9 vs. normal 
YPO. Errer' bars represent standard deviations of the means. 



E299A, R416A failed to do so. In addition, testing these Il mutants for their ability to 

complement susceptibility of smfl/smj2 mutant to metal chelator (growth in EGTA­

containing liquid medium) showed relative activities similar to that seen for growth at 

alkaline pH (data not shown). These results identify 5 of the 9 charged residues in TM 

domains as essential for Nramp2 function and sm/1/smj2 complementation in yeast. 

The D86A, E154A, D161A, D192A, E299A, R416A mutants were analyzed for 

metal transport after transfection in CHû cells (Fig. 4A, left panel). Transfectants were 

screened by immunoblotting for expression of the corresponding Nramp2 variants at the 

cell membrane. Membranes from cells transfected with the pCB6 empty vector were used 

as negative controls, while two previously characterized transfectants 26 expressing either 

low (N2GG) or high (N2.3) levels ofNramp2 protein were used as positive controls. 

CHû cell clones stably expressing mutants El54A and R416A, could not be obtained in 4 

independent transfections (141 clones screened) for E154A and 3 independent 

transfections (75 clones screened) for R416A, suggesting possible effect ofthese 

mutations on protein foldinglprocessing and/or toxicity for the cells. Stable CHû 

transfectants expressing D86A, D192A and E299A could be readily isolated. In these 

clones the level of expression varied but was in the range of levels seen in positive 

controls expressing WT (N2.3, N2GG) or D161A pro teins (Fig. 4A, left panel). The 

variability in expression can be attributed to a combination ofthe site of integration ofthe 

vector and the effect of the introduced mutation. In addition, biotin labeling experiments 

in intact cells identified cell surface reactivity of all expressed mutants (D86A, D161A, 

D192A, E299A), with levels approximatelyproportionate to total expression levels 

detected in membrane fractions by immunoblotting (Fig. 4B, left panel). These results 

indicate that mutations at D86, D161, D192, and E299 do not have a major effect on 

Nramp2 protein maturation or membrane targeting. 

Transport properties of the mutants were investigated in intact cells using a 

calcein quenching assay 26. Metal transport by Nramp2 using the calcein quenching assay 

and transport ofisotopic 55Fe has been shown to be comparable in the identical control 

Nramp2 CHû transfectants 26 as well as sorne Nramp2 mutant variants (data not shown). 
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Figure 4. Expression of Nramp2 variants in stably transfected CHO cells. Left panels, mutants 
at conserved charged residues in TM domains; Right panels, multiple mutants at the conserved 
histidines in TM6. Crude membrane fractions (A) or total celllysates (B) were prepared from 
various transfected cell clones (identified) and separated by SDS-polyacrylamide gel electrophore­
sis. Immunoblotting was performed using a mouse monoclonal anti-cMyc antibody directed against 
a corresponding epitope tag inserted in-frame in the Nramp2 constructs. Controls include cells 
transfected with the plasmid alone (pCB6), and cells expressing low (N2GG) or high amounts 
(N2.3) of wild type Nramp2.13 Molecular mass markers are identified in kDa to the left of the 
immunoblots. (B) Prior to electrophoresis, intact cells were labeled with biotin and disrupted with 
Iysis buffer (upper panels). Labeled cell surface proteins were then isolated with strepavidin beads 
(lower panels). 



For the calcein quenching assay, CHÛ transfectants were loaded with the metal-sensitive 

fluorescent dye calcein, and the effect of extemally added divalent cations Fe2
+ or C02

+ on 

the rate of quenching of fluorescence was monitored (at optimal pH 6.0), and the slope of 

the initial quenching curve was calculated (initial rate; 26). Results shown in Fig. 5A show 

a typical set of fluorescence quenching traces for positive and negative controls. 

Transport activity of mutants are shown in Fig. 5B and are expressed as a relative 

transport activity (%). Mutants were classified as having either low (less than 33% of 

WT), intermediate (between 34% and 67%) or WT activity (above 67%). Expression of 

WT Nramp2 in clones N2.3 and N2GG caused a 10-fold and 5-fold stimulation ofcalcein 

quenching, and hence C02
+ and Fe2

+ transport respectively, compared to controls. 

Likewise, cells expressing mutant D161A showed transport rates similar to WT (Fig. 5B). 

On the other hand, mutant D192A in TM4 showed intermediate transport activity when 

compared to WT and this both for Fe2+ and C02+. Finally, mutants D86A and E299A were 

completely inactive for the two substrates tested. These results identify residues D86 and 

E299 in corresponding TMI and TM7 as playing key roles in metal transport by Nramp2. 

G185R Mutation ofmkMice 

A naturally occurring mutation at Gly185 in TM4 (G185R) is associated with 

severe iron deficiency and microcytic anemia ofthe mk mouse 136 and of the Belgrade rat 

141. When expressed in the yeast smfl/smfl mutant, the Gl85R variant ofNramp2 can be 

expressed in the membrane fraction of these cells at leve1s similar to those seen for either 

the WT protein and for the other mutants (Fig. 2A). Complementation studies indicated 

that G 185R could not restore growth in alkaline medium (Fig. 3) nor in medium 

containing metal chelators (data not shown). These resuIts suggest that in yeast cells, 

G185R is either transport-incompetent or is active but mis-targeted to an inappropriate 

transport site. CHO transfectants expressing robust levels of G 185R mutant could be 

readily isolated (Fig. 4). Interestingly, transport experiments in these cells (Fig. 5B) 

indicated that the G 185R mutant retains significant and intermediate transport activity, 

with 50% (C02+) and 30% activity (Fe2+) of the WT protein. These results in CHO cells 
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Figure 5. Relative iron and cobalt transport activity of Nramp2 mutations affecting conserved 
charged residues in TM domains. (A) Control CHO cells (pCB6), as weil as CHO transfectants expressing 
wild type Nramp2 (N2.3) were loaded with the metal sensitive fluorescent dye calcein . Cells were washed, 
resuspended transport buffer (pH 6.0), and fluorescence was recorded with a fluorescence spectrometer. 
When fluorescence stabilized, diva lent metals (20 /lM final concentration of Fe2+ or Co2+) were added to 
the cell suspension (arrow 1), and fluorescence was continuously monitored for an additional 3 minutes. 
For iron transport studies (right panel), the membrane-impermeable iron chelator HES-DFO (200 /lM) was 
added at 4 min (arrow 2) to reveal cell associated extracellular Fe-calcein complexes. At 5 min, the 
membrane-permeant iron chelator SIH (250 /lM) was added (arrow 3), and revealed intracellular Fe-calcein 
complexes (see Materials and Methods). The transport activity of Nramp2 was measured as an initial rate 
(si ope) during the early portion of the calcein quenching curve, and is shown as a shaded area (si ope 
interval). (B). Relative transport activities of wild type (N2.3, N2GG) and mutant Nramp2 variants 
(identified) were calculated from the initial slope of calcein quenching curves as shown in (A), and are 
expressed as a relative transport activity with transport in the positive control N2.3 set at 100%. Error bars 
represent standard errors on the means of 3 or more independent experiments. Asterisks (*) mark trans­
port activities significantly different (Le. more than 2 standard deviations) from those detected in the 
negative control, vector-transfected (pCB6) cells. 



clearly suggest that the G 185R mutation only attenuates but does not eliminate transport 

function ofNramp2 protein in mammalian cells. 

Conserved Histidine Pair in TM6. 

Histidine pairs can form metal binding sites in soluble 312 or in membrane proteins 

313;314. The highly conserved Histidine pair found in TM6 (H267, H272) of the Nramp 

super-family was initially studied in Nramp2 by mutagenesis to the small neutral residue 

Alanine in mutants H267 A, H272A and in the double mutant H267 A/H272A. Metal 

binding by His residues involves donating imidazole nitrogen lone-pair electrons to the 

unfilled orbitaIs ofthe metal, and Cysteines can substitute for His in this process 312;315-

317. Thus, mutants H267C, H272C and H267CIH272C were created. The imidazole 

proton of His has a pKa of 6.6 and can mediate pH-dependent effects in proteins. Thus, a 

last set of mutants were created in which His was replaced by the positively charged Arg 

(pKa ~ 12) which may functionally mimmic the protonated His, albeit with a much larger 

bulk. Mutants were transformed in yeast cells, and immunoblotting analyses show that all 

9 single and double mutants could be stably expressed in the membrane fraction of the 

smfl/smf2 mutant (Fig. 2A, right panel). Complementation studies for growth at alkaline 

pH (Fig. 3) and in the presence ofmetal chelators (data not shown) indicate that H267 is 

highly mutation-sensitive with replacements to Ala, Cys and Arg causing severe or 

complete loss-of-function. H272 was less mutation sensitive than H267, with H272A and 

H272C retaining near WT activity, and only substitution to the bulkier Arg (H272R) 

abrogated complementation. Finally, the three double mutants (H267 A/H272A; 

H267C1H272C; H267R1H272R) were completely inactive in yeast. 

Immunoblotting analysis (Fig. 4A, right panel) revealed that all mutants could be 

stably expressed after transfection in CHû cells, with the exception of the double 

H2671H272C mutant (3 independent transfections, 119 clones screened). The other 8 

Nramp2 mutants were expressed at varying levels, but that generally fell between those 

seen in the positive controls expressing low (N2GG) and high (N2.3) amounts of 

Nramp2. Biotin labeling experiments in intact cells identified cell surface reactivity of all 

expressed mutants, with levels approximately proportionate to total expression levels 
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detected in membrane fractions by immunoblotting (Fig. 4B, right panel). However, 

sorne reduced trafficking of protein to the plasma membrane may have occurred in 

H267C and H272A. Metal transport activity of the mutants was tested in the calcein 

quenching assay for Fe2
+ and C02

+ at pH 6.0. Mutants bearing either single mutations to 

Arg at either position (H267R, H272R), or double mutations (H267 NH272A, 

H267R1H272R) were completely inactive for transport (Fig. 6). Likewise, mutant H272A 

was also inactive in these conditions, and mutant H267C only retained low transport 

activity but for C02
+ only (Fig. 6). In fact only H267 A and H272C retained mode st but 

significant transport activity towards both metal cations analyzed in the assay, with 

H267 A possibly having a higher selectivity for cobalt (see below). These results indicate 

that H267 and H272 play an important role in Nramp2 metal transport, both in yeast and 

mammalian cells. 

The apparent change is substrate selectivity (cobalt over iron) in the H267 A 

mutant was investigated further through radioisotopic 55Fe transport measurements. 

Competition experiments with cold iron and cobalt failed to reveal a significant 

preference for cobalt in H267 A compared to the wild-type Nramp2. Therefore, the change 

in substrate selectivity in H267 A observed in the calcein quenching assay, while 

statistically significant, could not be confirmed by radioactivity and remains unclear. 

Possible pH effects on transport activity ofthe mutants were investigated (Fig. 7). 

Fe2
+ (Fig. 7 A, top row) and C02

+ (data not shown) transport by Nramp2 in clones N2.3 

and N2GG approached maximum at pH ~6.0, and decreasing the pH to 5.0 had little 

effect on transport. Likewise, background uptake of metal in negative controls was not 

affected by lowering pH. However, the low level oftransport activity detected at pH 6.0 

in mutants H267 A, H267C, and H272C (Fig. 6) could be significantly enhanced by 

progressively lowering pH (Fig. 7 A, 7B). This increase occurred gradually over 

background, pH-insensitive levels detected in control pCB6 cells. Surprisingly, mutants 

272A and 267 A/272A which showed complete loss-of-function at pH 6.0 (Fig. 6) could 

be rescued by lowering the pH. Interestingly however, lowering the pH ofthe 

extracellular medium had no effect on C02+ (not shown) or Fe2
+ transport (Fig. 7B) of any 

of the histidine to arginine mutants (H267R, H272R, H267/272R). The pH effect seen in 
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the Cys/ Ala mutants was specifie for the conserved His pair of TM6 and was not 

observed in any of the other inactivating mutations studied (e.g. D86A, E299A or 

G 185R) (data not shown). Therefore, mutations at the two conserved His in TMD6 

clearly affect pH sensitivity ofNramp2 transport, and suggest that these residues may be 

involved in pH regulation of transport. 
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Figure 6. Relative iron and cobalt transport activity of Nramp2 mutations affecting conserved 
histidine residues in TM6. Transport studies were conducted at pH 6.5. Results are presented for 
different mutants at H267 and H272, as described in the legend to Figure 5. 
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DISCUSSION 

We aimed to study the functional role ofhighly conserved charged residues in the TM 

domains ofNramp proteins on substrate transport and pH regulation. Such residues were 

mutated in the backbone ofNramp2 and corresponding mutants were tested in yeast and 

mammalian cens. With few exceptions, there was good general agreement between 

sm/l/smj2 complementation results in yeast and transport data in mammalian cens. 

Interestingly, although an mutants could be expressed in the membrane fractions ofyeast 

cens (Fig. 2A), several could not be expressed in CHO cell membranes. These results 

suggest that such TM mutations 1) affected normal protein folding, maturation and 

processing, possibly leading to protein instability and/or degradation or 2) that 

overexpression of the corresponding mutant protein was somehow toxic for the cells. 

These results highlight possible differences in protein sorting, maturation and targeting 

mechanisms in both cell systems, but also stress the importance of maturation and 

membrane targeting for proper Nramp2 function. 

Gly185 is invariant in all Nramp orthologs from bacteria to man. Strikingly, its 

mutation to Arg arose independently in 2 rodent models of iron deficiency, the microcytic 

anemia mouse mk136
, and the anemic Belgrade (h) rat 141. The G185R mutation showed a 

complex phenotype. In yeast, G 185R could be expressed in yeast membranes, but could 

not complement the smfl/smj2 mutant, suggesting a loss of transport activity, in 

agreement with results from Su et al 146, and Worthington et al 318 who reported a 95% 

and 85% reduction in 55Fe2+ transport activity of G 185R in HEK293 cens and COS-7 

cells, respectively. G 185R could also be expressed in the membrane fraction of CHO 

cells (Fig. 4), where it retained significant transport activity for both C02
+ (50% ofWT) 

and Fe2
+ (35% ofWT). Similar transport activity ofG185R has also been observed in 

stable transfectants in the LLC-PKI porcine kidney cells (data not shown). This 

significant transport activity suggests that loss of transport function may not be the sole 

defect responsible for the mk phenotype in vivo. Rather, the mutation may affect 

membrane targeting in a cell-specific fashion, perhaps inc1uding targeting to a transport 

incompetent compartment in yeast cells. Recent studies in vivo support such a tissue or 

cell-specific effect. Indeed, immunoblotting studies show robust expression of the G185R 
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isoform in duodenurn membrane fractions of mk/mk mice. but immunohistochemistry 

studies revealed absence of protein targeting to the brush border, the site of active 

transport 147. Likewise, mklmkmice show a strong reduction ofNramp2 (GI85R) protein 

expression in the kidney 172, while mklmk reticulocytes are completely devoid ofNramp2 

expression 169. Parallel analysis of the disease susceptibility G169D mutation in TM4 of 

Nrampl (reconstructed in Nramp2; data not shown) associated with susceptibility to 

infections also indicated absence of smfl/smj2 complementation in yeast. AIso, we could 

not isolate CHû clones stably expressing this mutant, a situation similar to that seen in 

vivo in macrophages from NramplG169D mouse strains, where no mature protein is 

detected 13. Together, these results suggest an important role for this residue and TM 

segment for transport activity, but also suggest that its integrity is required for proper 

maturation, folding and/or targeting of the Nramp proteins. 

Helical wheel projections in the conserved hydrophobic core ofNramp proteins reveal 

strong amphipathic character for several TM domains, inc1uding TM 3,5 and 9 1
. 

Sequence conservation expressed as a variability moment l, indicates periodicity with 

strong conservation of the polar face, with the apolar "lipid-accessible" face of the helix 

being heavily substituted. Several highly charged residues map to the polar side of TM 

helices. Such an arrangement is characteristic of familes of ion transporters and ion 

channels 1. Mutations at the 9 conserved charges in TM domains had either no effect 

(Rl19, R146, D161, E225), or caused partial (D192) or complete loss-of-function (D86, 

E154, E299, R416). D86, E154, E299, and R416 are the most highly conserved being 

invariant in multiple sequence alignments performed (appended). It is striking that 3 of 

them have negatively charged side chains, raising the possibility that they may mediate 

interaction with the positively charged divalent cation substrates ofNramp transporters. 

Alternatively, such residues may be involved in hydrogen bonding, salt bridge formation 

(dipole), or other interactions in the formation of a water-filled pore or transport path. 

The absolute conservation of the Histidine pair H2671H272 in TM6 in eukaryotic and 

prokaryotic Nramp sequences suggests an important role. In addition, studies by us (data 

not shown) and others 318 show that Nramp2-mediated transport in transfected cells is 

sensitive to the action ofthe histidine-specific reagent diethyl pyrocarbonate (DEPC). 
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Here, we show that both residues are mutation-sensitive (in particular H267), with 

independent substitutions at either or both residues causing loss-of-function. Strikingly, 

several poody active (H267 A, H267C, H272C) or completely inactive His mutants 

(H272A, H272C, H267 AlH272A) at pH 6.0 could be rescued by lowering the pH of the 

transport assay (Fig. 7). The observed pH effect was incremental, with maximal transport 

attained at or below pH 5.0. However, complete1y inactive histidine to arginine mutants 

(H267R, H272R, H267/272R) could not be rescued by lowering the pH of the transport 

assay. This may be a result of increased steric hindrance associated with replacement of 

histidine to bulky arginine. Thus, mutations at either His residues in TM6 shifted the pH 

required to achieve maximal transport to a more acidic value. 

Several explanations can be put forward to account for the unique effect of pH on 

transport properties of the Nramp2 His mutants. Firstly, H267 and H272 may be involved 

in direct binding of the metal substrate in a pH-dependent fashion. Metal binding by His 

pairs has been documented in soluble proteins such as transcription factors 312, and has 

also been used in membrane proteins where they have been engineered to study proximity 

relationships between individual TM domains by electroparamagnetic resonance 314. 

Although H267 and H272 may indeed form part of a binding site for metals in the 

membrane portion ofNramp2, it appears unlikely. Indeed, an Nramp2 mutant lacking 

both Histidines (H267 AlH272A) is still transport active at pH 5.0 (Fig. 7B). A second 

possibility is that H267, H272 or both participate in H+ movement across the membrane 

in a H+ co-transport mechanism possibly by a proton relay system 40. Such a relay system 

has been described for the lactose permease of E. coli, and involves TM residues 

R3021H322/E325 319. Such a proton relay system may exist in Nramp2 and may involve 

conserved residues such as H2671H272 as well as other negatively and positively charged 

residues in TM domains. Partial or complete inactivation ofthis system would be 

predicted to have a major effect on the pH dependence of transport. A third explanation 

for the observed pH effect on transport properties of single or double His mutants, is that 

H2671H272 may be implicated in pH regulation of the transporter through gain or loss of 

the imidazole proton (pK 5.5 to 6.5). In this favored model, protonation ofH2671H272 

would be required to maintain the protein in a functional, transport-competent 
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conformation. This effect could be either general and involve additional residues, 

resulting in a pH-dependent global conformational change from an inactive state (neutral 

pH) to an active state (acidic pH). In this model, loss of the key His residues would shift 

the pH for maximal transport to a more acidic value, requiring protonation of other 

groups or side chains to create the same overall conformational change. Altematively, 

either or both H2671H272 could play a more specifie role in creating a pH-dependent 

transport path in the transporter. For example, an interaction with adjacent and highly 

conserved negative1y charged residues in other TM domains could be necessary to open 

an ion transport path. Loss ofH2671H272 wou Id require formation of compensatory 

interactions of conserved negatively charged residues with other protonated side chains 

and/or water molecules in the transport path. Although highly speculative, such a 

mechanism appears to account for the pH-dependence of anion transport by the Band 3 

transporter 320;321. 
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Preface to Chapters 3 and 4 

Following its initial functional c10ning in 1997, mounting evidence made it 

increasingly c1ear that Nramp2 played a dual role in iron homeostasis 40;136. We now 

know that Nramp2 is the transporter responsible for not only the intestinal absorption of 

nutritional non-heme iron but is also the protein responsible for the transfer oftransferrin­

iron from endosomes to the cytosol. Before 2005, much ofwhat was known about the 

role ofNramp2 in systemic iron homeostasis came from studies in rodent models ofiron 

deficiency. Both mk mice and Belgrade rats possess identical mutations in Nramp2 

(G 185R) leading to severe hypochromic microcytic anemia 136;141. Critical mutations in 

human NRAMP2 were thought to cause a similar phenotype in people. 

In 2004, Priwitzerova and colleagues reported a first human patient suffering from 

an iron-related disorder linked to a mutation in NRAMP2. The patient, a young female of 

Czech origin, suffered from severe congenital hypochromic microcytic anemia and iron 

overload 4;259. The phenotype was similar to that of the mk/Belgrade rodent models 

except for the elevated hepatic iron stores that were specific to the human patient. 

Recently, a second human patient compound heterozygote for two novel mutations in 

NRAMP2 was identified 263. The patient, a 5-year-old male ofItalian origin, suffered from 

severe hypochromic microcytic anemia and hepatic iron overload similar to the first 

patient. In both human cases, mutations in NRAMP2 resulted in amino acid substitution 

mutations at conserved residues in the Nramp2 protein. The effects of these mutations on 

the expression, function, and subcellular targeting ofNramp2 were unc1ear and needed to 

be studied in order to explain the phenotypes of the patients at the molecular level. The 

following two chapters ofthis thesis (Chapters 3 and 4) describe the functional properties 

and possible contribution to disease of the two human mutations expressed in transfected 

LLC-PKI kidney cells. 
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Chapter 3: 

Functional characterization of the E399D 
DMT1/NRAMP2/SLC11A2 protein produced by 
an exon 12 mutation in a patient with microcytic 

anemia and iton overload 
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ABSTRACT 

DMTl (Nramp2, Slclla2) mediates iron uptake at the intestinal brush border and 

across the membrane of acidified endosomes. A single patient with severe microcytic 

anemia and iron overload was recently reported to carry a mutation in exon 12 of DMTl 

(1285G>C). The mutation has two effects: it severely impairs splicing causing skipping 

of exon 12, and introduces an amino acid polymorphism (E399D) in the protein encoded 

by the remaining properly spliced transcript found in the patient. The functional 

properties and possible contribution to disease of the DMTl E399D mutation are 

unknown and have been studied in independent mutants at that position (E399D, E399Q, 

E399A) expressed in LLC-PK1 kidney cells. The 3 mutants are shown to be fully 

functional with respect to stability, targeting and trafficking to the membrane, and are 

transport competent. This indicates that DMT1Gl285C is not a complete loss of function but 

rather that a modest amount of active DMTl is produced in this patient. This activity may 

explain the distinguishing iron overload seen in this patient in addition to microcytic 

anemia, that is absent in parallel rodent models of DMTl deficiency. 
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INTRODUCTION 

Studies in mouse models of disorders in iron metabolism have identified sorne of 

the key transporters (DMTlINRAMP2/SLCllA2 andferroportin), enzymes (hephaestin), 

and regulatory peptides (hepcidin) that play a critical role in iron homeostasis 251. 

DMTlINRAMP2/SLCllA2 (herein referred to as DMT1) is expressed at the brush border 

of the duodenum where it mediates uptake of dietary iron 161, but is also expressed at the 

plasma membrane and in recycling endosomes of peripheral tissues and cells, including 

erythroid precursors, where it is required for transport of transferrin-associated iron into 

the cytoplasm 169. DMTl transports several divalent cations (Fe2+, Mn2+, C02+, Zn2+) in a 

pH-dependent fashion, and down a proton gradient 40. A mutation (GI85R) in DMTl 

causes microcytic anemia and iron deficiency in the mk mouse and in the Belgrade rat 

136;141. This G 185R mutation maps in transmembrane domain 4 (TM-4) ofDMTl and 

causes multiple biosynthetic and functional defects, affecting stability, maturation, 

targeting and transport 148. Recently, Priwitzerova et al identified a first human patient 

homozygous for a mutation in DMTl 259. The patient, a product of consanguineous union, 

presented severe congenital hypochromic microcytic anemia, high serum iron and serum 

transferrin receptor (TfR) levels, and required several blood transfusions after birth and 

during infancy. She also shows erythroid hyperplasia with defective hemoglobinization, 

and developed liver hemosiderosis by the age of 19. Erythroid progenitors isolated from 

the patient were small, poorly hemoglobinized, and grew less efficiently in the presence 

of erythropoietin compared to healthy controls. Erythroid growth, morphology and 

hemoglobinization were rescued in this patient by treatment with Fe-SIR, an iron delivery 

strategy that by-passes the DMTl/TfR iron pathway 259. Intriguingly, and despite obvious 

similarity in phenotypes, the liver iron overload noted in this patient is not seen in DMT1-

deficient (G 185R) mk mice or in Belgrade rats. 

The patient has intact Ferroportin and Transferrin Receptor (Tfri) genes but is 

homozygous for a G to C substitution at the last nucleotide of exon 12 of DMTl 

(DMT1G1285C) 4. DMT1G1285C disrupts normal splicing of DMTl pre-mRNA leading to 

skipping of exon 12, and concomitant production of a truncated DMTl protein which 

lacks predicted TM-8, and is unlikely to be functional. This truncated DMTl variant 
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(~TM-8) appears to represent a loss-offunction and is unlikely to act as a dominant 

negative since the defect in iron metabolism caused by DMT1Gl285C is inherited in a fully 

recessive manner 4. Although skipping of exon 12 normally occurs at low levels (~1 0% of 

mRNA) in certain tissues ofhealthy individuals, the DMT1Gl285C mutation greatiy 

exaggerates this process (~90% rnRNA) 4. Conversely, a small amount offulliength, 

properly spliced, and exon 12-containing DMTl RNA is expressed in the patient. In this 

fulliength transcript, however, the DMT1Gl285C mutation causes a Glu to Asp substitution 

at position 399 (E399D) in the 4th predicted intracellular loop ofDMTl. 

The consequence ofthe E399D mutation on protein function, inc1uding a possible 

contribution to the iron metabolism disorder seen in this patient (alone or in combination 

with exon 12 skipping) remain unknown. Here, we have created independent mutations at 

E399 and analyzed the effect on protein stability, targeting and function in transfected 

LLC-PKI cells. 
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MATERIALS AND METHODS 

Construction and Expression ofDMTl Mutants 

A mouse DMTl (Nramp2, Slcll a2) isoform II (non-IRE) cDNA modified by 

insertion of a hemagglutinin epitope (HA) tag in predicted TM7 -TM8 extracytoplasmic 

loop was used for mutagenesis 26, using a recombinant polymerase chain reaction 

strategl8 and primers 5'-gtttgtcatggacggattcctga-3' (E399D), 5'-tcaggaatccctgcatgacaaac-

3' (E399Q), and 5'-gtttgtcatggcgggattcctga-3' (E399A). Mutants were introduced in 

plasmid vector pCB6 as Sac I/EcoR 1 fragments foUowed by transfection and expression 

in porcine LLC-PKI kidney ceUs as previously described?8 DMT1 transport ofFe2+ and 

Co2
+ was measured using a calcein fluorescence quenching assay (pH 5.0, 20 ~M final 

metal concentration) 26-28. Initial rates ofmetal transport were calculated from the 

fluorescence quenching curves. 

Immunojluorescence 

LLC-PKI ceUs grown on coverslips were transfected with GFP-Syntaxin 13 51, 

fixed with 4% paraformaldehyde, permeabilized (5% non-fat milk, 0.2% saponin in 

PBS), and incubated (16hrs, 4°C) with anti-Nramp2 NT polyc1onal antibody 42 (1:300). 

Coverslips were then washed, incubated with goat anti-rabbit-Cy3 (1:2000) for 1h, and 

mounted on glass slides. 

Cell surface Quantification 

CeUs were grown to confluency in 48-weU plates and fixed in 4% paraformaldehyde 

(30'). Cells were washed (PBS containing 1 mM MgClz, 0.1 mM CaClz), blocked (5% nonfat 

milk in PBS), and incubated first with anti-HA Ab (1:500, 90 min) and then with donkey anti­

mouse-HRP secondary antibody (1:4000, 1 h). For total DMTI-HA expression, cells were 

permeabilized (5% nonfat milk, 0.2% saponin in PBS) prior to incubation with anti-HA antibody. 

Peroxidase activity was measured with an HRP substrate (0.4 mg/mL o-phenylenediamine 

dihydrochloride), according to conditions from the commercial supplier (Sigma). Background 

absorbance readings from non-specifie binding of secondary antibody, and non-specifie binding 

of primary antibody to untransfected cells were subtracted for each sample. Cell surface readings 

were normalized to total DMTI-HA values for each clone expressed as a percentage. 
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RESULTS 

The DMTIG1285C mutation causes a Glu to Asp substitution at position 399 

(E399D) in the 4th predicted intracellular loop ofDMTI (Figure lA). E399 forms part of 

a highly conserved transport signature that defines the Nramp family. E399 is invariant in 

mouse, zebrafish (cdy), and yeast (Sm/Ip) relatives ofhuman DMTI (Figure lB), 

suggesting an important structural or functional role 1. A mouse DMTI-HA isoform II 

(non-IRE) cDNA template was used to create mutants E399D (from DMTIG1285C 

mutation), E399Q (loss of charge, side chain size retained), and E399A (loss of charge, 

smaller side chain). Wild type (WT) and mutant DMTI variants were transfected in LLC­

PKI porcine kidney cells, and cell clones stably expressing individual proteins were 

selected for analysis. LLC-PKI was chosen since is derived from proximal tubule, a site 

of abundant DMTI protein expression in vivo, and the maturation, targeting and transport 

function ofDMTI have been extensively characterized in these cells 51;148. Immunoblot 

analysis of whole cell extracts prepared from either WT or mutant-expressing cells 

(Figure 2A) using an antibody directed against an epitope tag introduced in all constructs 

identified robust expression ofE399D and E399Q similar to WT, while E399A was 

expressed at a lower level. WT and mutant DMTI variants were detected as 2 

immunoreactive species of sizes ~60 and ~90 kDa. Previous studies have shown that the 

90 kDa species corresponds to the fully processed, "complex glycosylated" form of 

DMT1, while the 60 kDa species corresponds to the full-Iength unprocessed or "core 

glycosylated" protein 51. Studies with the translation inhibitor cyloheximide failed to 

detect a major effect of any of the 3 mutations on protein stability in LLC-PKI cells (data 

not shown). These results suggest that mutations at E399 (including E399D) do not affect 

expression, stability or maturation of DMT 1. 

Previous studies from our laboratory have shown that DMTl mutations can affect 

stability, maturation, targeting, and transport activity 28;148. Thus, we investigated a 

possible effect ofE399 mutations on these parameters. The transport activity ofWT and 

mutant DMTl variants for Fe2
+ and C02

+ was tested in intact LLC-PKI transfectants, 

using a fluorescence quenching assay 26;28. Transport, measured as initial rates from 

calcein quenching curves, was very similar for the 3 mutants and within the range ofthat 
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Figure 1. Position and conservation of E399 residue in DMT1. (A) A sche­
matic representation of DMT1-HA showing the position of the E399D mutation 
in the fourth predicted intracellular loop of the protein. (8) Multiple sequence 
alignments of DMT1 orthologs for residues forming the fourth predicted intra­
cellular loop. The position of E399 is highlighted (black) along with residues 
defining the highly conserved consensus transport motif (grey). 



measured in independent cell clones expressing WT DMTl (Figure 2B). The mutations 

did not have a major effect of either preference for Fe2
+ and C02

+ ions (Figure 2B), or on 

the pH-dependence of transport (data not shown) 28. These results demonstrate that 

residue E399 is not critical for transport activity ofDMT1. The sub-cellular localization 

ofWT and E399D, E399Q and E399A variants expressed in LLC-PKI cells was next 

analyzed by double immunofluorescence labeling using an anti-

DMTl antibody, and additional markers of endomembrane compartments 42. Having 

previously shown that DMTI-HA isoform il is expressed in syntaxin 13-positive 

recycling endosomes 51, we examined the effect of the mutations on targeting to this 

compartment. AIl three mutations at E399 showed strong co-Iocalization with GFP­

syntaxin 13 (Figure 3A; introduced by co-transfection), and little if any overlap with the 

lysosomal marker GFP-Lampl or the ER-marker GFP-Sec 61 (not shown). These 

findings suggest that E399 is not critical for proper targeting ofDMTl to recycling 

endosomes. 

Finally, we used an ELISA-based surface labeling method to quantify the amount 

ofWT or mutant DMTl targeted to the surface oftransfected LLC-PKI cells. Two 

independent clones ofWT DMTI-HA analyzed in this manner were found to express 

22.9 ± 1.5% and 33.1± 4.4% of total DMTI-HA at the cell surface (Figure 3B). Mutants 

E399D (26.7 ± 2.5%) and E399A (28.2 ± 6.9%) showed similar cell surface expression 

levels compared to the WT protein (Figure 3B). Mutant E399Q (49.2 ± 7.0%) showed 

slightly higher cell surface expression compared to WT. These results clearly show that 

the E399D mutation does not affect cell surface targeting ofDMT1. 
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Figure 2. Stable expression and metal transport activity of E399 mutants. 
(A) Equivalent amounts of total cell extracts from LLC-PK1 cells stably expressing 
either WT DMT-HA or mutant constructs (identified) were separated by SDS­
PAGE followed by immunoblotting with an anti-HA monoclonal antibody. Size of 
molecular weight markers (in kDa) are identified to the left of the blot. (8) Cells 
loaded with the metal-sensitive fluorescent dye calcein, were incubated with Fe2+ 
or C02+ in acidic buffer (pH 5.0), and the rate of fluorescence quenching was 
measured over time. The results are expressed as the initial rate of fluorescence 
quenching. Error bars represent standard error of the means of three or more 
independent experiments. 
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Figure 3. Subcellular and ceU surface expression of E399 mutants at steady-state. (A) LLC-PK1 cells stably expressing WT or 
mutant DMT1-HA were transiently transfected with GFP-syntaxin 13 to label recycling endosomes. Seven hours later, ceUs were 
fixed, permeabilized and stained with a polyclonal anti-DMT1 antibody. DMT1 molecules were visualized using a secondary anti­
rabbit antibody coupled to fluorescent Cy3. Images were acquired by epifluorescence microscopy. Insets show magnifications of the 
area boxed in the figure. (8) Fixed LLC-PK1 cells were incubated with anti-HA primary antibody with or without prior detergent 
permeabilization as described in Materials and Methods. Cells were then incubated with an HRP-coupled secondary anti-mouse 
antibody, and the amount of bound primary antibody present was determined for both conditions by a colorimetrie reaction using 
o-phenylenediamine dihydrochloride (OPD) followed by spectrornetry. The amount of DMT1-HA expressed at the cell surface (in 
non-permeabilized cells) is shown as a fraction (%) of total protein expression (in permeabilized cells). 



DISCUSSION 

Taken together, our results strongly suggest that the E399D variant created by the 

DMT1Gl285C mutation is functional. This indicates that DMT1G1285C mutation is not a 

complete, but rather constitutes a partialloss-of-function, and therefore the patient indeed 

expresses a small amount of functional E399D. This protein is produced in addition to the 

loss-of-function ~TM-8 variant generated by exon 12 skipping. This smallievei of 

activity is clearly insufficient to maintain minimum physiological function in the 

erythroid compartment, and causes microcytic anemia. This minimum threshold activity 

is presumed to be between the ~ 10% level of fulliength transcript (E399D) seen in the 

DMT1Gl285C patient, and the ~50% levels observed in her heterozygote phenotypically 

normal sibling 4. 

These findings also help explain the apparent phenotypic differences between 

rodents (microcytic anemia) and humans (microcytic anemia plus iron overload) with 

mutations atDMT1. The small amount offunctional E399D produced in theDMT1Gl285C 

patient may be sufficient for acquisition of nutritional iron at the brush border and storage 

in liver (hemosiderosis), but not sufficient enough for efficient use and recycling in the 

erythroid compartment (microcytic anemia). This proposaI would suggest that the 

minimum DMT1 activity required for physiological "sufficiency" in the erythroid 

compartment for hemoglobin production is higher than for acquisition of nutritional iron 

at the brush border in the form ofinorganic metal (Fe2+) or ofheme-iron. This situation 

may be exacerbated in rodents where the laboratory die! is free ofheme iron. 

Finally, the combined findings that the DMT1Gl285C patient is the only human 

known to carry an alteration in DMT1, but yet that this mutation behaves as a partial but 

not complete loss-of-function, indirectly suggests that true null mutations at DMTl may 

not be compatible with life. 
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Chapter 4: 

A novel R416C mutation in hum an DMTl 
(SIc 11 a2) dispIays pIeiotropic effects on 

function and causes microcytic anemia and 
hepatic iron overload 
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ABSTRACT 

A patient suffering from microcytic anemia and hepatic iron overload was 

found to be compound heterozygote for polymorphisms in the iron transporter 

DMTl (Nramp2, SLCllA2), inc1uding a 3 base pair deletion (DMTldeICIT) in 

intron 4 that partially impairs splicing, and an amino acid substitution 

(DMTlCl246T, R416C) at a conserved residue in transmembrane domain 9 of the 

protein. The functional properties and possible contribution to disease of the 

DMTl R416C mutation were studied in independent mutants at that position 

(R416C, R416A, R416K, R416E) expressed in LLC-PK1 kidney cells. Non­

conservative substitutions at R416 (C, A, E) cause multiple functional 

deficiencies inc1uding defective protein processing, loss of transport activity, 

impaired cell surface targeting and recyc1ing through endosomes, concomitant 

with retention of the transporter in the endoplasmic reticulum. Conversely, a 

conservative isoelectric substitution (R416K) was less vulnerable, resulting in a 

functional transporter that was properly processed and targeted to the cell surface 

and to recyc1ing endosomes. We propose that DMTlC1246T (R416C) represents a 

complete loss-of-function and that a quantitative reduction in DMTl expression is 

the cause of the microcytic anemia and iron overload in the patient. 
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INTRODUCTION 

The mechanisms by which nutritional iron is acquired, re-distributed and recycled 

involve a number of structurally and functionally distinct membrane transporters 

including the Divalent Metal Transporter 1 (DMT1, also known as Nramp2 or SLCllA2) 

251. DMTl is an integral membrane phosphoglycoprotein expressed at the brush border of 

the duodenum, where it imports dietary iron in absorptive epithe1ial cells 161. DMTl is 

also ubiquitously expressed in recycling endosomes of many cell types and is abundant in 

erythroid precursors, where it is required for transport of transferrin-assocÏated iron into 

the cytoplasm 169. DMTI requires a proton gradient to transport Fe2+ as weIl other 

divaient cations (Mn2+, C02+, Zn2+) in a pH-dependent manner 40. Much of our knowledge 

ofthe function ofDMTI in vivo cornes from studies of rodent models ofmicrocytic 

anemia and iron deficiency such as mk in mice and Belgrade in rats, that are both caused 

by the same naturaIly-occuring mis-sense mutation in DMTI (G I85R) 136;141. A similar 

but more severe phenotype has recently been reported for a mouse mutant with a 

complete inactivation of DMTl (DMTl-I
-) 258. Furthermore, studies involving tissue­

specific inactivation of DMTl have demonstrated the critical role of the transporter in 

intestinal iron absorption and in erythroid iron utilization, but suggested a less critical role 

ofDMTI in liver iron uptake 258. 

hl humans, Priwitzerova et al first reported a human patient homozygote for a 

mutation in DMTI (DMT1G1285c). The young female patient is the product of a 

consanguineous union who suffered from severe congenital hypochromic microcytic 

anemia and iron overload 4;259. The phenotype is similar to that of DMTl mouse mutants 

with the notable exception of elevated hepatic iron stores that are specific to the human 

patient. The mutation has a dual effect, partially impairing splicing of exon 12 of DMTl 

(1285G>C) and introducing an amino acid substitution (E399D) in the remaining 

properly spliced transcript found in the patient. We recently showed that the E399D 

mutation does not in itself affect expression, function, or targeting ofthe DMTl protein 

260-262, and thus reduced DMTI function in this patient is likely caused by a quantitative 

reduction in DMTl rnRNA levels due to improper splicing. 
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Recently, some of us reported a second human patient who was compound 

heterozygote for two novel mutations in DMTl 263. The patient is a 5-year-old male who 

suffers from severe hypochromic microcytic anemia and who has developed hepatic iron 

overload shortly after birth. Hematological values and iron metabolism indices for this 

patient and for the patient reported by Priwitzerova et al were similar: both had low 

hemoglobin, low mean corpuscular volume, low mean corpuscular hemeoglobin, high 

serum iron and serum ferritin, and elevated transferrin saturation. However, the degree of 

anemia was more severe in the child patient who required blood transfusions until 

erythropoietin treatment sufficiently ameliorated the anemia to allow transfusion 

independence. The patient possessed two nove1 mutations in DMT1: a 3 base pair 

deletion (deI CTT) in intron 4 and a C to T transition at nucleotide 1246 (DMTlC1246T) in 

exon 13 that results in an Arg to Cys substitution at position 416 (R416C) ofDMTl. The 

CTT deletion disrupts normal splicing of DMTl pre-mRNA by affecting the consensus 

splicing acceptor site of intron 4, causing a partial (30-35%) skipping of exon 5 263. This 

truncated DMTl variant lacks 40 amino acids, inc1uding an entire transmembrane domain 

(TM2), and appears to represent a loss-of-function that is inherited in a fully recessive 

manner. In contrast, the effects of the R416C mutation on DMTl expression, targeting, 

and function is unknown. Previous studies by our group have suggested that R416 may be 

critical for DMTl function 28. An alanine substitution mutant at R416 (R416A) failed to 

restore growth under metallimiting conditions to a yeast mutant deleted for two ofthe 

three endogenous DMTl homologs (smfllsmj2) despite robust membrane expression of 

this mutant. The R416A variant may not be stably expressed in transfected CHû cells 

prec1uding its functional analysis. 

The effects of the R416C mutation on DMTl function, inc1uding a possible 

contribution to the iron metabolism disorder seen in this patient remain unknown and 

were studied. We have created independent mutations at R416 and analyzed the effect on 

protein expression, glycosylation, targeting and function in transfected LLC-PK1 cells. 
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MATE RIALS AND METHODS 

Construction, expression, and functional characterization of DMTl Mutants 

A mouse DMTl isoform II (non-IRE) cDNA backbone modified by 

insertion of a hemagglutinin epitope (HA) tag in the predicted extracytoplasmic 

loop defined by the TM7-TM8 interval (DMTI-HA) was used for mutagenesis 26. 

Mutations at R4l6 were constructed using a recombinant polymerase chain 

reaction (PCR) strategy 28, utilizing primers 5'­

GTGATCCTGACATGTTCTATCGCCATC-3' (R4l6C), 5'­

GATCCTGACCAAGTCTATCGCCATC-3' (R416K), and 5'­

GATCCTGACCGAGTCTATCGCCATC-3' (R416E). Mutants were introduced 

into the plasmid vector pCB6 as Sac I/EcoR 1 fragments. Construction of the 

R416A mutation in a DMT1 construct bearing two c-Myc epitope tags at the 

carboxyl terminus has been described earlier (R416A-myc) 28. R416A-myc was 

introduced into DMT1-HA as a Sac I/EcoR 1 fragment. AlI mutants were 

transfected and stably expressed in porcine LLC-PK1 kidney celIs as previously 

described 28. DMT1 transport ofC02+ was measured using a calcein fluorescence 

quenching assay (pH 5.0, 20 J..I.M final metal concentration) 262. Initial rates of 

metal transport were calculated from the initial slopes of the fluorescence 

quenching curves. 

Quantification of cel! surface expression by ELISA 

Quantification of the proportion ofDMT1-HA molecules expressed at the 

cell surface was by an ELISA we have previously described 184. Briefly, cells were 

grown to confluency in 48-well plates and fixed with 4% paraformaldehyde (30'). 

Cells were washed (PBS containing 1 mM MgCh, 0.1 mM CaCh), blocked (5% 

nonfat milk in PBS), and incubated first with anti-HA Ab (1:500, 90 min) and 

then with donkey anti-mouse-HRP secondary antibody (1 :4000, 1 h). For total 

DMT1-HA expression, cells were permeabilized (0.1 % Triton X-lOO in PBS, 30') 

prior to blocking and incubation with anti-HA antibody. Peroxidase activity was 

measured with an HRP substrate (0.4 mg/mL o-phenylenediamine 

dihydrochloride), according to conditions from the commercial supplier (Sigma). 
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Background absorbance readings from non-specifie binding of secondary 

antibody, and non-specifie binding of primary antibody to untransfected cells were 

subtracted for each sample. Cell surface readings were normalized to total DMT1-

HA values for each clone expressed as a percentage. 

Immunofluorescence 

GFP plasmids were kind gifts of Dr. D. Williams (University of Toronto; 

GFP-Syntaxin 13) and Dr. S. High (University of Manchester, Manchester, United 

Kingdom; GFP-Sec61). LLC-PK1 cells grown on coverslips were transfected with 

GFP plasmids, fixed with 4% paraformaldehyde, permeabilized (5% non-fat milk, 

0.2% saponin in PBS), and incubated (1 h, 20°C) with anti-DMT1 NT polyclonal 

antibody (1:300) 42. Coverslips were then washed, incubated with goat anti-rabbit­

Cy3 (1 :2000) for lh, and mounted on glass slides. 
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Figure 1. The position and conservation of R416 residue in DMT1. 
A schematic representation of DMT1-HA showing the position of the 
R416C mutation in the ninth predicted transmembrane domain (TM) of 
the protein is shown in (A). A multiple sequence alignment of DMT1 
orthologs is shown in (8) for residues neighboring TM9 (grey). The 
position of R416 is highlighted (black). 



RESULTS 

The C to T transition at nucleotide 1246 of DMTl causes an Arg to Cys 

substitution (R416C) in the 9th predicted membrane-spanning segment ofDMT1 (Figure 

lA). Although R416 is positively charged and thermodynamically disfavored in the 

membrane lipid environment, R416 is invariant among mouse, zebrafish (cdy), yeast 

(smflp), and fly (mvl) relatives ofhuman DMTl (Figure lB). This suggests an important 

structural or functional role for R416 in metal transport by DMT1 1. To explore the 

importance ofR4l6 in DMT1 function, we used a mouse DMTI-HA isoform II (non-IRE) 

backbone to create independent mutations at that position: R4l6C (from DMTlc1246T 

mutation), R4l6A (loss of charge, smaller side chain), R416K (charge retained), and 

R4l6E (negative charge). The effect ofthese mutations on protein expression, transport 

activity, subceUular distribution and recycling from the membrane into the endosome 

compartment were examined in transfected mammalian ceUs. 

DMTl-HA bears an exofacial hemagglutinin (HA) epitope tag that enables us to 

label ceU surface expressed DMT1-HA molecules in intact cells (Figure lA). We have 

previously shown that insertion of an HA tag at this position preserves expression, 

transport activity or subcellular localization ofDMTl 51. Wild type (WT) and R4l6 

mutant DMTl variants were transfected into LLC-PKI porcine kidney ceUs and ceU 

clones stably expressing individual proteins were selected and expanded for analysis. 

LLC-PK1 ceUs were chosen since they are derived from kidney proximal tubule, a site of 

abundant DMTl protein expression in vivo, and the maturation, targeting and transport 

function ofDMTl have been extensively characterized in these cells 51;184;184. Figure 2A 

shows a typical immunoblot of cell extracts prepared from ceUs transfected with either 

WT or mutant DMTl-HA. WT DMTl was detected as two immunoreactive species, a 

minor species at ~60 kDa and a major species at ~90 kDa. Previous studies have shown 

that the minor species corresponds to the precursor "core glycosylated" protein while the 

major species corresponds to the mature "complex glycosylated" protein 51. For mutants 

R416C, R416A and R416E, only expression of the precursor protein was detected (Figure 

2A). The slightly slower electrophoretic mobility of the R4l6A precursor protein reflects 

the presence of the two additional c-Myc epitope tags inserted at the C terminus ofthis 
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Figure 2. Stable expression and metal transport activity of R416 mutants. 
Equivalent amounts of total cell extracts from LLC-PK1 cells stably expressing either 
WT OMT-HA or R416 mutant constructs were separated by SOS-PAGE followed by 
immunoblotting with an anti-HA monoclonal antibody. A typical immunoblot is shown 
in (A). The size of molecular weight markers (in kOa) are identified to the left of the 
blot. Cells loaded with a metal-sensitive fluorescent dye, were incubated with C02+ 
in acidic buffer (pH 5.0), and the rate of fluorescence quenching was measured over 
time. In (8), the results are expressed âs initial rates of fluorescence quenching. 
Error bars represent standard error of the means of three or more independent 
experiments. Asterixes indicate quench rates that are significantly higher than for 
untransfected LLC-PK1 cells (p < 0.001). In (C), fixed LLC-PK1 cells were incubated 
with anti-HA primary antibody with or without prior detergent permeabilization as 
described in Materials and Methods. The amount of bound primary antibody present 
was determined for both conditions with an HRP-coupled secondary anti-mouse . 
antibody and a colorimetrie reaction followed by spectrometry. The amount of 
DMT1-HA expressed at the cell surface (in non-permeabilized cells) is shown as a 
fraction (%) of total protein expression (in permeabilized cells). 



mutant that are absent in the other variants. These results suggest that mutations at R416 

(inc1uding R416C) affect proper processing and post-translational modification ofDMT1, 

inc1uding maturation to the fully glycosylated polypeptides. Interestingly, only for the 

most conservative R416K substitution at that position, is mature complex glycosylated 

protein detected, suggesting that a large positively charge residue at position 416 is 

required for proper folding/maturation. Maturation of R416K is c1early reduced compared 

to WT DMTl (Figure 2A), demonstrating the essential role ofR416 in this process. 

Earlier studies have shown that conserved charged residues within the membrane­

spanning segments ofDMTl are mutation sensitive, and play a critical role in transport 

activity, cell surface expression, and subcellular targeting.28 Therefore, we investigated 

the possible effects ofR416 mutations on these parameters. We measured the transport 

activity ofWT and mutant DMTl variants in live LLC-PK1 transfectants, using a calcein 

fluorescence quenching technique where the initial rates of quenching curves are used as 

an indicator ofmetal transport into the cell. Mutants R416C, R416A, and R416E 

demonstrated no significant metal transport activity, displaying transport rates similar to 

that ofuntransfected LLC-PK1 cells (Figure 2B). These results suggest that R416 is not 

only critical for processing and maturation ofDMTl but is also important for metal 

transport by this protein. Interestingly, mutant R416K displayed metal transport activity 

(0.002748 ± 0.00024 AU/sec; mean quench rate ± standard error) that was significantly 

higher (p < 0.001) than that ofuntransfected LLC-PKI cells (0.001472 ± 0.00007 

AU/sec) (Figure 2B). Significant activitywas also detected for an additional independent 

transfected cell clone ofR416K (data not shown). However, transport activity detected in 

R416K expressing cells was clearly lower than WT DMT1, which may stem from either 

reduced transport and/or lower level of expression ofR416K compared to WT. 

Nevertheless, these results suggest that a DMTl protein with an isoelectric substitution at 

R416 retains partial metal transport activity. 

We used an ELISA-based surface labeling method to determine the amount of 

WT or mutant DMTl targeted to the surface oftransfected LLC-PKI cells. Cells 

transfected with WT DMTI-HA expressed 30.9 ± 3.8% of total DMTI-HA at the cell 

surface (Figure 2C). This result is in agreement with cell surface DMTl expression 
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values reported previously for isoform III which was used as a backbone to construct the 

mutants 51;184;262. Mutants R416C (3.6 ± 1.0%), R416A (6.9 ± 1.5%), and R416E (2.5 ± 

0.6%) all showed severely reduced cell surface expression (Figure 2C), suggesting that 

R416 is critical for proper sorting and trafficking ofDMTl to the plasma membrane. 

These results are consistent with the defective processing and lack of activity observed 

for these mutants (Figure 2A and 2B). Interestingly, a higher fraction ofR416K (16.8 ± 

2.9%) was detected at the cell surface compared to the other variants (Figure 2C), 

consistent with the noted partial maturation/glycosylation and low transport activity of 

this mutant. This result suggests that a basic, positively charged residue at position 416 is 

required for cell surface targeting ofDMTl. 

The subcellular localization ofWT DMTI-HA and the R416 variants was next 

analyzed by double immunofluorescence using a rabbit anti-DMTl antiserum as well as 

additional markers of different endomembrane compartments. Co-Iocalization studies 

show that WT DMTl isoform II is expressed in syntaxin 13-positive (GFP-Syntaxin 13) 

recyc1ing endosomes (Figure 3), in agreement with our previous studies 51;184;184;262. 

However, mutants R416C, R416A, and R416E were expressed in a peri-nuc1ear region 

that showed little overlap with GFP-Syntaxin 13 (Figure 3). Strikingly, R416K was the 

only variant to show strong co-localization with the recycling endosome marker (Figure 

3), suggesting that an isoelectric substitution at R416 does not affect proper subcellular 

targeting ofDMTl. While WT DMTI-HA and variant R416K showed little overlap with 

the endoplasmic reticulum marker GFP-Sec 61, variants R416C, R416A, and R416E all 

displayed significant co-Iocalization with this ER marker (Figure 4). These results imply 

that a large fraction ofthe variants R416C, R416A, and R416E are mistargeted and are 

retained in the ER, consistent with the impaired glycosylation, lack of activity, and 

reduced surface expression observed for these variants. 
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Figure 3. Double immunofluorescence labeling of DMT1-HA and the recy­
cling endosome marker GFP-Syntaxin 13. LLC-PK1 cells stably expressing 
WT or mutant DMT1-HAwere transiently transfected with GFP-syntaxin 13 to 
label recycling endosomes. The following day, cells were fixed, permeabilized 
and stained with a polyclonal anti-DMT1 antibody. DMT1 molecules were visual­
ized using a secondary anti-rabbit antibody coupled to fluorescent Cy3. Images 
were acquired by epifluorescence microscopy. Insets show magnifications of the 
area boxed in the figure. 



Figure 4. Double immunofluorescence labeling of DMT1-HA and the endo­
plasmic reticulum marker GFP-Sec 61. LLC-PK1 cells stably expressing WT 
or mutant DMT1-HA were transiently transfected with GFP-Sec 61 to label the 
endoplasmic reticulum. DMT1 molecules were visualized as described in the 
legend of Figure 3. Insets show magnifications of the area boxed in the figure. 



DISCUSSION 

Taken together, our data strongly suggest that the R416C variant created by the 

DMTlc1246T mutation represents a complete loss-of-function in which the mutant protein 

is not properly processed and is retained in the ER for degradation. Therefore, we propose 

that the abrogation ofDMTl function observed in the patient is due to a combination of: 

a) production of a fulliength non-functional protein from a null mutation at one allele ( 

R416C) and b) a mutation (DMTldelcTT) that partially impairs splicing (exon 5 skipping) 

in the remaining allele, generating a ~TM2 truncated non-functional variant, with a small 

but unknown amount of functional protein produced by residual properly spliced 

transcript. The resulting overalliow level ofDMTl activity in the patient is clearly 

insufficient to maintain physiological function in the erythroid compartment, and causes 

microcytic anemia.263 These results suggest that a low level ofDMTl activity is 

pathological and is insufficient to support iron metabolism in the erythroid system, yet is 

sufficient to allow sorne nutritional iron uptake in the gut, which in the long run leads to 

iron overload in the liver. 

Coincidently, the first reported pathological human mutation in DMTl 

(DMT1G1285c) also results in improper splicing of the gene, causing skipping of exon 12 

and the creation ofa truncated (dTM8) non-functional variant 4. However, the 

DMT1G1285C substitution mutation leading to exon 12 skipping appears to have a more 

severe effect on splicing than the 3 base pair deletion mutation leading to exon 5 skipping 

(DMTldelCTT
).4;263 Indeed, in the female patient who is homozygote for the DMT1G1285C 

mutation, the remaining smallievei ofproper splicing of exon 12 produces a E399D 

variant that shows wild type activity. In both patients, disease appears to result from a 

quantitative reduction in fulliength functional DMTl transcript below a certain minimum 

threshold, and the similarities in conditions ofboth patients seem to support this idea. 

This minimum threshold DMTl activity appears to be between the low level of activity 

observed in both DMTl mutant patients and the -50% activity retained in their 

phenotypically normal heterozygote relatives 4;263. Finally, a new patient was recently 

reported with a V114-in frame deletion in transmembrane 2 and a G212V replacement in 

transmembrane 5. This patient has a phenotype which is very similar to the previously 
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described subjects 265. However, the fact that patients with a complete loss-of-function at 

both DMTl alleles have not yet been identified suggests that even a low level ofDMTI 

activity, while insufficient to maintain normal iron homeostasis, is essential for life. 

In addition to providing better insight into the role ofDMTl in iron homeostasis, 

characterization of the R416C variant produced by the patient has also shed light into the 

structure and function ofthe DMTl protein. Our data shows that the conserved arginine 

in TM9 ofDMTl (R416) is critical for the proper folding and processing of the 

transporter. The fact that non-conservative mutations at R416 (R416C, R416A, R416E) 

are not well tolerated and that an isoelectric substitution (R416K) retains partial function 

strongly suggests that a positive charge is required by DMTl at that position, and that loss 

of that charge rather than the gain of a cysteine at that position is responsible for the loss 

of function. One possibility is that this positive charge interacts with another negatively 

charged amino acid e1sewhere in the protein to form a salt bridge that aids in the proper 

folding or tertiary structure assembly ofDMTl. Indeed, conserved charged residues 

residing within the hydrophobie membrane spanning segments of proteins have been 

shown to be important for the structure of other membrane transporters such as CFTR and 

the lactose permease 322;323. 

Hopefully, the identification of more human mutations in DMTl as weIl as 

additional data from in vitro mutagenesis experiments will help us better understand the 

role ofthis transporter in iron homeostasis and lead to novel treatments for iron-related 

disorders. 

94 



Preface to Chapter 5 

Whereas the previous three chapters focused on the importance of conserved 

residues in Nramp2 function, the next two chapters focus on better understanding its 

subcellular targeting and trafficking. Prior to the work described in Chapters 5 and 6, a 

number of studies showed that Nramp2 (isoform il) is expressed at the plasma membrane 

and in transferrin-positive recycling endosomes at steady-state 42. Studies by Touret et al 

using an exofacially-tagged Nramp2-HA construct showed that Nramp2 (isoform il) 

molecules present at the cell surface and in recyc1ing endosomes were in dynamic 

equilibrium, with surface transporters being continuously intemalized via a c1athrin and 

dynamin-dependent process. These studies gave further support to the ide a that Nramp2 

and transferrin receptor are functionally coupled to effect pH-dependent iron uptake 

across the endosomal membrane. Examination of the sequence ofproposed cytoplasmic 

domains ofNramp2 isoform il revealed the presence ofthree putative intemalization 

motifs in the amino and carboxyl terminal regions of the transporter. Therefore, we 

decided to use a site-specific mutagenesis approach to identify cytoplasmic motif(s) 

responsible for intemalization and recyc1ing of the transporter from the plasma 

membrane. This work is described in Chapter 5. 
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Chapter 5: 

Carboxyl terminus determinants of the iron 
transporter DMTl/SLCllA2 isoform II 

(-IRE/lB) mediate internalization from the 
plasma membrane into recycling endosomes 
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ABSTRACT 

Mutations in DMT] (Nramp2, S/cl] a2) impair iron metabolism and cause 

microcytic anemia. DMTl is expressed at the duodenal brush border where it controls 

uptake of dietary iron, and is present at the plasma membrane and in recycling endosomes 

ofmost ceIls, where it is necessary for acquisition oftransferrin-associated iron. The goal 

ofthis study was to identify signal(s) in the cytoplasmic segments ofDMTl responsible 

for its subcellular targeting and intemalization from the plasma membrane into recycling 

endosomes. We introduced mutations in the amino terminus (LlNT), carboxyl terminus 

(LlCT), as weIl as in NP Ay28-31
, YSCF62-65 and YLLNT555-559 motifs of a DMTl construct 

bearing an exofacial epitope tag, which allowed labeling of the transporter at the cell 

surface for kinetic studies. Mutants were stably expressed in LLC-PKI kidney ceIls and 

were studied for transport activity, sub-cellular localization, cell surface and recycling 

pool distribution, and intemalization from the plasma membrane. Kinetic studies showed 

that carboxyl terminus mutants (LlCT and Ll YLLNT) had an increased fraction of the 

"recycling pool" that was expressed at the cell surface due to impaired intemalization 

from the plasma membrane. Further cell surface labeling and immunofluorescence studies 

in intact cells showed that the Ll YLLNT and LlCT mutants were targeted to the lysosomal 

compartment upon intemalization. These results suggest that the major signal for 

intemalization and recycling ofDMTI isoform II (-IRE/lB) resides in its carboxyl 

terminus and that removal of this signalleads to a default lysosomal targeting. 
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INTRODUCTION 

The Divalent Metal Transporter 1 (DMT1, also known as Nramp2, DeT1, 

SIc Il a2) plays a dual role in intestinal iron acquisition and in iron uptake by peripheral 

tissues. DMTl is part of a large family ofhighly conserved metal transporters. It is an 

integral membrane phosphoglycoprotein consisting of twelve putative trans-membrane 

(TM) domains, with the predicted amino and carboxyl termini positioned on the intra­

cytoplasmic si de of the membrane. Studies in Xenopus oocytes and transfected 

mammalian celllines have demonstrated that DMTl transports a number of divalent 

metals (Fe2+, Mn2+, C02+, Cu2+, Cd2+, Ni2+, Pb2+, Zn2+) in a pH-dependent fashion by a 

proton co-transport mechanism 26;27;40. DMTl is expressed at the brush border of the 

absorptive epithelium of duodenal villi 161, where it is responsible for the uptake ofnon­

heme dietary iron following reduction from its ferric (Fe3+) to ferrous (Fe2+) state by a 

ferric reductase. In non-epithelial cells, iron absorption occurs through internalization of 

transferrin-bound iron via the transferrin receptor pathway. DMTl is also expressed at the 

plasma membrane and in transferrin-positive recycling endosomes of most cells and 

tissues 40;42. It catalyzes the efflux of iron from acidified endosomes, across the 

endosomal membrane into the cytosol 324. Vacuolar ATPase-mediated endosomal 

acidification simultaneously facilitates release of iron from transferrin and provides the 

pH gradient required for DMT1 function 51. Naturally-occurring mutations in DMTl 

cause severe iron deficiency and microcytic anemia in mk mice and Belgrade rats 136;141. 

Both mutants show the same alteration (G185R) in predicted TM4 ofDMT1, which 

abrogates both intestinal iron absorption and endosomal transport oftransferrin-iron 

137;138;146;155;325. Finally, DMT1 is also expressed at the brush border of epithelial cells of 

proximal tubules of the kidney 172, where it may function as a re-uptake system for 

divalent metals. 

The DMTl gene produces at least two distinct mRNAs by alternative splicing of 

two 3' exons encoding different 3' untranslated regions (UTR) and protein products with 

distinct C-termini 153;154. DMTl isoform l (+IRE) contains an iron-responsive element 

(IRE) in its 3' UTR. DMTl isoform l is expressed at the brush border ofduodenal 

enterocytes where its expression is induced by dietary iron depravation 161;253. DMTl 
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isoform 1 is also expressed in the kidney 161j172. DMTI isoform II (-IRE) lacks an IRE and 

encodes a protein which has a different C-terminal25 amino acid segment. DMTI 

isoform II is expressed preferentially in non-epithelial cells, and is very abundant in 

reticulocytes 169. Recently, additional isoforms ofDMTI mRNAs have been identified 

based on altemate promoter usage at DMTl exon 1 (exon lA vs. lB) 154. This altemate 

promoter usage is predicted to produce a DMTI protein bearing an additional29 amino 

acids (exon lA) upstream ofthe previously identified start codon ofDMTI isoforms 1 

and II (exon IB).The role ofthese additional residues in the expression, function, and 

targeting ofDMTI has not yet been studied. Touret and colleagues have demonstrated 

that DMTl isoform II, when expressed in transfected CHO and LLC-PK1 cells, is present 

at the plasma membrane and in an acidic transferrin receptor-positive endomembrane 

vesicular compartment. Kinetic studies of an exofacially-tagged DMTl molecule showed 

similar amounts ofprotein in endomembrane compartment(s) and at the cell surface. The 

two components are in dynamic equilibrium: surface transporters being continuously 

intemalized via a c1athrin and dynamin-dependent process 51. Therefore, proper 

physiological function ofDMTl in iron metabolism involves not only proper targeting to 

the plasma membrane, but also requires efficient intemalization and recycling via 

recycling endosomes. 

Tyrosine-based motifs (NPXY and YXX<I>, where <I> = bulky hydrophobie) have 

been shown to act as intemalization signaIs for cIathrin-mediated endocytosis 183. The 

NPXY motifwas initially discovered as a mutation (Y807C) in the cytoplasmic domain 

of the LDL receptor that abolishes intemalization ofthe receptor 326 in a patient with 

familial hypercholsterolemia. Mutagenesis studies 327 showed that NPXY is an 

intemalization signal for surface proteins such as the LDL receptor-related protein 1 

(LRPl) 328, the EGF receptor 329 and megalin 330. Several proteins, inc1uding c1athrin, AP-

2, and Dab2, appear to function as recognition proteins for NPXY signals.183 The YXX<I> 

motifhas also been shown to act as a plasma membrane intemalization motif for 

endocytic receptors such as the transferrin receptor and ion transporters such as the cystic 

fibrosis transmembrane conductance regulator (CFTR) 183. YXX<I> motifs have also been 

implicated in targeting membrane proteins such as LAMP-I and LAMP-2 to lysosomes. 
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YXX<l> signaIs interact with the,... subunits of AP-l and AP-2 complexes, which in tum 

recruit clathrin molecules 331-333. Cytoplasmic dileucine based (LL) motifs of membrane 

proteins (such as GLUT4) have also been shown to act as signaIs leading to clathrin­

mediated endocytosis or targeting to endosomal-Iysosomal compartments 183. Residues 

neighboring the LL signaIs appear to dictate whether clathrin recruitment occurs via AP 

complexes or via ARF-dependent clathrin adaptors. 

Examination of the sequence ofproposed cytoplasmic domains ofDMTI reveals 

the presence ofthree putative intemalization motifs: two tyrosine-based motifs of the 

forms NPXY and YXX<1> (NPAy28-31 and YSCp62-65) in the amino terminal region, and a 

di-leucine motif (LL556-557) in the carboxyl terminal region. In the present study, we 

sought to identify the specifie signales) in the cytoplasmic segments ofDMTI isoform II 

responsible for intemalization and recycling of the transporter from the plasma 

membrane. 
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MATERIALS AND METHODS 

Materials 

Reagent-grade chemicals were purchased from Sigma Chemical (St. Louis, MO). 

Monoclonal mouse antibody (Ab) HA. 1 1 directed against the influenza hemagglutinin 

epitope (HA) was purchased from Covance (Princeton, NJ). Cy2- and Cy3-labeled anti­

mouse antibodies and HRP-coupled donkey anti-mouse antisera were purchased from 

Jackson ImmunoResearch Laboratories (West Grove, PA). The plasmid encoding GFP­

fusion protein GFP-syntaxin 13 was the kind gift from Dr. D. Williams (Department of 

Biochemistry, University of Toronto). The GFP-Lampl plasmid was a kind gift from Dr. 

Patrice Boquet (Institut national de la santé et de la recherché médicale, France). 

Plasmids and constructs 

Full-Iength murine DMTl (Nramp2, DeTl, SIc11 a2, GenBank accession no. 

L334l5) isoform II (non-IRE, isoform lB) cDNA was modified by the in-frame addition 

of an HA epitope at amino acid position 330, as previously described 26. Deletion and 

truncation mutations in DMT1-HA were created by site-directed mutagenesis using 

oligonucleotide primers listed in Table 1 by a recombinant polymerase chain reaction 

protocol 308. For ~NT, a primer was designed to deI ete the first 67 amino acids ofDMTI, 

up to first membrane-spanning segment, with the addition of an initiator methionine 

(Table 1). For ~CT, a primer was designed to remove 34 amino acids from the carboxyl 

terminus ofDMT1, with the insertion of a stop codon after G534 and an EcoR 1 site for 

subsequent cloning. Mutants were constructed into the mammalian expression vector, 

pCB6, using restriction enzyme sites Xho 1 and BstE II for mutants ~NP A Y, ~ YS CF, 

~NT and sites Sac 1 and EcoR 1 for mutants ~ YLLNT, ~CT. 

Cel! culture, transfection, and immunoblotting 

LLC-PK1 cells were grown at 37°C in a 5% C02 incubator in Dulbecco's 

modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum 

(growth media). LLC-PK1 cells were transfected with DMT1-HAlpCB6 vectors using a 

calcium-phosphate co-precipitation method. Selection of stably transfected clones was 
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Table 1. Oligonucleotides used for mutagenesis. 

Primer Name 

ANPAY For 

AYSCF For 

AYLLNT For 

ANT For 

ACT Rev 

Nucleotide sequence (5' to 3') 

ccttggcgccatcagcaactcatccc 

cctgaggaggagagctttcgtaaac 

gctcagcctgaactcgtggatgctgactcag 

ccgctcgaggccaccatgctgaaactctgggcgttcacggggc 

cggaattcttaacccaatgcaatcaaacactgc 

For indicates forward; Rev, reverse. Bold type indicates the inserted initiator methionine codon 

for ANT. The inserted stop codon for ACT is underlined. 

Table 2. Summary of subcellular localization of WT and mutant DMT1-HA. 

WT 

ANPAY 

AYSCF 

AYLLNT 

ANT 

ACT 

PM 

+ 
+ 
+ 
+ 

+ 

RE 

+ 

+ 
+ 

LE/Lys ER 

+ 
+ 

+ 
PM: Plasma membrane; RE: Recycling endosomes; LE/Lys: Late endosomes/lysosomes; ER : 

Endoplasmic reticulum. 
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done using 1.4 mg/mL G418 (Invitrogen) for lOto 14 days. Individual colonies were then 

picked and expanded. Total celllysates were prepared and separated by SDS-PAGE. 

Clones showing robust DMT1-HA expression were identified by immunoblotting with 

mouse anti-HA antibody, as previously described 28. 

Calcein divalent metal transport assay 

Ca1cein acetoxymethylester (calcein-AM, Molecular Probes) was prepared as a 

500 f.lM stock solution in dimethyl sulfoxide. Fe2
+ and C02+ solutions were freshly 

prepared in deionized water as 2 mM stock solutions of ferrous ammonium sulfate and 

cobalt chloride, respectively. Measurement ofFe2
+ and C02

+ transport in DMT1-HA­

transfected LLC-PKlcells was done using a fluorescence quenching assay, exactly as we 

have previously described with CHO cells 26. Initial rates ofmetal transport were 

calculated from the fluorescence quenching curves and results for each transfectant were 

normalized to activity ofwild-type DMT1-HA expressing cells. 

ELISA 

For all ELISA assays, 2.8 x 105 cells/well were seeded in 48-well tissue culture 

plates and grown to confluency (16 to 24 h). Cells were fixed in phosphate buffered 

saline (PBS) containing 4% paraformaldehyde for 30 min at 20°C. Blocking, 

permeabilization, and incubations with antibody were carried out at 37°C. A solution of 

5% nonfat milk in PBS was used for blocking and dilution of all antibodies unless 

otherwise noted. Washes were performed three times with PBS containing 1 mM MgCh 

and 0.1 mM CaCh (PBS++). After donkey anti-mouse-HRP secondary Ab incubation, 

peroxidase activity was detected by incubating cells with HRP substrate (0.4 mg/mL 0-

phenylenediamine dihydrochloride, Sigma FAST OPD; 550 f.lL/well) according to 

manufacturer instructions. Reactions were stopped with 150 f.lL of 3M HCI per well and 

absorbance readings (492 nm) were taken with a spectrometer. For all assays, background 

absorbance readings from (a) non-specific binding ofsecondary Ab, and (b) non-specific 

binding of primary Ab to vector-transfected cells, were subtracted for each sample. 
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For quantification of cell surface expression ofDMT1-HA at steady state, cells 

were washed with co Id PBS++, fixed, blocked, incubated with anti-HA Ab (1 :500) for 90 

min, washed, and permeabilized 30 min in 0.1 % Triton X-100IPBS. Cells were blocked 

for 30 min, and labe1ed with secondary Ab (donkey anti-mouse-HRP Ab, 1:4000) for 1 h. 

For quantification oftotal DMT1-HA expression, cells were permeabilized prior to 

incubation with anti-HA Ab. Cell surface readings were normalized to total DMT1-HA 

values for each cell clone and were expressed as a percentage. 

To quantify cell surface DMT1-HA expression as a percentage of the recycling 

pool, cells were incubated in anti-HA Ab (1 :200) diluted in 2% nonfat milk/RPMI for 3 h 

at 37°C. To measure surface DMT1-HA molecules, cens were washed with PBS, fixed, 

blocked, and incubated with secondary Ab. To measure recycling pool DMT1-HA, cens 

were sequentiany permeabilized with 0.1 % Triton X -1 OOIPBS, blocked, and incubated 

with secondary Ab. Cell surface values were expressed as a percentage of total recycling 

DMT1-HA for each clone. 

Immunostaining 

cens were fixed with 4% paraformaldehyde diluted in PBS for 15 to 20 min at 

20°C, and where indicated, were permeabilized with 0.1 % Triton X-100 in PBS for 30 

min at room temperature. cens were blocked for 30 min in 5% nonfat milk in PBS, 

followed by consecutive incubations with primary antibodies (mouse anti-HA, 1:500; 

goat anti-EEA1, 1:100; diluted in blocking solution) and secondary antibodies (goat anti­

mouse-Cy3, Donkey anti-mouse-alexa Fluor488, donkey anti-goat-alexa Fluor488; an 

used at 1 :2000) each for 1 h at 20°C. For experiments with live cens, the anti-HA 

antibody was diluted (1 :200) in 2% nonfat milk in RPMI and (where indicated) cens were 

chased by washing twice and incubating the cells in growth media for 90 min at 37°C. 

For co-Iocalization with GFP-fusion proteins, cells were transfected 24 h prior to fixation 

using Lipofectamine2000 (Invitrogen) according to the manufacturer's instructions. Cells 

were visualized using a Leica IRE DR2 microscope using a 100x oil immersion 

objective. Digital images were acquired with an Orca II ER camera (Hamamatsu) 

104 



operated with the Openlab 3 software (Improvision) installed on an Apple G4 computer. 

Images were cropped, assembled and labeled using Adobe Photoshop software. 

Cel! surface biotinylation 

Cell surface biotinylation was performed based on a similar technique used to 

study the intemalization ofCFTR 334. LLC-PKI cells were grown in 100 mm culture 

dishes one day post-confluency, followed by 2 washes in PBS++ and one with co Id borate 

buffer pH 9.0 (10 mM borie acid, 154 mM NaCI, 7.2 mM KCI, 1.8 mM CaCh). Cells 

were biotinylated for 1 h at 4°C in borate buffer containing 0.7 to 1.0 mg/mL sulfo-NHS­

SS-biotin (Pierce). After two 5 min washes with cold RPMI, cells were incubated in pre­

warmed RPMI for 0, 30, 60, or 90 min at 37°C in 5% C02 at which point endocytosis 

was halted by three washes with cold PBS++. Cell surface associated biotin molecules 

were removed (3 washes, 30 min each at 4°C) by treating with the membrane 

impermeable reducing agent 2-mercaptoethanesulfonic acid (MESNA, 100 mM solution 

with 50 mM Tris-Cl pH 8.6, 1 mM MgCh, 0.1 mM CaCh). For quantification of total 

surface labeling, cells were similarly treated but with final washes in buffer lacking 

MESNA. Biotinylated cells were collected and solubilized for 30 min on ice in 350 ilL of 

lysis buffer (1 % Triton X-lOO, 0.2% SDS, 50 mM Tris-Cl pH 7.4, 150 mM NaCI, 20% 

glycerol) supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 

IlM pepstatin, 0.3 IlM aprotinin, 1 IlM leupeptin). Lysates were pre-cleared by 

centrifugation (20 min, 1O,000g, 4°C) and proteins in the supematant were quantified by 

Bradford assay (BioRad). Biotinylated proteins (250 Ilg total protein lysate) were isolated 

by ovemight incubation at 4°C of 100 ilL ImmunoPure immobilized strepavidin slurry 

(Pierce) in a final volume of 1 mL in lysis buffer with protease inhibitors. Strepavidin 

beads were washed 4 times with cold lysis buffer and bound proteins were eluted with 2x 

Laemmli buffer at room temperature for 30 min. Proteins were separated by SDS-P AGE 

followed by immunoblotting with anti-HA Ab. Intensity ofimmunoreactive bands were 

quantified by densitometry analysis of exposed films using a Fuji LAS-1 000. Background 

intensity readings (after 0 min endocytosis) were subtracted from all readings and results 

were expressed as a percentage of total surface labeling for each clone. 
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Figure 1. Predicted structural features and membrane topology of DMT1. (A) Sche­
matic representation and membrane topology for mouse DMT1 isoforms 1 (containing an 
iron response element; +IRE) and Il (-IRE), The amine acid sequence of two isoforms (1 
and Il) is shown, The position and boundaries of the 12 predicted transmembrane (TM) 
domains and corresponding intra-cytoplasmic and extra-cytoplasmic loops are shown, 
Highlighted are the positions of the antigenic HA epitope tag inserted between TM? and 
TMB (gray) and the predicted targeting/sorting sequence motifs (black), (8) Schematic 
representation of mutants harboring deletions of predicted targeting/sorting sequence 
motifs in the amino (N) and carboxyl (C) termini of mouse DMT1 isoform Il tested in this 
study, Predicted targeting motifs (black) and TM domains 1 and 12 (gray) are highlighted. 



RESULTS 

Expression and Functional Characterization of DMTl Mutants 

To identify sequences involved in plasma membrane intemalization via recycling 

endosomes, DMTI isoform II (-IRE, lB) mutants having independent deletions ofthe 

amino terminus (~NT), the carboxyl terminus (~CT), as well as of NP AY (~NP A Y), 

YS CF (~YSCF), and YLLNT (~YLLNT) signatures were made (Figure lB). A mouse 

DMTl (isoform II) cDNA backbone was used for mutagenesis, after modification by 

insertion of an exofacial hemagglutinin (HA) tag into the 4th predicted extracellular loop 

(delineated by TM7-8; Figure lA). This enabled recognition of cell surface expressed 

DMTI molecules in intact cells. Insertion of an HA tag at this position affects neither 

expression, transport activity or sub-cellular localization ofDMTI 51, AlI DMTl mutants 

were stably transfected in the porcine kidney proximal tubule celIline LLC-PKl , and 

clones stably expressing individual mutants were isolated. LLC-PKI cells were chosen 

since they are derived from the proximal tubule, an abundant site ofDMTl protein 

expression 172. These cells are expected to express the necessary machinery and pro teins 

for DMTl sorting, including recognition ofDMTl targeting and sorting signaIs. 

Immunoblot analysis ofwhole cell extracts (Figure 2A) prepared from wild type (WT) 

and from the DMTI-HA mutants ~NP A Y, ~ YSCF, and ~ YLLNT displayed 2 

immunoreactive bands of -60 and -90 kDa, corresponding to the core and complex­

glycosylated forms ofDMTl, respectively 51, The C-terminal deletion (~CT) was also 

expressed as 2 immunoreactive variants of slightly faster electrophoretic mobility, 

consistent with the deletion of the 34 C-terminal residues. Thus, ~CT, ~NPAY, ~YSCF 

and ~ YLLNT can be expressed and glycosylated in LLC-PKI cells. The ~NT construct 

was expressed as a-55 kDa variant (Figure 2A), the predicted size ofthe un-glycosylated 

truncated species 42;51, suggesting that the N-terminal cytoplasmic domain ofDMTl is 

essential for proper processing and post-translational modification of the protein. 

The ability of the DMTl variants to transport Fe2
+ and C02

+ at acidic pH (pH 6.0) 

was tested using a fluorescence-quenching assay 26;28. LLC-PKI transfectants were loaded 

with the metal-sensitive fluorescent dye calcein and the effect of extemally added metal 

on the rate of fluorescence quenching was measured and compared to that ofWT DMTI 
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Figure 2. Expression and metal transport activity of DMT1-HA mutants in 
transfected LLC-PK1 cells. (A) Total cell extracts from LLC-PK1 cells stably 
transfected with either vector alone (pCB6), wild-type DMT1-HA (WT), or various 
DMT1-HA deletion mutants wére quantified by Bradford protein assay and 25 ~g 
of each Iysate was separated by SDS-polyacrylamide gel electrophoresis, 
followed by immunoblotting with an anti-HA monoclonal antibody. The sizes of 
the molecular mass markers are indicated. (B) Metal transport activity by WT 
and mutant DMT1 variants was tested using a fluorescence quenching assay. 
Cells loaded with a metal-sensitive fluorescent were incubated with Fe2+ or 
Co2+ in acidic buffer (pH 6.0), and the rate of fluorescence quenching was 
measured over time. The slopes from initial quenching curves were calculated 
and transport activity of the mutants was expressed as a percentage of WT 
activity (relative activity). Error bars = standard error of the means of three or 
more independent experiments. 



(Figure 2B). DMT1 variants ~NPAY, ~YLLNT, and ~CT were fullyactive for Fe2
+ and 

C02
+ transport, suggesting that they are expressed at the cell surface and are properly 

folded in a transport-competent conformation. Cells expressing variants ~ YSCF and ~NT 

showed no activity, displaying transport rates similar to cells transfected only with the 

empty vector (Figure 2B). These results suggest that ~ YSCF and ~NT are either transport 

inactive and/or are not efficiently targeted to the proper transport site (plasma membrane 

and/or recycling endosomes). 

Subcellular Localization 

To determine whether the mutations we introduced affected DMT1 targeting, the 

subcellular localization of the different variants was determined by immunoflurescence 

using an anti-HA monoclonal antibody. In fixed and permeabilized cells, wild type 

DMT1-HA fluorescence was detected as a punctate andjuxtanuclear pattern (Figure 3A) 

42;51. Having previously shown that DMT1-HA isoform II is present and active in 

syntaxin 13-positive recycling endosomes 51, we examined the effect of the different 

mutations on targeting to this compartment. Recycling endosomes were labeled by 

transient transfection ofa GFP-syntaxin 13 construct, and DMTI-HA variants were 

visualized using a secondary antibody coupled to Cy3 (Figure 3A). The ~NP A Y and 

~ YSCF variants showed extensive co-Iocalization with syntaxin 13 and shared a pattern 

similar to that seen for WT DMTI-HA. ~NPAY and ~YSCF also showed extensive co­

staining with a GFP-transferrin receptor construct (data not shown), confirming that these 

variants are present in recycling endosomes. These results indicate that the cytoplasmic 

motifs NP A Y and YSCF do not play a major role in targeting DMTl to earlyand 

recycling endosomes. By contrast, the ~NT variant showed no significant co-Iocalization 

with GFP-syntaxin 13 and distributed in a more perinuclear pattern possibly 

corresponding to the endoplasmic reticulum(Figure 3A). The ~ YLLNT and ~CT variants 

showed sorne overlap with GFP-syntaxin 13 (Figure 3A) and with GFP-transferrin 

receptor (data not shown). However, there was a significant fraction of ~ YLLNT and 

~CT that did not co-Iocalize with the recycling endosome markers. 

To determine if any of the mutants were mistargeted to late endosomes and/or 

lysosomes, we labeled these organelles by transient transfection with a GFP-Lamp1 
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Figure 3. Subcellular distribution ofWT and mutant DMT1-HA in endomem­
brane compartments. LLC-PK1 cells stably expressing WT or mutant DMT1-HA 
variants (identified) were transiently transfected with either GFP-syntaxin 13 (A) 
to label recycling endosomes, or GFP-Lamp1 (8) to label lysosomes. 24 hours 
later, cells were fixed, permeabilized and stained with a monoclonal anti-HA 
antibody. DMT1-HA molecules were visualized using a secondary anti-mouse Ab 
cou pied to fluorescent Cy3. Images were acquired by epifluorescence micros­
copy. Insets show magnifications of the area boxed in the figure. 



construct. WT DMTI-HA, as weIl as the ilNPAY and ilYSCF variants showed no 

significant co-staining with GFP-Lampl. These results are consistent with the extensive 

co-Iocalization ofWT, ilNPAY and ilYSCF with recyc1ing endosomes (Figure 3A). The 

ôNT variant similarly did not co-Iocalize with GFP-Lampl positive lysosomes (Figure 

3B). These results suggest that the N-terminus ofDMTl is essential for proper targeting 

and its deletion results in a protein that is not properly glycosylated (Figure 2A), non­

functional (Figure 2B), and is mistargeted to a perinuc1ear compartment (Figures 3A and 

3B). In contrast to the WT and other DMTI-HA variants, ôYLLNT and ilCT both 

displayed significant co-staining with GFP-Lampllysosomes (Figure 3B). These results 

suggest that the C-terminus ofDMTI-HA contains information that is critical for optimal 

targeting of the transporter to recyc1ing endosomes, and that deletion ofthis information 

results in mis-targeting of the protein to late endosomes/lysosomes. 

Determinants of Expression at the Cel! surface and in the Recycling Compartment 

We next examined the effect ofthe mutations on a) targeting ofDMTl to the cell 

surface and b) dynamic trafficking through the recyc1ing endosome compartment. The 

fraction of each DMT 1-HA variant present at the cell surface at steady-state was 

determined by exposing fixed LLC-PKI transfectants to anti-HA antibody, with or 

without prior permeabilization with mild detergent. The amount ofbound anti-HA 

antibody was quantified using a secondary antibody coupled to horse-radish peroxidase. 

WT DMT1-HA transfectants expressed 29.5 ± 1.4% (mean ± S.E.) of the total DMTI­

HA at their cell surface (Figure 4), which is comparable to the fraction we previously 

determined using radiolabeled antibodies 51. A significantly higher proportion ofvariants 

ilNPAY and ilCT was detected at the cell surface (50.1 ± 3.9% and 40.2 ± 2.7%, 

respectively), while the il YSCF and il YLLNT variants showed a lower fraction of cell 

surface expression (17.5 ± 0.2% and 20.5 ± 1.2%, respectively). FinaIly, onlya small 

fraction of the ilNT variant was expressed at the cell surface (8.8 ± 1.8%). These results 

suggest that defined sequences in the amino and carboxyl terminal domains ofDMT1 

play a role in determining the level ofDMT1 protein expression at the plasma membrane 

at steady state. 
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Figure 4. Quantification cell surface DMT1-HA expression at steady­
state. LLC-PK1 cells stably expressing individual DMT1-HA variants were 
fixed and incubated with anti-HA primary antibody with or without prior 
detergent permeabilization (see Methods). Ce Ils were then incubated with 
an HRP-coupled secondary anti-mouse antibody, and the amount of 
bound primary antibody present was determined for both conditions by a 
colorimetrie reaction using o-phenylenediamine dihydrochloride (OPD) 
followed by spectrometry. The amount of DMT1-HA expressed at the cell 
surface (in non-permeabilized cells) is shown as a fraction (%) of total 
protein expression (in permeabilized cells). 



Because immunofluorescence studies (Figure 3) indicated that certain variants had 

a larger fraction of protein associated with either a perinuclear compartment (8NT) or 

with lysosomes (8 YLLNT, 8CT), we attempted to visualize the proportion ofthe 

recycling pool ofWT and variant DMT1-HA that is expressed at the cell surface. For this, 

live LLC-PKI transfectants were incubated with anti-HA antibody (2 h, 37°C), followed 

by fixation, and incubation with a secondary anti-mouse antibody coupled to a red 

fluorophore to label DMT1-HA proteins at the cell surface. The same cells were then 

permeabilized under mild detergent conditions, and total DMT1-HA molecules were 

labeled with a secondary anti-mouse antibody coupled to a green fluorophore. In these 

experiments, DMT1-HA molecules at the cell surface are labeled in red while total 

molecules were labeled in green, with the yellow color in merged images corresponding 

to the fraction oftotallabeled DMT1-HA molecules expressed at the cell surface (Figure 

SA). This protocol selectively labels onlythose DMT1-HA molecules that were 

intemalized from the plasma membrane within 2 h, allowing a better determination of the 

proportion ofDMT1-HA at the cell surface vs. the intracellular recycling pool. These 

studies showed that only a small proportion oflabeled DMT1-HA is expressed at the cell 

surface for WT and 8 YSCF, with the majority ofprotein appearing to be intracellular 

(Figure SA). On the contrary, in cells expressing variants 8NPAY, 8YLLNT, and 8CT, a 

significantly larger proportion of the protein appears to be at the cell surface (yellow 

staining in Figure SA). Results for variants 8NP A Y and 8CT are consistent with the 

higher expression at the surface detected for these mutants in Figure 4. On the other hand, 

the high association of 8 YLLNT with the lysosomes noted in Figure 3B may be 

responsible for the apparent lower surface expression noted in Figure 4. Cells expressing 

the 8NT variant showed little if any surface labeling by this method, in agreement with 

the almost complete association of this mutant with the a perinuclear compartment noted 

in Figure 3. 

The higher proportion of cell surface expression from the total recycling pool 

detected for variants 8NP A Y, 8 YLLNT, and 8CT by immunofluorescence (Figure SB) 

was further quantified by an ELISA-based assay as described in Materials and Methods. 

In the case ofWT DMT1-HA, 19.3 ± 4.8% ofthe labeled recycling compartment was 
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Figure.5. Fraction of the recycling pool expressed at the cell surface for 
each DMT1-HA variant. (A) Duallabeling of cell surface expressed (Surface; 
red) and total recycling pool (Total; green) of DMT1-HA variants, with the 
overlap (Merge; yellow) identifying the fraction of the recycling pool expressed 
at the cell surface. LLC-PK1 cells stably expressing wr or mutant DMT1-HA 
were incubated with anti-HA Ab for 2 h at 37"C to label recycling DMT1-HA 
molecules. Following incubation, cells were fixed and incubatèd with a second­
ary anti-mouse antibody coupled to Cy3 (red) to label cell surface DMT1-HA 
molecules. After washing, cells were permeabilized with detergent and incu­
bated with a secondary anti-mouse antibody coupled ta Alexa488 (green) to 
label total recycling DMT1-HA molecules (plasma membrane plus endosomes). 
Images were compiled fram 0.5 !lm confocal microscopy z-plane sections. (8) 
Quantification of the fraction of the recycling pool of the DMT1-HA variants 
expressed at the cell surface. The recycling pool, and fraction of the recycling 
pool expressed at the cell surface for each DMT1-HA variants was labeled as 
described in (A), except that an HRP-conjugate was used as a secondary 
antibody for quantification. Results are expressed as the fraction (%) of the 
total recycling pool of each mutant expressed at the cell surface. Error bars 
correspond to standard errors on the means from three or more independent 
experiments. 



expressed at the cell surface, and similar results were obtained for the A YSCF variant 

(21.7 ± 5.1 %). On the other hand, and in agreement with results in Figure 5A, the 

ANP AY, AYLLNT, and ACT constructs showed a significantly higher distribution ofthis 

recyc1ing pool to the cell surface (38.8 ± 2.4%, 49.0 ± 2.0%, and 60.0 ± 1.6%, 

respectively). The low level of expression of the ANT variant in the recycling pool 

prec1uded a similar analysis of this mutant. It is important to note that the extent of 

surface expression determined for DMTl-HA in intact cells (Figure 5) was somewhat 

lower than that determined in fixed cells (Figure 4). Therefore, results in Figure 5 may be 

an underestimate ofactual surface expression ofDMTI-HA due to incomplete 

inaccessibility of the HA epitope in native, unfixed cells. However, this does not affect 

direct comparisons between WT and mutant DMTl-HA expressing cells by either 

method. 

Together, the results in Figures 4 and 5 indicate that the NP A Y motif in the amino 

terminal domain and sequences in the C-terminal domain ofDMTl (inc1uding YLLNT), 

play an important role in directing the traffic ofthe transporter to and/or from the plasma 

membrane. 

Endocytosis 

The noted cell surface accumulation of variants ANP A Y, A YLLNT and ACT 

suggested a potential defect in intemalization ofthese mutants from the PM. To test this 

possibility, we used a cell surface biotinylation assay to compare the rates of endocytosis 

ofWT and mutant DMTl variants AYLLNT, ANPAY, and ACT. A similar approach has 

been previously used to study intemalization kinetics of other membrane proteins such as 

CFTR334 and the H,K-ATPase 335. We used c1eavable form ofbiotin (NHS-SS-biotin) to 

covalently label lysine residues in proteins exposed at the extracellular surface. LLC-PKI 

cell monolayers were biotinylated at 4°C to arrest membrane endocytosis. Following cell 

surface biotinylation, we raised the temperature of the medium to 37°C for 0 to 90 min to 

allow intemalization of plasma membrane constituents. Biotin molecules remaining at the 

cell surface were c1eaved by washing the cells with the membrane-impermeant reducing 

agent MESNA. Following celllysis, biotinylated DMTl-HA molecules were isolated 

using immobilized streptavidin, followed by SDS-P AGE and immunoblotting with anti-
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Figure 6. Internalization of DMT1-HA variants from the cell surface. A cell surface 
biotinylation assay was used to determine the rate of endocytosis of WT and variant 
DMT1-HA molecules from the plasma membrane. We used a cleavable form of biotin to 
covalently label ail cell surface proteins (see Methods). LLC-PK1 transfectants express­
ing either WT or ilNPAY, ilYLLNT and ilCT mutant DMT1-HAwere labeled with biotin at 
4 oC to hait endocytosis. After washes, the temperature of the medium was raised to 
3rC followed by incubation for 0 to 90 min to allow the internalization of plasma mem­
brane constituents. Biotin molecules remaining at the cell surface were removed with a 
membrane-impermeant reducing agent. Biotinylated DMT1-HA molecules were isolated 
from cell Iysates with immobilized strepavidin, followed by elution, analysis by SDS­
PAGE and immunoblotting with anti-HA Ab. Typical immunoblots from individual experi­
ments are shown in (A). Lysate = 20 /-lg of unbiotinylated crude cell Iysate for each 
mutant. Max = total surface DMT1-HA expression for each mutant (biotinylated DMT1-
HA molecules isolated without prior stripping). (B) Quantification of rates of internaliza­
tion of DMT1-HA variants from the plasma membrane. Immunoblots were scanned by 
densitometry, and the amount of DMT1 internalized over time is expressed as a fraction 
(%) of the total cell surface expression (Max). Error bars correspond to standard errors 
on the means from three or more independent experiments. 



HA antibody. A typical immunoblot is shown in Figure 6A, while quantification from 

different immunoblots (n ~ 3) by densitometry scanning is shown in Figure 6B. In these 

experiments, controls for equal amounts of labeled lysates introduced in the capture assay 

(lysate from cells untreated with MESNA), and transferred to membrane (Max) were 

inc1uded for normalization purposes. Using this method, 27.7 ± 3.3% (mean ± S.E.) of 

surface-labeled DMTI-HA was intemalized after 30 min (Figure 6B). Mutant ~NPAY 

showed reduced intemalization, with 15.7 ± 3.9% after 30 min, but the difference from 

WT became insignificant after 60 min. On the other hand, mutant ~ YLLNT displayed a 

more severe deficiency in DMTI-HA intemalization (6.5 ± 1.8% intemalization after 30 

min, 15.7 ± 2.5% after 60 min), while the ~CT appeared to be completely impaired in this 

process, with little if any intemalization detected (3.0 ± 1.9% after 30 min and 4.0 ± 2.3% 

after 60 min) (Figure 6B). These results indicate that the C-terminus ofDMTl contains 

information (iIic1uding the YLLNT motif) that is essential for rapid endocytosis from the 

plasma membrane, and consequently mutations in this region lead to accumulation of 

DMTl at the cell surface. 

The Fate of Internalized DMTl Molecules 

We next investigated whether, once intemalized, WT and variant DMTI-HA were 

targeted to the same endomembrane compartments. To test this, we incubated live LLC­

PKI cells with anti-HA Ab for 2 h at 37°C to label surface and recently intemalized 

DMTl-HA molecules. Following fixation and permeabiliztion, we labeled early 

endosomes with an antibody against the early endosome marker EEAI. WT DMTI-HA 

showed significant co-staining EEAI (Figure 7 A), consistent with previous studies with 

DMTl isoform II (-IRE, IB)51;155. Interestingly, all variants tested also displayed 

significant co-staining with EEAI after 2 h (Figure 7 A), with the exception of ~NT, 

which showed no co-staining with EEAI and little anti-HA antibody incorporation. To 

determine the fate ofintemalized WT and variant DMTI-HA molecules after a longer 

incubation period, live LLC-PKI cells were labeled with anti-HA Ab for 3 h at 37°C. The 

cells were then washed and chased for an additional90 min in culture media at 37°C. 

Lysosomes were labeled by transient transfection with GFP-Lampl 24 h prior to labeling. 
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WT DMTI-HA as well as variants ô.NPAY and ô.YSCF showed no significant co­

staining with GFP-Lampllysosomes and retained a similar juxtanuclear staining pattern 

(Figure 7B). These results suggest that WT, ô.NPAY and ô.YSCF proteins are stably 

recycling from the cell surface and are not targeted to the lysosomes within 90 min of 

internalization. As expected, ô.NT showed little uptake of anti-HA antibody and no co­

staining with GFP-Lampl (Figure 7B). Strikingly, however, the ô.YLLNT and ô.CT 

variants displayed significant co-staining with GFP-Lampllysosomes >90 min after 

internalization (Figure 7B). These results suggest that the YLLNT motif, and possibly 

other residues in the C-terminus ofDMTl isoform II, are critical for the recycling of the 

transporter to the cell surface. Furthermore, this study shows that critical mutations in the 

C-terminus ofDMTl isoform II result in a transporter that is: (a) internalized with slower 

kinetics from the cell surface, (b) not efficiently recycled back to the cell surface, and (c) 

eventually targeted to the lysosomal compartment. 
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Figure 7. Subcellular localization of internalized DMT1-HA molecules. (A) LLC-PK1 
transfectants expressing either WT or mutant DMT1-HAwere incubated with anti-HAAb 
for 2h to label ce" surface and recycling DMT1-HA molecules. CeUs were fixed, permea­
bilized and incubated with an antibody against the early endosomal marker EEA 1. (8) 
LLC-PK1 ce"s were transiently transfected with the Iysosomal marker GFP-Lamp1. 24 h 
later, surface and recycling DMT1-HA molecules were labeled with anti-HAAb for 3h, 
washed and chased by incubation in growth media for 90 min at 3rC. CeUs were fixed, 
permeabilized, and stained with an anti-mouse secondary Ab to visualize DMT1-HA 
molecules. Images were acquired by epifluorescence microscopy. Insets show magnifi­
cations of the area boxed in the figure. 



DISCUSSION 

In this study, we sought to identify specifie signales) in cytoplasmic domains of 

DMTl responsible for intemalization of the transporter from the plasma membrane into 

recyc1ing endosomes. Truncation ofthe amino terminal domain ofDMTl (~NT) had 

drastic effects on protein expression and targeting. ~NT was not properly glycosylated, 

was transport inactive, and was expressed neither at the plasma membrane, nor in 

syntaxin 13-positive recyc1ing endosomes or Lamp I-positive lysosomes. ~NT was found 

almost exclusively in a perinuc1ear compartment which was positive for the endoplasmic 

reticulum marker calnexin (data not shown). These results suggest that an intact amino 

terminus ofDMTl is essential for processing and stability of the protein. 

Deletion of the NP A y 28
-
31 motif in the amino terminus of the protein did not have 

a major effect on either protein function or subcellular targeting. The ~NP A Y variant was 

transport-competent (Figure 2B) and showed a sub-cellular distribution indistinguishable 

from that ofWT DMTl (Figure 3). On the other hand, the ~NP AY mutant showed 

increased surface expression (Figure 4) and an increased proportion ofthe recyc1ing pool 

was present at the cell surface (Figures 4, 5) compared to WT. ~NP A Y showed a 

somewhat slower rate of intemalization (Figure 6B). These results raise the possibility 

that the NPAY motifmay further contribute to intemalization ofDMTl in LLC-PK1 

cells. However, this motif appears to be of limited importance when compared to signaIs 

in the carboxyl terminus ofDMTI (see below). Finally, we cannot exc1ude the possibility 

that the NP A Y motif may play additional cell-specific roles in targeting and trafficking of 

DMTl, which may have gone undetected in LLC-PK1 kidney cells. 

Deletion ofthe other tyrosine-based motif, YSCF62
-
65

, did not have a major effect 

on the sub-cellular localization of the protein in LLC-PKI cells. Like WT DMTl, this 

mutant was limited to plasma membrane and recyc1ing endosomes (Figure 3). 

Distribution of the ~ YCSF mutant between the cell surface and endomembranes of the 

recyc1ing pool was also similar to WT protein. Thus, the YSCF motif appears to be 

neither critical for DMTl targeting nor recyc1ing in LLC-PKI cells. However, ~ YSCF 

was c1early transport incompetent (Figure 2B), suggesting that sorne or ail of the residues 

in YSCF62
-
65 are required for transport. This requirement may involve a direct role for 
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these residues in the transport process. However, the lower leve1 of expression ofthis 

mutant (Figure 2A) may also contribute to the mutant's inactivity. 

On the other hand, alterations in the predicted carboxyl terminal intracellular 

domain ofDMTI had the most dramatic effects on DMTI targeting and recyc1ing. 

Truncation ofthe entire carboxyl terminal domain (i\CT) or deletion ofthe YLLNT 

(i\ YLLNT) motif did not significantly affect either the level of protein expression in 

LLC-PK1 transfectants, or their transport properties (Figure 2), suggesting that these 

regions are not critical for activity or stability. A small fraction of i\CT and i\ YLLNT was 

detected in the syntaxin 13-positive recyc1ing endosomes (Figure 3A), suggesting that a 

part of these variants was properly targeted. However, the C-terminal domain variants 

showed robust co-Iocalization with Lampl-positive lysosomes, both at steady state 

(Figure 3B) and after a transient labeling ofintemalized DMTI-HA molecules, 90 min 

after endocytosis (Figure 7B). Interestingly, both i\CT and i\ YLLNT variants displayed 

an increased fraction of the "recyc1ing pool" expressed at the cell surface when compared 

to WT (Figure 5). This increased accumulation at the plasma membrane may be 

explained by a defect in intemalization of these variants that we measured by surface 

biotinylation (Figure 6). These results implicate the YLLNT sequence ofDMTl as a 

critical motif for intemalization from the plasma membrane. Other carboxyl terminal 

residues ofDMTl may additionally contribute to intemalization since truncation of the 

entire carboxyl terminus causes a more severe defect than that seen in the YLLNT 

mutant. 

Previous studies have shown that WT DMTl isoform II is rapidly intemalized via 

a c1athrin and dynamin dependent mechanism and is efficiently targeted back the cell 

surface by means of recyc1ing endosomes 51. The impaired intemalization and 

accumulation in the lysosomes of the C-terminal domain mutants suggests a model 

whereby, in the absence ofthe YLLNT motif, DMTl is subject to a default lysosomal 

targeting. In this model (Figure 8), DMTl recruits specifie adaptor proteins required for 

rapid c1athrin-mediated endoeytosis through binding to its YLLNT motif. DMTl is 

intemalized into early endosomes and the reeruited adaptor complexes are involved in 

signaling the reeycling of the transporters baek to the eell surface via recyc1ing 
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Figure 8. Schematic model for endocytosis of cell surface-expressed wr and C terminus mutant DMT1 
molecules. Clathrin molecules interact with cell surface DMT1 molecules via adaptins (Ap-1, Ap-2) that specifi­
cally recognize the tyrosine-based motif YLLNT. This causes formation of DMT1 enriched clathrin-coated pits on 
the cell surface, which are rapidly intemalized (step 1) bya dynamin-dependent process into clathrin-coated 
vesicles (CCV). DMT1-containing CCVs are then sorted to the early endosome compartment (EE, step 2) and 
eventually recycled back to the cell surface via sorting to the recycling endosome compartment (RE, steps 3 and 
4) along with the transferrin receptor. In contrast, DMT1 C-terminus mutants which lack the tyrosine-based sorting 
motif (Ll YLLNT, LlCT), are intemalized less rapidly by a clathrin-independent mechanism (such as bulk pinocytosis) 
into non-CCVs (step 5) and are sorted to EE (step 6). The mutant DMT1 proteins are recycled much less efficiently 
compared to WT and are eventually sorted to the Lamp1-positive late endosome and lysosome compartments 
(steps 7 and 8). 



endosomes (Figure 8). Indeed, proper interaction with clathrin has been previously shown 

to be critical for intemalization and trafficking of certain membrane proteins through 

recycling endosomes, most notably the transferrin receptor 336;337. The recruitment of 

adaptor complexes (Ap 1I1l1B) has been shown to be critical for efficient recyc1ing ofboth 

the transferrin and LDL-receptors to the basolateral membrane in epithelial cells 338. In 

contrast, the C-terminal domain mutants, which lack the YLLNT motif, are unable to 

recruit c1athrin/adaptor complexes and are intemalized into early endosomes by a 

kinetically slower mechanism such as bulk pinocytosis (Figure 8). However, the failure of 

the C-terminus mutants to recruit specifie adaptors disrupts their proper sorting to 

recyc1ing endosomes and leads to an accumulation in lysosomes. Ultimately, our data 

does not favour the existence of a true lysosomal targeting motif in DMTl isoform II, but 

rather that the lysosome may be the default pathway for the transporter. 

Recently, Tabuchi and colleagues observed that in transfected HEp-2larynx 

carcinoma cells, the DMTI isoform 1 is targeted to the late endosome/lysosome 

compartment, while isoform II is targeted to the early endosomes of these cells 155. They 

demonstrated that the 36 carboxy terminal residues ofDMTl isoform II are important for 

targeting to early endosomes and alterations in the YXLXX motif (YLLNT) in isoform II 

impair targeting to early endosomes and cause accumulation of the mutants in Lamp2-

positive late endosomes/lysosomes. The authors conc1uded that the targeting signal for 

early endosomes dominate over signaIs for late endosomes/lysosomes in DMTl isoform 

II. Our results agree that critical C-terminus mutations in DMTl isoform II (ô YLLNT, 

ôCT) cause significant colocalization of the transporter with Lamp ll2-positive 

lysosomes. However, our data suggests that the YLLNT motif is more critical for 

transporter recyc1ing since, upon intemalization of Ô YLLNT / ôCT from the PM, there 

was partial co-Iocalization with EEAI-positive early endosomes but not Syntaxin 13-

positive recyc1ing endosomes (Figure 7 A). Tabuchi and colleagues also showed that the 

C-terminus ofDMTl isoform II, when fused to a plasma membrane marker (TAC 

antigen), results in early/recyc1ing endosome targeting 155. This result is consistent our 

cell surface biotinylation data (Figure 6) that shows the YLLNT motif is also critical for 

endocytosis from the plasma membrane. 
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Cytoplasmic dileucine-based (LL) motifs of membrane proteins have been shown 

to act as signaIs Ieading to clathrin-mediated endocytosis in other transporters such as the 

glucose transporter GLUT 4 339 and the copper transporter Menkes (MNK) 340-342. In most 

proteins, residues preceding the LL signaIs appear to dictate the method of c1athrin 

recruitment. Dileucine-based signaIs usually fit the [DE]XXXL[LI] or DXXLL consensus 

motifs. [DE]XXXL[LI] signaIs are specifically recognized by AP complexes. ConverseIy, 

DXXLL signaIs are recognized by another family of adaptors known as GGAs, a recently 

described family of ARF-dependent c1athrin adaptors 183. The residues preceding the 

dileucine motif in DMTl isoform II (EL YLL553-557) do not correspond to the traditional 

[DE]XXXL[LI] motif but resemble the DXXLL consensus signature. It has been 

demonstrated that mutations at either the D or LL residues of the DXXLL cause retention 

of the mannose-6-phosphate receptor at the cell surface 343, a behavior resembling that of 

DMTl mutants ~CT and ~ YLLNT mutants studied here in LLC-PKI cells. This suggests 

that the ELYLL553-557 sequence ofDMTl may function as a DXXLL signal. Although 

the dileucine motif in DMTl resembles the DXXLL consensus with a glutamate (E) 

substituting for aspartate (D), it remains to be determined whether or not they act the 

same way and whether DMTl recruits GGAs via this motif. Indeed, previous studies of 

M6PR mutants have shown that the isoelectric substitution of aspartate in the DXXLL 

consensus sequence for glutamate is not weIl tolerated 344. Furthermore, the aspartate in 

classical DXXLL motifs is generally found in the context of a c1uster of acidic residues, 

which is not the case for the DMTl dileucine signal. Thus, the DMTl dileucine motif 

ELYLL553-557 may be a novel functional variant ofDXXLL, or may represent a novel 

signal for endocytosis of membrane proteins from the cell surface. 

Taken together, our results indicate that determinants of the carboxyl terminus 

cytoplasmic domain ofDMTl play a critical role in intemalization ofthe protein from the 

plasma membrane and for recirculation in recycling endosomes. Elimination ofthese 

signaIs impairs intemalization, and re-directs the intemalized DMTl proteins to the 

lysosomal compartment, which appears to act as a default pathway for such DMTl 

variants. 
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Preface to Chapter 6 

Alternate splicing of Nramp2 pre-mRNA at 3' exons generates two protein 

isoforms (1 and II) differing only in their carboxyl terminal segments 153. Although 

simultaneous expression ofboth isoforms of Nramp2 mRNA was detected in sorne 

tissues, isoform 1 is predominantly expressed in epithelial cells while isoform II is 

predominantly expressed in erythroid cells 40;155;160. The significance ofthis tissue­

specific expression pattern, inc1uding a possible physiological advantage, was unc1ear and 

needed to be investigated. 

At the subcellular level, it was known that both isoforms are expressed at the 

plasma membrane but exhibit different steady-state targeting. While isoform II is 

expressed in early and recyc1ing endosomes, other studies suggested that isoform 1 is 

present in late endosomes and lysosomes 42;51;155. Work by Tabuchi and colleagues 

showed that a YLLNT motif in the carboxyl terminus ofNramp2 isoform II is responsible 

for the early endosome targeting of the protein 155. The work described in the previous 

chapter showed that the Same YLLNT motif in isoform II is responsible for 

internalization ofNramp2 from the plasma membrane and recyc1ing ofthe transporter 

back to the cell surface 184. In contrast, much less was known about the subcellular 

distribution, targeting, and dynamic trafficking ofNramp2 isoform 1. Therefore, we 

decided to investigate possible trafficking differences between isoforms 1 and II by 

expressing and characterizing exofacially tagged Nramp2-HA proteins in an epithelial 

cellline. This work is described in the next chapter (Chapter 6). 
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Chapter 6: 

Distinct targeting and recycling properties of two 
isoforms of the iron transporter DMTl 

(NRAMP2, Slclla2) 
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ABSTRACT 

The metal transporter DMTl (S1clla2) plays a vital role in iron metabolism. 

Alternative splicing ofthe 3' exon generates two DMTl isoforms with different C­

terminal protein sequences, and 3' untranslated region harboring (isoform l, +IRE) or not 

(isoform II, -IRE) an iron responsive element. Isoform 1 is expressed at the plasma 

membrane of certain epithelial cens, inc1uding the duodenum brush border where it is 

essential for absorption of nutritional iron. Isoform II is expressed in many cens and is 

essential for acquisiton oftransferrin iron from acidified endosomes. The targeting and 

trafficking properties ofDMTl isoforms 1 and II were studied in transfected LLC-PKI 

kidney cens, with respect to isoform-specific differences in function, subcenular 

localization, endocytosis kinetics, and fate upon internalization. Isoform 1 showed higher 

surface expression and was internalized from the plasma membrane with slower kinetics 

than isoform II. As opposed to isoform II, which is efficiently sorted to recyc1ing 

endosomes upon internalization, isoform 1 was not efficiently recyc1ed and was targeted 

to lysosomes. Thus, alternative splicing of DMTl critically regulates the subcellular 

localization and site of Fe2
+ transport. 
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INTRODUCTION 

Our knowledge and understanding of iron metabolism has increased remarkably in 

recent years. Much of this knowledge stems from the discovery of proteins that play key 

roles in iron absorption and regulation, including the identification of membrane iron 

transporters 251. One such transporter, the divalent metal transporter 1 (DMT1, also called 

Nramp2 or Slc11a2), is essential for intestinal iron acquisition and for iron uptake by 

peripheral tissues. DMTl is an integral membrane phosphoglycoprotein consisting of 

twelve predicted trans-membrane segments (TM). DMTl is part of a large, highly 

conserved family of metal transporters and has been shown to transport a number of 

divalent metals (Fe2+, Mn2+, C02+, Cu2+, Cd2+, Ni2+, Pb2+, Zn2+) in a pH-dependent 

fashion by a proton co-transport mechanism 26;27;40. 

Genetic studies have shown that DMTl plays a key role in iron metabolism. A 

G 185R mutation in DMTl causes microcytic anemia and iron deficiency in the mk mouse 

and in the Belgrade rat, two rodent models ofiron deficiency 136-138;141;146;148. These 

animaIs show impaired iron uptake at the duodenal brush border, but are also defective in 

iron acquisition in peripheral tissues, including erythroid precursors 138;140;143;144. The 

G 185R mutation likely causes mis-folding of the protein, resulting in altered subcellular 

localization 147;148;169;172, improper maturation, increased rate of degradation148, and 

impairs transport activity. Recently, a human patient suffering from severe congenital 

hypochromic microcytic anemia and iron overload, was shown to be homozygote for a 

mutation in DMTl (DMTIG1285C) 4;259. The human mutation had two effects: it severely 

impaired proper splicing of DMTl mRNA and introduced an amino acid polymorphism 

(E399D) in the remaining properly spliced transcript found in the patient. The E399D 

mutation does not in itself affect expression, function, or targeting of the DMT1 protein 

262;345, and thus reduced DMTl function in this patient is caused by reduced levels of 

DMTl expression (improper splicing). 

Two major DMTl protein isoforms generated by alternative splicing at 3' exons 

have been identified 153. Isoform 1 (+IRE) has an iron responsive element (IRE) in the 3' 

untranslated region, whereas isoform il (-IRE) lacks the IRE. In addition, the C-terminal 

18 amino acids of isoform 1 are replaced by an alternate 25-amino acid segment in 
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isofonn II. DMT! isofonn 1 is predominantly expressed in epithelial cells while isoform 

II is predominantly expressed in erythroid cells. Indeed, isoform 1 protein is expressed in 

enterocytes at the duodenal brush border 161 and in epithelial cells lining the kidney 

proximal tubule 172, while isoform II is expressed abundantly in reticulocytes 169. 

However, preferential expression of each isofonn is not necessarily mutually exclusive: 

simultaneous expression ofboth DMTl isoforms 1 and II mRNAs level has been observed 

in several tissues including kidney, thymus, and liver 40;155;160. Recently, additional 

isoforms of DMTl mRNAs have been identified based on alternate promoter usage at 

DMTl ex on 1 (exon lA vs. lB) 154. This altemate promoter would produce a predicted 

DMTI protein with an additional29 amino acids (exon lA) upstream of the previously 

identified start codon ofDMTI isoforms 1 and II (exon lB). However, the role ofthese 

additional residues in the expression, function, and targeting ofDMTI has not yet been 

explored. 

Although both DMTI isoforms are expressed at the plasma membrane, isoforms 1 

and II appear to show different subcellular targeting at steady-state. While in transfected 

LLC-PKl, CHO and RA W cells, DMTI isoform II is expressed in early and recycling 

endosomes 42;51 studies in transfected HEp-2 cells indicate that isoform 1 is present in late 

endosomes and lysosomes 155. Recent studies using an exofacially-tagged DMTI 

molecule have furthered our understanding of isoform II trafficking: isoform II molecules 

present at the cell surface and in recycling endosomes are in dynamic equilibrium, with 

surface transporters being continuously intemalized via a clathrin and dynamin-dependent 

process 51. Tabuchi and colleagues have shown that a YXLXX555-559 motif in the C 

terminus ofDMTI isoform II is responsible for the early endosome targeting ofthe 

protein, with mutations in this motifresulting in lysosomallocalization 155. Recently, we 

have shown that critical residues in the C terminus ofDMTI isoform II, including the 

YXLXX555-559 signal, are required for the transporter's intemalization from the cell 

surface and its recycling back to the plasma membrane. 184 Removal of an intact 

YXLXX555-559 motif appears to cause lysosomal targeting by default. 

While DMTI isoform II trafficking has been well studied, much less is known 

about the subcellular distribution, targeting and dynamic trafficking ofthe DMTI 
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intestinal isoform 1. Whereas isoform 1 lacks the YXLXX signal present in isoform II, 

close examination of the C terminus ofisoform 1 reveals the presence ofa dileucine motif 

(LL550-551). Dileucine-based (LL) motifs present in a number ofmembrane proteins have 

been altemately shown to act as signaIs for clathrin-mediated endocytosis or targeting to 

various endosomes/lysosomes 183. In this study, we wanted to investigate possible 

trafficking differences between isoform 1 and II ofDMTl. We expressed exofacially 

tagged DMTI-HA proteins in a porcine kidney epithelial cellline and studied differences 

between expression, function, subcellular localization, intemalization kinetics, and fate 

upon intemalization ofDMTl isoforms 1 and II. We found that DMTl isoform 1 is 

intemalized with slower kinetics from the cell surface compared to isoform II. This 

results in an increased proportion of isoform 1 expressed at the plasma membrane, 

perhaps favoring iron transport at this site in epithelial cells. 
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MATERIALS AND METHODS 

Materials and plasmids 

AlI reagent-grade chemicals were purchased from Sigma Chemical (St. Louis, 

MO). Monoclonal mouse antibody (Ab) HA. 1 1 directed against the influenza 

hemagglutinin epitope (HA) was purchased from Covance (Princeton, NJ). Cy3-labeled 

anti-rabbit and anti-mouse Abs and HRP-coupled donkey anti-mouse Ab were purchased 

from Jackson ImmunoResearch Laboratories (West Grove, PA). Plasmids encoding GFP­

fusion proteins were kind gifts from Dr. D. Williams (Department ofBiochemistry, 

University of Toronto; GFP-syntaxin 13) and Dr. Patrice Boquet (Institut national de la 

santé et de la recherché médicale, France; GFP-Iampl). Full-iength murine DMTl 

isoform 1 (+IRE, isoform lA) and isoform II (-IRE, isoform lB) cDNAs were modified 

by the in-frame addition of an HA epitope in the fourth extracellular loop, as previously 

described 26. 

Cel! culture, transfection, and immunoblotting 

LLC-PK1 cells were cultured in a 37°C/5% CO2 incubator in Dulbecco's modified 

Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum (growth media). 

Cells were transfected with DMTl-HAlpCB6 vectors using Lipofectamine2000 

(Invitrogen) according to the manufacturer's instructions. Selection ofstably transfected 

clones was done using 1.4 mg/mL G4l8 (Invitrogen) for 14 days. Individual colonies 

were then isolated and expanded. Total celllysates were prepared and separated by SDS­

PAGE. Clones showing robust DMTl-HA expression were identified by immunoblotting 

with mouse anti-HA antibody, as previously described 28. 

Calcein divalent metal transport assay 

Calcein acetoxymethylester (ca1cein-AM, Molecular Probes) was prepared in 

dimethyl sulfoxide. Fe2
+ and C02

+ solutions were freshly prepared in deionized water as 2 

mM stock solutions of ferrous ammonium sulfate and cobalt chloride, respectively. 

Measurement ofmetal transport in DMTl-HA-transfected LLC-PKI cells was done using 
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a fluorescence quenching assay as we have previously described 262. Initial rates of metal 

transport (quench rates) were calculated from the fluorescence quenching curves. 

Immunostaining 

Cells were fixed with 4% paraformaldehydelPBS for 20 min and where indicated, 

were blocked and permeabilized with 0.2% saponin/5% non-fat milkIPBS for 30 min. For 

co-Iocalization with EEA1 (Fig. 5A), cells were blocked in 5% nonfat milk (30 min) and 

permeabilized with 0.1 % Triton X-1 OOIPBS (30 min) following fixation. AlI antibody 

incubations were performed for 1 h at room temperature and diluted in blocking solution 

unless otherwise indicated. Primary Abs were used at the following dilutions: rabbit anti­

DMT1, 1:200; mouse anti-HA 1:100; goat anti-EEA1, 1:200; while corresponding 

secondary Abs (goat anti-rabbit Cy3, goat anti-mouse Cy3, donkey anti-goat Alexa 488, 

respectively) were each used at 1: 1000. For co-Iocalization with GFP-fusion proteins 

(Fig. 2 and Fig. 5B), cells were transfected with GFP-syntaxin 13 or GFP-Iamp1 plasmids 

24 h prior to fixation using Lipofectamine2000. For labeling of cell surface DMT1-HA 

molecules (Fig. 3A), cells were fixed, blocked in 5% non-fat milk for 30 min, labeled 

with anti-HA primary Ab and the secondary Ab without permeabilizing the cells with 

detergent. For experiments with live cells (Fig. 5), anti-HA antibody was diluted (1 :200) 

in RPMI medium and (where indicated) cells were chased by washing twice and 

incubating the cells in growth media for 90 min at 37°C. Cells were visualized using an 

Axiovert 200M epi-fluorescence microscope with a 100x oil immersion objective. Digital 

images were acquired with a Zeiss AxioCam HRm camera operated with AxioVision 4.3. 

Images were cropped, assembled and labeled using Adobe Photoshop and Illustrator 

softwares. 

Measurement of surface DMT1-HA at steady-state 

Quantification of the proportion ofDMT1-HA molecules expressed at the cell 

surface has been previously described 262. Briefly, LLC-PKI cells were grown to 

confluency in 48-well culture plates and fixed with 4% paraformaldehyde for 30 min. 

Cells were blocked in 5% non-fat milk in PBS for 30 min, incubated with anti-HA Ab 
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(1:500) for 90 min, washed and incubated with secondary Ab (donkeyanti-mouse-HRP 

Ab, 1:4000) for 1 h. For quantification of total DMT1-HA expression, cells were 

permeabilized by incubation with 0.1 % Triton X -1 OOIPBS for 30 min prior to incubation 

with anti-HA Ab. Peroxidase activity was detected by incubating cells with HRP 

substrate (004 mg/mL o-phenylenediamine dihydrochloride, Sigma FAST OPD) 

according ta manufacturer instructions. Reactions were stopped after 30 min with 3M 

HCI and absorbance readings (492 nm) were taken with a spectrometer. For aIl assays, 

background absorbance readings from (a) non-specific binding ofsecondary Ab, and (b) 

non-specifie binding ofprimary Ab to vector-transfected cells, were subtracted for each 

sample. Cell surface readings were normalized ta total DMT1-HA values for each cell 

clone and were expressed as a percentage. 

Cel! surface biotinylation 

Measurement ofDMT1 intemalization by cell surface biotinylation has been 

previously described 184. Briefly, confluent LLC-PK1 monolayers were biotinylated at 

4°C in borate buffer pH 9.0 containing 1 mg/mL sulfo-NHS-SS-biotin (Pierce). Cells 

were washed and incubated in pre-warmed RPMI for 0, 30, 60, or 90 min at 37°C at 

which point endocytosis was halted by washes with co Id PBS. Cell surface associated 

biotin molecules were removed by 3 co Id washes with the membrane impermeable 

reducing agent 2-mercaptoethanesulfonic acid (MESNA, 100 mM solution). For 

quantification oftotal surface labeling, cells were similarly treated but with final washes 

in buffer lacking MESNA. Biotinylated cells were collected and solubilized in lysis 

buffer with protease inhibitors. Lysates were pre-c1eared by centrifugation and protein 

yield was quantified. Biotinylated proteins (200 ~g total protein lysate) were isolated by 

ovemight incubation at 4°C with 100 ~L of ImmunoPure immobilized strepavidin slurry 

(Pierce) in a final volume of 1 mL in lysis buffer. Strepavidin beads were washed 4 times 

with co Id lysis buffer and bound proteins were eluted with 2x Laemmli buffer at room 

temperature for 30 min. Proteins were separated by SDS-PAGE followed by 

immunoblotting with anti-HA Ab. Intensity ofimmunoreactive bands were quantified by 

densitometry analysis of exposed films using a Fuji LAS-1000. Background intensity 
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readings (after 0 min endocytosis) were subtracted from aIl readings and results were 

expressed as a percentage of total surface labeling for each clone. 
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RESULTS 

Expression and function of DMTl isoforms 1 and II 

To investigate the subcellular localization and trafficking properties of the two 

DMTI protein isoforms, we modified mouse DMTl isoforms 1 and II cDNAs by insertion 

of an exofacial hemagglutinin (HA) tag into the extracellular loop ofthe protein defined 

by predicted TM7 and 8 (Figure lA). This exofacial tag enabled us to label and track cell 

surface expressed DMTI-HA molecules in intact cells. We have previously shown that 

insertion of an HA tag at this position does not affect expression, transport activityor 

subcellular localization ofDMTI 51. We generated stably transfected cells expressing 

DMTI isoforms 1 and II in the porcine kidney cellline LLC-PKI. LLC-PKI cells were 

chosen since they are derived from the kidney proximal tubule, an abundant site ofDMTl 

protein expression in normal tissues 172. Therefore, these cells are likely to express the 

necessary cellular machinery for proper DMTI trafficking, including the recognition of 

sorting and targeting signaIs. Figure l C illustrates a representative immunoblot of cell 

extracts prepared from two independent LLC-PKI cell clones expressing different levels 

ofDMTI isoforms 1 or II. In each case, a minor species at ~60 kDa and a major species at 

~90 kDa were observed. Previous studies from our group have shown that these two 

populations correspond to core and complex glycosylated species ofDMTl, 

respectively.51 These observations show that both isoforms ofDMTl are stably expressed 

and glycosylated to a similar extent in LLC-PKI cells. Experiments with the protein 

translation inhibitor cycloheximide revealed that DMTI isoforms 1 and II show similar 

stability in LLC-PKI cells (supplementary data). Finally, we tested the ability ofDMTl 

isoforms 1 and II to transport divalent metals (Fe2+ and C02+) at acidic pH by calcein 

fluorescence quenching. Independent clones from both DMTI isoforms 1 and II showed 

robust transport activity compared to vector-transfected cells (pCB6). No difference in 

transport rates or ion selectivity between the two isoforms was detected, indicating that 

both isoforms are expressed at the cell surface and properly folded in a transport­

competent manner (Figure ID). 

135 



B Isoform Il (-IRE) 544-568 
l TGTlTTT,i\Icf[p-XET(YyTlTCTiiflfIvItiIA 

***** 533-543 
tTSTFTlTtiTtTGTFîIs 

Isoform 1 (+IRE) 544-561 
\lTsTITsTKYVTlT['J:S'I'EToYtTsTGT<iTNTi-Yi( 

** 

c 

53. 

<0 
III 
() 
Q. 

Isoform Il 
(-IRE) 

11 2 1 

Isoform 1 
(+IRE) 

11 2 1 

D 0.0125]. Cobalt 

"* 0.0100 0 Iron 
0:: 

g 0.0075 
(J) 

à 0.0050 

0.0025 

01 -
1 1 2 1 1 1 2 1 
Isoform Il (-IRE) Isoform 1 (+IRE) 

Figure 1. Expression and functional activity of DMT1 isoforms 1 and Il in LLC-PK1 cells. (A) Shows a schematic representation 
of the DMT1-HA pretein, highlighting the positions of the inserted exofacial hemagglutinin (HA) epitope, predicted asparagine-linked 
glycosylation sites (hexagons), and the carboxyl terminus (boxed). A comparison of the C-terminal sequences of DMT1 isoforms 1 
and Il is shown in (B). Asterixes highlight predicted sorting/trafficking signal sequences. We prepared extracts from LLC-PK1 cells 
transfected with the vector (pCB6) or independent clones (1 and 2) stably-expressing DMT1 isoforms 1 and II. Equal amounts of each 
extract was resolved by SDS-PAGE and (C) shows a representative immunoblot performed with an anti-HA Ab. The sizes of molecu­
lar weight standards (in kilodaltons) are indicated. (D) Shows the metal transport activity of cells stably transfected with vector only 
(pCB6) or DMT1 isoforms 1 and II. Cells loaded with a metal-sensitive fluorescent dye were incubated with Fe2+ or C02+ in acidic 
buffer. The results are shown as the initial rates of fluorescence quenching. Error bars represent standard errer of the means of three 
or more independent determinations. 



Subcel/u/ar /ocalization of DMTl isoforms 1 and II 

The subcellular localization ofDMTl isoforms 1 and II was determined by double 

immunofluorescence with an anti-DMTl antibody, using fixed and permeabilized cells. 

As reported earlier, DMTl isoform II was detected in an endomembrane compartment 

where it displayed strong co-Iocalization with the recycling endosome marker, GFP­

syntaxin 13 (Figure 2A), but showed little overlap with the late endosome and lysosomal 

marker, GFP-Lampl (Figure 2B) 51;184. Conversely, DMTl isoform 1 was detected in 

endomembrane vesicles of larger size than those positive for isoform II, that showed little 

co-Iocalization with GFP-syntaxin 13 (Figure 2A) but strong co-Iocalization with GFP­

Lampl (Figure 2B). These results indicate that the two DMTl isoforms are differentially 

targeted at steady-state in LLC-PK1 cells: isoform II to recycling endosomes and isoform 

1 to late endosomes and lysosomes. 

Our transport data in intact cells (Figure ID) also suggested that both isoforms 

were present in a functional state at the cell surface. Therefore, we used 

immunofluorescence microscopy to investigate the cell surface expression of each 

isoform. Surface-expressed DMTI-HA molecules were visualized by incubating fixed but 

unpermeabilized LLC-PKI transfected cells with anti-HA antibody followed by labe1ing 

with a conjugated fluorescent secondary antibody. Interestingly, isoform 1 displayed much 

stronger surface expression compared to isoform II (Figure 3A). We quantified this 

difference in surface expression using a horseradish peroxidase-conjugated secondary 

antibodyand found that a significantly higher proportion oftotal DMTl isoform 1 (clone 

1,44.5 ± 2.8%; clone 2, 45.6 ± 1.5%; mean ± S.E.) was expressed at the plasma 

membrane compared to isoform II (clone 1,24.8 ± 2.0%; clone 2, 24.4 ± 1.6%) (Figure 

3B). Thus despite similar levels oftotal DMTI protein expression in the pair ofLLC-PK1 

clones tested, isoform 1 shows higher cell surface expression than isoform II. 

Endocytosis 

The different levels of cell surface expression and apparent variations in 

intracellular localization of isoforms 1 and II suggested different trafficking properties of 
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Figure 2. Subcellular localization of DMT1 isoforms 1 and Il in LLC-PK1 cells. 
LLC-PK1 cells stably expressing DMT1 isoforms 1 and" were transiently transfected 
with either GFP-syntaxin 13 (A) to label recycling endosomes or GFP-lamp1 (8) to label 
late endosomes and lysosomes. 24-hours later, cells were fixed, permeabilized and 
stained with an anti-DMT1 antibody. DMT1 molecules were visualized using a secondary 
antibody cou pied to fluorescent Cy3. Images were acquired by epifluorescence micros­
copy. Insets show magnifications of the area boxed in the figure. 
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Figure 3. Quantification of cell 
surface expression of DMT1 
isoforms 1 and Il in LLC-PK1 
cells. LLC-PK1 cells stably 
expressing DMT1 isoforms 1 and Il 
were fixed and surface DMT1 
molecules were labeled by incu­
bating the cells with a primary 
anti-HA antibody without permeabi­
lization, followed bya secondary 
antibody cou pied to Cy3 (A). 
Images were acquired by epifluo­
rescence microscopy. (8) Shows a 
quantification of the fraction of 
DMT1-HA molecules expressed at 
the cell surface. Cells were fixed 
and incubated with primary anti-HA 
antibody with or without prior 
detergent permeabilization (see 
Materials and Methods). Cells 
were then incubated with an HRP­
coupled secondary antibody, and 
the amount of bound primary 
antibody present was determined 
for both conditions by a colorimet­
rie reaction using 0-

phenylenediamine dihydrochloride 
(OPD) followed by spectrometry. 
The amount of DMT1-HA 
expressed atthe cell surface (in 
non-permeabilized cells) is shown 
as a fraction (%) of total protein 
expression (in permeabilized 
cells). 



the 2 proteins. Therefore, we measured the rates of endocytosis from the plasma 

membrane ofisoforms 1 and II using a cell surface biotinylation technique 184. We used a 

membrane impermeable, cleavable biotin compound to covalently label all surface­

exposed plasma membrane proteins in LLC-PK1 cells cooled to 4°C to haIt endocytosis. 

Following biotinylation, cells were warmed to 37°C for 0 to 90 min to allow 

intemalization of labeled plasma membrane proteins. Biotin molecules remaining at the 

cell surface were removed by washing the cells with a membrane-impermeant reducing 

agent. Cells were solubilized and biotinylated DMTI-HA molecules were isolated using 

immobilized streptavidin, followed by SDS-P AGE and immunoblotting with anti-HA 

antibody. Figure 4A illustrates a typical immunoblot, while quantification of 3 different 

immunoblots by densitometric scanning is shown in Figure 4B. Intracellular 

accumulation ofsurface-Iabeled DMTI-HA molecules after 0 to 90 min was expressed as 

a percentage of the maximal surface DMTI-HA (without washing with reducing agent) 

after 0 min (Figure 4B). Strikingly, independent clones ofDMTl isoform II displayed 

significantly higher intemalization at each time point compared to independent clones of 

DMTl isoform 1. The greatest difference occurred after 60 min with isoform II clones 

showing 33.6 ± 5.4% and 43.2 ± II.2% of cell surface DMTI-HA internalized compared 

to 11.8 ± 2.4% and 13.8 ± 3.9% for isoform 1 clones. These results demonstrate that the 

higher plasma membrane expression of isoform 1 is correlated with a reduced rate of 

internalization from the cell surface compared to isoform II. Indirectly, these results 

suggest that the carboxyl terminal cytoplasmic tail of isoform 1 lacks an endocytosis 

signal present in the carboxyl tail of isoform II. 

Fate ofinternalized DMTl mo/ecu/es 

Having shown that DMTI isoform 1 is internalized with slower kinetics from the 

cell surface, we next investigated the fate of internalized isoform 1 molecules. We labeled 

surface/internalized DMTI-HA molecules in live LLC-PK1 cells by incubating the cells 

with anti-HA antibody at 37°C in culture medium for 2 hours. Cells were fixed, 

permeabilized, and labeled with an antibody against EEAl, a marker of early endosomes. 

Both isoforms ofDMTl showed significant co-Iocalization with EEAI (blue arrowheads 
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Figure 4. Quantification of the rate of endocytosis of DMT1 isoforms 1 and Il in 
LLC-PK1 cells. A cell surface biotinylation assay was used to compare internalization 
rates of OMT1 isoforms 1 and Il from the plasma membrane. We used a membrane 
impermeable cleavable biotin reagent to label surface proteins, which was performed at 
4 oC to hait endocytosis. Internalization of surface proteins was allowed to occur at 3rC 
for 0 to 90 min. After that time, biotin molecules remaining at the surface were removed 
and biotinylated proteins were isolated fram cell Iysates with immobilized strepavidin. 
Proteins were resolved by SOS-PAGE and OMT1 molecules were detected by immunob-
10Uing with anti-HA antibody. Typical immunoblots from individual experiments done on 
independent clones (1 and 2) are shown in (A). Immunoblots were scanned by densi­
tometry, and the amount of OMT1 internalized over time is expressed as a fraction (%) of 
the total cell surface expression (Max) in (8). Lysate = 20 ~g of unbiotinylated crude cell 
Iysate for each mutant. Max = total surface OMT1-HA expression for each clone 
(biotinylated OMT1-HA molecules isolated without prior stripping). Errar bars correspond 
to standard errars of the means fram three or more independent experiments. 



in Figure 5A). To detennine the fate of intemalized DMTl molecules after a longer 

incubation period, the cells were labeled for 3 h, washed and chased in culture media for 

an additional90 min. Lysosomes were labeled by transient transfection with GFP-Lampl 

24 h prior to labeling. As expected, isofonn II did not show significant co-Iocalization 

with Lampl (Figure 5B), indicating that the protein was efficiently recycled back to the 

cell surface. Strikingly, in cells labeled for 3 hours, isofonn 1 showed strong co­

localization with the lysosomal marker (Figure 5B). These results show that DMTl 

isofonn l, upon intemalization and passage through early endosomes, fails to recycle back 

to plasma membrane and is targeted to late endosomes and lysosomes. These results 

suggest that the carboxyl tenninus of isofonn 1 not only lacks an endocytosis signal but 

also a recycling signal present in the carboxyl tenninus of isofonn II. Slower endocytosis 

of isofonn 1 from the plasma membrane results in elevated cell surface expression at 

steady-state (Figure 3). 
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Figure 5. The fate of internalized DMT isoform 1 and Il molecules. In (A), 
LLC-PK1 cells expressing either DMT1 isoforms 1 or Il were incubated with 
anti-HA antibody for 2 h to label cell surface and recycling DMT1-HA molecules. 
To investigate co-Iocalization of internalized DMT1-HA mole cules with early 
endosomes, cells were fixed, permeabilized and incubated with an antibody 
against the. early endosomal marker EEA 1. DMT1 molecules were visualized 
using a fluorescent secondary antibody. Areas showing overlapping staining are 
highlighted (blue arrow heads). To investigate co-Iocalization of DMT1 isoforms 
with lysosomes, cells were transiently transfected with the Iysosomal marker 
GFP-lamp1 in (B). 24 hours later, surface and recycling DMT1-HA mole cules 
were labeled with anti-HA Ab for 3h, washed and chased by incubation in growth 
media for 90 min. Cells were fixed, permeabilized, and stained with an anti­
mouse fluorescent secondary Ab to visualize DMT1-HA molecules. Insets show 
magnifications of the area boxed in the figure. Images were acquired by epifluo­
rescence microscopy. 



DISCUSSION 

DMTl isoform II is expressed in many cell types but is particularly abundant in 

erythroid precursors 169. Studies in transfected cells in vitro have shown that isoform II is 

rapidly intemalized along with the transferrin receptor from the plasma membrane by a 

clathrin and dynamin dependent process 51. Endosomal acidification facilitates release of 

iron from transferrin and provides the proton gradient for DMTl-mediated iron transport 

across the endosomal membrane. Iron is then stored bound to ferritin or transported into 

mitochondria for heme synthesis. DMTl isoform II and transferrin receptor are 

subsequently recycled back to the cell surface. The critical role ofDMTl in this iron 

acquisition process is highlighted by the recent report that a patient with a mutation in 

DMTl suffers from erythroid hyperplasia with defective hemoglobinization 4. In 

circulation, the majority of iron is bound to transferrin and very little iron exists in its free 

cationic form. This correlates well our data as well as earlier reports that less than 35% of 

total DMTl isoform II is expressed at the cell surface, with the majority ofisoform II 

residing in transferrin receptor-positive recycling endosomes. 

Directional or trans-cellular transport is essential in epithelial cells located at sites 

of absorption or re-absorption ofkey elements such as iron. Dietary non-heme iron is 

mainly absorbed at the duodenal brush border. DMTl, expressed at the apical pole of 

enterocytes lining the intestinal lumen, transports iron across the apical membrane while 

ferroportin, expressed at the basal pole, transports iron across the basolateral membrane. 

It is predominantly the isoform 1 variant ofDMTl that is expressed at the apical 

membrane of enterocytes 161. Our finding that cell surface expression ofisoform 1 in 

LLC-PK1 cells is higher than isoform II is in agreement with the noted preferential 

expression ofisoform 1 at the cell surface of different cell types in vivo (compared to 

isoform II), namely the brush border of epithelial cells ofthe duodenum and ofthe kidney 

proximal tubule. We also found that isoform 1 is not efficiently recycled upon 

intemalization and is ultimately targeted to lysosomes. These findings indicate that iron 

transported by isoform 1 (at the duodenal brush border) involves direct transfer of Fe2
+ 

from the intestinal lumen into the cytoplasm of enterocytes, in the absence of an active 

Tf-TfR cycle at the apical pole of these cells. On the other hand, TfR is expressed at the 
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basolateral membrane and in basal recycling endosomes of intestinal epithelial cells 346;347 

and it is possible that DMTI isoform II may play an additional role in iron acquisition at 

that site as we1l 155. In addition, mutagenesis studies suggested that N-linked glyosylation 

ofDMTI controls apical vs. basolateral targeting in polarized cells 155. Thus, it is possible 

that trafficking differences between DMTl isoforms 1 and II in epithelial cells may not 

only involve differential targeting to the plasma membrane but may also be influenced by 

different rates of intemalization of the transporters from the cell surface, as demonstrated 

here in transfected LLC-PK1 cells. In addition, recent work by Johnson and colleagues in 

Caco-2 cells suggests that isoform 1 trafficking may be regulated by cellular iron levels. 

This result emphasizes the importance of isoform-specific trafficking in overall DMTl 

function, including coupling to the Tf-TiR cycle 160. 

While targeting and dynamic sortinglrecycling ofDMTl isoform II has been 

thoroughly studied by us and others, much less is known about isoform 1. The protein 

sequences ofisoforms 1 and II differ only in their C-terminal segments (Figure lB). In 

isoform II, Tabuchi and colleagues have shown that a YLLNT555-559 signal in the C 

terminus ofthe protein is required for its early endosome targeting in HEp-2 larynx 

carcinoma cells 155. We have previously shown that the C terminus ofisoform II, along 

with the YLLNT signal, is vital for the protein's intemalization from the cell surface and 

recycling back to the plasma membrane in LLC-PK1 epithelial cells 184. Critical mutations 

or deletions at YLLNT result in severe1y impaired intemalization, accumulation ofthe 

transporter at the cell surface, and failure of the protein to recycle properly resulting in 

lysosomal targeting. DMTl isoform 1 lacks an endogenous YLLNT motif in its carboxyl 

terminus. Interestingly, the trafficking properties of the isoform II YLLNT mutants 

(including aC-terminal truncation) virtually mirror the trafficking properties ofDMTl 

isoform 1 reported here 184. These findings together with the results of the present study 

together demonstrate the critical role of the YLLNT sequence motif as a recycling motif 

in DMTl. Furthermore, these results argue against the presence of a functional targeting 

motif in the C-terminal region ofDMTl isoform 1. 

Examination of the C-terminal sequence of isoform 1 reveals the presence ofa 

putative dileucine motif (LL550-551, Figure ·lB). Indeed, cytoplasmic dileucine-based (LL) 
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motifs of membrane proteins often act as signaIs leading to c1athrin-mediated endocytosis 

or targeting to endosomaI-Iysosomai compartments 339-342. Residues neighboring the LL 

signaIs appear to dictate whether clathrin recruitment occurs via AP complexes or via 

ARF-dependent clathrin adaptors 183. Dileucine-based signaIs usually fit either the 

[DE]XXXL[LI] or DXXLL consensus motifs. [DE]XXXL[LI] signaIs are specifically 

recognized by AP complexes while DXXLL signaIs are recognized by GGAs, a recently 

described family of ARF-dependent c1athrin adaptors. However, the amino acids 

preceding the dileucine motif in DMTl isoform 1 (SISKV545-549) do not fit either ofthese 

consensus motifs. Therefore, the relevance ofthis leucine pair (LL550, 551) in the targeting 

and sorting of isoform II remains unc1ear, and awaits further characterization. 

Based on previous work and data reported here, we propose a model for the 

subcellular trafficking ofthe two isoforms ofDMTl. In this model, DMTl proteins 

would be synthesized in the endoplasmic reticulum, post-translationally modified in the 

Golgi apparatus, and targeted to the plasma membrane. Isoform II molecules are then 

rapidly intemalized from the cell surface by recruiting specific adaptor proteins required 

for clathrin-mediated endocytosis 51, which we propose interact with the YLLNT motif 

and possibly other determinants in the C-terminal region ofthe transporter. Isoform II is 

intemalized into early endosomes and the recruited adaptor complexes are involved in 

recycling the transporter back to the cell surface via targeting to recycling endosomes 

(Figure 6). This pathway ensures that the isoform II molecules expressed in erythroid 

cells can work in conjunction with transferrin receptor in the uptake oftransferrin-iron. 

DMTl isoform 1 molecules lack the YLLNT motifwould be unable to recruit 

clathrinladaptor complexes at the plasma membrane. Consequently, isoform 1 transporters 

are intemalized into early endosomes by a kinetically slower mechanism such as bulk 

pinocytosis (Figure 6). The slower rate of endocytosis of isoform 1 results in a greater 

fraction ofthe DMTl variant expressed at the cell surface at steady-state. However, 

failure of isoform 1 molecules to recruit specific recyc1ing adaptor complexes prohibits 

their sorting to recycling endosomes and Ieads to an accumulation in the late endosomes 

and lysosomes. This trafficking pathway ensures a high level ofDMTl isoform 1 
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expression at the plasma membrane of epithelial cells, favoring the absorptionlre­

absorption of iran. 

Overall, our findings highlight the critical raIe of altemate splicing at the 3' end of 

the DMT1 gene for the generation of protein isoforms that transport iron at different 

subcellular sites in a transferrin-dependent (isoform II), and transferrin-independent 

(isoform 1) manner. 
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Figure 6. A schematic model for distinct trafficking of DMT1 isoforms 1 and Il. 
DMT1 molecules are synthesized in the endoplasmic reticulum, post-translationally 
modified in the Golgi apparatus, and targeted to the plasma membrane by default. 
Clathrin molecules interact with surface DMT1 isoform Il (-IRE) molecules via adaptins 
that specifically recognize the tyrosine-based motif YLLNT and possibly other residues 
present in the C terminus of the variant. Isoform Il molecules are rapidly internalized 
(step 1) bya dynamin-dependent process into clathrin-coated vesicles (CCV). DMT1-
containing CCVs are sorted first to early endosomes (EE, step 2) followed by recycling 
endosomes (RE, step 3). The acidic environ ment of RE favor the release of iron from 
transferrin and create the proton gradient required for iron transport by DMT1 isoform 
II. In contrast, surface DMT1 isoform 1 molecules, which lack the C-terminal tyrosine­
based sorting motif, are internalized less rapidly by a clathrin-independent mechanism 
into non-CCVs (step 5). Isoform 1 molecules are sorted to EE (step 6) but are not 
efficiently recycled back the cell surface and are eventually targeted to lamp1-positive 
late endosomes and lysosomes (steps 7 and 8). 
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Supplementary figure. The stability of DMT1 isoforms 1 and Il proteins. Independent 
clones (1 and 2) of LLC-PK1 cells stably expressing OMT1 isoforms 1 and Il were treated 
with the translation inhibitor cycloheximide (20 J..lg/mL) for 0, 1, 3, 5, or 7 hours. Following 
treatment, cell extracts were prepared and equal amounts of total protein were resolved 
by SOS-PAGE followed by immunoblotting with an anti-HA antibody. 



Preface to Chapter 7 

The work described in the previous two Chapters of this thesis focused on the 

subcellular distribution ofNramp2. In these studies, we adapted or developed a number of 

tools and techniques to study protein stability, steady-state targeting, cell surface 

expression, endocytosis kinetics, and fate upon intemalization ofNramp2. In the next 

Chapter, we decided to use sorne ofthese techniques to characterize the subcellular 

targeting properties ofNrampl. It was known for sorne time that Nrampl is expressed in 

the lysosomes of phagocytic cells and more recent data support a model whereby Nramp 1 

restricts the replication of intracellular pathogens by removing divalent metals (Mn2
+, 

Fe2+) from the phagolysosome. However, targeting motifs responsible for the lysosomal 

localization ofNrampl were not yet known and needed to be studied. In Chapter 7, the 

subcellular trafficking properties ofNrampl, inc1uding cytoplasmic sequences 

responsible for targeting to lysosomes, were investigated using Nrampl/Nramp2 chimeric 

proteins. 
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Chapter 7: 

Identification of a tyrosine-based motif (YGSI) in 
the amino terminus of Nrampl (Slellal) 

responsible for lysosomal targeting 
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ABSTRACT 

In macrophages, Nrampl (SIc1lal) is expressed in lysosomes and restricts 

replication of intracellular pathogens by removing divalent metals (Mn2+, Fe2+) from the 

phagolysosome. Nramp2 (DMTl, Slcll a2) is expressed both at the duodenal brush 

border where it mediates uptake of dietary iron, and ubiquitously at the plasma 

membrane/recyc1ing endosomes of many cell types, where it transports transferrin­

associated iron across theendosomal membrane. In Nramp2, aC-terminal cytoplasmic 

motif (YLLNT555-559) is critical for intemalization and recyc1ing of the transporter from 

the plasma membrane. In this report, we have studied the subcellular trafficking 

properties of Nramp 1 and have investigated the cis-acting sequences responsible for 

targeting to lysosomes. For this, we have constructed and studied Nrampl/Nramp2 

chimeric proteins where homologous domains of each protein were exchanged. Chimeras 

exchanging the amino (upstream TMl) and carboxyl terminal (downstream TMl2) 

cytoplasmic segments of both transporters were stably expressed in porcine LLC-PK1 

kidney cells, and were studied with respect to expression, maturation, stability, cell 

surface targeting, transport activity, and subcellular localization. An Nramp2 isoform II 

chimera bearing the N terminus of Nramp 1 was not expressed at the cell surface but was 

targeted to lysosomes. This lysosomal targeting was abolished by single alanine 

substitutions at y15 and 118 of a YGS115-18 motif present in the N terminus of Nrampl. 

These results identify YGSI as a tyrosine-based sorting signal responsible for lysosomal 

targeting of Nramp 1. 
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INTRODUCTION 

Nramp defines a large, highly conserved family of integral membrane proteins 

that transport divalent metals in a pH-dependent fashion 41. The first member of this 

family, Nrampl (Slellal), was identified by positional cloning of a locus (Bcg/lty/Lsh) 

that regulates susceptibility of mice to infection with a number of umelated intracellular 

pathogens 7. Naturally occurring (NramplG169D) or experimentally induced (Nrampr/-) 

loss-of-function mutations at Nrampl cause susceptibility to infection with several 

species of Myeobaeteria, Salmonella, and Leishmania 348;349. Polymorphie variations at 

human NRAMP 1 have also been linked to increased susceptibility to tuberculosis and 

leprosy in are as where those diseases are the most prevalent 112;117;350. Hydropathy 

profiling and topological studies suggest that Nrampl is composed of 12 putative 

transmembrane domains and is expressed primarily in lysosomes of mononuclear 

phagocytes and in tertiary granules of polymorphonuclear leukocytes 41. Upon 

phagocytosis of inert particles or of live pathogens, Nramp 1 is rapidly recruited to the 

membrane of maturing phagosomes 35;37-39. Recent work has shown that Nrampl 

functions as a phagosomal metal efflux pump that transports divalent cations such as 

Mn2+, Fe2+ in a pH-dependent manner down a proton gradient created by the vacuolar H+­

ATPase 27;52;94. Nramp I-mediated exclusion of essential metals may impair microbial 

metabolic activity including expression of intracellular survival mechanisms, or may 

directly enhance the efficacy ofbactericidal effector mechanisms, or both. 

Nramp2 (also known as DMTl, Slella2) is a close homolog of Nrampl 40;131, 

with 66% amino acid sequence identity and 77% similarity between the 2 proteins 1. 

Nramp2 is expressed abundantly and in an iron-regulated fashion at the brush border of 

the duodenum 161, where it imports dietary iron across the absorptive epithelium. Nramp2 

is also expressed in many cell types and is abundant in erythroid precursors 169, where it is 

required for recruitment of transferrin-associated iron from recycling endosomes into the 

cytosol 251. Expression ofNramp2 has also been detected at the brush border of epithelial 

cells lining the proximal tubules of the kidney, where it may function as a re-uptake 

system for divalent metals 172. Two major Nramp2 protein isoforms generated by 

alternative splicing at 3' exons have been identified. Isoform 1 (+IRE) has an iron 
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responsive element (IRE) in the 3' untranslated region, whereas isoform II (-IRE) lacks 

the IRE. In addition, the C-terminal 18 amino acids of isoform 1 are rep1aced by an 

altemate 25-amino acid segment in isoform II. Nramp2 isoform 1 is predominantly 

expressed in epithelial cens while isoform II is predominantly expressed in erythroid 

cens. Much of our knowledge of the function of Nramp2 in vivo cornes from studies of 

rodent models of microcytic anemia and iron deficiency inc1uding the mk mouse and the 

Belgrade rat, that are both caused by the same mis-sense mutation in predicted TM4 of 

Nramp2 (G 185R) 136;141. This phenotype is recapitulated in a mouse mutant with targeted 

inactivation of Nramp2 (Nramp2-1
-) 258. Recently, two human patients with severe 

hypochromic microcytic anemia and hepatic iron overload were shown to harbor 

mutations in NRAMP2 4;263. In both patients, a quantitative reduction in the expression of 

functional Nramp2 has been identified as the cause of disease 260-262. 

Although Nrampl and Nramp2 code for functionally undistinguishable pH­

dependent divalent metal transporters with similar substrate specificities 27, they differ 

sharply in their subcellular localizations. Nramp 1 is found strictly at the lysosomal 

compartment of cens with no expression at the cell surface 35;39. In contrast, Nramp2 is 

ubiquitously expressed at the plasma membrane as well as in recycling endosomes 

(isoform II) at steady-state 42;161. Sequence motifs found in the cytoplasmic terminal 

regions of membrane proteins often control their subcellular targeting and trafficking 

155;184. The most common motifs are either tyrosine-based signaIs of the forms NPXY or 

YXX<l> (where X = any residue, and <l> = large hydrophobic residues) and dileucine-based 

motifs (LL) 183. The subcellular trafficking ofNrampl is not weIl understood and specifie 

cytoplasmic motifs involved in its lysosomal targeting have not yet been identified. 

However, we have previously shown that insertion of a hemagglutinin epitope (HA) tag 

in the fourth extra-cytoplasmic loop ofNrampl causes the transporter to be mistargeted to 

the plasma membrane where it displays metal uptake activity 27. On the other hand, 

trafficking signaIs in the amino and carboxyl cytoplasmic regions of Nramp2 have been 

identified and characterized. We and others have shown that a YLLNT555-559 motif in the 

C terminus of Nramp2 isoform II controls targeting to transferrin-positive recyc1ing 

endosomes 155;184. Deletion of this motif or truncation of the entire C terminal 
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cytoplasmic segment of Nramp2 isoform II results in a mutant protein that is intemalized 

less rapidly from the plasma membrane, is not properly recyc1ed back to the cell surface, 

and is targeted to late endosomes and lysosomes (32). Mutagenesis experiments have also 

shown that motifs in the N terminus of Nramp2 (NP A Y, YSCF) play an additional but 

less determinant role in the recycIing endosome targeting ofNramp2 184. 

In this study, we have investigated the subcellular targeting and trafficking 

properties of Nrampl. For this, we have constructed chimeric proteins by exchanging 

homologous segments of Nramp 1 and Nramp2 (isoform II). We expressed the chimeras 

in stably transfected LLC-PK1 cells and studied their expression, stability, cell surface 

expression, metal transport activity, and subcellular localization. We demonstrate that a 

tyrosine-based sorting signal of the form YXX<I> functions as a lysosomal targeting motif 

in the amino terminus ofNrampl. 
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MATERIALS AND METHODS 

Materials and antibodies 

Reagent-grade chemicals were purchased from Sigma Chemical (St. Louis, MO) 

unless otherwise indicated. Monoclonal mouse antibody (Ab) HA. 1 1 directed against the 

influenza hemagglutinin epitope (HA) was purchased from Covance (Princeton, NJ). 

Cy3-labeled goat anti-rabbit and HRP-coupled donkey anti-mouse Abs were purchased 

from Jackson ImmunoResearch Laboratories (West Grove, PA). Plasmids encoding GFP­

fusion proteins were kind gifts from Dr. D. Williams (Department of Biochemistry, 

University of Toronto; GFP-syntaxin 13) and Dr. Patrice Boquet (Institut national de la 

santé et de la recherche médicale, France; GFP-Lampl). The generation of polyclonal 

antibodies recognizing the amino terminal segments of murine Nramp 1 and Nramp2 

proteins has been described 35;42. 

Plasmids and constructs 

The construction of mammalian expreSSIOn plasmids containing full-Iength 

murine cDNAs for either Nrampi (Nl/pCB6) or Nramp2 isoform II (N2/pCB6) were 

described earlier 26. Full-Iength murine Nramp2 cDNA (N2HAlpCB6) was modified by 

the in-frame addition of an exofacial hemagglutinin (HA) epitope (YPYDVPDYAS) in 

the fourth predicted extracellular loop, as previously described 26. A recombinant 

polymerase chain reaction (peR) protocol was used to generate Nramp2-HA chimeras 

bearing the amino (NIN-HA) or carboxyl terminal (NIC-HA) segments of Nrampi. 

Similarly, Nramp i chimeras bearing the amino (N2N) or carboxyl terminal (N2C) 

segments of Nramp2 were created. For NiN-HA and N2N constructs, a silent BstBI 

restriction enzyme site was introduced into N2HAlpCB6 and Nl/pCB6 plasmids (at 

nucleotide positions 200 and 155, respectively) immediately preceding the first predicted 

transmembrane domain of each protein using primers N2-BstBI and Nl-BstBI (Table 1). 

NIN-HAlpCB6 and N2N/pCB6 constructs were then created by exchanging XhoI-BstBI 

fragments of N2HAlpCB6 and Nl/pCB6 plasmids. NIC-HA and N2C constructs were 

created by a recombinant PCR amplification protocol using chimeric oligonucleotides 

N2HA-NIC and Nl-N2C (Table 1), showing complementarity with NI and N2 at the 
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Table 1: Oligonucleotides used for mutagenesis. 

Primer Name 

N1-BstBI F 
N2-BstBI F 
N1-N2CT F 
N2-N1CT F 
N1 Y15A F 
N1 G16A F 
N1 S17A F 
N1 118A F 

Nucleotide sequence (5' to 3') 
cattcagcctTCgAaagctgtgg 
ttagctttcgAaaactctggg 

gttgcatcgccTTGGGTCTGTC 
gtttgattgcaCACGGAGCCAC 

gcaggcccagtGCtggctccatttc 
gcccagttatgCctccatttccag 
ccagttatggcGccatttccagc 

gttatggctccGCttccagcctgcc 

F indicates forward. CAPITAL LETTERS indicate nucleotides 
differing from the template molecule. The BstBI restriction site is 
underlined. 
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boundaries of regions to be exchanged. The N2HA-N1C amplification product was 

inserted into N2HNpCB6 using restriction enzyme sites Sac! and EcoRi to generate 

N1C/pCB6. The Nl-N2C amplification product was inserted into NlIpCB6 using 

restriction sites AvrIl and EcoRi to generate N2C/pCB6. Alanine substitution mutations 

at the YGSII5
-
18 motif of Nramp 1 were created using mutagenic primers listed in Table l. 

Mutants were introduced into N1N-HNpCB6 using restriction enzyme sites Xho! and 

BstB!. The integrity of all mutant and chimeric cDNAs was verified by DNA sequencing. 

Cel! culture, transfection, and immunoblotting 

LLC-PK1 cells were cultured as previously described 184 and transfected with 

either NlIpCB6, N2HNpCB6, or chimeric plasmids using Lipofectamine2000 (Gibco) 

according to instructions from the manufacturer. Stably transfected cell clones were 

obtained after 14 days of selection in medium containing G418 (l.4 mg/mL; Invitrogen), 

and individual colonies were subsequently picked and expanded. Total celllysates were 

prepared and resolved by SDS-PAGE. Clones showing robust expression of the 

transfected constructs were identified by immunoblotting with either a mouse anti-HA Ab 

(for N2HNpCB6, N1N-HNpCB6, and N1C-HNpCB6), a rabbit anti-Nramp2 NT Ab 

(N2N/pCB6), or a rabbit anti-Nramp1 NT Ab (N1/pCB6, N2C/pCB6), as previously 

described 184. For experiments with cyc10heximide (CHX), cells were incubated in 

growth media supplemented with 20 /-lg/mL CHX for the indicated time intervals prior to 

lysis and SDS-P AGE. 

Metal transport assay 

Measurement of metal transport in transfected LLC-PK1 cells was carried out 

using a ca1cein fluorescence quenching assay, as we have previously described 26;28. 

Calcein acetoxymethylester (calcein-AM, Molecular Probes) stock solutions were 

prepared in dimethyl sulfoxide and cells were loaded at a final concentration of 0.25 /-lM 

calcein-AM. C02
+ solution (cobalt chloride, 2 mM) was prepared fresh in deionized 

water. Initial rates of metal transport were calculated from the initial fluorescence 

quenching curves (34;35). 

Cel! surface biotinylation 
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LLC-PKI cell monolayers were rinsed twice with ice-cold phosphate-buffered 

saline (PBS) and onee with iee-eold borate buffer (10.0 mM borie aeid, 154 mM NaCl, 

7.2 mM KCl, 1.8 mM CaC12, pH 9.0), and then incubated (60 minutes, 4°C) in the same 

buffer containing Sulfo-NHS-SS-biotin (1 mg/mL; Pierce). Unreacted biotin was 

removed by 3 washes with RPMI medium. Biotinylated cells were collected and 

solubilized in lysis buffer (1 % Triton X-100, 0.2% SDS, 50 mM Tris-HCl pH 7.4, 150 

mM NaCl, 20% glycerol) with protease inhibitors. Lysates were pre-cleared by 

centrifugation (10 OOOg, 30 min at 4°C) and protein yield was quantified by Bradford 

assay (Bio-Rad). Biotinylated proteins (100 /-lg total protein lysate) were isolated by 

ovemight incubation at 4°C with 50 /-lL of ImmunoPure immobi1ized strepavidin slurry 

(Pierce) in a final volume of 1 mL in lysis buffer. Strepavidin beads were washed six 

times with cold lysis buffer and bound proteins were eluted with 2x Laemmli buffer at 

room temperature for 30 min. Proteins were separated by SDS-PAGE followed by 

immunoblotting. 

Quantification of cell surface expression by ELISA 

Quantification of Nramp2-HA molecules expressed at the cell surface by ELISA 

was as previously described 184. Briefly, LLC-PK1 cells were grown to confluency in 48-

well culture plates and fixed with 4% paraformaldehyde for 30 min. Cells were blocked 

in 5% non-fat milk in PBS for 30 min, incubated with anti-HA Ab (1 :500) for 90 min, 

washed and incubated with secondary Ab (donkey anti-mouse-HRP Ab, 1:4000) for 1 h. 

For quantification of total Nramp2-HA expression, cells were permeabilized by 

incubation with 0.1 % Triton X-1001PBS for 30 min prior to incubation with anti-HA Ab. 

Peroxidase activity was detected by incubating cells with HRP substrate (0.4 mg/mL 0-

phenylenediamine dihydrochloride, Sigma FAST OPD) according to the instructions from 

the manufacturer. Reactions were stopped after 30 min with 3M HCl and absorbanee 

readings (492 nm) were taken with a spectrometer. For all determinations, background 

absorbance readings from (i) non-specific binding of secondary Ab, and (ii) non-specific 

binding of primary Ab to vector-transfected cells, were subtracted for each sample. Cell 

surface readings were normalized to total Nramp2-HA' values for each cell clone and 

were expressed as a percentage. 
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Immunofluorescence 

LLC-PK1 cells stably expressing Nramp1, Nramp2-HA or chimeric proteins were 

transiently transfected with GFP-fusion proteins to label recyc1ing endosomes (GFP­

syntaxin 13) or late endosomes and lysosomes (GFP-Lamp1). Twenty four hours later, 

cens were fixed with 4% paraformaldehyde (in PBS) for 20 min and were blocked and 

permeabilized with a PBS buffer containing 0.2% saponin and 5% non-fat milk (30 min). 

An antibodies were diluted in blocking solution and incubations were performed for 1h at 

room temperature. cens stably expressing N2HA, N2N, and NIC-HA proteins were 

labeled with anti-Nramp2 NT Ab (1:200), while cens expressing NI, NIN-HA, and N2C 

proteins were labeled anti-Nramp1 NT Ab (1:400). An cens were subsequently incubated 

with a goat anti-rabbit secondary Ab coupled to Cy3. cens were visualized using an 

Axiovert 200M epi-fluorescence microscope with a lOOx oil immersion objective. Digital 

images were acquired with a Zeiss AxioCam HRm camera operated with AxioVision 4.3. 

Images were cropped, assembled and labeled using Adobe Photoshop and Illustrator 

softwares. 
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A N terminus: 

Nrarnp2 MVLDPKEKMPDDGASGDHGDSASLGA~NSSLPHSTGDSEEPFTTYFDEKIPIPEE~FRK~~ 

Nrarnpl MISDKSPPRLSRP~SLPGPAPQPAPCRETYLSEKIPIPSADQGTFSLRKY~ F" 1 P d" t d t ff" k" t"f 
~ Igure " re IC e ra IC mg mo 1 s 

C terminus: and design of Nramp1/Nramp2 chimeric 
Nrarnp2 GBD-~LGLSFLDCGRSYRLGLTAQPElmnJmvDADSVVSR proteins" (A) Sequences of the amino (N) 
N 1 ~ and carboxyl (C) terminal regions of 

rarnp GD- HGATFLTHSSHKHFLYGLPNEEQGGVQGSG N 1 d N 2 h . 1 d· ramp an ramp are s own, !nC u !ng 

~Anti-HAAb y Anti-Nramp2 Ab y Anti-Nrampl Ab y Glycosylation 

the locations of predicted targeting motifs 
(highlighted black), transmembrane 
domains 1 (TM1) and 12 (TM12), and the 
locations of the sequence boundaries for 
the chimeras (scissors). In Nramp1, amine 
acid residues 1-54 and 519-548 were 
considered as the N and C-terminal 
regions, respectively. In Nramp2, residues 
1-69 and 533-568 were considered as the 
N and C-terminal regions, respectively. (8) 
Nramp1/2 chimeras were created by 
exchanging the amino and carboxyl termi­
nai segments of Nramp1 and Nramp2. 
Schematic representations are shown of 
wild-type Nramp2-HA (gray), wild-type 
Nramp1 (black) as weil as the four chime­
ras created. The positions of antigenic 
epitopes recognized by the anti-HA, anti­
Nramp1 and anti-Nramp2 antibodies as 
weil as the putative N-linked glycosylation 
sites (Nramp1: N321, N335; Nramp2: 
N336, N349) are indicated. 



RESULTS 

Construction and expression ofNrampl and Nramp2 chimeric proteins 

To better understand the trafficking of Nramp proteins, we created chimeric 

molecules by exchanging the predicted cytosolic amino and carboxyl terminal segments 

of Nramp1 and Nramp2. Nramp2 chimeras containing either the amino (NIN-HA) or 

carboxyl (NI C-HA) predicted cytosolic segments of Nramp 1 were constructed using the 

Nramp2 isoform II (non-IRE) backbone bearing an exofacial hemagglutinin (HA) tag that 

allowed for recognition of cell surface molecules in intact cells (Figure lB). We have 

previously shown that insertion of this HA tag in the fourth predicted extra-cytoplasmic 

loop (EC4) of Nramp2 does not affect its expression, activity, or subcelIular localization 

51. Nramp 1 chimeras containing either the amino (N2N) or carboxyl (N2C) predicted 

cytosolic segments of Nramp2 isoform II (non-IRE) were introduced into an unmodified 

Nramp1 protein backbone (Figure lB). We have previously shown that an Nramp1 

molecule modified by insertion of an HA tag in EC4 is mis-targeted to the plasma 

membrane of transfected CHO celIs 27, precluding the use of that site for epitope tag 

insertion for the present studies. AlI Nramp 1 and Nramp2 chimeras were introduced into 

LLC-PK1 porcine kidney cells and cell clones stably expressing individual variants were 

selected and expanded for analysis. Figure 2A shows a typical immunoblot of extracts 

prepared from cells transfected with either Nramp2, Nrampl or chimeric cDNAs. 

Immunoblots were probed separately with antibodies against the HA tag, the amino 

terminus of Nramp2, and the amino terminus of Nramp 1. Wild-type (WT) Nramp2 was 

detected as two immunoreactive species, a minor species at ~60 kDa and major species at 

~90-1 05 kDa (Figure 2A). Previous studies from our group have shown that the minor 

species corresponds to the precursor "core glycosylated" protein while the major species 

corresponds to the mature "complex glycosylated" forms of the protein 51. Interestingly, 

NIN-HA was detected as two species of faster electrophoreitic mobility than WT 

Nramp2, indicating a significant difference in the extent of core and complex 

glycosylation in this chimeric protein (Figure 2A). This result suggests that sequences in 

the amino terminus ofNramp2 are important for proper glycosylation ofthe transporter. 
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Figure 2. Expression and stability of Nramp1/2chimeras in transfected LLC-PK1 cells. Total cell extracts trom 
untransfected cells (LLC-PK1) and cell clones stably-'expressing wild type Nramp1 (Nramp1), wild type Nramp2 
(Nramp2-HA) and the Nramp1/2 chimeras (N1N-HA, N1C-HA, N2N, N2C) were resolved by SDS-PAGE and analyzed by 
immunoblotting. (A) Immunoblots were incubated with antibodies recognizing either the HA epitope (anti-HA), the amino 
terminus of Nramp2 (anti-Nramp2), or the amino terminus of Nramp1 (anti-Nramp1). The sizes of molecular mass stan­
dards (in kilodaltons) are indicated. In panel (8), transfectants expressing the indicated proteins were treated with the 
translation inhibitor cycloheximide (20 Jlg/mL) for 0, 1, 3, 5, or 7 hours. Immunoblotting of total cell Iysates was carried 
out to assess the stability of wild-type and chimeric proteins. Antibodies used for each blot are indicated. 



N1 C-HA was detected as two immunoreactive species of electrophoretic mobility similar 

to that of WT Nramp2. However, the proportion of the immature precursor NIC-HA 

protein (~60 kDa) appeared significantly greater than that found for WT Nramp2, 

suggesting possible incomplete maturation of this chimera (Figure 2A). WT Nramp 1 as 

weIl as chimeras N2N and N2C, were detected as single immunoreactive species of ~ 70-

75 kDa (Figure 2A, bottom panel). LLC-PK1 cells expressing the different WT and 

chimeric proteins were treated with the translation inhibitor cycloheximide for different 

periods of time and the fate of core glycosylated and mature protein isoforms was 

analyzed by immunoblotting (Figure 2B). These experiments showed that WT Nramp2 

and NrampI, as well as the chimeras NIN-HA, N2N, and N2C quickly matured from a 

core glycosylated precursor to a fully mature form which remained stable for a 7-hour 

period. Interestingly, the NIC-HA chimera displayed increased persistence of precursor 

and reduced stability of the mature form compared to controls with little protein 

detectable at 7 hours (Figure 2B). These results suggest impaired processing of the NI C­

HA chimera. 

Cel! surface expression of chimeric proteins 

We used a cell surface biotinylation technique to quantify plasma membrane 

expression of the Nramp1l2 chimeras at steady-state 184;262. LLC-PK1 cells stably 

expressing either WT or chimeric Nramp constructs were treated with a membrane­

impermeable biotin compound to label all cell surface proteins. After solubilization, cell 

surface proteins were isolated with immobilized strepavidin, followed by separation by 

SDS-PAGE and visualization by immunoblotting (Figure 3A, Surface). Cell surface 

expression of each protein was then compared to total protein expression for each cell 

line (Figure 3A, Total). WT Nramp2-HA and NIC-HA were detected at robust levels at 

the plasma membrane while WT NrampI, NIN-HA, N2N, and N2C displayed little or no 

cell surface expression (Figure 3A). Clearly, replacing either the amino (N2N) or 

carboxyl (N2C) termini of Nramp 1 with the equivalent segments of Nramp2 did not 

result in plasma membrane expression. Because Nramp2-HA, NIN-HA, and NIC-HA 

were constructed with exofacial HA tags in predicted EC4, the fraction of each variant 

present at the cell surface at steady-state could be determined by exposing fixed LLC-PKI 
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Figure 3. Cell surface expression and metal transport activity of the Nramp1/2 chimeras. (A) Cell surface biotinylation was 
used to assess plasma membrane expression of wild type Nramp1 (Nramp1), wild type Nramp2 (Nramp2-HA) and the Nramp1'2 
chimeras (N1 N-HA, N1 C-HA, N2N, N2C). Live cells were labeled with a membrane impermeable biotin compound (see "Materials 
and Methods"). Total cell protein extracts were prepared and biotinylated proteins were isolated by affinity capture with streptavidin­
agarose beads. Equivalent amounts of total cell extracts (Total) and captured biotinylated protein (Surface) were resolved by SDS­
PAGE followed by immunoblotting with anti-Nramp2 (i) or anti-Nramp1 (ii) polyclonal antibodies. (B) The fraction of Nramp2-HA, 
N1 N-HA, and N1C-HA expressed at the cell surface was quantified using the exofacial HA epitope tag inserted in predicted extra­
cytoplasmic loop 4 of those proteins. Briefly, cells were fixed and incubated with primary anti-HA antibody with or without prior 
detergent permeabilization followed by incubation with an HRP-coupled secondary antibody and quantification by a colorimetrie 
assay. The amount of Nramp proteins expressed at the cell surface (in non-permeabilized cells) is shown as a fraction (%) of total 
protein expression (in permeabilized cells). In panel (C), metal transport activity of the Nramp1/2 chimeras was determined using a 
fluorescence quenching assay. Cells loaded with a metal-sensitive fluorescent dye were incubated with C02+ in acidic buffer. 
Results are shown as the initial rates of fluorescence quenching. Error bars represent standard error of the means of three or more 
independent determinations. 



transfectants to anti-HA antibody, with (total expression) or without (cell surface) prior 

permeabilization with detergent. The amount of bound anti-HA antibody was quantified 

using a secondary antibody coupled to horse-radish peroxidase. We determined that 35.9 

± 3.9% (mean ± S.E.) ofWT Nramp2-HA and 21.3 ± 1.3% of NIC-HA were expressed at 

the cell surface compared to a modest 0.5 ± 1.2% for NIN-HA (Figure 3B). These values 

are consistent with ceIl surface biotinylation results (Figure 3A) and suggest that the 

amino terminus ofNrampl impairs normal targeting ofNramp2 to the plasma membrane. 

Nramp2 isoform II is normally expressed at the plasma membrane and in 

recyc1ing endosomes in LLC-PK1 ceIls. Replacing the carboxyl terminus ofNramp2-HA 

with the equivalent segment ofNrampl (NIC-HA) did not have a major effect on the ceIl 

surface expression of the transporter (Figure 3A, 3B). Interestingly, despite the impaired 

processing and reduced stability, NIC-HA retained significant metal transport activity 

(Figure 3C). This activity likely stems from the significant fraction of mature NI C-HA 

protein that is expressed at the cell surface. On the other hand, replacing the amino 

terminus of Nramp2-HA with the equivalent segment from Nrampl (NIN-HA) 

drastically reduced surface expression (Figure 3A, 3B) as weIl as metal transport activity 

(Figure 3C). This result suggests that the amino terminus of Nrampl contains targeting 

information that affects the normal trafficking ofNramp2 to the plasma membrane. 

Subcellular localization of chimeric proteins 

Immunofluorescence was used to compare the subcellular localization of wild­

type and chimeric proteins at steady-state. LLC-PKI transfectants were fixed, 

permeabilized, and chimeric proteins were labeled with polyc1onal antibodies recognizing 

either Nrampl or Nramp2. Consistent with our previously published data 51;184, Nramp2-

HA displayed strong colocalization with GFP-syntaxin 13, while Nrampl showed little 

overlap with the recyc1ing endosome marker (Figure 4A). Interestingly, aIl chimeras 

showed no significant colocalization with GFP-syntaxin 13 (Figure 4A). These results 

suggest that substitution of either the amino or carboxyl terminus of Nramp2 by 

homologous segments of Nramp 1 impairs targeting to the recyc1ing endosome 

compartment. 
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A GFP-Syn13 Merge B 

Figure 4. Subcellular 
localization of Nramp1/2 
chimeras. LLC-PK1 cells 
stably expressing wild type 
Nramp1 (Nramp1). wild 
type Nramp2 (Nramp2-HA) 
and the Nramp1/2 chimeras 
(N1N-HA. N1C-HA, N2N, 
N2C) were transiently 
transfected with either 
GFP-syntaxin 13 to label 
recycling endosomes (A) or 
GFP-Lamp1 to labellate 
endosomes and lysosomes 
(8). Twenty-four hours later, 
cells were fixed, permeabi­
lized and stained with either 
anti-Nramp1.or anti­
Nramp2 polyclonal antibod­
ies followed by a secondary 
antibody coupled to fluores­
cent Cy3. Images were 
acquired by epifluores­
cence microscopy. Insets 
show magnifications of the 
area boxed in the figure. 



Consistent with previously published data 35, Nramp 1 showed strong 

colocalization with the lysosomal marker GFP-Lampl while Nramp2-HA displayed little 

colocalization with this marker (Figure 4B). These results confirm that Nrampl is 

properly targeted to the lysosomal compartment in LLC-PK1 cells. Remarkably, all 

chimeras displayed significant colocalization with GFP-Lampl (Figure 4B), indicating 

their presence in late endosomes and lysosomes. Clearly, replacing the amino or carboxyl 

termini of Nrampl with the equivalent regions of Nramp2 (N2N, N2C) did not 

significantly affect the subcellular distribution of Nramp 1 at steady-state (Table 2). 

Previous work by us and others have demonstrated that the C terminus of Nramp2 

isoform II contains targeting information (including a YLLNT signal) crucial for 

endocytosis and recycling of the transporter from the plasma membrane 155;184. Mutations 

or deletions in this motif result in a protein that has impaired recycling following 

intemalization from the cell surface and accumulates in the lysosomal compartment 184. 

Consistent with these findings, replacing the C terminus of Nramp2 with the equivalent 

segment from Nrampl (NIC-HA) resulted in plasma membrane expression (Figure 3) 

and lysosomal targeting (Figure 4B, Table 2). Therefore, the mistargeting displayed by 

NIC-HA is probably due to removal of the C terminus of Nramp2 rather than the 

presence of a dominant targeting signal in the C terminus of Nramp 1. A fraction of NI C­

HA showed sorne colocalization with the endoplasmic reticulum marker GFP-Sec61 (data 

not shown), suggesting that sorne NIC-HA may be retained in the ER. Finally, 

substituting the amino terminus of Nramp2 with the equivalent segment from Nramp 1 

(NIN-HA) yielded the most intriguing result. NIN-HA showed subcellular localization 

indistinguishable from WT Nramp l, with no significant surface expression (Table 2) but 

strong lysosomal targeting (Figure 4B). These results suggest that the amino terminus of 

Nramp 1 possesses lysosomal targeting information that can act in a dominant fashion 

over the recycling endosome signal present in the C terminus ofNramp2 isoform II. 

Characterization of the YSGI motif in the N terminus of Nrampl 

Closer examination of the predicted cytoplasmic N terminal region of Nramp 1 

revealed a YGSII5
-
18 motif that fits the YXX<1> consensus signature (Figure lA). YXX<1> 

motifs have been implicated in targeting membrane proteins such as LAMP-I and 
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Table 2: Subcellular localization of Nramp1/2 chimeras 

Nramp2-HA 

N1N-HA 

N1C-HA 

Nramp1 
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N2C 
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Figure 5. Characterization of N1 N-HA targeting motif mutants. (A) Total ceU 
extracts were prepared from transfectants stably-expressing individual mutants 
(Y15A, G16A, S17A, and 118A) in the putative YGSllysosomal targeting motif 
present in the N 1 N-HA backbone. Equal amounts of ceU extract were resolved by 
SOS-PAGE and analyzed by immunobloUing with anti-HA antibody. The sizes of 
molecular mass standards (in kilodaltons) are indicated. In panel (8), the fraction 
of N 1 N-HA expressed at the ceU surface was determined as described in the 
legend of Figure 38. (C) Metal transport activity of the N1 N-HA targeting motif 
mutants was measured by quenching of calcein fluorescence, as described in the 
legend of Figure 3C. Error bars represent standard error of the means of three or 
more independent determinations. 



LAMP-2 to lysosomes by interacting with the Il subunits of AP-I and AP-2 complexes 

183;331;332;351;352. To determine if the YGSI motif in the N terminus of Nrampl was 

responsible for the lysosomal targeting of the NIN-HA chimera, we created alanine 

substitutions at each position of the YGSI signal within the NIN-HA chimeric construct. 

The mutants were stably transfected into LLC-PK1 cells and clones positive for 

expression were selected for analysis. Immunoblot analysis performed on cell extracts 

showed stable expression ofY15A, GI6A, S17A mutants at levels comparable to NIN­

HA, although lower expression was detected for Il8A (Figure 5A). We determined the 

fraction of each NIN-HA expressed at the cell surface. Mutating any of the residues in 

the YGSI motif to alanine increased the surface expression of the chimera (Figure 5B). 

Y15A demonstrated the highest surface expression (19.2 ± 2.0%) followed by S17A (10.2 

± 1.2%), Il8A (7.4 ± 2.1%), and G16A (4.4 ± 0.3%). This increase in surface expression 

was concomitant to a commensurate increase in metal transport activity for the mutants 

(Figure 5C), implying that NIN-HA is indeed properly folded in a transport competent 

manner at the cell surface. 

We determined the subcellular localization of the NIN-HA mutants at steady-state 

lU fixed and permeabilized cells. Mutants G 16A and S 17 A displayed subcellular 

localization similar to NIN-HA, showing little colocalization with the recycling 

endosome marker GFP-syntaxin 13 (Figure 6A) but strong colocalization with the 

lysosomal marker GFP-Lampl (Figure 6B). These results suggest that G16 and S17 are 

not essential for the lysosomal targeting of NIN-HA. Strikingly, mutants Y15A and Il8A 

displayed subcellular localization similar to WT Nramp2, showing strong colocalization 

with syntaxin 13-positive recycling endosomes (Figure 6A) but little colocalization with 

Lampl-positive lysosomes (Figure 6B; summarized in Table 3). These results suggest 

that Y15 and 118 are critical for the lysosomal targeting of NIN-HA and that the YGSI 

motif in the N terminus of Nrampl functions as a YXX<1> lysosomal targeting signal. 

Furthermore, this YGSI signal appears to dominate the recycling endosome signal present 

in the C terminus ofNramp2 isoform II. 
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Figure 6. Subcellular localization of N1N-HA mutants. LLC-PK1 cells stably expressing N1N-HA YGSI mutants were 
transiently transfected with either the recycling endosome marker GFP-syntaxin 13 (A) or the late endosomal and Iyso­
somal marker GFP-Lamp1 (8). Twenty-four hours later, cells were fixed, permeabilized and stained with an anti-Nramp1 
polyclonal antibody followed by a secondary antibody coupled to fluorescent Cy3. Images were acquired by epifluores­
cence microscopy. Insets show magnifications of the area boxed in the figure. 



Table 3: Subcellular localization of N1 N-HA mutants 

PM RE LE/Lys ER 

N1N-HA + 

Y15A + + 

G16A + + 

S17A + + 

118A + + 
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DISCUSSION 

In this study, we sought to investigate the subcellular targeting and trafficking 

properties of Nramp 1, inc1uding the identification of sorting signaIs responsible for its 

distinct localization in lysosomes of mononuc1ear phagocytes. For this, we constructed 

chimeric proteins in which homologous domains of Nramp 1 and the c1osely-related iron 

transporter Nramp2 (isoform II) were exchanged. Replacing the amino (N2N) or carboxyl 

(N2C) terminal cytoplasmic segments of Nramp 1 with the equivalent segments from 

Nramp2 did not drastically affect the expression or subcellular localization of the 

transporter. Indeed, both N2N and N2C chimeras exhibited little cell surface expression 

but showed strong lysosomal targeting, typical of WT Nramp 1. These results suggested 

that sorting signaIs in the amino and carboxyl cytoplasmic termini of Nramp2 are unable 

to confer cell surface and/or recyc1ing endosome targeting to the Nrampl backbone. 

Results with the N2N chimera are supported by our previous work showing that de1etion 

mutations at putative sorting signaIs in the N terminus of Nramp2 do not significantly 

affect the cell surface or recyc1ing endosome targeting of the transporter 184. In contrast, 

we and other groups have shown that a YLLNT motif in the C terminus of Nramp2 

isoform II controls the protein's intemalization and recyc1ing from plasma membrane 

155;184. However, results with the N2C chimera suggested that this YLLNT motif was 

somehow masked or non-functional when placed on the background of Nramp1. 

An Nramp2-HA chimera bearing the C terminal cytoplasmic segment of Nrampl 

(NI C-HA) was robustly expressed in LLC-PK1 cells but displayed a higher fraction of a 

~60 kDa precursor species and a lower fraction of the ~90 kDa mature protein, suggesting 

impaired processing of this chimera. NI C-HA also displayed reduced stability. Surface 

biotinylation experiments revealed that the mature, fully glycosylated NI C-HA was 

expressed at the cell surface (Figure 2A) and was likely responsible for the residual metal 

transport activity observed for this construct (Figure 2C). This result suggests that 

complex glycosylation acquired by the precursor protein in the Golgi apparatus is critical 

for the plasma membrane targeting of mature Nramp2. Strikingly, the multiple 

biosynthetic and functional defects of the NIC-HA chimera virtually mirror those 

observed for the Nramp2G185R mutant protein produced in mk mice and Belgrade rats 148. 
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While a srnall fraction of NIC-HA displayed sorne colocalization with the ER marker 

GFP-Sec61 (data not shown), a more significant fraction of the chimera was expressed in 

late endosomes and lysosomes. We have previously shown that critical mutations at the C 

terminus of Nramp2 isoform II (including a truncation of the entire C terminal segment) 

results in a protein that is unable to recycle after internalization from the cell surface and 

is targeted to the lysosomes by default 184. Therefore, we reasoned that the lysosomal 

targeting displayed by NIC-HA is likely the result from the removal of the C terminus of 

Nramp2 rather than the presence of a dominant targeting signal in the C terminus of 

Nrampl. 

An Nramp2 chimera bearing the N terminus of Nrampl (NIN-HA) yielded 

perhaps the most intriguing results. NIN-HA was stably expressed in transfected LLC­

PK1 cells as a protein of lower apparent molecular weight compared to Nramp2-HA 

(Figure 2A), probably due to altered glycosylation of the chimera. futerestingly, the extent 

of glycosylation of NIN-HA resembled more c10sely that of Nrampl (Figure 2A) and 

raises the possibility that the N terminus of Nramp2 contains sequence information that 

affects the extent of glycosylation of the transporter either directly or indirectly by 

mediating its trafficking and retention to specific subcellular compartments. Strikingly, 

NIN-HA also displayed subcellular targeting properties sirnilar to NrampI, with no 

surface expression yet strong lysosomal targeting (Figures 3 and 4). These results strongly 

suggested that the N terminal cytoplasmic segment of Nramp 1 contained lysosomal 

targeting information that was able to act in a dominant fashion over a known recycling 

endosome targeting signal (YLLNT555-559) in the C terminus ofNramp2 isoform II present 

in NIN-HA. The lack of significant transport activity for NIN-HA, as for NrampI, likely 

resulted from the lack of expression at the site of transport measurements (plasma 

membrane) rather than expression of a non-functional protein (Figure 3). Closer 

examination of the amino acid sequence within the N terminus of Nramp 1 revealed a 

potential tyrosine-based signal of the form YXX<l> (YGSI15-18) (Figure lA). Alanine 

substitution mutations at Yl5 and Il8 within the NIN-HA chimera were able to restore 

cell surface and recycling endosome targeting of the Nramp2 chimera (Figures 5B and 

6B). However, alanine mutations at GI6 and Sl7 of NIN-HA retained their lysosomal 
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targeting (Figure 6B). These results c1early demonstrate that YGSI1S
-
18 functions as a 

lysosomal targeting motif that fits the consensus YXX<D in the N terminus of Nrampl. 

YXX<D signaIs have been shown to function as lysosomal sorting motifs in membrane 

proteins such as LAMP-l (YQTI) 333. YXX<D signaIs are known to bind the Il subunits of 

AP complexes strictly through their Y and <D residues, however the X residues and other 

residues flanking the motif contribute to the strength and specificity of the signaIs 183. 

The identification of an Nramp 1 lysosomal targeting signal allows us to propose a 

model for the role of cytoplasmic motifs in subcellular trafficking of Nramp 1 and 

Nramp2. In this model (Figure 7), Nramp2 isoform II is synthesized in the ER, targeted to 

the Golgi apparatus for complex glycosylation, and dispatched to the plasma membrane. 

At the cell surface, Nramp2 recruits specifie adaptor proteins required for rapid c1athrin­

mediated endocytosis through binding to a YLLNT motif present in its C terminus. 

Nramp2 is then intemalized into early endosomes and the recruited adaptor complexes 

are involved in signaling the recyc1ing of the transporter back to the cell surface via 

recyc1ing endosomes (Figure 7). This pathway is shared by the transferrin receptor and is 

of critical importance for iron acquisition from transferrin following acidification of the 

endosomes and Nramp2-mediated translocation of iron to the cytoplasm. Similar to 

Nramp2, Nramp 1 is targeted from the ER to the Golgi for complex glycosylation. 

However, the recognition of the YGSI signal by specifie adaptor proteins mediate the 

sorting of Nramp 1 directlY from the trans-Golgi network to late endosomes and 

lysosomes (Figure 7). The NIN-HA chimera, which possesses the Nrampl YGSI signal, 

is targeted in a similar fashion as WT Nrampl, with the N-terminal lysosomal signal 

taking precedence over the C-terminal YLLNT recyc1ing signal. NIN_HAY1SA
, Il8A 

mutants are unable to recruit lysosomal sorting proteins and are targeted to recyc1ing 

endosomes via the C-terminal YLLNT signal in a similar fashion to WT Nramp2 (Figure 

7). On the other hand, while alanine mutations at G16 and S17 of NIN-HA do not 

drastically affect lysosomal targeting, the mutations may reduce the effectiveness of the 

YXX<D signal. This reduced sorting efficiency may result in a higher fraction of NIN­

HA Gl6A, S17A mutants being sorted to the cell surface and subsequently targeted to the 

lysosomal compartment via the endocytic pathway (Figure 7). It has been shown that 
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1 Y15A,I18A 
Nramp2, N1 N-HA 

1 Nramp1, N1 N-HA 

1 N1NG16A,S17A 
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Figure 7. Model for subcellular trafficking of Nramp1 
and Nramp2(isoform Il). Nramp2 isoform Il is synthe­
sized in the ER, targeted to the Golgi apparatus (step 1) 
for complex glycosylation, and targeted to the plasma 
membrane (step 2). At the cell surface, Nramp2 is inter­
nalized via a clathrin and dynamin dependent process by 
recruiting adaptor proteins that specifically recognize the 
C-terminal YLLNT motif (step 3). Nramp2 is then targeted 
to early endosomes and the interaction of YLLNT with 
adaptor proteins mediate its recycling back to the cell 
surface via recycling endosomes (steps 4 and 5). 
Nramp1 is similarly trafficked to the Golgi after synthesis 
(step 1). However, recognition of the YGSI signal by 
Iysosomal sorting proteins mediate its targeting from the 
trans-Golgi network directly to late endosomes and 
lysosomes (steps 7 and 8). The Nramp2-HA chimera 
N1 N-HA, which possesses the Nramp1 N-terminal YGSI 
signal, is targeted in a similar fashion as WT Nramp1. 
N1 N-HA(Y15A, 118A) mutants are unable to recruit Iyso­
somal sorting pro teins and are targeted to recycling 
endosomes via the C-terminal YLLNT signal in a similar 
fashion to WT Nramp2. N1N-HA(G16A, S17A) mutants 
are sorted less effiCiÈmtly to lysosomes, leading to some 
cell surface accumulation. These mutants, however, are 
not recycled upon internalization and are ultimately 
targeted to lysosomes via the normal endocytic pathway. 



mutations in the X residues or in other residues neighboring the YXX«l> signal can impair 

lysosomal targeting without significantly disrupting intemalization 351;353;354. An indirect 

targeting of NIN-HA Gl6A, S17A mutants to lysosomes via the plasma membrane would 

explain the increased cell surface expression observed for these mutants (Figure 5B). 

Interestingly, the YGSI signal in Nrampl does not completely conform to the 

YXX<f> signaIs found in several other lysosomal proteins, which raises the possibility that 

YGSI may represent a novel subset of YXX<f> signaIs. Two common features of YXX<f> 

signaIs involved in lysosomal targeting seem to be the presence of a glycine residue 

preceding the eritical tyrosine as weIl as the prevalence of the motifs in the C terminus of 

membrane proteins 183. Nramp 1 possesses a serine instead of a glycine upstream of its 

YGSI signal. Also, the YGSI signal is found in the N terminus of the protein as opposed 

to the more eommonly found C terminus. N-terminal YXX<f> motifs have been identified 

in proteins sueh as the transferrin reeeptor (YTRF) but funetion typieally as endoeytie 

signaIs. Additional experiments are needed to identify the specifie binding partners of 

YGSI and better understand the molecular machinery involved in the sorting of Nrampl 

to late endosomes and lysosomes. HopefuIly, the characterization of other tyrosine-based 

signaIs in the eytoplasmic domains of lysosomal proteins will c1arify whether the YGSI 

motif in Nramp 1 represents a novel subset ofYXX<f> motifs. 

Clearly, proper lysosomal targeting of Nramp 1 is eritieal for its anti-microbial 

aetivity as a metal efflux pump at the phagosomal membrane of macrophages and other 

phagocytic cells. Upon phagoeytosis of a live pathogen, Nramp I-positive lysosomes fuse 

with the membranes of the pathogen-containing phagosomes and Nramp 1 remains 

associated with the phagosomes through their maturation to fully anti-microbial 

phagolysosomes 35. Our discovery that a sequence motif in the amine terminus of 

Nramp 1 is sufficient to target Nramp proteins to the lysosomes suggest a model for 

funetional evolution of Nramp proteins. In this model, Nramp 1 and Nramp2 were 

generated by gene duplication from a common ancestor, followed by subsequent 

sequence divergence to retain function with respect to mechanism of transport and ion 

selectivity. Further divergence, inc1uding (a) restriction of Nrampl transcriptional activity 

to eells of the mononuc1ear and polymorphonuc1ear phagocyte lineages, and (b) 

178 



acquisition of a targeting signal in the amino tenninus (YGS!) actively directing Nrampl 

localization to lysosomes for delivery to pathogen-containing phagosomes, would have 

ensued to enable metal efflux at the phagosomal membrane. This activity appears to have 

been extremely beneficial to the host and has been preserved throughout evolution from 

lower eukaryotes to humans 1. 
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Chapter 8: 

Summary and Future Perspectives 
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8.1 Summary 

The work presented in this thesis examined the structure, function, and subcellular 

trafficking ofNramp proteins by centering on the two mammalian orthologs, Nramp 1 and 

Nramp2. The first three chapters ofthis thesis explored structure-function relationships in 

the Nramp super-family. In Chapter 2, the role of charged amino acids within the 

membrane-spanning segments ofNramp2 were examined by site-specifie mutagenesis 

followed by functionai characterization in both yeast and transfected CHO cells 28. These 

studies identified three negatively charged and highly conserved residues in TM1, TM4, 

and TM7 as essential for metal transport by Nramp2. These studies also identified a pair 

of invariant histidines in TM6 that play an important role in pH regulation of metai 

transport by Nramp proteins. In Chapters 3 and 4, the effects oftwo NRAMP2 mutations 

found in human patients suffering from severe congenital hypochromic microcytic 

anemia and iron overload were characterized. The mutation found in first patient had two 

effects: it severely impaired proper NRAMP2 pre-mRNA splicing, and introduced an 

amine acid polymorphism (E399D) in the protein encoded by the remaining properly 

spliced transcript 4. The functional properties the E399D mutation as well as other 

independent mutants at that position (E399Q, E399A), were studied in transfected LLC­

PKj kidney cells (Chapter 3) 262. AlI mutations at E399 were shown to be fully functional 

with respect to stability, metal transport activity, and targeting, indicating that the reduced 

Nramp2 function in the patient was likely caused by a quantitative reduction in NRAMP2 

mRNA levels due to improper splicing. The second patient was found to be compound 

heterozygote for mutations in NRAMP 2, inc1uding a 3 base pair deletion that partially 

impairs splicing, and an amino acid substitution (R416C) at a conserved residue in TM9 

of the protein 5. The functional properties and possible contribution to disease of the 

R416C variant were studied in independent mutants at that position (R416C, R416A, 

R416K, R416E) expressed in LLC-PKj cells (Chapter 4) 264. Non-conservative 

substitutions at R416 (C, A, E) caused multiple functional deficiencies concomitant with 

retention of the transporter in the endoplasmic reticulum. Conversely, a conservative 

isoelectric substitution (R416K) was less vulnerable, resulting in a functional transporter 

that was properly processed and targeted to the cell surface and to recyc1ing endosomes. 
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These results showed that R416C represents a complete loss-of-function and that a 

quantitative reduction in Nramp2 expression is the cause of the microcytic anemia and 

iron overload in this patient. 

The last three chapters of this thesis were aimed at better understanding the 

subcellular distribution of Nramp1 and Nramp2. Alternate splicing of Nramp2 pre­

mRNA at 3' exons generates two protein isoforms (1 and n) differing only in their 

carboxyl terminal segments. It had been previously shown that Nramp2 isoform n is 

expressed at the plasma membrane and in transferrin receptor-positive recyc1ing 

endosomes at steady-state. The work described in Chapter 5 focused on identifying 

signal(s) in the cytoplasmic segments ofNramp2 isoform n responsible for its subcellular 

targeting and internalization from the plasma membrane into recyc1ing endosomes 184. 

Deletion mutations were introduced at several predicted tyrosine (NPXY, YXX<1» and 

dileucine-based (LL) motifs in the amino and carboxyl terminal segments ofNramp2 

isoform n and the mutants were expressed and studied in transfected LLC-PK1 cells for 

transport activity, subcellular localization, cell surface and recyc1ing pool distribution, 

and internalization from the plasma membrane. This work led to the identification of a 

tyrosine-based motif in the carboxyl terminus ofNramp2 isoform n (YLLNT555-559) that 

is critical for the transporter' s internalization from the cell surface and its recyc1ing back 

to the plasma membrane. Several studies suggested that while isoform n is predominantly 

expressed in erythroid cells, isoform 1 is predominantly expressed in epithelial cells 

40;155;160. However, the significance ofthis tissue-specific expression pattern, inc1uding a 

possible physiological advantage of such a distribution, was unc1ear and needed to be 

investigated. Therefore, the targeting and trafficking properties ofNramp2 isoforms 1 and 

n were compared in transfected LLC-PK1 cells, with respect to differences in function, 

subcellular localization, endocytosis kinetics, and fate upon internalization (Chapter 6) 

182. These studies demonstrated that isoform 1 possessed higher surface expression and 

was internalized from the plasma membrane with slower kinetics than isoform n. As 

opposed to isoform n, which is efficiently sorted to recyc1ing endosomes upon 

internalization, isoform 1 was not efficiently recycled and was targeted to lysosomes. 
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These results suggested a mechanism whereby isoform 1 would be enriched at the cell 

surface, favoring Fe2
+ uptake across the plasma membrane in epithelial cells. 

It was known for some time that Nramp 1 is expressed in the lysosomes of 

phagocytic cells and more recent data support a model whereby Nramp 1 restricts the 

replication of intracellular pathogens by removing divalent metals (Mn2+, Fe2+) from the 

phagolysosome. In Chapter 7, the subcellular trafficking properties of Nramp 1 , including 

cytoplasmic sequences responsible for targeting to lysosomes, were investigated. 

Chimeric Nramp 1/Nramp2 proteins were created by exchanging homologous domains of 

each protein and were characterized in stably transfected LLC-PKI cells with respect to 

expression, maturation, stability, cell surface targeting, transport activity, and subcellular 

localization. An Nramp2 isoform II chimera bearing the N terminus ofNrampl was not 

expressed at the cell surface but was targeted to lysosomes. This lysosomal targeting was 

abolished by single alanine substitutions at Y15 and 118 ofa YGSI15
-
18 motif present in 

the N terminus ofNrampl. Together, these results identified YGSI as a tyrosine-based 

sorting signal of the form YXX<l> responsible for the lysosomal targeting ofNrampl and 

provided novel insight into the transporter' s subcellular trafficking. 

8.2 Future Perspectives 

8.2.1 Insights into structure/function relationships in Nramp proteins 

In the last twenty years, the identification and characterization ofNramp family 

proteins from a wide range of organisms has greatly furthered our understanding of a 

number of cellular and physiological processes. In mammals, the most significant 

advancements have been made in the fields ofhost resistance to infection and the 

metabolism ofiron, from the characterization ofboth Nrampl and Nramp2, respectively. 

We now know that Nramp 1 is expressed in phagocytic cells and counters intracellular 

pathogen replication by functioning as a pH-dependent divalent metal efflux pump at the 

phagosomal membrane. On the other hand, Nramp2 is expressed at the duodenal brush 

border where it controls uptake of dietary iron, and is present at the plasma 

membrane/recycling endosomes of most cells, where it is necessary for acquisition of 
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transferrin-associated iron. Because of the high sequence conservation among Nramp 

proteins, even those from phylogenically distant species, it is likely that aIl Nramp 

transporters share a similar transport mechanism. Structure/function studies carried out in 

various Nramp orthologs have been highly informative and essential to understanding the 

molecular basis of metal transport and pH dependence. These studies have been difficult 

to carry out in Nramp 1 mostly because of its strict lysosomallocalization at steady-state. 

Converse1y, the ubiquitous plasma membrane expression ofNramp2 at steady-state has 

made it a much more attractive target for mutagenesis studies. Not surprisingly, the 

amount of data conceming structure/function relationships for Nramp2 significantly 

exceeds that ofNrampl. 

8.2.2 Evidence for a metal binding site or permeation pathway 

The work described in Chapter 2 of this thesis examined the functional role of 

highly conserved charged residues in the TM domains ofNramp2 on substrate transport 

and pH regulation. This work identified three negatively charged residues in TM1 (D86), 

TM4 (D192), and TM7 (E299) that are critical for metal transport by Nramp2 28. Based 

on our results, we hypothesized that the negatively charged side chains ofthese amino 

acids mediated either direct or indirect interaction with the positively charged divalent 

cation substrates ofNramp transporters. The negative charges may form part ofmetal 

binding pocket or line the walls of a hydrophilic ion transport pathway across the 

membrane. While this theory seems plausible and would be eiectrostatically favorable it 

has not yet been proven. Additional mutagenesis studies at these conserved amino acid 

residues would help determine the exact importance ofthese charged residues in Nramp2 

function. Charged residues shown to be important for Nramp2 function could be replaced 

with amino acids that alter some physical properties of the residues while retaining 

others. For example, aspartate could be replaced with glutamate to conserve charge and 

alter size, or asparagine to retain size while eliminating charge. A requirement ofresidues 

with negatively charged side chains at positions 86, 192, and 299 would support an 

e1ectrostatic role for these residues in substrate interaction. Interestingly, Su and 

colleagues have previously characterized the effects of conservative mutations at D192 
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(D192N, D192E) on Nramp2 function in transiently transfected HEK293T cells 146. At 

the time, theypostulated that since D192 and G185 resided in close proximity in TM4 

from helical wheel projections, the loss-of-function mutation found in mk mi ce and 

Belgrade rats (G 185R) could result from a functionally unfavorable novel ionic 

interaction between D192 and R185. While their mutagenesis data did not ultimately 

support their hypothesis, they showed that D 192N and D 192E mutants retained 

significant metal transport activity, while aD 192G mutant was severely impaired. 

Although exact comparisons between activity of the mutants was not possible since they 

did not measure protein expression, their results suggested that D 192 does not play a 

major role in substrate interaction. Our observation that D192A results in only a partial 

but not complete loss of activity supports this ide a 28. 

Several other studies have pointed to TM4 ofNramp2 as a region critical for 

metal transport activity. Work by Xu and colleagues has suggested that the mutation 

causing microcytic anemia in rodents (GI85R) in TM4 ofNramp2 exposes a novel 

calcium channel pathway that may provide sorne unknown selective advantage to mice 

bom with this mutation 149. This selective advantage would help explain the spontaneous 

reoccurrence ofthe G185R mutation on three separate occasions in rodents. However, the 

increased calcium permeability would have to function in context with the other 

biosynthetic and functional defects associated with the G 185R. Touret and colleagues 

clearly demonstrated that Nramp2G185R is less stable than the WT protein, is not properly 

glycosylated, and is not efficiently targeted to the plasma membrane 148. Rather, the 

majority ofNramp2G185R was shown to be retained in the endoplasmic reticulum and 

degraded by a proteosome-dependent mechanism. 

Independent studies by several other groups have supported a role for D86 in 

substrate interaction. Mutagenesis studies carried out by Chaloupka and colleagues 

examined the role ofD86 in the bacterial Nramp ortholog, MntH 156. Consistent with our 

results, they showed that a glycine mutation at D86 (corresponding to D34G in MntH) 

results in a severe loss ofmetal uptake (Mn2+, Fe2+, C02+). While a more conservative 

asparagine substitution (D34N) did not rescue metal transport, they did not characterize a 

negative charge-retaining D34E mutant. Such a mutant may indeed retain some activity, 
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confinning the need for a negative charge at that position and supporting a role for D86 in 

substrate interaction. Interestingly, D86 resides at the end ofTMl immediately upstream 

of the first extra-cytoplasmic loop (EC l) and forms part of a four amino acid sequence 

(DPGN86
-
89

) in Nramp2 that is strikingly invariant throughout aU members of the Nramp 

family. In addition, studies by Cohen and colleagues have suggested that certain residues 

within ECI ofNramp2 (G88, D93, Q95) are critical for metal ion binding and specificity 

oftransport 159. They used electrophysiological measurements and radioisotopic metal 

transport assays to characterize the effects ofECI mutants expressed inXenopus oocytes. 

G88A and Q95D mutants resulted in a complete inhibition of metai uptake while a D93A 

mutant retained partial activity for Fe2+ but not Mn2+. The double mutant D93A1Q95D 

retained partial activity and shifted substrate specificity in favor of Fe2+. However, the 

triple mutant G88A1D93A1Q95D showed no apparent transport activity. Pre-steady-state 

CUITent measurements at different pH values for the mutants suggested that EC 1 is not 

only involved in metai binding but is aiso critical for proton-binding. 

Together, these findings suggest a mechanism whereby key residues in ECI of 

Nramp proteins work in conjunction with negatively-charged residues in TMI (D86), 

TM7 (E299), and possibly TM4 (DI92) to bind and translocate divalent metal cations 

across the membrane. The energy for this translocation is likely derived from a 

simultaneous proton-coupling mechanism. 

8.2.3 A molecular basis for pH dependence and proton-coupling 

Early electrophysiological studies by Gunshin and colleagues showed that 

Nramp2 used a proton-coupled mechanism to transport divalent metals across the 

membrane 40. Their initial work suggested a transport stoichiometry of 1:1 (H+ : divalent 

metal) at physiological pH ~6, yet an additional proton slip mechanism could proceed 

uncoupled from divalent metal transport at a more acidic pH (pH < 5.5) 40. These 

observations were later supported in studies by Sacher and colleagues, using similar 

electrophysiological techniques to simultaneously characterize the transport properties of 

Nramp2 and the yeast ortholog Smflp 50. Theyproposed that this H+ slip mechanism 

might be advantageous to the organism and may protect against overioading of metal ions 
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in the presence of excess acid, for example in the duodenum. At this time, however, a 

molecular basis for pH dependence and/or proton coupling of metal transport by Nramp2 

was still unknown. 

The work described in Chapter 2 of this thesis identified two highly conserved 

histidines (H267, H272) that are critical for pH dependence of metal transport by Nramp2 

28. Uncharged hydrophobic substitutions (alanine, cysteine) at both histidines, either 

independently or together, retained little activityat pH 6.5 but showed significant activity 

at a much lower pH 5.0. Interestingly, substituting both histidines to positive arginine, 

independently or together, resulted in a completely inactive protein at any pH tested. 

These results offered one ofthe first attempts to elucidate the molecular basis ofpH­

dependence for metal transport by Nramp proteins. Sorne of our results were later 

supported in a study by Mackenzie and colleagues, who expressed wild-type and mutant 

Nramp2 in Xenopus oocytes and used electrophysiological techniques to study the 

mechanism ofNramp2-mediated metal transport 355. In agreement with our findings, they 

showed that mutations at H267 and H272 affect optimal activity ofNramp2, and that 

substitutions at H272 are less tolerated than substitutions at H267. They also found that 

an arginine mutation at either histidine completely abrogates Nramp2 function. However, 

the study by Mackenzie et al reported sorne contradictory findings with respect to our 

study. They reported that H267 A displayed properties similar to WT Nramp2 but at a 

lower level, and that this lower level of activity was simply a reflection of a lower density 

oftransporters present on the membrane. They found more striking effects for H272A, 

reporting that this mutation actually uncoupled Fe2+ and H+ fluxes, and showed sorne 

evidence that metal transport by this variant was independent of extracellular pH 355. 

These results clearly contradict our findings that inactive H267 and H272 mutants possess 

increased pH dependence that could be rescued by lowering the extracellular pH 28. Still, 

both our studies evidently show that the conserved histidines in TM6 (particularly H272) 

play an important role in regulating the pH dependence and/or proton coupling of 

Nramp2 activity. Since histidine residues can be titratable within the physiological pH 

range, it is possible that transient protonation ofH267 and/or H272 may be a requirement 

for the W coupling ofNramp2. 
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The importance of the conserved TM6 histidines in the function ofNramp 

proteins has been verified in other Nramp orthologs. In a recent publication, Chaloupka 

and colleagues reported that critical mutations at either H211 or H216 of a bacterial 

Nramp ortholog (corresponding to H2671H272 of Nramp2) , impair metal transport 156. 

Consistent with our studies, H211A1H216A mutations displayed significant metal 

transport at low pH (pH 4.7) while H211R1H272R mutations displayed no significant 

metal transport activity. Furthermore, mutations at the second histidine (H216) were less 

tolerated than at the first histidine (H211). 

In contrast to the TM6 histidine mutants that appear to uncouple H+ and divalent 

metal transport, at least one other mutation in Nramp2 has been shown to have the 

opposite effect on coupling. In 2004, Nevo and Nelson used yeast complementation 

assays and electrophysiological measurements on frog oocytes to show that a F196I 

substitution in Nramp2 (referred to as F2271 in this manuscript), results in a 14-fold 

increase in the ratio between metal to protons transported 158. In effect, the F196I 

mutation seems to enhance the coupling of metal ion transport in Nramp2. Interestingly, 

F196 resides in TM4, which is already known to be critical for Nramp2 activity since a 

G 185R mutation in this region causes microcytic anemia in rodents. Thus, it appears that 

key residues in TM4 (F196) and TM6 (H267, H272) ofNramp2 play vital roles in 

maintaining proper proton coupling of the transporter. Hopefully, the identification of 

additional mutants that affect proton coupling and/or pH dependence will further our 

understanding of metal transport by Nramp proteins. 

8.2.4 Structural determinants of Nramp proteins 

Hydropathy plots predict the presence ofbetween ten and twelve membrane­

spanning alpha helices for Nramp proteins 1. The proposed topology has been verified in 

different regions of different orthologs. The membrane topology of the bacterial Nramp 

ortho log MntH was studied by Courville and colleagues using genetic fusions with 

cytoplasmic and periplasmic reporters 356. Their results were in general agreement with 

initial computer-assisted predictions, with MntH possessing eleven putative 

transmembrane domains, an intra-cytoplasmic amino terminus, and an extra-cytoplasmic 
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carboxyl terminus. The topology of MntH was found to more closely resemble the 

structure of the yeast orthologs (Smf) than the mammalian proteins. Indeed, epitope 

accessibility studies with the yeast Nramp ortho log Smf3p also place its C terminus extra­

cytoplasmically 357. However, the membrane topologies of the bacterial and yeast proteins 

may differ from the mammalian proteins, which possess twelve transmembrane domains 

compared to eleven. In the mammalian proteins, antibody accessibility studies with 

Nramp 1 and Nramp2 have shown that both the N and C termini of these two proteins face 

the cytosol and that the sequence between TM7 and TM8 is indeed extra-cytoplasmic 

26;27;148. However, the complete membrane topology of Nramp1 and Nramp2 has not yet 

been verified experimentally and requires further study. One method to verify the 

topology of Nramp2 would be to use a systematic mutagenesis approach independently 

inserting epitope tags within each intra- and extra-cytoplasmic loops of the transporter. 

Immunofluorescence labeling experiments in fixed intact (non-permeabilized) vs. non­

intact (permeabilized) cells could then be used to determine accessibility of the various 

epitopes to specific antibodies. Epitopes accessible to antibody-labeling in intact cells 

would confirm the extracellular nature ofthose regions of the protein. The use of epitope 

tags such as hemagluttinin (HA) would be favored over the creation of genetic fusions 

with reporter proteins because of their comparatively smaller size, which would minimize 

possible disruptions in transporter folding and processing. 

He1ical wheel projections of the putative transmembrane domains ofNramp 

proteins reveal strong amphiphilicity for TM3, TM5, and TM9, c1early segregating a 

polar face made up of charged/polar residues from a non-polar hydrophobie face 1. The 

polar faces of these domains likely juxtapose the aqueous solvent while the hydrophobic 

portions ofthe domains probably interact with the hydrophobic lipids in the membrane. 

Interestingly, work described in Chapter 2 revealed that alanine substitutions at two 

charged residues within amphipathic transmembrane domains TM3 (EI54) and TM9 

(R416) ofNramp2 resulted in proteins that could not be stably expressed in CHO cells 28. 

These results suggested that these two charged residues are important for processing or 

stability of the transporter. Work in Chapter 4 showed that a conservative amino acid 

substitution at R416 retaining a positive charge (R416K) was moderately tolerated. One 
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possibility is that an ionic interaction between E154 and R416 is necessary for inter-helix 

packing between TM3 and TM9, and that mutating either ofthese residues to uncharged 

alanine prevents this interaction and causes decreased stability or mis-folding of the 

protein. Indeed, conserved charged residues residing within the hydrophobic 

transmembrane domains of polytopic membrane proteins have been shown to be 

important for the structure of other transporters such as CFTR and the lactose permease 

322;323. One way to indirectly verify an interaction between E 154 and R416 would be to 

exchange the residues at both positions and attempt to express the mutant protein in 

transfected cells. Expression of an R1541E416 mutant protein that showed normal 

processing, stability, and function would support an interaction between both charged 

residues. 

Relating biochemical data to the secondary and tertiary structures ofproteins can 

be difficult in the absence of a high resolution crystal structure. Several attempts have 

been made by Li and colleagues to determine the structure of a 24 amino acid synthetic 

peptide corresponding to predicted TM4 ofNramp2 358-361. Through the use CD and 

NMR spectroscopy, they showed evidence that the TM4-corresponding peptide adopts an 

alpha-helical structure in several membrane-mimicking environments 359. Furthermore, 

environmental changes in pH seemed to be associated with structural/conformational 

changes in the TM 4 peptide 360. From their data, they proposed a model whereby several 

TM4 helices would self-assemble in the membrane, delineating a hydrophilic channel 

through which metal ions would be transported. Another study comparing TM4 peptides 

from WT and G 185R mutant Nramp2 proteins suggested that the mutation causing 

microcytic anemia in rodents alters the self-assembly of the helices and disrupts the 

quatemary structure of the transporter 361. Although this is an interesting theory, there has 

not yet been any biochemical evidence suggesting that Nramp proteins function as 

multimeric complexes. If, as postulated, the G 185R mutation severely disrupted the 

quatemary structure of the protein, it would likely result in a complete loss of transport 

activity and not the attenuated functional activity actually displayed by this mutant 28;148. 

We must be cautious in interpreting the structural behavior of a single synthetic 

hydrophobie peptide (TM4) in the absence of the remaining transmembrane domains and 
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other segments ofNramp2 that are potentially critical for maintaining the transporter's 

structure. In sorne cases, the identification of a dominant negative variant of a protein is 

an indication that the protein functions as a multimeric complex involving interaction of 

several subunits, where the mutant protein affects the function of the wild-type protein. 

For example, dominant negative mutants have been identified for ferroportin and sorne 

experiments have shown that the iron exporter May oligomerize in vitro 295. The fact that 

no dominant negative mutations have been identified to date for Nramp2 either in vitro or 

in vivo, suggests that the transporter May actually function as a monomer. However, this 

has not yet been confirmed experimentaIly. One way to answer this question would be to 

purify and reconstitute Nramp2 in proteoliposomes under conditions where the 

transporter is fully functional and then use freeze-fracture electron microscopy to look at 

the distribution oftransporters in the membrane. In addition, the initial rate ofmetal 

transport into the proteoliposomes can be compared with the ratio ofNramp2 to 

phospholipid. A linear relationship would suggest that Nramp2 functions as a monomer 

while a sigmoidal relationship would indicate the need for oligomerization of the 

transporter to remain active. Such techniques were used by Costello and colleagues to 

verify the monomeric nature of the lac permease and cytochrome 0 oxidase 362. 

In the absence of a high resolution crystal structure, several molecular biology 

approaches can be employed to characterize the secondary structure of membrane 

proteins. The lactose permease of Escherichia coli (Lac Y) is one of the most weIl 

understood membrane protein transporters and several pioneering techniques have been 

used and developed to study its native structure within the bacterial membrane. Many of 

the techniques used to characterize Lac Y can be used to study other membrane proteins 

with similar characteristics. Like Nramp2, Lac Y is an integral membrane protein 

consisting oftwelve membrane-spanning alpha helices and functions as a symporter that 

uses a proton gradient to transport its substrate (galactosides) across the membrane. 

Several years ago, the group ofKaback and colleagues used a cysteine-scanning 

mutagenesis approach to: (a) determine residues that played an obligatory role in the 

function ofLacY, and (b) create a library of single Cys mutants for future 

structure/function studies (reviewed in 363). The amino acid Cys is average in bulk and 
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relatively hydrophobie. However, the major advantage of Cys is its sulfhydryl si de chain, 

which is open to highly-specific modification by various chemical groups such as N­

ethylmaleimide. Furthermore, by introducing single Cys mutants into a functional mutant 

backbone devoid of endogenous Cys residues, the precise specificity of the chemical 

modification can be controlled. The group ofKaback and colleagues have used this Cys­

scanning mutagenesis approach in conjunction with biochemical and biophysical 

techniques to elucidate membrane topology 364-366 as well as spatial proximity between 

transmembrane domains and periplasmic loops oflac permease 367-369. The latter studies 

utilized sulfhydryl-specific bifunctional chemical cross-linkers, which have also been 

used to study the transmembrane domain structure of numerous other polytopic 

transmembrane proteins such as the Tar 370 and aspartate sensory receptors 371 of E. coli. 

Cys-scanning mutagenesis has also been used to identify hydrophilic pathways formed by 

membrane transporters. In 1995, Yan and colleagues used Cys-scanning mutagenesis to 

demonstrate that TM7 of the bacterial membrane transporter UhpT lines a hydrophilic 

transport pathway for its charged substrate (glucose-6-phosphate) 372. Beginning with a 

Cys-Iess version ofUhpT, they introduced Cys residues, one at a time, at each position 

along TM7 and then probed these single-cysteine variants with p­

chloromercuribenzosulfonate (PCMBS), a hydrophilic and impermeant sulfhydryl­

reactive agent. They found that TM7 ofUhpT forms an a-helix whose central portion is 

highly accessible to PCMBS from both membrane surfaces, and subsequently they 

conc1uded that residues within TM7 line a hydrophilic pathway through the transporter. 

Finally, a Cys-scanning mutagenesis approach can be used to identify specifie amino 

acids that reside in or near a substrate binding site. In sorne cases, pre-incubation with 

substrate of a single-cysteine mutant protein is able to protect against chemical 

modification with a thiol-specific reagent. For example, Wu and colleagues made use of 

the fluorescent compound MIANS [2-(4' -maleimidylanilino )naphthalene-6-sulfonic 

acid], whose fluorescence increases dramatically upon reaction with a thiol, to 

demonstrate that Cys148 of the lac permease is a component of the substrate binding site 

373 
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In two simultaneous landmark publications in 1995, Voss and colleagues made 

use of paramagnetic metal-nitroxyl interactions to estimate intramolecular distances 

within proteins. In the first publication, they validated the technique by measuring 

distances in T4lysozyme, a protein ofknown structure 314. The calculated distances 

exhibited strong correspondence to the distances estimated from modeling based on the x­

ray structure of the protein. In the second publication, they applied their metal-nitroxide 

approach to measure distances in the lac pennease, a paradigm of polytopic membrane 

proteins 374. Site-directed spin labeling (SDSL) is a powerful tool for studying protein 

structure/dynamics, and has been successfully used to obtain structural data on a number 

ofproteins. However, a thorough description ofSDSL technique is beyond the scope of 

this thesis and has been reviewed elsewhere 375-377. Briefly, the technique involves 

introducing a metal-ion binding site (e.g. six contiguous histidine residues) in a fixed 

region ofthe protein and a spin-labeled side chain (cysteines) at another region of 

interest. Of course, other native cysteines must first be replaced. After purification of the 

protein, the spin-label side chains (Cys) are modified with a specifie paramagnetic 

nitroxide reagent and the electron paramagnetic resonance (EPR) spectra is analyzed in 

the presence of metal (e.g. Cu2+). Generally, changes in the distance between the metal 

and nitroxide label reflect changes in the EPR spectra of the spin-labe1ed protein. 

Similar Cys-scanning mutagenesis and spin-Iabeling approaches may yield 

valuable infonnation about the transmembrane structure ofNramp proteins. However, 

these approaches require successful purification and reconstitution ofNramp proteins in a 

functional state andlor a Cys-less Nramp protein that retains significant metal transport 

activity. To date, there have been no published reports describing the 

purification/reconstitution of functional mammalian Nramp 112, nor reports characterizing 

the activity of a mammalian Nramp protein devoid of an endogenous cysteines. However, 

Nramp2 contains ten endogenous cysteine residues, sorne ofwhich are conserved, and a 

Cys-less Nramp2 variant may not be stably expressed or retain significant transport 

activity. An attempt has been made to carry out some ofthese studies in the 

mycobacterial ortho log, MntH. In 2002, Reeve and colleagues reported the purification 

and reconstitution of a cysteine-less variant of MntH from Mycobacterium leprae, and 
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used site-directed spin labeling to gain structural information about the transporter 378. 

However, they did not test the functionality ofthe Cys-Iess MntH transporter and it is not 

known whether this variant represented a properly folded protein. Perhaps an ideal 

candidate for future site-directed spin labeling studies would be the MntH protein from E. 

coli, which do es not contain any endogenous cysteines. 

8.2.5 Subcellular targeting and trafficking of Nramp pro teins 

It is c1ear that proper subcellular targeting is essential for the function ofNramp 

proteins. The work described in Chapters 5, 6, and 7 ofthis thesis focused on 

characterizing the subcellular targeting and trafficking ofboth Nrampl and Nramp2. 

Trafficking differences were identified not only between Nramp 1 and Nramp2, but also 

between two splicing isoforms ofNramp2. In Nramp2, the most critical targeting 

information appears to reside in the carboxyl terminal segment ofthe isoform II (B) 

protein, inc1uding a putative YLLNT motif 155;184. However, the role of the additional29-

31 N-terminal residues of the (A) isoforms ofNramp2 in subcellular targeting are not 

currently known and need to be further studied. Conversely, one of the signaIs critical for 

proper lysosomal sorting ofNrampl appears to reside in the amino terminal segment of 

the transporter, most notably a YGSI motif. In the past few years, tremendous progress 

has been made in the field oftransmembrane protein sorting (reviewed in 183). In 

particular, numerous cytosolic motifs have now been identified in various functionally 

unrelated transmembrane proteins and many of their binding partners have also been 

characterized. An important next step to better understand the subcellular trafficking of 

Nramp proteins will be to identify the specifie adaptor protein complexes that interact 

with the targeting motifs present in the amino and carboxyl termini of Nramp 1 and 

Nramp2. This can be done several ways. In 1989, Glickman and colleagues used an in 

vitro affinity binding method to study interactions of the cytosolic tail of mannose-6-

phosphate receptor (M6PR) with the c1athrin-associated plasma membrane adaptor 

protein AP-2 379. They used either intact M6PR or a fusion protein containing the 

cytoplasmic tail ofM6PR for column chromatography experiments to identify adaptor 

proteins that could bind M6PR. However, the apparent low affinity ofthe interactions in 
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vitro may preclude the use ofthis biochemical approach to study other transmembrane 

proteins. A more sensitive technique might be a yeast two-hybrid screen. In a landmark 

publication in 1995, Ohno and colleagues successfully used the yeast two-hybrid system 

to identify proteins that bind to tyrosine-based signaIs 331. As "bait", they used a triple 

repeat ofthe peptide SDYQRL from the cytoplasmic tail of the integral membrane 

protein TGN38, which was known to possess characteristics of a YXX<l> motif, mediating 

intemalization and targeting ofthe protein to the trans-Golgi network (TGN). After 

screening a mouse spleen cDNA library, they isolated clones corresponding to the 

medium chain ().12) ofthe plasma membrane clathrin-associated protein complex AP-2. 

The interaction between).12 and the YXX<1> motifwas later confirmed through in vitro 

binding assays. A similar approach could be used to identify proteins involved in 

trafficking ofNrampl and Nramp2 proteins, using either the amino or carboxyl terminal 

segments of each protein as "bait". 

Currently, one study has suggested that intemalization ofNramp2 isoform II from 

the cell surface occurs via a clathrin and dynamin dependent mechanism in transfected 

LLC-PKI cells 51. These observations were made based on some colocalization between 

Nramp2 and GFP-clathrin, and the apparent lack of intemalization ofNramp2 in cells 

expressing a dominant negative variant (K44A) of dynamin. More studies are needed to 

verify these results. Traditionally, the requirement of clathrin for the endocytosis of a 

transmembrane protein has been verified several ways. Over twenty years ago, Larkin and 

colleagues described a method for inhibiting receptor mediated endocytosis of low 

density lipoprotein (LDL) receptor 380. They found that when the level ofintracellular 

potassium was lowered in cultured human fibroblasts below 40% of normal, the 

intemalization ofLDL receptor was inhibited. Moreover, under conditions of maximal 

inhibition, these cells had an 80% reduction in the number of clathrin-coated pits on the 

cell surface 380. Inhibition of endocytosis by potassium depletion is reversible and has 

been found to be surprisingly specifie for clathrin-mediated intemalization, and therefore 

has since been used to study endocytosis of a number of membrane proteins 334;380;381. A 

reduced rate of intemalization and/or an increase in cell surface accumulation ofNramp2 

isoform II in potassium depleted cells would support the role of clathrin in the 
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intemalization ofNramp2 from the plasma membrane. Furthermore, Sandvig and 

colleagues found that when intracellular pH was lowered below pH 6.0, there was a 

dramatic and specific inhibition of endocytosis through coated pits 382. Unlike potassium 

depletion, acidified cells appear to have normal numbers of coated pits but these pits 

appear to be paralyzed and unable to intemalize ligand. Again, reduced intemalization 

and/or increased cell surface accumulation ofNramp2 upon cellular acidification would 

support a role of c1athrin in Nramp2 intemalization from the plasma membrane. 

Intriguingly, since Nramp2 functions through a proton co-transport mechanism, it itself 

causes cellular acidification as it imports divalent metals. This raises the possibility of a 

positive-feedback regulation mechanism whereby metal uptake by Nramp2 causes 

accumulation of the transporter at the cell surface through inhibition of c1athrin-mediated 

intemalization via cellular acidification. 

Work described in Chapter 7 ofthis thesis showed that a tyrosine-based motif 

(YGSI) in the amino terminus ofNrampl could function as a lysosomal targeting signal 

when placed on the background ofNramp2. Our results allowed us to propose a model 

for Nrampl trafficking whereby recognition of the YGSI signal by specific adaptor 

proteins mediate the sorting ofNrampl directly from the trans-Golgi network to late 

endosomes and lysosomes. However, we could not completely exc1ude the possibility that 

Nramp 1 is first targeted to the cell surface, then rapidly intemalized and targeted to the 

lysosomes via the endocytic pathway. Therefore, the question remains whether Nramp 1 is 

targeted directly or indirectly to the lysosomal compartment. One way of answering this 

question would be to treat cells expressing Nramp 1 with an inhibitor of endocytosis and 

look for an accumulation of Nramp1 at the cell surface through cell surface biotinylation. 

An increase in Nramp 1 at the cell surface could indicate an indirect sorting route. Sorne 

well-characterized chemical inhibitors of endocytosis are monodansylcadaverine, 

concanavalin A (conA) and phenylarsine oxide (PAO). Another way to study Nramp 1 

sorting would be to pulse-label newly synthesized Nrampl transporters with radiolabeled 

35S-methionine and perform subcellular fractionation at different time intervals using 

differential centrifugation to isolate fractions from various organellar compartments. 

Nramp 1 could be isolated from these fractions by immunoprecipitation and detected by 
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SDS-electrophoresis and autoradiography. A transient accumulation ofNrampl in 

fractions enriched for plasma membrane components would support an indirect sorting 

route. 

8.3 Final Conclusions 

Future studies on Nramp proteins are essential for a better understanding of the 

role of divalent metals in a number of cellular and physiological processes. The numerous 

studies characterizing Nrampl have given insight into the complex nature ofhost­

pathogen interactions and brought to the forefront the importance of divalent metals in 

the survival/replication of a wide range of intracellular parasites. These and future 

findings may lead to novel therapeutic approaches for combating the CUITent alarming rise 

in pathogenic infections. In parallel, the identification and characterization of the iron 

transporter Nramp2 has helped spark a recent growth in research in the field of iron 

metabolism. A better understanding of the function Nramp2 may lead to novel or 

improved treatments for iron-related disorders such as hereditary hemochromatosis. 
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Original Contributions to Knowledge 

1. Identification offive conserved charged residues (D86, E154, D192, E299, R416) 

residing in the membrane-spanning segments ofNramp2 that are essential for metal 

transport. 

2. Identification and characterization of two invariant histidines in Nramp2 (H267, 

H272) that are critical for pH-dependence ofNramp2 activity. Proposed a model 

whereby protonation of these histidines would control pH -dependence of metal 

transport. 

3. Characterization of the functional properties and possible contribution to disease of 

the first two human NRAMP2 mutations (E399D, R416C) identified in patients 

suffering from microcytic anemia and iron overload. 

4. Established an ELISA-based technique to be able to quantify the proportion of 

Nramp2-HA expressed at the cell surface with respect to either total cellular 

expression at steady-state or the dynamic "recyc1ing pool" expression. 

5. Established a cell surface biotinylation technique to meaSure the rate ofintemalization 

ofNramp2 from the cell surface in stably transfected LLC-PKI cells. 

6. Explored the roles of three putative cytoplasmic motifs in the subcellular targeting 

and trafficking ofNramp2, and identified a tyrosine-based signal (YLLNT555-559) in 

the carboxyl terminus ofNramp2 responsible for the transporter's intemalization from 

the cell surface and recyc1ing back to the plasma membrane. 

7. Demonstrated that two splicing isoforms ofNramp2 (isoform 1 and II) exhibit distinct 

targeting and recyc1ing properties in stably transfected LLC-PK1• Proposed a 

trafficking model whereby isoform 1 would become enriched at the cell surface in 

epithelial cells to facilitate iron uptake across the plasma membrane in these cells. 

8. Identification of a tyrosine-based motif of the form YXX <I> in the amino terminus of 

Nrampl (YGSI) that functions as a lysosomal targeting signal. Proposed a model for 

Nramp 1 trafficking to late endosomes and lysosomes. 
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