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The problem of iron acquisition



Iron is an abundant metal, but…

In aqueous solutions, Fe2+ is readily oxidized to Fe3+

At neutral pH, Fe3+ forms essentially insoluble Fe(OH)3

Iron’s bioavailability is limited



Direct uptake by low affinity (Km=40 mM) ferrous transporter Fet4p

2.

Reoxidation by plasma membrane-bound ferroxidase Fet3p

and internalization by permease Ftr1p in a high affinity 

transporting system (Km=0.15 mM)

or

Reduction of Fe3+ to Fe2+ in the vicinity of the cell by 

plasma membrane-bound ferric reductases Frep

1.

Fre reductases

Fet3 oxidase/Ftr1 permease

Strategies for iron acquisition (1): 

direct iron transport



Strategies for iron acquisition (2):

indirect iron uptake

Many bacteria and lower eukaryotes secrete siderophores

(low molecular weight Fe3+ chelators)

Iron-loaded siderophores are internalized into the bacteria

by binding to specific cell-surface receptors

deferroxamine (desferral)

Deferroxamine, a bacterial siderophore,

is widely employed for iron chelation therapy



Iron assimilation in higher organisms

Both concepts:

Direct iron transport by trans-membrane transporters,

following reduction to soluble Fe2+

have been conserved in higher organisms

Receptor-mediated uptake of iron, that is “captured”
in form of Fe3+ by an iron-binding molecule 

and



Direct iron transport is critical for dietary iron 

absorption

Wang, Biochem J (2011)

Iron absorption from intestinal lumen 

involves reduction of Fe3+ to Fe2+ by the 

duodenal cytochrome b (Dcytb), and 

transport of Fe2+ across the apical 

membrane of enterocytes by the divalent 

metal transporter DMT1

Internalized Fe2+ is exported across the 

basolateral membrane by the ferrous 

transporter ferroportin and re-oxidized to 

Fe3+ by the membrane-associated ferroxidase 

hephaestin and/or by its soluble homologue 

ceruloplasmin

Direct iron transport is also operational in pathological conditions of iron overload



Transferrin (Tf), the plasma iron carrier

Monomeric glycoprotein of 80 kDa

that delivers iron to the erythron and other 

tissues

Under physiological conditions, only 30% 

is saturated with iron

Binds two Fe3+ atoms with high affinity

(Kd=10-23 at neutral pH, drops at lower pH) 

Belongs to a family of related proteins found 

in other biological fluids
(lactoferrin in milk, ovotransferrin in egg)

Tf folds into an N- and a C-terminal lobe



Transferrin receptors
TfR1 is a homodimeric glycoprotein of 180 kDa

it binds two iron-loaded Tf molecules

Binding affinity for diferric-Tf is 500-fold higher than for apo-Tf

the ectodomain of TfR1 the Tf/TfR1 complex

TfR2, a homologue of TfR1, is primarily expressed in 

hepatocytes and erythroid cells 



Cellular iron uptake by the transferrin cycle

Wang, Biochem J (2011)

Receptor-mediated endocytosis

Fe3+ release from transferrin in acidified endosome, reduction to Fe2+ by Steap3

Fe2+ transport across the endosome via DMT1



Fate of intracellular iron (1):

Labile iron pool (LIP)

Small fraction of intracellular iron, presumably bound to

low molecular weight chelates (citrate, ATP, pyrophosphate)

Reflects the iron “status” of the cell and is critical 

for homeostatic responses



Wang, Biochem J (2011)

Fate of intracellular iron (2):

Transport to mitochondria

Iron enters the inner mitochondrial membrane via mitoferrin

Lane, BBA (2015)

Potential mechanisms for iron transport to mitochondria involve: 

endosomal “kiss and run”, direct uptake of LIP, or chaperone-assisted transport



The heme biosynthetic pathway in mammalian cells

 ALAS;  5-aminolevulinate synthase  PBGS; porphobilinogen synthase

 PBGD; porphobilinogen deaminase   Uro III; uroporphyrinogen III

 CPO; coproporphyrinogen oxidase  PPO; protoporphyrinogen oxidase

 FC; 

ferrochelatase



Biogenesis of Fe-S cluster proteins

Paul and Lill, Cell Metab (2014)

 NFS1;  cystein desulfurase

 ISCU;  scaffold protein

 FXN;  frataxin

 GLRX5;  glutaredoxin 5



Ferritin is composed of H- and L-chains

human H-ferritin

Fate of intracellular iron (3):

Storage into ferritin

Its 24 subunits fold to a shell-like structure that can store up to

4500 Fe3+ ions in a non-toxic, bioavailable form

murine holo-ferritin



Iron is delivered to ferritin via chaperones

PCBP1/2 target iron to apo-ferritin and other cytosolic iron proteins

Philpott, Frontiers Pharmacol (2014)



Fate of intracellular iron (4):

Export via ferroportin

Wang, Biochem J (2011)

Enterocytes and macrophages (but to 

a smaller extent also other cell types) 

export Fe2+ to plasma via ferroportin



Regulation of cellular iron metabolism:

The IRE/IRP system



Coordinate regulation of TfR1 and ferritin 

expression in response to iron supply

TfR1 (Northern Blot)

iron supply -

TfR1 mRNA

ferritin (immunoprecipitation)

iron supply -

ferritin H
L



Regulation is post-transcriptional and involves 

iron-responsive elements

Iron responsive element (IRE)

phylogenetically conserved stem-loop structure in the untranslated regions of mRNAs 

encoding: ferritin (H- and L-chains), TfR1, ALAS2, DMT1, ferroportin, m-aconitase, 

HIF2α



IREs constitute the binding sites of two iron 

regulatory proteins, IRP1 and IRP2

electrophoretic mobility shift assay (bandshift)

IRE/IRP1

IRE/IRP2

free IRE probe

iron supply -

IRE/IRP interactions are iron-regulated



Homeostatic responses mediated by IRE/IRP interactions

iron uptake

iron storage

iron efflux

ferroportin

TfR1

H-ferritin

L-ferritin

IRE IRE



IRP1 is a bifunctional protein



IRP1 is regulated by an Fe-S cluster switch

NOH2O2

Fe

cluster disassembly

Fe

cluster assembly

[4Fe-4S]-IRP1 = cytosolic aconitaseapo-IRP1 = IRE-binding protein



IRP2 undergoes iron- and oxygen-dependent 

degradation by the proteasome

The E3 ubiquitin ligase FBXL5 promotes IRP2 ubiquitination

FBXL5 functions as an iron sensor via a hemerythrin-type Fe-O-Fe center



Overriding the IRE/IRP system

Erythroid cells utilize extraordinary amounts of iron

During erythroid cell differentiation TfR1 expression 

remains high, ferritin mRNA remains suppressed, and 

IRPs do not respond to iron uptake

Efficient targeting of iron to mitochondria very likely 

prevents alterations in the LIP, which normally trigger 

IRP responses

Increased iron uptake is facilitated by transcriptional 

induction of TfR1



IRE/IRP-independent regulatory mechanisms (1)

Lane, BBA (2015)

HIFs mediated transcriptional induction of iron genes 



IRE/IRP-independent regulatory mechanisms (2)

Ferritin is induced by Nrf2 and NF-κB

Ferroportin is induced by Nrf2 and suppressed during 

inflammation

TfR1 is induced by c-Myc and suppressed by Ets-1

Transcriptional mechanisms

Post-transcriptional mechanisms

Ferritin undergoes autophagic turnover via NCOA4

Ferroportin undergoes lysosomal degradation following 

binding of hepcidin

TfR1 mRNA stability is negatively regulated by mTOR via 

tristetraproline



Targeted disruption of cellular iron 

metabolism proteins in mice



Disruption of Tfr1, H-ferritin or ferroportin 

causes embryonic lethality

Tfrc-/- mice die before E12.5 due to defective erythropoietic

and neuronal development

Fth-/- mice die before E9.5

Levy, Nature Genet (1999)

Ferreira, JBC (2000)

Fpn-/- mice die before E7.5 due to defective iron transfer from 

the mother
Donovan, Cell Metab (2005)

Tissue-specific knockout models have yielded strong 

phenotypes, highlighting the importance of TfR1, ferritin and 

ferroportin in iron metabolism



Disruption of both IRP1 and IRP2

Irp1-/- Irp2-/- mice are not viable 

Smith et al, (2006) Blood Cells, Mol. and Disease

Irp1-/- Irp2-/- embryos develop blastocysts with abnormal 

morphology and color, possibly due to accumulation of iron, 

and die before embryonic day 6.5

IRP1-/- IRP2-/-wt

The IRE/IRP regulatory system is indispensable for development and 

systemic iron homeostasis

Tissue-specific Irp1-/- Irp2-/- mice exhibit strong phenotypes
(evidence for critical function of IRPs in mitochondrial iron supply)



Disruption of IRP1

Meyron-Holtz, EMBO J (2004)

Irp1-/- mice were initially reported to have a mild phenotype and

merely misregulate iron metabolism in the kidney and brown fat

Within tissues, IRP1 appears to predominate in the aconitase form

Meyron-Holtz, Science (2004)



IRP1 is a key regulator of HIF-2α mRNA translation

Young Irp1-/- mice overexpress HIF-2α and develop

HIF-2α-dependent pathologies

Wilkinson, Blood (2013) 

HIF-2α-dependent transcriptional induction of erythropoietin

(Epo) promotes extramedullary erythropoiesis, splenomegaly,

reticulocytosis and polycythemia

Ghosh, Cell Metab (2013) Anderson, Cell Metab (2013) 



Disruption of IRP2

Irp2-/- mice develop microcytic anemia and neurologic defects due 

to misregulation of IRE-target genes in the bone marrow and brain

Cooperman, Blood (2005) 

Galy, Blood (2005) 

The degree of neurodegeneration is highly variable among Irp2-/- models  

LaVaute, Nature Genet (2001)

Irp2-/- mice are protected from experimental chronic obstructive 

pulmonary disease (COPD), very likely due to improved 

mitochondrial function in the lungs

Cloonan, Nature Med (2016)

Zumbrennen, PLoS One (2014)

Galy, Nature Genet (2006)



Embryonic lethality of Fbxl5-/- mice, that can be rescued by 

co-ablation of IRP2

Moroishi, Cell Metab (2011) 

Disruption of FBXL5

Liver-specific disruption of FBXL5 leads to steatohepatitis



Human diseases caused by genetic defects 

in genes of cellular iron metabolism



Diseases associated with mutations in Tfr1, 

ferritin or ferroportin

Tfr1: Combined immunodeficiency caused by a missence 

mutation in the TFRC gene

L-ferritin: Basal ganglia disease (neuferritinopathy) caused by 

mutations in the FTL gene

Jabara, Nature (2016)

Curtis, Nature Genet (2001)

Ferroportin: Hemochromatosis type 4 (ferroportin disease) 

caused by mutations in the SLC11A3 gene
Montosi, J Clin Invest (2001)

Njajou, Nature Genet (2001)



Diseases associated with the IRE/IRP system

IRP1: Sideroblastic anemia and iron overload caused by 

hyperactive IRP1 due to mutations in the Fe-S assembly factor 

GLRX5
Camaschella, Blood (2007)

IRE: Hereditary hyperferritinemia/cataract syndrome caused by 

mutations in L-ferritin IRE that abrogate IRP binding
Beaumont, Nature Genet (1995)

IRP2: GWAS and experimental evidence for association of 

IRP2 with COPD and breast cancer
Demeo, Am J Hum Genet (2009)

Wang, Cancer Res (2014)



Conclusions

Cellular iron metabolism is tightly controlled to satisfy 

metabolic needs for iron and to decrease the risk of iron’s 

toxicity 

The IRE/IRP system plays a key role in coordinated 

regulation of cellular iron metabolism, yet further 

mechanisms contribute to fine-tuning and tissue-specificity

Genetic defects in iron metabolism genes lead to several 

pathological conditions


