
Iron and copper metabolism in humans



Pathologies associated to iron and copper dysmetabolism

Pathology Mutated gene
Menkes syndrome ATP7A Copper deficiency (defective

absorption of copper)
Wilson disease ATP7B Copper overload in liver and 

brain
Hemochromatosis type I-IV HFE, TfR2, HJV, HAMP, Fpn Iron overload in different

organs
Friedreich ataxia Frataxin Neurodegeneration and 

iron overload in specific
areas of the brain

Aceruloplasminemia Ceruloplasmin

Hallevorden-Spatz syndrome PANK-2

Neuroferritinopathy L-ferritin

Huntington chorea

Alzheimer disease

Parkinson disease



Animal models 
for the study of 
human 
pathologies
associated to 
iron
dysmetabolism



Systemic iron homeostasis

Iron is absorbed by enterocytes in duodenum, released in the bloodstream and 
transported to different organs by transferrin. Reticulo-endothelialmacrophages
represent the major site of iron recycling from senescent erythrocytes.



Cell biology of iron metabolism in mammals



Heme biosynthesis



Mechanism for Fe-S cluster biosynthesis in mammals



Biogenesis of Fe-S clusters.
Role of mitochondria in iron metabolism

Disfunction of Fe-S cluster 
biosynthesis causes iron
overload in mitochondria and 
oxidative stress.





The Transferrin-TfR1 cycle for cell aquisition of 
iron



Proteins of cellular iron metabolism

• DMT1 co-transports divalent cations and 
H+, it is expressed in many tissues and 
cells (enterocytes, erythroid cells, kidney, 
lung, brain…).

• It plays a role in absorption of iron in 
duodenum and in the machanism of iron
release from transferrin. 

• DMT1 expression is induced by iron
deficiency and different isoforms of the 
protein have been identified.

• Ferritin is the major intracellular iron
storage protein. It is formed by 24 
subunits of H- and L-type and it can 
bind up to 4500 iron atoms.



Export of iron from cells: ferroportin

• Ferroportin is the only cellular iron exporter identified to date.
• It is expressed on the basolateral membrane of enterocytes, in 

macrophages, astrocytes and hepatocytes.
• Ferroportin mutations cause iron overload in liver or in reticuloendothelial

macrophages (hemochromatosis type 4).



Export of iron from cells: ferroportin

Ferroportin belongs to the Major Facilitator Superfamily of membrane 
transporters, that cycle between different conformations during substrate
translocation across the membrane.  



Ferroxidases: ceruloplasmin and hephaestin

• The ferroxidases ceruloplasmin and hephaestin belong to the family of blue 
multicopper oxidases (MCO) and catalyze oxidation of Fe2+ to Fe3+ with 
reduction of O2 to H2O.

• Ceruloplasmin collaborates with ferroportin by oxidizing Fe2+ exported and 
facilitating incorporation into transferrin.

• Hephaestin is a membrane protein expressed mainly in enterocytes where it
participates in intestinal iron absorption.



Ferroxidase activity of ceruloplasmin (and hephaestin) 
is required to stabilize ferroportin at the cell surface

A membrane GPI-ceruloplasmin isoform is expressed mainly in astrocytes. 
Lack of ceruloplasmin in these cells causes disappearance of ferroportin from 
the cell surface and this could explain the brain iron overload in patients
affected by aceruloplasminemia.



Cellular regulation of iron homeostasis
The IRE/IRP regulatory system.



Systemic regulation of iron homeostasis
mediated by hepcidin

Hepcidin is a 25 amino acid 
peptide produced by the liver. It
binds to ferroportin causing
internalization and degradation
of the transporter, reducing
export of iron from enterocytes
and macrophages to the 
circulation. 
Expression of hepcidin is
induced by iron excess and 
inflammation (IL-6), and it is
repressed by anemia and 
hypoxia.



Regulation of hepcidin
synthesis



Systemic regulation of iron homeostasis



Copper metabolism

• The mechanisms at the basis of cellular homeostasis of copper
are conserved in bacteria (partly), in yeast and in higher
eukaryotes.

• Studies in yeast have been particularly useful to identify and/or 
characterize structurally and functionally homologous human 
proteins by complementation of defective strains.

• Copper metabolism in eukaryotes is tightly linked with iron
metabolism through the Cu-dependent ferroxidases: defects in 
copper incorporation in ferroxidases will lead to iron
dysmetabolism.



Copper resistance in Escherichia coli

• E. coli does not possess cytosolic cuproproteins so it does not
need transport systems for delivery of copper to the cytosol

• Copper is exported to the periplasm and outside the cell by the 
cue and cus (chromosomal) and pco (plasmidic) systems.

• cue (CopA, CueO), cus (CusCFBA) and pco (PcoABCDE) 
operons are induced at different concentrations of copper by 
transcription factors CueR, CusR and PcoR.



Detoxification of copper in the periplasm in 
Escherichia coli

Mechanism of 
homeostasis

Regulated by Function

CopA
Cu export pump

CueR (Cu+
sensor in the 
cytosol)

Detoxification Cu 
in the cytosol

CusCFBA
Cu export

CusRS (Cu+
sensor in the 
periplasm)

Detoxification Cu 
in the periplasm

CueO
Cu oxidase

CueR (Cu+
sensor in the 
cytosol) 

Protection of 
periplasmatic
proteins

PcoABCD
Cu export

PcoRS (Cu+
sensor in the 
periplasm)

Protection of the 
periplasm from 
elevated Cu stress

PcoE CusRS and 
PcoRS

Cu chaperone in 
the periplasm



Structure of the cusC3B6A3 system for export of 
copper



Copper transport in Enterococcus hirae

• Copper resistance operon

copY – copZ – copA – copB

• copY regulates transcription of the operon, transcriptional
repressor binds the promoter in the absence of copper

• copZ intracellular copper transporter, transfers the metal to cop Y
• copA protein of 727 aa with ATPase activity responsible

for copper uptake in the cell
• copB protein of 745 aa with ATPase activity responsible

for copper export from the cell

• Determination of the role of copA and copB by studies with strains with 
inactivated copA and copB genes

• Characterization of transport activity of the proteins by competition with 
other metals (Ag, Cd), use of inhibitors (vanadate) and use of radioactive
isotopes



Copper homeostasis in Enterococcus hirae



Copper transport in eukaryotic cell.
The membrane transporter Ctr1

• Ctr1 is the main Cu+ transporter in the cell (Km 1-5 µM).
• Ctr1 has three transmembrane domains and various ‘Met’ (MX1-3M) sequences

necessary for Cu+ binding.
• Functional complementation in ctr1ctr3D yeast strains allowed to isolate human 

Ctr1. The importance of Ctr1 is demonstrated by the finding that Ctr1 knock-out is
embryonically lethal in mice.

• Ctr1 expression is transcriptionally regulated by Mac1 in yeast and post-
translationally by copper-mediated endocytosis and degradation (in yeast and 
humans).



Trimeric structure of the transporter Ctr1.



Intracellular copper transport in yeast.
Chaperones and pumps for metal delivery

Cuproproteins
• Cu,ZnSOD and MT cytosol
• Cytochrome oxidase mitochondria
• Fet3 plasma membrane

Copper chaperones
• CCS cytosol
• Cox17 mitochondria
• Atx1 Golgi

Copper pumps
ATPase Ccc2 transports copper in 
the Golgi for incorporation in Fet3



Intracellular copper transport in hepatocytes and neurons.
Chaperones and pumps for metal delivery



Enzymes that receive copper in the Golgi



Copper chaperones

Copper chaperones are small 
proteins (about 70-80 amino 
acids) conserved from bacteria
to humans. Copper is bound as
Cu+ by two cysteine residues
with an atypical coordination.



Copper transport ATPases

Copper transport pumps belong to the family of P-
type or CPx ATPase and are found in bacteria, yeast
and higher eukaryotes. They couple metal trasport to 
ATP hydrolysis forming an acyl-phosphate
intermediate on an aspartate residue.
They present 8 transmembrane regions and an N-
terminal region for copper binding in domains with 
conserved MXCXXC sequences.
In the P domain and in the N domain aspartate
phosphorylation and nucleotide binding take place. 
In the A domain aspartate is dephosphorylated.

Bacteria CopA, copB
Yeast Ccc2
Mammals ATP7A, ATP7B



Mechanism of copper transport ATPases



Efflux of copper from cells: 
Menkes (ATP7A) and Wilson (ATP7B) proteins

• ATP7A contains six copper
binding domains

• It is localized in the trans-Golgi 
and it is expressed in enterocytes, 
in the endothelium of the blood-
brain barrier and many other
tissues.

• ATP7B contains six copper
binding domains

• It is localized in the trans-Golgi 
and it is expressed in the liver and 
at lower levels in the kidney, 
placenta, brain and heart. 



Subcellular localization of ATP7A and ATP7B changes
as a function of copper concentration



Copper chaperones and pumps.
Mechanism for metal transfer



Chaperones and pumps have similar structures



Structure of Atx1 and of the 
copper-binding domains of yeast
(Ccc2) and human ATPases
(Menkes e Wilson). Specific
recognition is mediated by 
electrostatic interactions.



Charge complementarity between chaperones and pumps



Novel proteins involved in intracellular iron metabolism


