
Linking physiological functions of iron
Tracey A Rouault

Iron-sulfur clusters and hemes are two iron-containing prosthetic groups involved in important physiological 
functions. Identification of the gene responsible for anemia in a mutant zebrafish has revealed an unexpected link 
between iron-sulfur cluster assembly and heme synthesis in red blood cells.

Virtually all aerobic organisms synthesize 
heme, an iron protoporphyrin complex 
that functions as an oxygen transporter 
and electron carrier in multiple enzymes 
and mitochondrial respiratory chain com-
plexes. Heme is synthesized by a highly 
conserved multistep process, beginning 
with the condensation of glycine and suc-
cinyl-CoA by ALA synthase (ALAS) to form 
5-aminolevulinic acid, and continuing 
through seven successive enzymatic steps that 
culminate with insertion of iron into the por-
phyrin ring to form heme. It is advantageous 
to inhibit heme biosynthesis in iron-deprived 
cells at the first step of the pathway, because 
the final step of heme synthesis is catalyzed 
by ferrochelatase, an iron-sulfur protein that 
inserts iron into protoporphyrin IX. If cells 
are iron deficient and cannot complete the 
final step of synthesis, later heme biosynthetic 
intermediates such as uroporphyrin and pro-
toporphyrin IX can accumulate and cause tox-
icity1. Thus, it is of great interest that Wingert 
et al., in the 18 July issue of Nature, have dis-
covered a functional connection between ini-
tiation of heme biosynthesis in red cells and 
an enzyme important for activity of proteins 
that contain iron-sulfur clusters2.

Shiraz mutants are zebrafish mutants that 
have a heritable disorder of hemoglobin synthe-
sis. Using positional cloning to identify the gene 
responsible for shiraz anemia in zebrafish, the 
authors established that the anemia was due to 
loss of glutaredoxin 5 function, a gene first iden-
tified as important for the activity of iron-sulfur 
cluster proteins in yeast3. Iron-sulfur clusters are 
prosthetic groups composed of inorganic sulfur 
and iron that are of fundamental importance in 
respiration, photosynthesis and nitrogen fixa-
tion4. Thus, this result suggested a previously 
unrecognized connection between two funda-
mental biochemical processes, the iron-sulfur 
cluster assembly and the heme biosynthetic 
pathways of higher eukaryotes.

To clarify the mechanistic connection 
between glutaredoxin 5 deficiency and ane-

mia, the authors extrapolated from insights 
gained over the past decade about regulation 
of mammalian erythropoiesis. Mammalian 
red blood cells contain a distinct form of ALA 
synthase (eALAS) in which the 5′ untrans-
lated region (UTR) of the transcript contains 
an RNA stem-loop element known as an 
iron-responsive element (IRE)5. The IRE is a 
binding site for iron-sensing proteins known 
as iron regulatory proteins (IRPs)6, which 
repress heme synthesis in iron-depleted cells 
by binding to the IRE of eALAS, thereby pre-
venting initiation of translation. Mammalian 
cells contain two IRPs, each of which can 
bind to IREs found in mRNAs of important 
iron-metabolism proteins, including the iron-
storage protein, ferritin and the transferrin 
receptor (TfR), an iron-uptake protein. IRP1 
is a bifunctional protein that functions as a 

cytosolic aconitase in iron-replete cells, or as 
an RNA-binding protein that inhibits transla-
tion of transcripts such as ferritin with IREs at 
the 5′ end of the transcript, while it stabilizes 
the TfR transcript by binding to IREs in the 3′ 
UTR in iron-depleted cells. The function of 
IRP1 is determined by the presence or absence 
of a cubane iron-sulfur cluster ligated to the 
enzymatic active site7 (Fig. 1). Much has been 
learned about bacterial iron-sulfur cluster 
assembly enzymes4, and the process of iron-
sulfur cluster assembly seems to be highly 
conserved in mammals8.

In the zebrafish genome, Wingert et al. dis-
covered that, as in mammalian cells, there are 
two IRPs, and there are also two forms of ALAS, 
one of which, ALAS2, contains an IRE at the 5′ 
end and is expressed uniquely in erythroid cells9. 
Recognizing that glutaredoxin 5 is required for 
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Figure 1 IRP1 that lacks an iron-sulfur cluster because of glutaredoxin 5 deficiency represses heme 
synthesis by repressing translation of the first enzyme of the heme biosynthetic pathway. IRP1 is a 
bifunctional protein in which function is determined by the presence or absence of an iron-sulfur 
cluster. In iron-replete cells, iron-sulfur cluster assembly enzymes, including glutaredoxin 5, participate 
in cluster formation and insertion of a [4Fe-4S] cluster into IRP1. Iron-sulfur clusters are readily 
disassembled by oxidative stress. When cells are deficient in iron, or iron-sulfur cluster assembly 
enzymes, IRP1 binds to IREs. When IRP1 binds to the IRE in the 5′ UTR of ALAS2, the zebrafish 
erythroid ALAS, heme biosynthesis is impaired in red blood cells and the fish become anemic.
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activity of iron-sulfur enzymes in yeast, they 
reasoned that perhaps the iron-sulfur cluster 
of IRP1 was absent in shiraz mutants, and that 
as a result IRP1 constitutively repressed ALAS2 
translation and heme biosynthesis.

To investigate the hypothesis that IRP1 
was binding to the IRE of erythroid ALAS 
and repressing heme synthesis, the authors 
injected early zebrafish embryos with ALAS2 
expression constructs or antisense sequences 
that eliminated expression of IRP1 as the 
embryo developed. When ALAS2 without its 
5′ IRE was overexpressed, normal erythroid 
development was restored. Moreover, when 
ALAS2 constructs with IRE loop mutations 
were overexpressed, the anemia was also res-
cued. When they used antisense techniques to 
eliminate IRP1 in shiraz mutants, they again 
rescued the anemia, whereas antisense elimi-
nation of IRP2 expression had no effect. These 
findings provided convincing evidence that 
loss of glutaredoxin 5 in zebrafish converts 
IRP1 to a constitutive IRE-binding protein, 
which represses heme biosynthesis in red 
blood cells by preventing the first step of heme 
biosynthesis (Fig. 1).

Glutaredoxin has not been implicated in 
iron-sulfur cluster biogenesis in bacteria, 
where most iron-sulfur assembly enzymes have 
been identified. One of the notable findings of 
this study is that glutaredoxin 5 appears to be 
important in yeast and zebrafish iron-sulfur 
cluster protein activity and is conserved in the 
mouse and human genomes. Zebrafish glutare-
doxin 5 restores activity of iron-sulfur proteins 
in glutaredoxin 5–deficient yeast, demonstrat-
ing that function is conserved. Although the 
exact mechanism of glutaredoxin 5 action is 
not yet known, possibilities include glutathi-
one removal from the active site cysteine of the 
sulfur donor needed in early iron-sulfur cluster 
biogenesis, or from scaffold proteins important 
in the assembly process10.

In mammals, IRP2 has thus far emerged as 
the dominant regulator of intracellular iron 
metabolism11 and of ALAS expression in 
erythroid cells12, but the discovery that loss 
of glutaredoxin 5 activity can activate IRP1, 
with important physiologic consequences in 
zebrafish, raises the possibility that the pro-
cess of iron-sulfur cluster biogenesis is regu-
lated, and its regulation affects red blood cell 

heme biosynthesis through its effect on IRP1 
activity. Thus, the fundamental pathways of 
iron-sulfur cluster assembly and heme 
biosynthesis are linked by IRP1, which emerges 
as a nexus of potential regulatory power that 
also connects and perhaps regulates intermedi-
ary metabolism through its other role as a cyto-
solic aconitase and regulator of citrate levels.

1. Thunell, S. Scand. J. Clin. Lab Invest. 60, 509–540 
(2000).

2. Wingert, R.A. et al. (Nature, published online 18 
August 2005, doi:10.1038/nature09887).

3. Rodriguez-Manzaneque, M.T., Tamarit, J., Belli, G., 
Ros, J. & Herrero, E. Mol. Biol. Cell 13, 1109–1121 
(2002).

4. Frazzon, J. & Dean, D.R. Curr. Opin. Chem. Biol. 7, 
166–173 (2003).

5. Ponka, P. Blood 89, 1–25 (1997).
6. Pantopoulos, K. Ann. NY Acad. Sci. 1012, 1–13 

(2004).
7. Rouault, T. & Klausner, R. Curr. Top. Cell Regul. 35, 

1–19 (1997).
8. Rouault, T.A. & Tong, W.H. Nat. Rev. Mol. Cell Biol. 6, 

345–351 (2005).
9. Brownlie, A. et al. Nat. Genet. 20, 244–250 (1998).
10. Alves, R., Herrero, E. & Sorribas, A. Proteins 57, 

481–492 (2004).
11. Meyron-Holtz, E.G., Ghosh, M.C. & Rouault, T.A. 

Science 306, 2087–2090 (2004).
12. Cooperman, S.S. et al. Blood 106, 1084–1091 

(2005). 

194 VOLUME 1   NUMBER 4   SEPTEMBER 2005   NATURE CHEMICAL BIOLOGY

N E W S  A N D  V I E W S
©

 2
00

5 
N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  h

tt
p

:/
/w

w
w

.n
at

ur
e.

co
m

/n
at

ur
ec

he
m

ic
al

b
io

lo
g

y


