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iron uptake system in yeast that fulfills ex- A Perm easemOxi d ase C0m p I ex pectations for an iron transporter in having 

Involved in High-Affinity lron multiple predicted transmembrane domains 
and iron-binding motifs. Expression is ho- 
meostatically regulated through the action 

Uptake in Yeast 
of oredicted the AFT1 for an regulatory element of protein the iron (19), u ~ t a k e  as 
system and simllar to the regulat~on of 

Robert Stearman, Daniel S. Yuan, Yuko Yamaguchi-lwai, FET3 (1 1, 19). This component appears to 
Richard D. Klausner, Andrew Dancis* work in concert with the FET3 multicopper 

lron must cross biological membranes to reach essential intracellular enzymes. Two 
proteins in the plasma membrane of yeast-a multicopper oxidase, encoded by the 
FET3 gene, and a permease, encoded by the FTRl gene-were shown to mediate 
high-affinity iron uptake. FET3 expression was required for FTRl protein to be trans- 
ported to the plasma membrane. FTR1 expression was required for apo-FET3 protein 
to be loaded with copper and thus acquire oxidase activity. FTRl protein also played 
a direct role in iron transport. Mutations in a conserved sequence motif of FTRl 
specifically blocked iron transport. 

Cel l s  reauire iron for a wide arrav of met- 
abolic filnctions (1, 2), and yet iron can be 
toxic when present in excess (3). Alter- 
ations of iron pools have been implicated in 
diverse human disease processes, including 
neurodegenerative diseases (4,  S) ,  aging 
(4) ,  microbial infections, atherosclerosis, 
and cancer (6). In order to acquire iron 
from the environment, cells must solubilize 
insoluble ferric iron (7) ,  transport the iron 
across a membrane into the cvtosol, and 
regulate the uptake process to maintain cel- 
lular iron concentrations within a tightly 
controlled range. The molecular details of 
iron transport in most eukaryotes have re- 
mained unsolved 18. 9). , , 

High-affinity iron uptake in the yeast 
Saccharomyces cerevisiae requires copper 
(10, 11). This copper requirement is ex- 
plained by the involvement of a copper- 
containing oxidase, FET3, in iron uptake 
(1 0 ,  11 ). Because the FET3 oxidase activity 
is required for iron uptake, copper deficien- 
cv or mutations in genes involved in deliv- 

L2 

ery of copper to FET3 abrogate iron uptake 
as a secondary effect. These genes include 
CTRI , the cellular copper uptake transport- 
er ( l o ) ,  and CCC2, an intracellular copper 
transporter (1 2). The human rnulticopper 

oxidase ceruloplasmin exhibits similarity to 
the yeast FET3 oxidase ( 1 1 ). Ceruloplasmin 
plays an important role in human iron ho- 
meostasis. Copper deficiency has been asso- 
ciated with apparent iron deficiency be- 
cause of a lack of ceruloplasmin activity 
(13). The inherited disorder, Wilson dis- 
ease, also associated with deficient cerulo- 
plasmin activity, results from mutations in 
the gene for a copper-transporting P-type 
adenosine triphosphatase (ATPase) (14) 
with strong similarity to the CCC2 gene 
product in yeast (15). Severely affected in- 
dividuals with Wilson disease may exhibit 
abnormalities of iron transport ( 16). Re- 
cently, mutations in the ceruloplasmin gene 
itself have been identified as the cause of a 
neurodegenerative svndrolne characterized - 
by the failure to export iron from various 
tissues, including the basal ganglia in the 
brain 15). One inter~retation of these find- , , 

ings is that multicopper oxidases (FET3 in 
yeast, or ceruloplasmin in humans) are re- 
quired for iron transport across membranes 
(1 7) ,  although the precise role of such oxi- 
dases in mediating iron transoort remains 
unclear. FET3 has a single hydrophobic do- 
main and is localized to the plasma mem- 
brane 118). Its orotein seauence bears no 
resemblance to ;hat of t h i  family of per- 

oxidase to mediate the transmembrane 
transport of iron into the cell. 

FTRI, a candidate gene for the iron 
transporter. A method for selecting mu- 
tants in iron uptake (10) or iron sensing 
(19) was devised with the iron-regulated 
promoter of the FREl gene. Transcription 
of the FREl gene 1s repressed in cells grown 
in the presence of iron (20). The FREl 
promoter was fused to the coding region of 
the HIS3 gene and integrated into a haploid 
yeast strain carrying a deletion at the HIS3 
locus. In this engineered strain, expression 
of the HIS3 gene product driven by the 
FREl promoter was repressed by addition of 
lron to the growth medium. Spontaneous 
mutants appeared and grew into colonies on 
media with high iron and no histidine. 
Strain E31 (21, 22), which grew under the 
selective conditions, com~letelv lacked 
high-affinity iron uptake and was analyzed 
further. When mutant haploid strains de- 
rived from E31 were crossed with strains 
mutated at the CTRI,  CCC2, or FET3 loci, 
the diploids generated by these crosses ex- 
hibited normal levels of iron uptake. Thus, 
E31 contained a recessive mutation in a 
previously uncharacterized gene required 
for iron uptake, which we called FTRl (for 
Fe transporter) (22). 

Evaluation of FTRl mutants revealed 
phenotypic similarity to FET3 mutants. 
High-affinity iron uptake was absent (Fig. 
I ) ,  and manipulation of the copper concen- 
tration of the growth medium did not cor- 
rect this deficiency, even when copper was 
added at concentrations capable of correct- 
ing the defect in a CCC2 mutant (Fig. 1). 
Growth and colony formation were unim- 
paired in rich medium or defined medium 
with sufficient iron 123). However. under ~, 

conditions of iron deprivation created by 

Cell Biology and Metabolism Branch, Natona Institutes meases, and thus it has been difficul; to the iron chelator ferrdzine (24), growth of 
of Child Health and Human Development, National lnst- understand how FET3 by itself could medi- the ftrl-1 mutant and the fet3-2C mutant 
tutes of Health, Bethesda, MD 20892, USA. ate iron transport. were similarly inhibited (23). 
'To whom correspondence should be addressed. We describe another component of the To  isolate the FTR1 gene, we trans- 
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formed the fnl-1 mutant strain with a li- 
brary of wild-type genomic DNA carried on 
a URA3 -marked vector (25), and the trans- 
formants were selected both for uracil pro- 
totrophy and the ability to grow on fer- 
rozine-containing plates. One transformant 
was isolated on the low-iron plates, and the 
plasmid was recovered from this strain (26) 
(Fig. 2A). An open reading frame (ORF) 
within the plasmid insert was shown to be 
required for complementing activity (26) 
(Fig. 2A). The identification of the com- 
plementing genomic fragment as the wild- 
type copy (FTRI ) of the mutant allele (fnl- 
I )  was further supported by the lack of 
meiotic recombination between a marked 
allele of the wild-type genomic clone and 
the mutant ftrl-1 allele (27). The FTRl 
predicted protein hydrophobicity profile 
was consistent with that of a membrane 
protein with an NH2-terminal leader se- 
quence and six predicted transmembrane 
domains (Fig. 2, B and C) (28). Compari- 
son of the amino acid sequence with the 
protein data base revealed the existence of a 
homologous gene on chromosome I1 of S. 
cerevisiae, described as a permease of un- 
known function in the GenBank annota- 
tion. This gene has been named FTHI, for 
FTRl homolog (28). Homologous ORFs 
were also identified from the distantly re- 
lated fission yeast Schizosacchmomyces 
pombe and from the bacterium BaciUus sub- 
tilis (28). The S. pombe gene showed strong 
similarity with FTRl (45% identity) (28) 
and was transcribed divergently from an 
ORF with strong similarity to FET3 (40% 
identity) (28). The B. subtilis ORF was 
shown to contain a consensus binding site 
for the bacterial iron-regulatory protein Fur 
(29) within its 5' flanking sequences (28). 
When the amino acid sequences for the 
FTRl homologs were aligned, a conserved 
five-amino acid motif, REG(L/M)E (28, 

Fig. 1. Similarity of ffrl-1 and fet3-2C mutant 
strains. Failure of copper to correct iron uptake 
deficiency of the ffrl-1 and fet3-2C mutants. The 
parental strain 61 (VVT) and mutant strains YRS3 
(ccc2), 2C (fet3-2C), and TI31 (ffrl-1) (21) were 
grown in modified SD medium lacking iron and 
with copper added as indicated. High-affinity iron 
uptake was measured as described (10). Uptake 
data are means (+SD) of three replicates. 

30), was observed embedded in a hydropho- 
bic region (Fig. 2D). Mammalian ferritin 
light chains contain a similar amino acid 
motif, REGAE (30), in which the glutamic 
acid residues interact directly with iron 
(31 1. 

The FTRl transcript was examined by 
probing total RNA with a labeled DNA 
fragment derived from the predicted ORF. 
The observed transcript size (1.7 kb) was 
sufficiently large to encode the predicted 
protein. Expression of FTRl mRNA was 
induced by iron starvation and was AFT1 - 
dependent. AFT1 encodes an iron-regulat- 
ed transciptional activator (19, 32). Thus, 
FTRl , like FET3, can be considered to form 
part of an iron-controlled regulon. This reg- 

ulated character of the FTRl gene fulfills a. 
key prediction for a component of the iron 
uptake system. 

The similar phenotypes of loss-of-func- 
tion mutations of FET3 or FTRl suggested 
that the two proteins might interact, either 
directly or indirectly. We tested this possi- 
bility by using high-copy number plasmids 
to vary the expression of the two proteins 
independently (33). Expression of FET3 
alone from a multicopy plasmid, which in- 
creased FET3 protein expression (34), did 
not result in increased iron uptake (Fig. 3), 
nor did expression of FTRl alone. Only 
when FTRl and FET3 were simultaneously 
overexpressed on multicopy plasmids was 
iron uptake increased above that of the wild 

Fig. 2. FTRl gene and predicted A 
protein. (A) (Top) The genomic frag- 457.777 455,711 ch V nt 
ment capable of complementing I I 
the iron uptake defect in the ftrl-1 

Rl; jl 4l Af& I strain is shown (o) with the chro- ISna BI] 

mosome V location (ch V nt). 
Genomic restriction sites Afl II, XI pUC18-FTR1 

(Bst XI), RV (Eco RV), and [Sna BI] 
are shown. The brackets around 
Sna BI indicate that this site was 
destroyed during a blunt-end clon- 
ing step. The pUC18 vector se- 6 

1 10 1 20 1 30 1 40 1 50 
quences (I) are shown with the 1 ~ V - ~ A V I V I W  EUQUGEHD RALYRXWQ 
unique cloning sites Sal I and Sac I. 
The FIT1 ORF (identical with 51 VWXLLQT I~LAIM G V X % ~ I  ~zcmazw 
YER145c, chromosome V nt 
457,249 to 456,035) is indicated by lol rm%Mm ISmXEL& 
an arrow (+) (26). Also shown is the 
insertion site for the MYC epitope at 151 P F I 1 V L R h  A W F D G G  C G L W Y  

the COOH-terminus of the FIR1 zol mnY L;Im 

predicted protein 0 (37). (Bottom) v Map of the ftrlAl allele (35). (B) 251 K A ~  -IF 
FIR1  rotei in ~redicted amino acid - 
seauence: Gnce~tual translation 301 ~ V L J  ~ B ~ K ! M ~ w &  
of ihe F77?1 ORF i30). A probable 
leader seauence is indicated bv a 351 mLmKmJ ma w- 
dashed line, and six 

401 Ann 
transmembrane domains are 
shown underlined (28). Downward C 
arrowheads indicate the amino acid 
residue immediately preceding the 
stop codons in the Bst XI and Eco 
RV truncations (26). All occurrences 
of the amino acid motif EXXE are 
boxed. (C) FIR1 protein topology. 

Z 
278 Eco RV 

The plasma membrane (PM) is 
shown as a shaded rectangle. The D aa V V 
FIR1 protein is shown as a black ~ l ( 1 4 5 ) Y A M F L L P F I T V L R E G L E A V V F V A G A G I T T  

ribbon with six cylinders represent- m1(222 )  Y S F F I L P P I T T L R E G L E A V Y S I G G I G I D Q  

ing the predicted transmembrane SpAClF7.07~ (145) Y s M F L L P P F T v L R E G L E v v v F v G G v G L E T 
domains (numbers are FIR1 pro- (pa-27d(324) L ~ F A L I A F L A V V R E G L E T V I F F I G L V G F L  

tein amino acid numbers refening rpa-27d(209) S S W W D A A L I  Pv R E G M E A L L v I G A L L T T K  

to the first amino acid of each trans- 
membrane domain). Dark boxes indicate W E  motifs. The REGLE motif and the locations of the Eco RV 
and Bst XI truncations are indicated by arrows (numbers refer to the first amino acid of the motif and the 
last amino acids included in the truncated proteins, respectively). (D) FIR1 protein homologs. FIR1 (S. 
cerevisiae)), !=ll-ll (S. cerevisiae), SPAC1 R.07c (S. pombe), ipa-27d (B. subtilis) predicted amino acid 
sequences were aligned around the REG(VM)E motifs (28). The hydrophobic domains surrounding these 
motifs are shown. The amino acid number at the beainnina of the alianed reaion is shown next to the ORF 
name. Shaded letters represent residues identicalwith the FIR1 k t e i n  sequence. Downward arrow- 
heads point to the conserved E residues in the FIR1 protein, shown by mutagenesis to be required for 
iron transport. 
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type (Fig. 3). Thus, both genes encode lim- 
iting components of the iron uptake system. 

The ftrl mutant strains were then exam- 
ined for FET3 oxidase activity. Surprisingly, 
the ftrl-1 allele was associated with mark- 
edly diminished FET3 oxidase activity (Fig. 
4), whereas the ftrl null allele (35) resulted 
in unmeasurable levels of activity. Because 
the FET3 oxidase activitv could be restored 
in vitro by addition of copper to the lysate 
(Fig. 4), the defect appeared to be a conse- 
quence of failure to insert copper into the 
FET3 protein. This copper-reconstituted 
FET3 oxidase activity migrated aberrantly 
on a gel (Fig. 4). However, after treatment 
of the extracts with endoelvcosidase H. the - ,  
mobility of the copper-reconstituted oxi- 
dase was indistinguishable from that of the 
control (Fig. 4). An explanation for these 
findings could be that, in the ftrl mutant, 
the FET3 protein is mislocalized, resulting 
in aberrant glycosylation. In contrast, fail- 
ure to activate FET3 oxidase due to comer 

s L 

deficiency does not result in abnormal 
FET3 glycosylation (12), suggesting that 
FTRl is required both for maturation of 
FET3 through the secretory pathway and its 
acquisition of copper. 

Evidence for a direct role of FTRl pro- 
tein in iron uvtake. Because FTRl was 
required for oxidase activity (Fig. 4), it was 
possible that its role in iron uptake was 
mediated solely by its effects on the FET3 
oxidase. Several mutant alleles of FTRl 
were constructed in order to dissociate the 
role of FTRl in promoting FET3 oxidase 
activitv from a ~ossible inde~endent role in 
iron uptake. Introduction of a translation 
termination codon at the unique Bst XI site, 
truncating the last 70 amino acids of the 
predicted protein (26), abrogated iron up- 
take but did not interfere with the matura- 
tion of FET3 or its acquisition of oxidase 
activity (Fig. 5). The portion of the protein 

Fig. 3. Both Fm3 and FTR1 are limiting for iron 
uptake. The wild-type strain YPH250 (21) was 
transformed with the following high copy number 
plasmids: (i) YEp351 and YEp352, (ii) YEp351 and 
352FET3, (iii) 351FTR1 and YEp352, and (iv) 
351 FTR1 and 352FET3 (26). The transformants 
were grown in iron-free medium before measure- 
ment of iron uptake activity (six replicates). Uptake 
data are means (SD) .  

removed by this truncation included nu- 
merous acidic residues and four reDeats of 
the degenerate consensus sequence EXXE 
(Fig. 2). Removal of an additional 54 amino 
acids by introduction of a stop codon at an 
upstream Eco RV site abolished both oxi- 
dase activity (FET3 protein maturation) 
and iron uptake (Fig. 5). The REGLE motif 
was then mutated by site-directed mutagen- 
esis. Each glutamate residue of the motif 
was changed to an alanine, individually or 
together (36). The mutated FTRl con- 
structs were then introduced into an ftrl 
null strain. and the transformants were 
evaluated for iron uptake and oxidase activ- 
itv. In each of the REGLE mutants. iron 
uptake was virtually absent, whereas FET3 
oxidase activity was unaffected (Fig. 5). 
Thus, the FTRl protein was bifunctional: 
Some portions of the protein were required 
for oxidase activity of the FET3 protein, 
whereas other portions were required for 
mediation of iron uptake. The FTRl allele- 
specific effects on the FET3 oxidase indi- 
cated an association between these two 
gene products. The FTRl allele-specific ef- 
fects on iron uptake suggested a direct role 
of FTRl protein in iron transport. 

In order to mediate iron uptake from the 
environment. the FTRl   rote in would be 
expected to reside on the cell surface. We 
tested this hypothesis by determining the 
localization of the FTRl protein, using a 
MYC epitope-tagged protein (37, 38). The 
tagged protein could be visualized as a 
bright rim of immunofluorescence at the 
periphery of the cell, consistent with local- 
ization to the plasma membrane (Fig. 6). In 
contrast, in a fed deletion strain, the tagged 
FTRl protein was not apparent on the cell 
surface. It was present instead in perinuclear 

Fig. 4. Mutant ftrl allele associated with lack of 
FET3 oxidase. An activity gel is shown in which the 
activity of the FET3 oxidase was visualized as pre- 
cipitant bands of p-phenylenediamine substrate. 
Strains CM3260 (W), TR1 (ffrl-1), and 2C (fet3- 
2C) (21) were grown in YPD medium. Cells were 
hawested and lysed in buffer (12) lacking copper 
(-) or with 50 FM added copper sulfate (+). Some 
samples were treated with 1000 U of endoglyco- 
sidase H (New England Biolabs) for 4 hours at 
37°C in lysis buffer (+), whereas other samples 
were incubated in buffer alone under identical 
conditions (0). Twenty micrograms of solubilized 
membrane protein from each sample were sepa- 
rated by SDS-polyacrylamide gel electrophoresis, 
and oxidase activity was visualized as described 
(72). 

WT flrl- 1 fen-2C 

ringed structures, consistent with localiza- 
tion to the endoplasmic reticulum (ER) 
(Fig. 6, C and D). When FET3 was retrans- 
formed into this strain on a plasmid, the 
distribution of the FTRl protein shifted to 
the cell surface, and the internal structures 
were no longer apparent (Fig. 6A). The 
REGLA point mutant was evaluated in a 
similar manner. Its localization was indis- 

Copper 
EndoH 

tinguishable from that of the wild-type 
FTRl protein, appearing on the plasma 
membrane when the FET3 gene was 
present (Fig. 6B). 

An iron transvort comvlex. A scheme 
that accounts for our findings is shown in 
Fie. 7. FET3 and FTRl ~roteins assemble 

'-T-~tS1=l- 7- 

w w  

- - - + + + - - 
- o + - o + - + 

- 
into a complex in a cellular compartment 
early in the secretory pathway, most likely 
in the ER. The complex progresses to a 
post-Golgi compartment (39), where the 
CCCZ protein mediates copper delivery to 
FET3. Finally, the copper-loaded FET3 pro- 
tein, presumably still complexed to FTRl 

- 
- 

protein, is delivered to the plasma mem- 
brane and becomes competent for iron 
transport. The point mutation in FTR1, 
altering a single glutamic acid residue of the 
REGLE motif. interferes onlv with iron 
transport, thereby specifically implicating 
the FTRl protein in the transport process. 

The requirement of external ferric re- 
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Fig. 5. Effects of FTR1 mutations on FET3 oxidase 
and iron uptake. Strain 42C (ffrlAl) (21, 35) was 
transformed with plasmid YEp351 (A) or with the 
same plasmid containing mutant alleles of FTR1. 
The mutant alleles included truncations of the 
COOH-terminal domain at the Eco RV site (Eco RV) 
or the Bst XI site (Bst XI) and point mutants (q 
altering the first glutamic acid residue of the REGLE 
motf (RAGLE), the second glutamic acid of the 
motif (REGLA), or both together (RAGLA). The un- 
modiied genomic fragment in YEp351 was also 
included as a control [REGLE (WT)] (36). These 
transforrnants were grown in iron-free medium and 
assayed for iron uptake and oxidase activity. Up- 
take data are the means of triplicate determinations 
(+SD). 
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ductases for ferric iron uptake (20, 40) sug- 
gests that ferrous iron is the substrate for 
transmembrane transport. What is then sur- 
prising is that iron transport requires an 
active oxidase outside of the cell. To under- 
stand how this oxidase functions in medi- 
ating iron transport will require identifica- 
tion of its substrate. Perhaps ferrous iron is 
also the substrate for the oxidase. One could 
speculate that the FTRl protein contains 
binding sites for both ferrous and ferric iron, 
with ferrous iron representing the intially 
bound species. Subsequent oxidation of the 
bound ferrous iron might result in transfer 
to a ferric iron binding site and perhaps in a 
conformational change in the transporter, 
processes that could be coupled to trans- 
membrane transport. 

Insight into the process of iron transport 
may be obtained from studies of ferritin. 
Ferritin is a protein found in the cytoplasm 
of vertebrate cells, where it assembles into a 

Fig. 6. Influence of FET3 on local- 
ization of FTRl protein visualized by 
immunofluorescence (49). Strain 
YPHfa (Afet3) (27) was transformed 
with the following constructs: (A) 
702FTRl myc (contains the FTR7 
gene with a COOH-terminal MYC 
e ~ i t o ~ e )  (371 and 352FET3 (con- 

24-subunit, hollow spherical complex capa- 
ble of taking up and storing iron (31). The 
subunits are a mixture of heavy chain fer- 
ritin, which has ferroxidase activity, and 
lieht chain ferritin. which lacks enzvmatic " 
activity. Data from crystal structures and 
site-directed mutagenesis indicate that a 
hydrophilic "spine" consisting of carboxy- 
late residues leads from the exterior of the 
ferritin shell to the iron nucleation site in 
the interior (31). Glutamic acid residues of 
a motif present in light chains, REGAE 
(horse sequence), are thought to participate 
in the nucleation site for iron core forma- 
tion (3 1 ). Thus, the iron-interacting car- 
boxylate residues in ferritin may play a role 
analogous to that played by the glutamates 
in the REGLE motif of the FTRl permease, 
which are essential for iron transnort. In 
contrast to the ferritin sequence motifs, 
however. the critical motif of the FTR1 
protein is situated within a hydrophobic 

tiins F ~ )  (26); (B) ~ O ~ R E G L & ~ ~ C  
(contains a mutated form of FTRl 
with MYC tag) (36) and 352FET3; 
(C and D) 702FTRlmyc and 
YEp352. The transformants were 
grown in iron-depleted medium, 
fixed, and stained with antibodies to 
the MYC epitope (A to C) or with 
DAPl (D). Bar, 10 pm. 

I 

Fig. 7. Model for assembly of 1 2 3 
- ~. 

4 
an iron-transport complex. 
The shaded area depicts the 
interior of a cell with the plas- 
ma membrane to the right. m 
(Step 1) Biosynthesis of FTR1 
(brown rectangle) and FET3 
(blue circle with a line repre- 
senting its membrane attach- 
ment). Deletion of the genes Plasma 

+membmne 
for FET3 or FTR1 results in 
retention of the other compo- 
nent in this internal compartment, probably the ER (block indicated by a dashed line). (Step 2) Assembly 
of the two components in the membrane of the ER. (Step 3) Copper-loading of FET3 protein in a 
post-Golgi compartment (39) and mediated by CCC2. Mutations at the CCC2 locus result in synthesis of 
inactive FET3 apoprotein because of failure to transport copper into this compartment (block indicated by 
a black rectangle). (Step 4) Appearance of the FET3-FTRl complex on the plasma membrane, where the 
complex mediates iron uptake into the cell. A point mutation in the REGLE motif of the FTRl protein 
specifically interferes with iron transport (depicted by the black rectangle within FTR1). 

domain (Fig. 2D), consistent with a role in 
transport of iron through a membrane. 

Generalitv of the veast model. We have 
proposed that a multicopper oxidase, FET3, 
and a Dermease. FTR1. com~rise a molecu- 
lar complex responsible for translocating 
iron from the environment into the cell. 
What is the generality of this model for iron 
transport? Examination of the protein data 
base suggests that homologs for both FET3 
(41) and FTRl (28) exist in S. cerewisiae. 
These might function to transDort iron out " 
of the cell or across some other organelle 
membrane, such as the vacuole, ER, Golgi, 
or mitochondria. In the distantly related 
yeast S. pombe, an iron-regulated surface 
ferric reductase (42) and homologs of both 
FET3 (28) and FTRl (28) have been iden- 
tified. Furthermore. the FET3 and FTRl 
homologs lie adjacent to one another in the 
genome and are transcribed divergently, 
suggesting coordinate regulation. In bacte- 
ria, a B. subtilis homolog of FTR 1 has been 
identified (28) that might function to trans- 
port iron after its release from a siderophore, 
or as part of an alternative uptake system. 

Several lines of evidence indicate that 
the copper-dependent iron transport char- 
acterized in S. cerewisiae is likely to be rele- 
vant to iron transport in humans. Copper 
deficiency results in secondary iron defi- 
ciency as a consequence of failure to pro- 
vide cofactor to ceruloplasmin, a copper 
protein with an oxidase activity similar to 
that of FET3 (1 I). The P-tv~e ATPase . , 3 .  

encoded by the Wilson disease gene is re- 
quired to deliver copper to ceruloplasmin 
(14), analogous to the requirement for 
CCC2 (15) in the delivery of copper to 
FET3 in yeast (12). Recently, mutations in 
the gene for human ceruloplasmin have 
been identified that result in a neurologic " 
syndrome attributed to the failure to appro- 
priately transport iron into or out of the 
basal ganglia (5). Other neurodegenerative 
diseases have also been linked to iron dep- 
osition in neural tissues, including Haller- 
vorden-Spatz syndrome, Parkinson's dis- 
ease, and Alzheimer's disease (4). These 
observations suggest that the coupling be- 
tween a copper-dependent oxidase and an 
iron permease represents an evolutionarily 
conserved mechanism of iron transport in 
eukaryotes, and that perturbations in such 
mechanisms may be a contributing factor in 
certain neurodegenerative diseases. 
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