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Previous studies on Fe(Il) uptake in Saccharomyces
cerevisiae suggested the presence of two uptake systems
with different affinities for this substrate. We demon-
strate that the FET3 gene is required for high affinity
uptake but not for the low affinity system. This require-
ment has enabled a characterization of the low affinity
system. Low affinity uptake is time-, temperature-, and
concentration-dependent and prefers Fe(Il) over Fe(I1T)
as substrate. We have isolated a new gene, FETY, that is
required for low affinity uptake, and our results suggest
that FET4 encodes an Fe(II) transporter protein. FET4’s
predicted amino acid sequence contains six potential
transmembrane domains. Overexpressing FET4 in-
creased low affinity uptake, whereas disrupting this
gene eliminated that activity. In contrast, overexpress-
ing FET4 decreased high affinity activity, while disrupt-
ing FET4 increased that activity. Therefore, the high af-
finity system may be regulated to compensate for
alterations in low affinity activity. These analyses, and
the analysis of the iron-dependent regulation of the
plasma membrane Fe(III) reductase, demonstrate that
the low affinity system is a biologically relevant mecha-
nism of iron uptake in yeast. Furthermore, our results
indicate that the high and low affinity systems are sepa-
rate uptake pathways.

Although iron is an abundant element, its availability can
often limit the growth of an organism because the oxidized form
of the metal, Fe(IIl), is extremely insoluble at neutral pH.
Therefore, organisms require efficient mechanisms to obtain
enough iron to support cell growth. Two basic strategies of iron
uptake have been identified in many organisms (for review, see
Ref. 1). One strategy involves the use of Fe(III) chelators, called
siderophores, that are secreted by some bacteria, fungi, and
plants. These chelators bind extracellular Fe(IIl); the Fe(II)-
siderophore complex is then taken up by the cell via specific
transport systems. The yeast Saccharomyces cerevisiae does
not appear to secrete its own siderophores (2). This eukaryotic
microbe uses a second strategy involving Fe(II)-specific trans-
port systems. First, an Fe(III) reductase located in the plasma
membrane reduces extracellular Fe(III) to Fe(I), which is then
taken up by the cell (3-6). This mechanism of iron uptake has
also been identified in some bacteria (7, 8), other fungi (9, 10),
and many plant species (11, 12). Mammalian cells may use a
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similar mechanism of iron uptake. The iron-binding protein
transferrin and the transferrin receptor found on the cell sur-
face provide iron to many different cell types in mammals.
Many studies have suggested that a plasma membrane Fe(IIT)
reductase reduces transferrin-delivered Fe(III) to Fe(II) either
in endocytic vesicles or at the cell surface (13-16). This Fe(II)
may then be transported into the cell via Fe(II)-specific trans-
port systems (17-23). Although Fe(II) uptake systems are com-
mon in nature, only one gene that encodes an Fe(Il) trans-
porter, the feoB gene from Escherichia coli, has been isolated
and characterized (24).

Biochemical analysis of iron uptake in yeast suggested the
presence of two Fe(Il) uptake systems. One system has high
affinity for iron (apparent K, = 0.15 nm), is Fe(ID)-specific, and
requires the FET3 gene (6, 25). FET3 encodes a multi-copper
oxidase that may drive high affinity Fe(II) uptake by a group
translocation mechanism in which transported Fe(II) is oxi-
dized back to Fe(IIl) during the uptake process (25, 26). As
described in this report, mutations in the FET3 gene have
made possible a biochemical analysis of low affinity Fe(II) up-
take. Furthermore, we have developed a genetic screen to iden-
tify genes involved in low affinity uptake. This paper describes
the isolation and characterization of one such gene, FET4. The
FET4 gene encodes the low affinity Fe(II) transporter and rep-
resents the first eukaryotic Fe(II) transporter to be character-
ized at the molecular level.

EXPERIMENTAL PROCEDURES

Strains and Culture Methods—Strains used included DY1455
(MAT« ade2 canl his3 leu2 trp1 ura3), DY1456 (MATu ade6 canl his3
leu2 trpl ura3), DEY1394 (MATa ade6 canl his3 leu2 trpl ura3 fet3—
2:HIS3), DDY33 (MAT« ade2 canl his3 leu2 trpl ura3 fetd—1::LEU2),
DEY1419 (MATa / o ade2/+adeb/+canl/canl his3/his3 leu2/leu2 trp1/
trpl ura3/urald fet3-2::HIS3/fet3-2::HIS3), DDY2 (MATa canl leu2
his3 trpl ura3 fet3-2::HIS3), DDY4 (MATa canl his3 leu2 trpl ura3
fet3-2::HIS3 fetd-1::LEU2), W103 (MATa ura3 inol frel-1) (5), and
DEY1421-5C (MATa trpl ura3 fet3-2::HIS3 frel-1). DEY1421-5C was
isolated as a haploid segregant from a DEY1394 x W103 diploid strain.
Yeast cells were grown in 1% yeast extract, 2% peptone supplemented
with either 2% glucose (YPD) or 2% galactose (YPgal). These media
were made iron-limiting by the addition of an Fe(II) chelator, batho-
phenanthroline disulfonate (BPS),! to the stated concentrations. Cells
were also grown on synthetic defined (SD, 0.67% yeast nitrogen base
without amino acids) medium supplemented with 2% glucose and any
necessary auxotrophic requirements. Plasmids were selectively re-
moved from yeast strains using 5-fluoroorotic acid (27). Sporulation of
diploid strains and tetrad dissections were performed as described (28).
Cell number in liquid cultures was determined by measuring the optical
density of cell suspensions at 600 nm (Ag,); these values were converted
into cell numbers with a standard curve.

Fe(IT) Reductase and Fe(Il) Uptake Assays—Assays of Fe(IlI) reduc-
tase and Fe(II) uptake activities were performed as described (6) except
that ®Fe was used rather than °*Fe and cell-associated radioactivity

1 The abbreviations used are: BPS, bathophenanthroline disulfonate;
SD, synthetic defined medium; bp, base pair(s).
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was measured by liquid scintillation counting. All assays were per-
formed on exponentially growing cells harvested at culture Ay, values
of between 1 and 4. Where indicated, iron was supplied as Fe(Il) by
adding sodium ascorbate (1 mm) to the uptake assay solution. Stock
solutions for metal competition experiments were prepared by dissolv-
ing the chloride salt of each metal into LIM-EDTA (6) at a concentration
of 100 mm. These stocks were then diluted into the assay solutions to the
designated final concentration before the cells were added. Due to its
limited solubility, a PtCl, stock was prepared as described (6).

Cloning, DNA Sequence Analysis, and Disruption of the FET4
Gene—E. coli and yeast transformations were performed using stand-
ard methods (29, 30). DEY1394 was transformed with a plasmid library
containing yeast cDNAs inserted under the control of the GALI pro-
moter in pRS316-GALL1 (31). Approximately 4,000 Ura* transformants
were isolated and plated onto YPgal agar plates supplemented with 200
um BPS. Eight independent transformants were isolated that formed
larger colonies on this medium than the untransformed parent strain,
DNA was prepared from each, and these plasmids were then trans-
formed into E. coli TOP10F’ (Invitrogen Corp.). Plasmid DNA was iso-
lated and partially sequenced using the T7 primer from the vector to
determine the relationship of the various inserts in these plasmids.
DNA sequence analysis was performed as described by Borson et al.
(32). The eight plasmids each contained a cDNA derived from the same
gene, and the insert of one plasmid, pCB1, was sequenced on both
strands. A series of nested deletions were produced by the combined
action of exonuclease III and nuclease S1 (33) and sequenced using
oligonucleotide primers derived from vector sequences adjacent to the
c¢DNA insertion site. Data base comparisons and hydropathy analysis
were performed using UWGCG and DNA Strider Version 1.0 software,
respectively (34, 35).

A disruption allele of FET4, fet4—-1::LEU2, was constructed by sub-
cloning a Sacl-Kpnl fragment from pCB1 into Bluescript SK* (Strat-
agene Cloning Systems) to generate pSK*FET4. This subcloned frag-
ment contains the entire FET4 ¢cDNA insert. A LEU2 fragment was
prepared for insertion into the FET4 gene by polymerase chain reaction
of LEU2 from YEp351 (36) using flanking oligonucleotide primers syn-
thesized with Pstl sites at their 5 termini (primer sequences were
5'-AACTGCAGGTTAACTGTGGGAATACTCAGG-3' and 5'-AACTG-
CAGTTCTTGAGGGAACTTTCACCA-3'). The resulting polymerase
chain reaction fragment was purified from an agarose gel (Prep-A-Gene,
Bio-Rad), digested with Pstl, and inserted into Pstl-digested pSK*'FET4
to generate pSK* fetd—1:LEU2. To verify that this allele retained no
FET4 function, the BamHI-Sacl fragment containing the disruption
allele was subcloned back into pRS316-GAL1. Plasmid pSK* fetd—
1::LEU2 was digested with Sacl and BamHI and used to replace the
chromosomal locus in a homozygous fet3 mutant diploid (DEY1419) and
a wild type haploid strain (DY1455) by single-step gene transplacement
(87). Correct transplacement of the FET4 alleles was demonstrated by
Southern blot hybridization. The fet3 single mutant (DDY2) and fet3
fet4 double mutant (DDY4) strains are haploid segregants of a
DEY1419 transformant. DDY33 is a fet4 mutant generated by trans-
formation of DY1455.

RESULTS

Low Affinity Fe(Il) Uptake Is FET3-independent—Mutations
in the FET3 gene eliminate high affinity Fe(II) uptake (25). To
examine the role of FET3 in low affinity uptake, we assayed
this activity in wild type and fet3 mutant cells over a broad
range of Fe(Il) concentrations. As observed previously (5, 6),
uptake in wild type cells was biphasie (Fig. 14), suggesting the
presence of separate high and low affinity systems. The high
affinity system was saturated for substrate at a concentration
of 1 nm Fe(II). An increase in uptake rate attributable to the low
affinity system was observed at concentrations greater than 5
pM. These results suggest that the activity of the low affinity
system can be estimated in wild type cells by subtracting the
high affinity system’s contribution (i.e. the uptake rate at 1 um)
from the rate observed at higher concentrations (Fig. 14, open
triangles). In the fet3 mutant strain assayed at low concentra-
tions (<1 um), little Fe(I1) uptake activity was detected (Ref. 25
and Fig. 14). At higher Fe(Il) concentrations, uptake rates
assayed in the fet3 mutant strain were similar in magnitude to
the low affinity activity observed in the wild type strain. These
data suggest that low affinity uptake was unaffected by the fet3
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Fic. 1. Concentration dependence of Fe(Il) uptake by wild
type and fet3 cells. YPD-grown wild type (DY1455, closed circles) and
fet3 (DEY1394, closed squares) cells were assayed for Fe(Il) uptake
rates over a range of concentrations. The dashed lines marked with
open triangles represent the accumulation of Fe(II) in wild type cells at
1 pm subtracted from the accumulation of Fe(II) supplied at the desig-
nated concentration. A, Fe(II) uptake rates assayed at 0.015-30 pm; B,
Fe(IT) uptake rates assayed at 1-600 pM. Each point represents the
mean of two separate experiments each performed in duplicate. The
standard deviations for each experiment was <10% of the mean.

mutation. Furthermore, they indicate that the activity of the
low affinity system can be measured directly in fet3 mutant
cells.

When Fe(II) uptake rates were determined at concentrations
up to 600 pmM, the low affinity activity appeared saturable in
both wild type and fet3 mutant cells and had similar apparent
K, values (~30 pm) in these two strains (Fig. 1B). The observed
plateau could have resulted from incomplete reduction of
Fe(III) because of insufficient ascorbate in the assay, but a
10-fold increase in ascorbate concentration (10 mwm) had no
effect on the apparent K, of the low affinity system (data not
shown). Therefore, we conclude that the plateau effect is caused
by saturating levels of the Fe(II) substrate. The low affinity
activity in wild type and fet3 mutant cells did differ in their
Viax Values. The estimated V_,, of the low affinity system in the
wild type strain was 143 fmol/min/10° cells, while the V___ in
the fet3 mutant was more than twice that value (312 fmol/min/
10° cells).
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5000 TasLE I
Dependence of the low affinity system on Fe(Ill) reduction
YPD-grown cells were assayed for Fe(II) reduction rate and iron
2000 uptake rate at 30 pum in the absence or presence of 1 muM sodium ascor-
] bate. A, effects of the frel-1 mutation on reductase and iron uptake
g activity. Strains used were DY1455 (wild type), DEY1394 (fet3), W103
"..'% @ (fre1), and DEY1421-5C (fet3 frel). B, effects of Pt(II) on reductase and
3 T 3000 iron uptake activity. DEY1394 cells were assayed for reductase activity
g ° and uptake activity in the absence or presence of 10 pm PtCl,. All values
a o represent the mean of two experiments each performed in duplicate.
e
o = :
® g 2000 -] Strain Fe(llli;{ﬂ“cmn Iron uptake rate’
c =
g -Ascorbate +Ascorbate
IOOO:‘ A, Wild type 216 + 33 117 £ 13 154 + 17
fet3 231+ 13 52+1 130+ 8
frel 32 6+1 111+ 8
fet3 frel 19+2 41 1123
0 . . : Iron uptake rate’
Addition Fe(III) redauctlon
. . rate ~Ascorbate +Ascorbate
Time (min) B. None 260 = 90 82«8 116 +2
Fic. 2. Time- and temperature-dependence of Fe(Il) uptake by 10 pm PH(II) 50 10 5+1 07

wild type and fet3 cells. YPD-grown wild type (DY1455, circles) and
fet3 (DEY1394, squares) cells were assayed at 10 pm Fe(II) for iron
accumnmulation over time. Each point represents the mean of two sepa-
rate experiments each performed in duplicate. Cells were assayed at
either 30 °C (closed circles and squares) or 4 °C (open circles and
squares) The dashed line marked with open triangles represents the
wild type accumulation of Fe(II) at 1 uM (not shown) subtracted from the
accumulation of Fe(Il) supplied at 10 um measured at each time point.
The error bars represent = 1 S.D.

Metal accumulation by yeast cells is often delineated into
two separate mechanisms. First, cations can adsorb to nega-
tively charged groups on the cell wall or plasma membrane in
a very rapid, temperature-independent process. Alternatively,
uptake of the cation across the plasma membrane occurs time
and temperature dependently. To assess the mechanism of iron
accumulation by the low affinity system, we examined its time
and temperature dependence. In wild type cells, little Fe(II)
accumulated at 4 °C (Fig. 2). At 30 °C, following an initial lag of
2—3 min, cell-associated iron increased in a near linear fashion
for 20 min. To estimate the contribution of the low affinity
system to the overall accumulation in wild type cells, we sub-
tracted the accumulation measured at 1 pm from that measured
at 10 um (Fig. 2, open triangles). The fet3 mutant strain also
accumulated little iron at 4 °C but showed a linear increase in
cell-associated iron over time at 30 °C. The accumulation of
iron in fet3 cells was similar in magnitude to the estimated low
affinity activity in wild type cells. These data demonstrate that
iron accumulation by the low affinity system is both time- and
temperature-dependent and suggests that this accumulation is
caused by uptake rather than adsorption of the metal to the cell
surface.

Transport Specificity of Low Affinity Uptake—To determine if
the low affinity system prefers Fe(II) over Fe(IIl) as substrate,
iron uptake was measured in cells in which the plasma mem-
brane Fe(IlI) reductase had been mutationally or pharmaco-
logically inactivated. First, we determined whether a mutation
in the FRE1 gene, encoding the Fe(IIl) reductase, inhibited
uptake by the low affinity system (Table I). The frel-1 allele
decreased the reductase activity to less than 10% of the FRE1
levels. The iron uptake rate in frel mutants was also low when
iron was supplied to either FET3 or fet3 cells as Fe(III). Uptake
rates in frel strains were restored to nearly FRE1 levels when
extracellular Fe(III) was reduced to Fe(II) by adding ascorbate.
Second, we took advantage of the observation that Pt(II) is an
inhibitor of the Fe(III) reductase (6). In a fet3 mutant strain,
the rate of Fe(III) reduction was decreased by Pt(II) to approxi-
mately 20% of the untreated control rate (Table I). Iron uptake
was also inhibited by Pt(I) when iron was supplied as Fe(III).

@ pmol/min/10° cells (mean = S.D.).
® fmol/min/10¢ cells (mean + S.D.).

Reducing Fe(III) to Fe(Il) with ascorbate nearly restored the
uptake rate in the presence of Pt(II) to untreated control levels.
These results demonstrate that Fe(Il) is preferred over Fe(IIT)
as substrate for transport by the low affinity system.

To assess the ability of the low affinity system to transport
other substrates, we tested several divalent transition metals
with jonic radii similar to that of Fe(II) (0.74 A) for their ability
to inhibit accumulation of iron by the low affinity system in fet3
mutant cells. The concentration of competitor metals in these
assays was 50 times higher than the iron concentration. The
addition of Zn(II), Mn(II), or Sr(II) did not reduce accumulation
of iron by the low affinity system (Table IT). While Ni(II) was
moderately effective at inhibiting accumulation, Co(II) and
Cd(II) were each found to be potent inhibitors of the low affinity
system. Both metals were also found to inhibit iron accumula-
tion when iron was supplied as Fe(Il), indicating that Fe(III)
reduction was not the inhibited step (data not shown). Further-
more, the decrease in iron accumulation was probably not
caused by metal toxicity because control experiments detected
no loss of cell viability resulting from Co(II) or Cd(II) exposure.

The inhibition of iron accumulation by Co(II) and CdA(II) is
not necessarily because uptake is inhibited. These metals
might limit iron accumulation by increasing membrane perme-
ability or by disrupting some intracellular process that pre-
vents Fe(II) efflux. To test if iron retention is affected by Co(II)
and Cd(II), we took advantage of the fact that wild type cells
can accumulate Fe(II) through either the low or the high affin-
ity system. If these metals were inhibiting Fe(II) retention,
they would interfere with Fe(II) accumulation by either of these
pathways. However, neither Co(II) nor Cd(II) had a significant
effect on iron accumulation by the high affinity system (Table
III). These data suggest that inhibition of the low affinity sys-
tem by Co(II) and Cd(II) is mediated at the level of uptake and
not iron retention.

Isolation of the FET4 Gene—Strains bearing a mutation in
the FET3 gene grow poorly on iron-limited media because of a
defect in high affinity uptake. To identify other yeast genes
involved in iron uptake, we developed a genetic screen to isolate
those genes that, when overexpressed, increase the growth rate
of a fet3 mutant on iron-limited media. This screen was per-
formed with a plasmid library in which yeast cDNA inserts
were expressed under the control of the galactose-inducible
GAL]1 promoter (31). This library was transformed into a fet3
mutant strain, transformants were isolated and plated onto a
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Tasie II
Effect of divalent transition metals on iron uptake by the
low affinity system

YPD-grown DEY1394 cells were assayed for iron uptake rate at 10 um
Fe(IID) in the absence or presence of 500 um of the indicated divalent
cation. Inhibition is shown as the percent of the uptake rate observed in
the untreated control. All values represent the mean of two experiments
each performed in duplicate.

Addition  Ionic radius  Iron uptake rate® Percent of control
A
None 22 +0.5 100
Zn(1I) 0.74 242 109
Mn(IT) 0.80 20«3 91
Sr(1I) 1.12 24 +3 109
Ni(ID) 0.69 14«1 64
Co(1I) 0.72 1+1 5
Cd(ID) 0.97 3+1 14

¢ fmol/min/10° cells (mean = S.D.).

Tasre III
Effects of Co(II) and Cd(Il) on low and high affinity uptake
Low affinity uptake was measured in YPD-grown DEY1394 at 10 pm
Fe(ID). High affinity uptake was measured in YPD-grown DY1455 at 2
M Fe(II). All values represent the mean of two experiments each per-
formed in duplicate (1 S.D.).

. L ffinit; High affinity
Addition Coyetem ystem
fmol [min/10° cells
None 22=x1 138 £ 4
200 pm Co(IT) 2+1 126 + 35
200 pm CAII) 5+1 157+ 6

galactose-containing medium (YPgal) made iron-limiting by
the addition of 200 nm BPS. BPS is a chelator that binds iron in
the medium and prevents its uptake by yeast cells (6). From
4,000 independent transformants, eight transformants were
isolated that formed larger colonies on this medium than the
fet3 parent strain. For all eight, this improved growth required
expression of the plasmid’s ¢cDNA insert; suppression was not
apparent on an iron-limited medium that contained glucose
(YPD + 200 um BPS) in which the GALI promoter is inactive.
Furthermore, when the plasmids were removed from these
strains, galactose-dependent suppression of the fet3 phenotype
was no longer observed. Partial sequence analysis of the cDNA
inserts from these eight plasmids indicated that each was de-
rived from the same gene. We have designated this gene FET4
(for Fe(II) transport).

Effect of FET4 Qver-expression on Fe(lll)-Reductase and
Fe(Il) Uptake Activities—The improved growth of cells overex-
pressing the FET4 gene on iron-limited media suggested that
this high level of expression might increase the activity of one
or more component of the yeast iron uptake system. Therefore,
we measured Fe(IIT) reduction and Fe(II) uptake rates in a fet3
mutant and a wild type strain. These cells, bearing the vector
(pRS316-GAL1) or a FET4-expressing plasmid (pCB1), were
grown on either glucose- or galactose-containing media. Over-
expression of FET4 had no effect on reductase activity in either
strain (data not shown). In Fe(II) uptake assays conducted with
30 um Fe(Il), a concentration near the apparent K, for low
affinity Fe(Il) uptake, no difference in uptake rate was ob-
served between pCB1- and vector-bearing cells grown on glu-
cose. However, FET4 overexpression on galactose increased the
rate of Fe(II) uptake in the fet3 mutant by 8-fold compared with
the vector control (Fig. 34). This increase in uptake rate was
not dependent on the fet3 mutation; a 2-3-fold increase was
also observed in wild type cells. The increased rate of Fe(II)
uptake observed in strains overexpressing FET4 could result
from restored high affinity activity. Therefore, we assayed the
rate of Fe(II) uptake in these strains at 1 pm. A 4-fold increase
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Fic. 3. Effect of FET4 overexpression on low and high affinity
uptake. Wild type (DY1456) and fet3 (DEY1394) cells bearing either
the vector (pRS316-GAL1) (filled bars) or pCB1 (hatched bars) were
grown to stationary phase in SD medium lacking uridine. These cells
were then inoculated into YP media containing either 2% glucose or 2%
galactose and grown 18 h prior to assay. A, effect of FET4 overexpres-
sion on low affinity uptake assayed at 30 um Fe(Il); B, effect of FET4
overexpression on high affinity uptake assayed at 1 pm Fe(II). The
values represent the mean of two separate experiments each performed
in duplicate. The error bars represent 1 S.D.

was detected in fet3 cells overexpressing FET4 (Fig. 3B). In
wild type cells, FET4 overexpression reduced high affinity up-
take by approximately 50%. These data suggest that FET4
overexpression increases an Fe(II) uptake activity other than
the high affinity system.

FET4 overexpression might increase the Fe(Il) uptake rate
by increasing the activity of the low affinity system. Alterna-
tively, a third, previously undetected, Fe(II) uptake system
could be increased in activity by FET4 overexpression. To ad-
dress this question, we compared the kinetic properties of the
Fe(I1) uptake activity generated by FET4 overexpression with
those of the low affinity system measured in untransformed
fet3 mutant cells. FET4 overexpressing fet3 mutants exhibited
a V,,, of 2118 fmol/min/10° cells and an apparent K, of 30 um
(Fig. 4). While the V_,_of the low affinity system in untrans-
formed fet3 mutants was substantially lower than in the FET4
overexpressing cells (291 fimol/min/108 cells), the apparent K,
values measured in these two strains were almost identical; the
apparent K,, measured in the untransformed fet3 mutant was
28 pm. An additional test was provided by our observation that
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Fic. 4. Kinetic analysis of Fe(Il) uptake in fet3 cells and FET4
overexpressing fet3 cells, DEY1394 (open squares) and DEY1394
pCB1 transformants (closed squares) were grown in YPD and YPgal,
respectively, and assayed for Fe(II) uptake rates over a range of Fe(II)
concentrations. The data are shown on a Lineweaver-Burk reciprocal
plot and represent the mean of two separate experiments, each per-
formed in duplicate. The standard deviations for each experiment was
<10% of the mean.

Co(Il) and Cd(II) are specific inhibitors of low affinity uptake.
Both metals inhibited pCB1-dependent uptake to nearly the
same degree that they inhibited the low affinity system at
several concentrations of Co(Il) (Fig. 5A) and Cd(II) (Fig. 5B).
Neither metal affected high affinity uptake as indicated by
similar assays performed on wild type cells at 1 um Fe(II).
These results demonstrate that FET4 overexpression increases
the activity of the low affinity system.

Sequence of the FET4 Gene—We sequenced the entire cDNA
insert of pCB1 (Fig. 6). This fragment is 1,977 base pairs (bp)
long with a single open reading frame encoding the FET4 gene.
This open reading frame is flanked by a 66-bp 5’'-untranslated
region and a 229-bp 3'-untranslated region. A 26-bp polyade-
nylate sequence was found at the 3’ end of the cDNA. The open
reading frame is 1,656 bp long and encodes a 552-amino acid
protein with a predicted molecular mass of 63 kDa. A detailed
analysis of the FET4 amino acid sequence suggests that this
protein is the Fe(II) transporter of the low affinity system. The
FET4 gene appears to encode an integral membrane protein.
The protein is composed of 51.5% hydrophobic residues and,
while lacking a recognizable signal sequence for targeting to
the plasma membrane, hydropathy analysis indicates that
FET4 contains several hydrophobic regions (data not shown).
Six of these regions are 20 or more amino acids in length and
may be transmembrane domains (Fig. 6). The pattern of hy-
drophobic regions observed in FET4 is common to many pro-
teins that transport substrates across cellular membranes.
However, FET4 encodes a novel protein. The amino acid se-
quence of FET4 does not share significant similarity to any
sequences, including the E. coli feoB Fe(II) transporter (24) and
the yeast CTR1 copper transporter (26), contained in the
SWISS-PROT (Release 28, 2/94) and GenBank™ (Release 83,
6/94) data bases. Blot hybridization experiments performed at
low stringency with the cDNA insert as probe failed to detect
any other genes in the yeast genome similar in sequence to
FET4 (data not shown).

Disruption of the FET4 Gene—Our results demonstrate that
overexpression of FET4 increases low affinity activity. To de-
termine if FET4 is required for this system to function, we
constructed a disruption mutation in the FET4 gene. This al-
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Fic. 5. Inhibition of the uptake activity dependent on FET4
overexpression by Co(II) and Cd(I). High affinity activity was
measured in YPD-grown wild type cells (DY 1455, closed circles) at 1 nm
Fe(II). Low affinity uptake was measured in YPD-grown fet3 cells
(DEY1394, closed squares) at 10 um Fe(II). The uptake activity depend-
ent on FET4 overexpression was measured in YPgal-grown DEY1394
cells bearing pCB1 (open squares) at 10 uM Fe(Il). These cells were
assayed for Fe(II) uptake at the indicated concentrations of Co(II) (A) or
Cd(II) (B). The values represent the mean of two separate experiments
each performed in duplicate and plotted as the percent of the uptake
rate measured in each strain’s untreated control. The error bars repre-
sent = 1 S.D.

200

lele, designated fet4—1::LEU2, was constructed by inserting the
LEU2 gene into a PstI restriction site located in the center of
the FE7T4 open reading frame (Fig. 6). This insertion interrupts
the FET4 amino acid sequence at residue 280. The fer4-
1::LEU2 allele retains little or no functional activity; overex-
pression of fet4-1::LEU2 from pRS316-GALL1 did not increase
Fe(II) uptake rate in a fet3 mutant strain (data not shown). The
disruption allele was transformed into a homozygous fet3 dip-
loid strain and a wild type haploid strain by gene transplace-
ment (37). Transformants of both recipient strains that con-
tained the correct substitution of the wild type FET4 gene with
fetd—1::LEU2 were obtained and confirmed by blot hybridiza-
tion analysis (data not shown). A fet3/fet3 fet4/+ diploid strain
was sporulated; the asci were dissected, and each ascus yielded



Fic. 6. Nucleotide sequence of the
FET4 gene and the predicted amino
acid sequence of its protein product.
The sequence of the cDNA insert of pCB1
is shown numbered beginning with the
first nucleotide in the ATG initiation
codon. Amino acids are numbered begin-
ning with the initiator methionine resi-
due. Putative membrane-spanning do-
mains detected by hydropathy analysis
(41) are underlined. The Pstl site into
which the LEU2 gene was inserted to con-
struct the fet4-1::LEU2 allele is located at
nucleotide positions 836-841 and indi-
cated by boldface.
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-66 AGAAGGGAAAAGGTAGATATAGAAACCTAGTAAGACCCTTATTATTAAACATTCGTTAATCAAATT

ATGGGTAAAATTGCAGAGTTTCTCGGGAAT
M G K I A E F L G N

GAATTCGGTGATTCTAACGATTACAAAAAT
E F G D S ND Y K N

GTGAATTTAACAGAAACAGGGGCAATCTTC
vV NLTETGHATITF

GTACGAGTGGCCGGTTCGCAGGCGGTTTTT
VRV A G S Q0 A V F

CCAGGTGCTAGGCCTGACGTTCATCATAGA
P G AR P DV HH

GATGATGTGGTCAGAGTAGTCAGCCATAGC
D DV V RV V § H S

ACGAGTAAAGGTTTTACCGGGTTAAGCAAA
T S K G F T GUL § K

TTTATTGTTTGGATCATCCTCATAATTTIGG
F_ I v W I I L I I W

GCACCTACTGTTGACTGCAAACAGTACGAA
A P TV D CK Q Y E

GATGAGAGTACTGATGACGAACTTTGTAAT
D E S TDUDETL CN

GGTTTCACAGATAAGACCCTGGATTTCCTG
G F TDXTTULD F_ L
——

GTGGTTATTGGTATTGTTTATAACGCACCT
v v I _G6 I V Y N A P

TTCAATTGGCAAGTTGTTATGCAGGACGGA
F N W Q V VM Q D G

CATGAACAAATTTTGATCTGCGGTAGATTG
HE Q1 L I C G R L

GCAGACTGCACAGTTGAAGCTAATGAAGTC
A DCTV EANEV

TGGTACGACCGTTTATCTAATGTAGCAAGT
W Y DRUL 8 NV A S

GGTTGCGGTGCTATCCCAAAAGATGCGGGC
G C G A I P K D AG

PstI
GACGCTTGGCAGATGTATATTAACACTGCA
D A W Qg M Y I N T A

CAGTCCATTCAAAGTTATGTTTGGGACACA
Q § I Q S Y V W DT

AAGTCGAGATTGGCTTCCTTCAAAAACTAT
K S R L A S F K N Y

AGCTCTGTTGAAAATCATATAGACCCATCT
S 8§ V E N H I D P S

AGGTATATGGGTTCAATTGCAGCAATGGTG
R Y M G § I A A M V

CTGTTGATGAGACAACAGTTGATGAGTACG
L L MR Q QUL M ST

CTAACAAGAAGCACCCCAGAGGAAGAAAAA
L TR S TP EE E K

GCCATTAACGGAGAACTGCCTGTGGAAAAT
A I NGEUL P V EN

ATATTTTGGATAGGTATTTTCGTTTGGATT
I F W 1 G I F V W I

AACACTCCACCTTACACCGGAGAAACTACA
N T P P Y T G E T T

GTTGCAATTTCCCTTCTAATTTGCACTACT
v a I s L L I C T T

GGTAGTAATCCAAGATTGAAAAAGTTCAGT
G § N P RL K K F §

TTCTTACARAATATAAGGGCCAGACATGAT
F L Q NI R A RHD

TATTTCACGGGGAGGTTTTTAGTTGATATC
Y F T G R F L V DI

CCTCACCCAGTTGTTACCATTGAGTCTAAA
P HPVV TIUZESK

GGTGTCCTGATCGGTGTGGCAGTGTTCGCT
G VL I G V A V F A

TTTGATATGGACGAGAAAATCGACTATCGT
F DM DEJIKIDYR

AAAAGGTCGNACAGGGAGAAAGATGATTGAT
K R S T G R KMTID

ACATGGATTGGTATTGGTTCGCCAATGRAG
T W I G I G S P M K

ACATACACAGGTTTAATTGGGTTTTTGGAC
T Y T G L I G F L D

GGTTTCGTTTTGAGAGAAGTGTACTTCCGA
G F V L R_E V Y F R

GATGTGGCTARAGAAGACCTTGAATTATTC
DV AKEDTLEULF

ATTGGTTACAGAACATCCCAATATATTAAT
1 6 YR TS QY I N

TGTATTGCTTCCGGTTTGCGTTGGAGTACA
C I A S G L R W s T

TTGTTGCAAGCACATAATTGGGCCGATCGT

CAAGAATTAGGTATTGAATGTCCCGAAGAA
Q EL G I EC P E E

AGGATCTGCTCAACTCCATGGAGTGTTCTT
R I C 8 T P W S V L

ATBAGAAAGCATTTTAACGATTTTGAAACA
I R K HF NDTF E T

TGGTATGCTGATATTATTGGTACTGGTATT
W Y A DI I G TG I

TGGGATGATAATTGGTGGTTGATTATCGGT
W DDWNWWULTI I G

ATCGTTCAACATGAAGAGAAAAATTATTCT
I VQ HEEKNY S

CTTAGTGGTAAAGCTCCTGAAATTAACATT
L $ G K AP ETINTI

GTATCCGTCATCATCATCATTGGTTTAATT
v 8 v 1 I I I G L I

ACAGGTCAATTGATTGCTAACACGCCAACT
T G QL I ANTPT

CAAAGAAGAGTGGAGGTTACCGCTTTGTAC

ATGATTATCGAAGAATTTTTCTTGCTAGTT
M I I E EF F L L V

GCACGTAGGCGCATACTTCTATCATACGTA
L 8 Y V

1621
541

1711
1801
1891

four viable spores. These results indicate that the FET4 gene is
not essential for cell viability, even in a fet3 mutant strain.

Fe(Il) uptake assays were performed on haploid wild type,
fet3 mutant, fet4d mutant, and fet3 fet4 double mutant strains to
determine how the fet4 mutation affected the high and low
affinity systems. As expected, the fet3 and fet3 fet4 mutant
strains had little high affinity activity (Fig. 7A4). Both wild type
and fet4 mutant cells possessed similar high affinity activities,
indicating that FET4 is not required for that system. In fact,
the uptake rate in the fet4 mutant assayed with 1 nm Fe(Il) was
higher than that observed in the wild type strain. The decrease
in uptake rate observed from 1 to 5 uu for both wild type and
fet4 mutants was reproduced in several experiments and may
be due to altered kinetic properties of the high affinity system
with increasing Fe(II) concentrations. When the activity of the
low affinity system was assayed, little increase in uptake rate
was observed in the fet4 and the fet3 fet4 double mutant (Fig.
7B). Therefore, FET4 is required for low affinity uptake.

The Low Affinity System Is a Biologically Relevant Source of
Iron—Experiments in which FET4 was overproduced or muta-
tionally inactivated demonstrated the importance of this gene
for low affinity uptake. The observation that FET4 overex-
pressing fet3 mutants grow better than the untransformed fet3
strain on an iron-limiting medium suggests that this system
can provide iron for cell growth under this artificial condition.
To assess the role of the low affinity system as a source of Fe(II)
when expressed at normal levels, we examined growth of wild
type, fet3, fetd, and fet3 fet4 cells under varying degrees of iron
limitation. These conditions were achieved by adding increas-

L L Q A HNWADR

GAAAAGCGTTTCCCAGAGGTTATGATGTTG
E XK R F P EVMMIL

AGGGAGTTAATTTTCCTTAGGGATCTTAGG
CACCTGAGTTTTGCTTTTTTCTCTGGGAGC
AAABAAAAAAARDAARRAARA

Q RRV EV TATILY A RIRI RTITL

GAAAAATAGTTTCATTGAACATTTTAGCAT
E K *

TAGTGGGAAGAATTCCTCATGTTACTTATG

AATTTCTATACGGAGGTAGCGATCGACCTT
CTAAACCATTTAAAATGATATATAATAGAT

AGAACTTTTATTTAGTTTGTACATATACCT
AATAAATCCAGGATAAAATGTGGCTAAAAA

ing concentrations of BPS to iron-rich YPD medium. The fet3
fet4 double mutant was hypersensitive to iron-limitation;
growth was inhibited at 50 nM BPS, whereas both single mu-
tants grew as well as the wild type strain on this concentration
of BPS (data not shown). The hypersensitivity of the fet3 fetd
double mutant to growth inhibition by BPS suggests that both
high and low affinity systems provide iron to cells. The fet3
single mutant showed intermediate sensitivity; growth of this
strain was blocked at 200 um BPS, while no difference in sen-
sitivity was detected between the wild type strain and the fet4
mutant at this concentration of chelator. This result was ex-
pected given that the high affinity system, the FET3-dependent
pathway, would be of greater importance for iron-limited
growth. Finally, neither fet4 mutants nor wild type cells were
capable of growth at the highest concentration of BPS used
(500 um).

To further examine the importance of the low affinity system
for iron accumulation, we tested the effects of the fet4—-1::LEU2
mutation on the regulation of activities induced in response to
iron-limiting conditions, the Fe(III) reductase (5, 38), and the
high affinity system (6, 25). If both high and low affinity sys-
tems work together to maintain a certain intracellular iron
content, loss of one uptake pathway may be compensated for by
an increase in the activity of the other uptake system. Further-
more, the fet4 allele, either singly or when combined with a fet3
mutation, might cause an iron deficiency sufficient to induce
Fe(III) reductase activity. We examined these activities in wild
type, fet3, fetd, and fet3 fet4 cells grown on an iron-rich medium
(SD). SD medium was chosen for this experiment because wild
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Fic. 7. Effect of fet3 and fet4 mutations on high and low affin-
ity uptake. YPD-grown wild type (DY1455, open squares), fet3 (DDY2,
open circles), fet4 (DDY33, closed squares), and fet3 fet4 (DDY4, closed
circles) cells were assayed for Fe(II) uptake at the indicated concentra-
tions. A, effect of fet3 and fet4d mutations on high affinity uptake meas-
ured at 0.05-5 pm Fe(Il), B, effect of fet3 and fet4 mutations on the low
affinity uptake measured at 5-200 pm Fe(II). Fitting of the curves in
panel B was performed using Cricket Graph Software Version 1.3,
which fits the data to a logarithmic function using nonlinear regression
based on the principle of least squares. The plotted values represent the
mean of two separate experiments each performed in duplicate. The
standard deviations for each experiment was <10% of the mean.

type cells growing on this medium appear iron replete; they
have extremely low levels of both Fe(IIl) reductase and high
affinity uptake activity (6). The rate of high affinity Fe(II) up-
take in a fet4 mutant was approximately 3-fold higher than in
the wild type strain (Table IV). When Fe(III) reductase activity
was measured in the wild type, fet3 and fet4 cells, each had
extremely low levels of activity. However, the fet3 fet4 double
mutant’s Fe(III) reduction rate was increased more than 4-fold.
These results suggest that both high and low affinity uptake
systems supply iron to growing yeast cells.

DISCUSSION

The FET3 gene encodes a protein required for high affinity
uptake in S. cerevisiae. Because of this requirement, mutations
in FET3 enabled a biochemical analysis of the low affinity
system and the isolation of the FET4 gene. We propose that
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TaBLe IV
Effect of fet3 and fetd mutations on high affinity uptake and
Fe(IIl) reduction
SD-grown DY1455 (wild type), DDY33 (fet4), DDY2 (fet3), and DDY4
(fet3 fet4) cells were assayed for Fe(Il) uptake rate at 1 nm and Fe(III)
reduction rate. Values shown are the means of two experiments each
performed in duplicate.

Strain High affinity Fg(II) Fe(IID) redbuction
uptake rate rate
Wild type 8.1+1.5 0.00 = 0.02
fetd 24940 0.01 + 0.02
fet3 0.0+0.3 0.04 = 0.03
fet3 fetd 0.0+0.2 0.19 £ 0.04

¢ fmol/min/10° cells (mean + 1 S.D.).
® nmol/min/10° cells (mean + 1 S.D.).

FET4 is the Fe(II) transporter of the low affinity system. Con-
sistent with this hypothesis, the level of FE74 expression cor-
related with low affinity uptake activity. Overexpression of
FET4 caused an increase in the activity of this system, whereas
disruption of the FET4 gene eliminated that activity. Further-
more, the predicted amino acid sequence of FET4 suggests that
this protein plays a direct role in the transport of Fe(II). This
sequence contains a high proportion of hydrophobic residues
arrayed in six regions of sufficient length (20 amino acids or
greater) to span a lipid bilayer membrane. This hydrophobicity
suggests that FET4 is an integral membrane protein with mul-
tiple transmembrane domains. It i3 possible that FET4 is only
one subunit of a heteromeric transporter complex, but this
hypothesis seems unlikely given that overexpression of FET4
alone was sufficient to increase Fe(II) uptake activity. However,
if FET4 is a component of a multisubunit transporter, this
result argues that FET4 would be a rate-limiting subunit.
FET4 is the first transmembrane Fe(Il) transporter from a
eukaryotic organism to be characterized at the molecular level.
The only other Fe(II) transporter gene that has been isolated is
feoB from E. coli (24). FeoB is a 773-amino acid protein with
eight potential transmembrane domains. Aside from their
shared hydrophobic character, FeoB and FET4 have dissimilar
amino acid sequences. Regions of FeoB have similarity to the
phosphate binding domain of eukaryotic and bacterial F-type
ATPases and the nucleotide binding fold of other ATPases. This
similarity suggested that ATP hydrolysis may drive Fe(II) up-
take by FeoB (24). Similar sequences were not found in FETY,
indicating that the yeast transporter and FeoB may function as
Fe(Il) transporters in different ways. A third gene involved in
Fe(II) uptake that has been isolated is FET3. While the FET3
multi-copper oxidase is required for the high affinity system, it
does not appear to encode a transporter protein per se. The
FET3 protein has only a single potential transmembrane do-
main (25), an unlikely property for a transporter protein. We
predict that the high affinity system has as yet unidentified
protein components, perhaps complexed with FET3, that me-
diate the transport of Fe(II) across the plasma membrane.
Our results demonstrate that the high and low affinity sys-
tems are separate uptake pathways. Mutations in the FET3
gene eliminated high affinity activity without greatly altering
the low affinity system. Similarly, mutations in the FET4 gene
reduced low affinity uptake but not high affinity activity. We
have also shown that the low affinity system is a biologically
relevant source of iron for growing yeast cells. Previous bio-
chemical and genetic studies on high affinity uptake demon-
strated the importance of this system for the growth of iron-
limited cells (6, 25). In contrast, the low affinity system has an
apparent K, approximately 300-times greater than that of the
high affinity system. This low affinity called into question
whether this system could serve as a mechanism for Fe(II)
uptake under any but the most iron-rich conditions (5). Anal-
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ysis of iron-limited growth of fet3 and fet4 mutants, as well as
assays of Fe(Ill) reductase and Fe(II) uptake activity in high
iron grown strains, has established that the low affinity system
is an important source of iron under standard culture condi-
tions. The high affinity system is induced under conditions of
iron-deprivation. In fet4 single mutants, high affinity activity
was increased, suggesting that fet4 mutant cells are more iron-
limited than wild type cells. The low affinity system may also
be induced by iron limitation. This was suggested by the fact
that the V. of the low affinity system is 2-fold higher in fet3
mutant cells than in the wild type strain. Fe(IIl) reductase
activity was induced in the fet3 fet4 double mutant. We propose
that the synergistic effect of fet3 and fet4 mutations on this
property is due to an iron deficiency produced by the loss of
both high and low affinity systems. Also consistent with this
hypothesis, we observed that overexpression of FET4 caused a
decrease in the activity of the high affinity system. FET4 over-
expression and the resultant increase in low affinity activity
may provide more iron to the cell via this pathway and cause
the down-regulation of the high affinity system. An alternative
explanation for these results is that the low and high affinity
systems share a common subunit. Overexpression of FET4
might then titrate this subunit away from the high affinity
system, thus reducing the activity of this system. Conversely,
disruption of the FET4 gene might increase activity of the high
affinity system simply because more of the limiting subunit is
now available for its function.

Does the low affinity system play a role in the transport of
transition metals other than Fe(II)? Fuhrmann and Rothstein
(39) presented evidence for a divalent cation transporter in S.
cerevisiae with an affinity series of Co(II), Zn(Il) > Mn(II) >
Ni(II). More recently, Norris and Kelly (40) demonstrated that
Cd(II) was also a substrate for this system. Thus, it would
appear from these studies that the major pathway for the ac-
cumulation of Mn(II) and Zn(IT) was also capable of transport-
ing Cd(II) and Co(II). Neither Zn(II) nor Mn(II) inhibited up-
take of Fe(I) by the low affinity system, suggesting that this
system, although perhaps capable of transporting Co(II) and
Cd(II), is not the divalent cation transport system previously
described.

Finally, our results suggest that S. cerevisiae may have iron
uptake pathways in addition to the high and low affinity sys-
tems that have now been characterized. A strain lacking both of
these systems, the fet3 fet4 double mutant, grows well in spite
of the almost undetectable level of iron uptake activity ob-
served in this strain. Undoubtedly, these cells are obtaining
iron. This uptake may represent residual activity of the high or
low affinity systems, or a third system altogether. This activity
may not be detectable in our uptake assays for a variety of
reasons. For example, a transporter with very low affinity for
Fe(II) may not be able to bind iron in the presence of the high
concentration (20 mm) of citrate, an iron chelator, present in our
assay medium. Alternatively, siderophore-mediated uptake
would not be detectable in our experiments because the cells
are washed free of the extracellular medium, and any sid-
erophores present, prior to assay. Experiments designed to de-
tect siderophore production in S. cerevisiae indicated that this
organism does not produce these compounds (2). This previous
research was performed with a wild type strain, and it is fea-
sible that a latent siderophore-mediated system could be in-
duced when both high and low affinity Fe(II) uptake systems
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are inactivated. Whatever the mechanism, it is now accessible
to genetic and biochemical analysis. Just as fet3 mutant strains
made this study of the low affinity system possible, fet3 fet4
double mutants will enable the analysis of additional iron-
uptake pathways.

Acknowledgments—We thank Jerry Kaplan, Elizabeth Leibold, Rick
Gaber, Les Drewes, and Ann Thering for critical reading of the manu-
seript and many helpful discussions. We also thank Anthony Bretscher
for providing the high quality cDNA library used in these experiments.

REFERENCES

1. Winkelmann, G., Helm, D. v. d., and Neilands, J. B. (eds) (1987) Iron Transport
in Microbes, Plants, and Animals, VCH Verlagsgesellschaft mbH, Wein-
heim, FRG

2. Neilands, J. B., Konopka, K., Schwyn, B., Coy, M., Francis, R. T., Paw, B. H.,
and Bagg, A. (1987) in Iron Transport in Microbes, Plants and Animals
(Winkelmann, G., Helm, D. v. d., and Neilands, J. B,, eds) pp. 24-26, VCH
Verlagsgesellschaft mbH, Weinheim, FRG

3. Lesuisse, E., Raguzzi, F., and Crichton, R. R. (1987) J. Gen. Microbiol. 133,
3229-3236

4. Lesuisse, E., and Labbe, P. (1989) J. Gen. Microbiol. 135, 257-263

5. Dancis, A., Klausner, R. D., Hinnebusch, A. G., and Barriocanal, J. G. (1990)
Mol. Cell. Biol. 10, 2294~2301

6. Eide, D., Davis-Kaplan, S., Jordan, I, Sipe, D., and Kaplan, J. (1992) J. Biol.
Chem. 267, 2077420781

7. Evans, 8. L., Arceneaux, J. E. L., Byers, B. R., Martin, M. E,, and Aranha, H.
(1986) J. Bacteriol. 168, 1096—1099

8. Johnson, W., Varner, L., and Poch, M. (1991) Infect. Immun. 69, 2376-2381

9. Roman, D. G., Dancis, A., Anderson, G. J., and Klausner, R. D. (1993) Mol. Cell.
Biol. 13, 43424350

10. Ecker, D. J., and Emery, T. (1983) J. Bacteriol. 155, 616—622

11. Grusak, M. A, Welch, R. M., and Kochian, L. V. (1990) Plant Physiol. 94,
1353-1357

12. Romheld, V., and Marschner, H. (1983) Plant Physiol. 71, 949-954

13. Oshiro, S., Nakajima, H., Markello, T., Krasnewich, D., Bernardini, I., and
Gahl, W. A. (1993) J. Biol. Chem. 268, 2158621591

14. Nunez, M.-T., Gaete, V., Watkins, J. A., and Glass, J. (1990) J. Biol. Chem. 265,
6688—6692

15. Thorstensen, K. (1988) J. Biol. Chem. 263, 16837-16841

16. Thorstensen, K., and Romslo, I. (1988) J. Biol. Chem. 263, 88448850

17. Egyed, A. (1988) Br. J. Haematol. 68, 483-486

18. Kaplan, J., Jordan, 1., and Sturrock, A. (1991) J. Biol. Chem. 266, 2997-3004

19. Inman, R. S., and Wessling-Resnick, M. (1993) J. Biol. Chem. 268, 8521-8528

20. Morgan, E. H. (1988) Biochim. Biophys. Acta 943, 428-439

21. Nunez, M. T., Escobar, A., Ahumada, A., and Gonzalez-Sepulveda, M. (1992) J.
Biol. Chem. 267, 11490~-11494

22. Sturrock, A., Alexander, J., Lamb, J., Craven, C. M., and Kaplan, J. (1990) J.
Biol. Chem. 265, 3139-3145

23. Wright, T. L., Brissot, P., Ma, W.-L., and Weisiger, R. A. (1986) J. Biol. Chem.
261, 10909-10914

24. Kammler, M., Schon, C., and Hantke, K. (1993) J. Bacteriol. 175, 6212-6219

25. Askwith, C., Eide, D., Ho, A. V., Bernard, P. 8., Li, L., Davis-Kaplan, S., Sipe,
D. M., and Kaplan, J. (1994) Cell 76, 403—-410

26. Dancis, A, Yuan, D. S, Haile, D., Askwith, C., Eide, D., Moehle, C., Kaplan, J.,
and Klausner, R. D, (1994) Cell 76, 393402

27. Boeke, J. D., Trueheart, J., Natsoulis, G., and Fink, G. R. (1987) Methods
Enzymol. 154, 164-175

28. Sherman, F.,, Fink, G. R., and Hicks, J, B. (1986) Methods in Yeast Genetics,
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY

29. Becker, D. M., and Guarente, L. (1991) Methods Enzymol. 194, 182-187

30. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY

31. Liu, H., Krizek, J., and Bretscher, A. (1992) Genetics 132, 665-673

32. Borson, N. D., Salo, W. L., and Drewes, L. R. (1992) PCR Methods Appl. 2,
144-148

33. Henikoff, S. (1984) Gene (Amst.) 28, 351-359

34. Marck, C. (1988) Nucleic Acids Res. 16, 1829-1836

35. Devereux, dJ., Haeberli, P., and Smithies, O. (1984) Nucleic Acids Res. 12,
387-395

36. Hill, J. E., Myers, A. M., Koerner, T. J., and Tzalgoloff, A. (1986) Yeast 2,
163-167

37. Rothstein, R. (1991) Methods Enzymol. 194, 281-301

38. Dancis, A., Roman, D. G., Anderson, G. J., Hinnebusch, A. G., and Klausner, R.
D. (1992) Proc. Natl. Acad. Sci. U. 8. A. 89, 3869-3873

39. Fuhrmann, G.-F, and Rothstein, A. (1968) Biochim. Biophys. Acta 163, 325
330

40. Norris, P. R., and Kelly, D. P. (1977) J. Gen. Microbiol. 99, 317-324

41. Kyte, J., and Doolittle, R. F. (1982) J. Mol. Biol. 157, 105-132



