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Studies have shown the fundamental contribution of the yeast vacuole as a site for storage and detoxification
of metals. Whereas the transmembrane proteins responsible for iron transport into and out of the vacuole have
been identified in Saccharomyces cerevisiae, less information is available concerning the mobilization of vacu-
olar iron stores in Schizosaccharomyces pombe. In this study, we report the identification of a gene designated
abc3™ that encodes a protein which exhibits sequence homology with the ABCC subfamily of ATP-binding
cassette transporters. The transcription of abc3* is induced by low concentrations of iron but repressed by high
levels of iron. The iron-mediated repression of abc3™ required a functional fepl™ gene. Chromatin immuno-
precipitation assays showed that Fepl associates with the abc3* promoter in vivo, in an iron-dependent
manner. Microscopic analyses revealed that a functional Abc3-green fluorescent protein localizes to the
membrane vacuole when iron levels were low. Abc3 was required for growth in low-iron medium in the absence
of the transport system mediated by Fiol and Fipl. abc3A cells exhibited increased levels of expression of the
frpI*-encoded ferric reductase, suggesting a loss of Fepl repression and, consequently, the activation of
Fepl-regulated genes. When abc3™ was expressed using the nmtI™ promoter system, its induction led to a
reduced transcriptional activity of the fipl™ gene. Because S. pombe does not possess vacuolar membrane-
localized orthologs to S. cerevisiae Fthl, Fet5, and Smf3, our findings suggested that Abc3 may be responsible

for mobilizing stored iron from the vacuole to the cytosol in response to iron deficiency.

All eukaryotes require iron for survival. The ability of this
transition metal to exist in two different redox states makes it
an essential component of the active centers of many enzymes
and electron transporters (23). For instance, DNA synthesis,
cell cycle progression, and energy-generating respiratory chain
require iron. Paradoxically, the properties that make iron es-
sential in these reactions could also make it toxic under certain
conditions. Excess iron has the ability to unleash toxic oxygen
radicals that can damage cellular components (18). Conse-
quently, organisms must tightly regulate their internal iron
load and must be able to respond to changes in iron levels by
appropriately controlling iron acquisition, utilization, and com-
partmentalization in order to maintain homeostasis.

Studies in Saccharomyces cerevisiae have revealed that it
possesses two genetically distinct systems for iron uptake (43).
One of these systems requires that ferric iron [Fe®"] chelates
be reduced to ferrous iron [Fe**]. This task is performed by
the cell surface reductases Frel and Fre2 that reduce extracel-
lular Fe*™ chelates (8, 14). The Fe** generated by this action
is, in turn, captured by an oxidase-permease complex formed
by Fet3 and Ftrl (4, 55, 57). Fet3 acts as a multicopper oxidase,
converting Fe** to Fe®", which is transported across the
plasma membrane by the permease Ftrl. A clear interdepen-
dence between Fet3 and Ftrl has been established since the
trafficking of either protein to the cell surface requires the
concomitant trafficking of the other. A Fet3 oxidase homolog

* Corresponding author. Mailing address: Département de Biochimie,
Faculté de Médecine, Université de Sherbrooke, 3001, 12e Ave. Nord,
Sherbrooke, Quebec JIH 5N4, Canada. Phone: (819) 820-6868, ext.
15460. Fax: (819) 564-5340. E-mail: Simon.Labbe@USherbrooke.ca.

¥ Published ahead of print on 13 November 2009.

59

called Fet5 and a Ftrl permease homolog termed Fthl are
known to be present in S. cerevisiae (56, 60). These two pro-
teins physically interact and form an oxidase-permease com-
plex in the vacuole membrane (60). The permease Fthl is
dependent on the presence of Fet5 for exiting the secretory
pathway, suggesting that both proteins are required during
biosynthesis for their correct targeting to the vacuole mem-
brane (60). The Fet5-Fthl complex most likely mobilizes
stored iron from the vacuole to the cytosol when cells undergo
a transition from iron excess to iron-limiting conditions (60). S.
cerevisiae possesses a second system for iron uptake in which
siderophore-iron chelates are taken up by the ARN1-ARN4
transporters (42).

In Schizosaccharomyces pombe, studies have shown that
Fe’* is reduced to Fe** by the cell surface reductase Frpl
(49). Once reduced, Fe* is taken up by an oxidase-permease
complex consisting of Fiol and Fip1, which are the orthologs
of Fet3 and Ftrl, respectively (5). Despite the fact that Fiol
and Fip1 share significant similarities to Fet3 and Ftr1, only the
simultaneous expression of both S. pombe genes (fiol* and
fipl™) in S. cerevisiae fer3A cells is able to reconstitute high-
affinity iron transport (5). The expression of S. pombe fiol
alone in an S. cerevisiae fet3A disrupted strain does not result in
complementation of the fet3A iron starvation defects (5). This
observation suggests that, although Fiol and Fet3 are homol-
ogous in function, Fiol cannot assemble with endogenous S.
cerevisiae Ftrl. This result further suggests that molecular dif-
ferences may exist between the oxidase-permease complexes in
these two fungal species. Orthologs of Fet5 and Fth1 have not
yet been identified in S. pombe. BLAST searches for both Fet5-
and Fthl-like proteins in the S. pombe genome database have
revealed no S. pombe proteins with significant homologies.
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Although S. pombe vacuoles may serve as an important site for
intracellular iron stores, transport of iron into and out of the
vacuole has not been investigated in detail in fission yeast. The
second pathway of iron uptake in S. pombe relies on the trans-
port of iron-siderophore chelates, a process that primarily in-
volves the hydroxamate-type siderophore ferrichrome (39, 52).

A critical issue for cells is the absolute requirement of being
able to control iron concentrations in order to be able to
rapidly respond to changes in extracellular iron levels. Expo-
sure of S. pombe to elevated concentrations of iron is sensed by
the GATA-type transcriptional repressor Fepl (26, 38). An
important response to Fepl activation is the downregulation of
the genes encoding the components of the high-affinity iron
transport machinery, including fipI *, fiol *, and fipl* (38, 50).
Based on genomic profiling studies, it has been proposed that
Fepl and its orthologs are also required for the iron-regulated
expression of the genes encoding the proteins involved in iron-
sulfur cluster formation, in compartmentalization, and in the
utilization of inorganic iron (22, 50). Once activated, Fepl
binds to the DNA sequences known as GATA elements [5'-
(A/T)GATA(A/T)-3'], which are found in the promoters of its
target genes. Conversely, when the iron concentration is lim-
ited inside the cell, Fepl dissociates from the chromatin,
thereby allowing transcription of its target genes to take place
(21, 40).

Analysis of iron-regulated gene expression in S. pombe using
DNA microarrays has identified several uncharacterized genes
that are transcriptionally activated in response to iron depri-
vation (34). Although the roles of these genes remain unclear,
their iron starvation-dependent induction suggests that they
possess iron-related functions. One example of these genes is
SPB(359.05, which is also called abe3™ (20). This gene en-
codes a putative transmembrane protein that exhibits sequence
homology with the ABCC subfamily of ATP-binding cassette
(ABC) transporters (9, 10, 15, 37). Members of the ABCC
subfamily have a typical ABC “core” region, consisting of two
homologous halves. Each half contains a membrane spanning
domain (MSD) that includes six transmembrane spans and a
nucleotide binding domain (NBD). The NBD harbors several
conserved motifs designated Walker A, Walker B, and the
signature motifs (15). The two halves of the core region are
joined by a linker region (L1). A hallmark of the ABCC trans-
porters is the presence of an additional N-terminal extension
(NTE) that contains five putative transmembrane spans
(MSDO0) that are connected to the ABC core domain by a
hydrophilic region (L0). A previous study has shown that S.
pombe cells lacking a functional abc3™ gene are sensitive to
cerulenin, an antibiotic that inhibits the biosynthesis of fatty
acids (20). Using direct fluorescence microscopy, the expres-
sion of a green fluorescent protein (GFP)-tagged form of Abc3
transformed in wild-type S. pombe cells suggests that Abc3 may
localize to the vacuole membrane, although neither its cellular
localization nor its role within the cell has been firmly charac-
terized (20). S. pombe is one of the yeast species that does not
have any homologs of S. cerevisiae proteins Fet5, Fthl, and
Smf3 (16). However, as shown for the maintenance of the
concentration of intracellular copper (6), the fission yeast vac-
uole may contribute to the overall iron metabolism of the cell.

In the present study, we determined that abc3™ is regulated
at the level of gene transcription, and its iron-dependent reg-

EUKARYOT. CELL

ulated expression requires a proximal GATA-type cis-acting
element and a functional fepl ™ gene. Using a chromatin im-
munoprecipitation (ChIP) approach, we show that Fepl occu-
pies the abc3™ promoter in the presence of high levels of iron,
whereas iron deficiency results in a loss of Fepl occupancy at
the abc3™ promoter. Using an abc3*-GFP allele that retained
wild-type function, we found that Abc3-GFP is localized to the
vacuole membrane when iron levels are low but become un-
detectable upon exposure to iron. Cell fractionation experi-
ments revealed that Abc3 is an integral membrane protein.
The loss of Abc3 resulted in an elevated transcriptional activity
of the fipI ™ gene. In contrast, permanent expression of abc3™
lowered the steady-state levels of the fipl™ transcript. Taken
together, these results strongly suggest that under iron-limiting
conditions, Abc3 could serve to transport iron from the vacu-
ole to the cytoplasm.

MATERIALS AND METHODS

Strains and media. The S. pombe strains used in the present study were the
wild-type FY435 (h+ his7-366 leul-32 ura4-A18 ade6-M210) and eight isogenic
mutant strains: abc3A (h+ his7-366 leul-32 ura4-AI8 ade6-M210 abc3A::KAN™),
pclIA (h+ his7-366 leul-32 ura4-A18 ade6-M210 pcll A::KAN"), fepI A (38), ctr6A
(6), fepIA php4A (21), abc3A ctr6A (h+ his7-366 leul-32 ura4-AI8 ade6-M210
abc3A:KAN” ctroA:urad4™), fiolA fipIA (h+ his7-366 leul-32 ura4-A18 ade6-
M210 fiol-fip] A:KAN"), and abc3A fiolA fipIA (h+ his7-366 leul-32 ura4-A18
ade6-M210 abc3A::loxP fiol-fipl A:KAN"). All S. pombe cells were cultured in
either yeast extract plus supplements (YES) or selective Edinburgh minimal
medium (EMM) lacking the specific amino acids required for integrative or
nonintegrative plasmid selection (1). Unsupplemented EMM contained 74 nM
iron, unless otherwise stated. Liquid cultures were seeded to an Agy, of 0.5,
allowed to grow to exponential phase (44, of ~1.0), and then treated with 250
M 2,2'-dipyridyl (Dip) or 100 uM FeCl; for 90 min, unless otherwise stated.
Yeast transformations and manipulations were carried out by using standard
techniques (1).

Plasmids. A BamHI-EcoRI PCR-amplified fragment derived from the abc3™
promoter containing 584 bp of the 5’-noncoding region and the first 10 codons
of the abc3" gene was introduced into the BamHI-EcoRI-digested YEp357R
vector (35). The abc3™ promoter region was isolated from YEp357Rabce3™-
584lacZ via digestion with BamHI and Bsu36I. It was then swapped for the
equivalent DNA restriction fragment in pSPlfiol *-1155lacZ (38) in order
to generate pSPlabc3"-584lacZ. Two plasmids (pSPlabc3*-239lacZ and
pSPlabc3™-114lacZ) harboring sequential deletions from the 5 end of the abe3™*
promoter were created by PCR from plasmid pSPlabc3*-584lacZ. Each PCR
product obtained was purified, digested with BamHI and Bsu361, and then used
to replace the equivalent DNA restriction fragment in pSPlabc3 ™ -584lacZ. Plas-
mids pSPlabc3"-584lacZ and pSPlabe3™-239lacZ were used to introduce mu-
tations to either or both of the GATA boxes (positions —115 to —120 and
positions —197 to —202 with respect to the A of the ATG codon of abc3™)
[CCTGTC instead of TGATA(A/T)] via the overlap-extension method (19). The
DNA sequence of each mutant was confirmed by dideoxy sequencing. In order
to create both the wild-type and the mutant pCF83abc3™*-239/-56lacZ fusion
plasmids, the abe3™* promoter region (positions —239 to —56) was PCR ampli-
fied from both the wild-type and the mutant pSPlabc3*-584lacZ constructs.
These PCR products were purified and inserted in their natural orientations into
the Xmal and Xhol sites of the CYCI-lacZ fusion plasmid pCF83 (33).

PCR amplification of the abc3™ gene was carried out with primers designed to
generate Spel and Xhol restriction sites at the upstream and downstream termini
of the ORF, respectively. The full-length gene was isolated from S. pombe strain
FY435 genomic DNA. The PCR product was digested with Spel and Xhol and
cloned into the corresponding sites of the pBluescript SK vector (Stratagene, La
Jolla, CA), creating plasmid pSKabc3 ™. Subsequently, the S. pombe abe3™ pro-
moter region from position —808 upstream of the start codon of the abc3™* gene
was isolated by PCR amplification and was then inserted into pSKabc3* at the
SstI and Spel sites. This pSKabc3™ derivative was named pSKprom-abc3™. The
SstI-Xhol DNA fragment was isolated from pSKprom-abc3™ and then inserted
into SstI-Xhol-digested pSP1 or pJK148 plasmid, creating plasmids pSPlabc3™
and pJK148abc3™, respectively. The GFP coding sequence derived from pSF-
GP1 (24) was isolated by PCR, using primers designed to generate Xhol and
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TABLE 1. Riboprobes used to detect steady-state levels
of transcripts

Riboprobe  Positions from the Source or
Gene ID Gene lengt}lnj (bp) initiator codon reference
SPACY9E9.12¢  abcl™ 174 +205to +379  This study
SPAC3F10.11c  abc2™ 184 +301 to +485 This study
SPBC359.05 abc3™ 179 +351to +530  This study
SPAC30.04c abc4™ 189 +112 to +301 This study
SPBC32H8.12¢  actl™ 151 +334 to +485 41
SPACIF7.08 fiol * 183 +16to +199  This study
SPBC1683.09¢c  fipl™ 190 +117to +307  This study
SPCC737.09¢c hmtl™* 193 +584 to +777  This study
lacZ 233 +1188 to +1421 38

Apal sites at the 5" and 3’ termini, respectively, of the GFP gene. The resulting
DNA fragment was used to clone the GFP gene into the pSPlabc3™ plasmid to
which Xhol and Apal restriction sites had previously been introduced by PCR
and were placed immediately before the abc3™ stop codon. For this particular
construct, named pSPlabc3™-GFP, the Xhol-Apal GFP-encoded fragment was
placed in frame with the C-terminal region of Abc3. The nmtl™ 41X promoter
(13) up to position —1178 from the initiator codon of the nmtl™ gene was
isolated by PCR and then swapped to replace the Sstl-Spel abc3™ promoter
fragment in either pSPlabc3™ or pSPlabe3*-GFP. The resulting plasmids were
named pSP-1178nmt41X-abc3™ and pSP-1178nmt41X-abc3*-GFP, respectively.

RNA analysis. Total RNA was isolated by using the hot phenol method (7).
RNA samples were quantified spectrophotometrically, and 15 ug of RNA per
sample was used for the RNase protection protocol (34). DNA templates for
antisense riboprobes (Table 1) were cloned into the BamHI and EcoRI sites of
pBluescript SK. The resultant constructs were linearized with BamHI for sub-
sequent antisense RNA labeling with [a->*P]JUTP and the T7 RNA polymerase.
32P-labeled antisense lacZ RNA was generated from the HindIII-linearized
plasmid pKSlacZ (38). The riboprobe derived from pSKactI* (41) was used to
probe act]* mRNA as an internal control for the normalization purposes during
quantification of the RNase protection products.

ChIP. Cell growth conditions and the preparation of chromatin were carried
out as described previously (21). Immunoprecipitation of TAP-tagged Fepl with
immunoglobulin G (IgG)-Sepharose beads and the subsequent elution of the
immunocomplexes were performed as described previously (21). To reverse the
formaldehyde cross-links, both the eluted DNA and the DNA of the input
control were first incubated at 65°C for 18 h, followed by 2 h at 37°C in the
presence of 50 pg of proteinase K. Free DNA was then purified by using
phenol-chloroform-isoamyl alcohol (25:24:1) extraction in the presence of 0.4 M
LiCl. After centrifugation and precipitation of the DNA by the addition of
glycogen and ethanol, the precipitated DNA was resuspended in 100 pl of
Tris-EDTA prior to PCR analysis.

PCR amplifications were performed essentially as described by Komarnitsky et
al. (25), except that PCR program consisted of 2 min at 94°C, followed by 25
cycles of 1 min at 94°C, 1 min at 55°C, and 2 min at 72°C, and a final 4-min step at
72°C. Radiolabeled PCR products were purified by using Quick Spin columns
(Roche Diagnostics, Indianapolis, IN) and were resolved in 6% polyacrylamide—1x
Tris-borate-EDTA gels. PCR signals were quantitated by PhosphorImager scanning
and then normalized with respect to both the input DNA reaction and the internal
intergenic control primer pair (in order to correct for PCR efficiency and back-
ground signals). All experiments were conducted at least three times, and each
experiment yielded similar results. Primers that span the abc3™ promoter region that
included a functional GATA box were used for PCR analysis. The primers were
designated by the name of the gene promoter, followed by the position of their 5’
ends relative to the translation initiation codon: abc3-a _;5;, 5'-CATAATGAGAT
TCAGCGCAAACGTTATTAGTC-3"; abc3-b_ 4, 5'-CCAAATACTTTATTAAA
AGCGATGCTTAAGTC-3'; Intergenic-cI13860000-a, 5'-CGGTGCGTTTTTCTA
CGCGCATCTTC-3'; and Intergenic-cII3860000-b, 5'-GCCCAAGGCCCATCAA
CAATCTAACATG-3'.

Cerulenin sensitivity assay, organelle staining, and fluorescence microscopy.
Cells were grown to an 4 g of 1.0 (~2 x 107 cells) at 30°C. Each cell culture was
diluted (~2 X 10* cells) and incubated to a final volume of 4 ml in EMM
containing cerulenin (1 wg/ml; Sigma-Aldrich). At the designated time intervals,
total growth was determined spectrophotometrically at A4y, Vacuole membrane
staining using FM4-64 (Sigma-Aldrich) was performed as described previously
(20), except that the cells were not resuspended in distilled water prior to
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microscopic analysis. Briefly, the cells were harvested and resuspended in EMM
containing 16 uM FM4-64 for 30 min at 30°C. The cells were pelleted, resus-
pended in fresh EMM, and incubated at 30°C for an additional 90 min. They
were then placed on microscope slides and viewed on a Nikon Eclipse E800
epifluorescence microscope (Nikon, Melville, NY) equipped with a Hamamatsu
ORCA-ER cooled charge-coupled device camera (Hamamatsu, Bridgewater,
NJ). The samples were analyzed using X 1,000 magnification with the following
filters: 465 to 495 nm (GFP) and 510 to 560 nm (FM4-64). The cell fields shown
in the present study are representative of a minimum of five independent exper-
iments.

Preparation of S. pombe extracts, Western blot analysis, and spectrophoto-
metric method using BPS-citric acid. Protein extracts were prepared from log-
arithmic-phase cells that were grown in standard EMM or taken after their
incubation in the presence of either 50 wM Dip or 50 uM FeCls. The harvested
cells were washed in HEGN,, buffer (20 mM HEPES [pH 7.9], 1 mM EDTA,
10% glycerol, 100 mM NaCl) and lysed with glass beads using the same buffer
supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol,
and a complete protease inhibitor mixture (P8340; Sigma-Aldrich, St. Louis,
MO). The cells were broken by using a FastPrep FP120 instrument (Bio 101;
Thermo Electron Corp., Milford, MA; twice for 45 s at 4°C, with cooling intervals
of 1 min in an ice bath). The resulting lysates were centrifuged at 100,000 X g for
30 min at 4°C. The supernatant was kept at 4°C, whereas the pellet fraction was
resuspended in 0.2 ml of buffer A (phosphate-buffered saline [pH 7.4], 1 mM
EDTA, 150 mM NaCl, 1% Triton X-100, 1 mM dithiothreitol, and the above-
mentioned protease inhibitors) and incubated on ice for 30 min. Alternatively,
the pellet fraction was resuspended and left untreated or was adjusted to 0.1 M
Na,COj; (to replace 1% Triton X-100). After incubation on ice, the pellet
fraction was resuspended and centrifuged at 100,000 X g for 30 min at 4°C. Both
supernatant and pellet fraction were resuspended in 2X sodium dodecyl sulfate
(SDS) loading buffer (50 mM Tris-HCI [pH 6.8], 0.1 mM EDTA, 15% SDS,
0.01% bromophenol BLUE, and 150 mM dithiothreitol) containing 8.0 M urea
and 4% B-mercaptoethanol, unless otherwise indicated. After a 30-min incuba-
tion at 37°C, the samples were resolved by SDS-polyacrylamide gel electrophore-
sis and visualized by Coomassie brilliant blue staining, or they were used for
Western blot analysis. Monoclonal anti-GFP (clone B-2; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and monoclonal anti-HA (clone F-7; Santa Cruz Biotech-
nology) antibodies were used for protein expression analysis of the Abc3-GFP
and Ctr6-HA, fusion proteins, respectively. A monoclonal anti-PCNA antibody
(clone PC10; Sigma-Aldrich) was used to detect PCNA as an internal control for
soluble proteins. For measuring intracellular iron, the BPS-based spectrophoto-
metric assay was carried out as described previously (45).

RESULTS

Molecular architecture of S. pombe Abc3. There are 11 genes
that encode putative proteins related to the ABC family of
transporters in S. pombe (20). Analysis of iron-regulated gene
expression using DNA microarrays has identified abc3™ as one
of the affected genes (34, 50). Because the transcript levels of
abe3™ (SPBC359.05) showed increases of expression in re-
sponse to iron deficiency (34), we hypothesized that the gene
product (Abc3) could be part of a mechanism that was acti-
vated under conditions of iron deficiency. The hypothesis was
tested by isolating the gene for further analysis. abc3* encodes
a polypeptide composed of 1,465 amino acid residues with a
predicted molecular mass of 166.5 kDa. Abc3 is 42% sequence
identical and 56% sequence similar to S. cerevisiae Ycfl, a
prototypical member of the ABCC subfamily of ABC trans-
porters (58). Similarly to Ycfl and the other members of the
ABCC subfamily, Abc3 possesses an ABC core domain that
consists of two homologous halves, each half containing a
membrane-spanning domain (MSD) with six putative trans-
membrane spans, and an NBD (Fig. 1). The two halves of Abc3
are connected by a putative cytosolic loop (L1). The Abc3
N-terminal portion strongly resembles the unique NTE that is
a hallmark of proteins belonging to the subgroup ABCC (31).
The Abc3 NTE is very hydrophobic, harboring five predicted
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FIG. 1. Structural features of Abc3 and its close homologue from S. cerevisiae Yctl. Topological models of the S. pombe Abc3 (top) and S.
cerevisiae Ycfl (bottom) proteins are shown. The N-terminal extension (NTE) includes five membrane spans (denoted as MSDO; ovals A to E)
and a cytosolic loop (LO). The ABC core domain consists of two homologous halves, each containing a transmembrane domain (denoted as MSD1
or MSD2) composed of six membrane spans (ovals F to K or ovals L to Q), and a nucleotide binding domain (denoted as NBD1 or NBD2). The
halves are joined by a linker region (L1). NBD1 and NBD2 (enlarged dark gray boxes) contain residues that are found in other ABC transporters.
Highly conserved residues are both underlined and in capital letters. The amino acid sequence numbers refer to the position relative to the first
amino acid of each protein.

transmembrane helices, in addition to a cytoplasmic linker to the low basal levels observed in the untreated cells (Fig. 2).
region (LO). Three conserved motifs (***GkvGaGK®*° [Walker ~ In contrast, under iron-replete conditions, the transcript levels
A], "LSGGQ" [signature], and ">°LLD"?® [Walker B] for ~ of abc3" were repressed and remained approximately equal to
NBD1; '*°GrtGaGK'**® [Walker A], '***SsGQ'**” [signa-  those observed in the untreated cells (Fig. 2). The abc3" in-
ture], and "***LLLDE"**® [Walker B] for NBD2) are present  creases in transcript levels observed under conditions of iron
within the NBD domains. These motifs may participate in the deficiency paralleled those observed by DNA microarray anal-
binding and hydrolysis of nucleotides such as ATP to energize ysis (16.9-fold) (34). The results of the dependency of abc3™
the transport process. Sequence alignment analysis of the gene expression on iron concentrations suggested that the
amino acid residues that compose the NBD1 and NBD2 of iron-regulatory transcriptional repressor Fepl could play a
Abc3 and Ycfl indicated that the spacing of the conserved role in abe3™ gene regulation. This possibility was investigated
motifs (Walker A, signature, and Walker B) in Abc3 was highly by using an isogenic fepIA deletion strain of S. pombe. The
similar to that of Ycfl (data not shown). Furthermore, Abc3 results showed that the levels of abc3" mRNA were constitu-
residues 614 to 620 (Walker A), 704 to 708 (signature), and 726 tive and unresponsive to cellular iron status in the yeast mutant
to 728 (Walker B) for NBD1, as well as residues 1260 to 1266 (Fig. 2), suggesting that the iron-mediated repression of abc3™
(Walker A), 1364 to 1367 (signature), and 1384 to 1388 occurred through the activity of Fepl. Furthermore, these re-
(Walker B) for NBD2, were 90% identical to the Walker A, sults revealed that wild-type abc3™ gene was regulated by iron

signature, and Walker B motifs found in Ycfl. Collectively, in a manner identical to that of iron uptake genes such as

these observations strongly suggested that abc3™ encodes an  fipl™, fiol*, and fipl™ (5, 27, 38).

ABC protein of the ABCC subfamily similar to Ycfl. According to the ABC transporter classification system (10),
abc3™ transcript was induced under conditions of iron de- S. pombe Abc3 is a member of the ABCC subfamily. In fission

ficiency and negatively regulated by iron through Fepl. Our yeast, three other genes, namely, abcl™, abc2™, and abc4™,
gene expression profiling data suggested that abc3™* gene ex- encode putative ABC transporters related to the ABCC sub-
pression was downregulated in the presence of iron (34). To family (20). To examine whether they were differentially reg-
independently verify the microarray data (34), S. pombe wild- ulated as a function of iron availability, we investigated the
type strain was left untreated or treated with Dip (250 wM) or  profiles of expression of abcl™, abc2™, and abc4™ by RNase
FeCl; (100 pM). In the presence of the iron chelator Dip, protection assays (Fig. 2). The imt1™" gene (36) that encodes a
abc3* mRNA levels were increased ~17- to 20-fold compared member of the ABCB subfamily was also analyzed in RNase
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FIG. 2. abc3™ transcript levels are downregulated by iron in a Fepl-dependent manner. (A) Logarithmic-phase cultures of the isogenic strains
FY435 (wild type [WT]) and BPY10 (feplA) were left untreated (—) or were treated with Dip (250 wM) or FeCl; (Fe) (100 wM) for 90 min. Total
RNA was then prepared from each sample and analyzed by RNase protection assays. Steady-state levels of abc3™, abcl™, abc2™, abc4™, hmtl™,
and act]™ mRNAs (indicated with dots and arrows) were analyzed in both the wild-type strain and a strain lacking the fep!™ allele. NS, nonspecific
signal. (B) Graphic representation of the quantification of the results of three independent RNase protection assays, including the experiment
shown in panel A. The values shown are the means of three replicates = the standard deviations.

protection experiments. The results showed that the steady-
state mRNA levels of abcl™, abc2™, abc4™, and hmt1™ in the
wild-type strain were not regulated by iron depletion (Dip, 250
uM) or iron abundance (FeCl;, 100 uM) (Fig. 2). There were
no significant changes in the levels of abcI ™, abc2™, abc4™, and
hmtl™ transcription in treated cells compared to the basal
levels in untreated cells. To further examine whether abcl ™,
abc2™,abc4™, and hmt1™ transcription was controlled by Fepl,
a fepIA null strain was grown in either the absence or the
presence of either 250 uM Dip or 100 pM FeCl;. As shown in
Fig. 2, the fepI A mutant had no significant effect on the ex-
pression of the above-mentioned genes. The bulk of these data
led us to conclude that, among the five different ABC-encoded
transporter genes tested, only abc3™ was regulated by iron
through the activity of the transcription factor Fepl.
Analysis of abc3™ promoter sequences required to repress
gene expression under basal and iron-replete conditions. The
fact that Fepl was necessary for the repression of abc3™ tran-
scription under basal and iron-replete conditions led us to inves-
tigate whether the abc3™ promoter region up to —584 from the
start codon of the abc3" ORF harbored GATA elements. Six
copies of the repeated sequence 5'-(A/T)GATA(A/T)-3' were
identified at positions —115 to —120, —197 to —202, —391 to
—396, —405 to —410, —418 to —423, and —511 to —516. To
determine whether the GATA sequences played a role in the
abc3* regulation by iron, we further examined two regions of

the abc3™ promoter that were fused upstream of and in-frame
to the lacZ gene in pSP1-lacZ. The first region contained the
promoter up to —584 from the initiator codon of the abc3*
gene, whereas the second region harbored a shorter promoter
segment up to —239. lacZ mRNA expression from these two
plasmids was analyzed by RNase protection assays. The results
showed that both fusion promoters were able to repress lacZ
mRNA expression in the presence of iron (Fig. 3). Plasmids
pSPlabc3™-584lacZ and pSPlabe3 ™ -239lacZ were repressed
~7- and ~12-fold, respectively, compared to their levels of
expression in iron-starved cells. Unexpectedly, the overall mag-
nitude of iron-regulated expression of the lacZ mRNA was
slightly higher when the abc3™ promoter was further deleted to
position —239 (Fig. 3). As expected, fiol *-884lacZ (38) and
strl*-966lacZ (39) (assayed as controls) were derepressed
(~56- and ~6-fold, respectively) after treatment with Dip (250
pwM) (Fig. 3). In contrast, their expression was downregulated
under basal or iron-replete conditions. Our data did not permit
explanation of why the overall magnitude of the iron limita-
tion-dependent activation of both fiol *-884lacZ and strl™-
966lacZ gene expression was ~1.5 orders of magnitude greater
than that for the abc3"-lacZ fusion derivatives. However, the
abc3*-lacZ fusion plasmids were undoubtedly regulated in re-
sponse to iron levels (Fig. 3).

To gain further insight into the mechanism by which abc3™
expression was regulated by iron, and because of the observa-



64 POULIOT ET AL.

A plasmid fiol*-lacZ stri*-lacZ abe3*-lacZ
alone -884 -966 -584 -239

Dip — Fe Dip — Fe Dip — Fe Dip — Fe Dip — Fe

lacZ —» [ .

NS —
act]

T

B 1000 - ] - @ pip
750 [ Basal
FeCl
500 = M Fels
250 =
Relative = _— B
expression 100
(%)
75 -
50 =
25+ - |
0 ! J L J L J L J L J
plasmid -884 -966 -584 -239
alone ki J \ ;L
fiol *-lacZ strl*-lacZ abce3*-lacZ

FIG. 3. Iron responsiveness of the abc3" promoter. (A) lacZ fusion
genes harboring wild-type DNA fragments derived from the fiol * (38),
strl™ (39), and abe3™ promoters were analyzed by RNase protection
assays. Total RNA was isolated from both control (untreated) cells (—)
and cells treated with Dip (250 uM) or FeCl; (100 wM). Plasmids
pSP1fiol *-884lacZ and pSP1lstrl "-966lacZ were used (38, 39) as con-
trols for iron-regulated gene expression. The lacZ and act]™ mRNA
steady-state levels are indicated by arrows. NS, nonspecific signal.
(B) Graphic representation of the quantification of the results of three
independent RNase protection assays, including the experiment shown
in panel A. Reporter gene activity values shown are the averages of
triplicate determinations = the standard deviations.

tion that the promoter region between positions —239 and —1
was sufficient to drive the iron-dependent repression of the
abc3*t-lacZ gene, we examined whether the two putative
GATA sequences present in this region (positions —115 to
—120 and —197 to —202) could mediate gene expression as a
function of iron availability. Multiple point mutations that
mimic the changes known to abolish the binding of Fepl to
GATA boxes (38) were inserted in each one or both elements.
Mutation of the base pairs within the 2°*TTATCA'7 ele-
ment (GACGGC instead of TTATCA; denoted M1) had no
effect on the iron-regulatable expression of the abc3*-239lacZ
fusion (Fig. 4). However, the overall magnitude of the response
decreased by ~77% compared to cells containing the wild-type
plasmid. When the second GATA element, —'"**TGATAT 1>,
was mutated (CCTGTC instead of TGATAT; denoted M2), a
complete lack of iron responsiveness of the reporter gene was
observed (Fig. 4). Surprisingly, when both (M1 + M2) GATA
elements were mutated, the overall magnitude of the lacZ re-
sponse was higher (Fig. 4). Although the results indicated that the
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steady-state levels of lacZ mRNA under both basal and iron-
replete conditions were slightly increased by 1.4- and 1.8-fold,
respectively, above the levels observed in cells treated with Dip,
the reason for such expression profile is unknown (Fig. 4). When
the abc3™ promoter was further deleted to position —114, lacZ
transcript levels were very low, with no dramatic change as a
function of iron availability (Fig. 4).

Based on the findings that the integrity of the second GATA
element located between positions —120 and —115 was essen-
tial in triggering the iron repression of the abc3*-lacZ fusion,
we examined whether this sequence could regulate a heterol-
ogous reporter gene in an iron-dependent manner. A short
DNA segment derived from the abc3* promoter (positions
—239 to —56) was inserted in its natural orientation upstream
of the minimal promoter of the CYCI gene fused to lacZ in
pCFE83. The fact that the upstream region of lacZ in pCF83
contains the CYCI minimal promoter may explain why low
levels of lacZ transcript were detected from cells transformed
with the plasmid alone. This promoter fusion was able to
downregulate lacZ mRNA expression under both standard
(untreated) and iron-replete conditions. In contrast, under
conditions of iron deprivation, lacZ mRNA expression was
induced (~5- to 6-fold) compared to the transcript levels de-
tected with either control (untreated) or iron-exposed cells
(Fig. 5). When the first GATA element (positions —202 to
—197) was mutated and the second one (positions —120 to
—115) was left unchanged (wild-type), the steady-state levels of
lacZ mRNA were decreased by ~4- to 5-fold under basal and
iron-replete conditions compared to the levels observed in
iron-starved cells (Fig. 5). When the first GATA element was
unaltered and the second one was mutated, iron-dependent
downregulation of lacZ mRNA was compromised in a manner
similar to that observed for the abc3-239M2-lacZ mutant (Fig.
4 and 5). When both GATA elements were mutated, a sus-
tained and constitutive level of lacZ mRNA was observed
regardless of the iron status (Fig. 5). Taken together, these
results were consistent with the interpretation that the proxi-
mal promoter region of abc3* contained a single functional
GATA-type element, —?°TGATAT ', which was required
for the transcriptional repression of abc3™ in response to iron.

Iron triggered the association of Fepl with the abc3™ pro-
moter in vivo. In previous studies, we reported that the fusion
of TAP to the N terminus of Fepl does not interfere with the
latter’s function (21). Furthermore, we created a fepl A php4A
double-mutant strain in which the expression of TAP-fepl™ is
disengaged from its transcriptional regulation by Php4, thereby
ensuring its constitutive expression irrespective of the iron
status (21). Taking advantage of this mutant, we used a ChIP
method (21) to test whether the TAP-Fepl fusion protein
associates with the abc3™ promoter in vivo. fepl A php4A mu-
tant cells expressing either untagged or TAP-tagged fepl ™ al-
leles were precultivated in the presence of the iron chelator
Dip (100 pM) to prevent any iron-dependent activation of
Fepl and, consequently, downregulation of target gene expres-
sion. Logarithmic-phase cells were harvested, washed, and re-
suspended in the same medium containing Dip (250 pM) or
FeCl; (250 pM) for 90 min. The cells were then fixed by
formaldehyde treatment and chromatin was prepared to an
average size of 500 bp. DNA fragments cross-linked to TAP-
Fepl were isolated by immunoprecipitation with an anti-
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FIG. 4. Analysis of the proximal abc3" promoter sequences required to repress gene expression under both basal and iron-replete conditions.
(A) Diagram representation of a 239-bp abc3™ promoter DNA fragment and its mutant derivatives assayed using the RNase protection protocol.
The gray boxes indicate the wild-type GATA elements [5'-(T/A)GATA(T/A)-3'], whereas the white ones represent the mutant versions (5'-GC
CGTC-3"). The hatched arrow represents the lacZ reporter gene. The nucleotide numbers refer to the positions of the GATA boxes relative to
that of the abc3" initiator codon. (B) Steady-state levels of lacZ mRNA from both the wild type (WT) and mutant GATA fusions (M1, M2, and
M1+M?2) were analyzed in the absence (—) or the presence of Dip (250 pM) or FeCl; (Fe, 100 uM) for 90 min. The lacZ and act1™ (as controls)
mRNA levels are indicated with arrows. NS, nonspecific signal. (C) Quantitation of the lacZ levels after the treatments shown in panel B. The

values shown are the means of three replicates = the standard deviations.

mouse IgG that bound to the TAP tag. To determine the DNA
sequences bound to TAP-Fepl, the cross-links were reversed,
and DNA was analyzed by quantitative PCR using primer sets
specific for the abc3™ promoter region encompassing the cis-
acting element " "?°TGATAT''* that confers iron responsive-
ness. An intergenic region on chromosome II (contig location
3860292 to 3860402) devoid of open reading frame (ORFs)
and GATA-type cis-acting sequences was used as a control for
unregulated and nontranscribed DNA. The results from ChIP
analysis showed that TAP-Fep1 occupied the abc3* promoter
at high levels when cells had been incubated in the presence of
iron (Fig. 6). The binding was iron dependent, exhibiting ~9-
fold-higher levels of abe3™ promoter DNA immunoprecipi-
tated when the chromatin was prepared from cells grown in the
presence of iron than from cells cultured in the presence of
Dip (Fig. 6). As a control, untagged Fepl immunoprecipitated
the background levels of the abc3™ promoter region. These
data were consistent with results showing repression of the
abe3™ mRNA levels in response to iron. Furthermore, the data
suggested that, under conditions of iron repletion, Fepl was
strongly associated with the abc3™* promoter in vivo and dis-
sociated from this promoter in response to iron deprivation.
Vacuolar membrane protein Abc3 reduced cerulenin cyto-
toxicity and contributed to iron metabolism. It has been shown

that inactivation of Abc3 increased the sensitivity of S. pombe
cells to cerulenin (20). Although the molecular basis of this
growth inhibition remains unclear, we took advantage of this
phenotype to determine whether insertion of GFP interfered
with Abc3 function. As shown in Fig. 7A, the abc3A mutant
strain exhibited an increased sensitivity to cerulenin compared
to the wild-type strain. Whereas the wild-type strain showed a
77% inhibition of growth in medium containing 1 pg of ceru-
lenin/ml, the abc3A mutant was ~7-fold more sensitive to
cerulenin. When the abc3A disruptant was transformed with
the wild-type or GFP epitope-tagged abc3™ allele, cell resis-
tance was restored to ~184 to 226% of the wild-type starting
strain (Fig. 7A). The Abc3-GFP fusion protein possessed Abc3
activity that was comparable to that of the wild-type (un-
tagged) Abc3 protein (Fig. 7A). We next sought to determine
the subcellular location of active Abc3-GFP in response to
changing environmental iron concentrations. As shown in Fig.
7B, Abc3-GFP fluorescence was detected in the vacuole mem-
branes of cells expressing the fusion allele under iron-limiting
conditions. Abc3-GFP fluorescence colocalized with the vacu-
ole-staining dye FM4-64, which was used as a marker to stain
the vacuolar membrane. Consistent with the iron-dependent
downregulation of the abc3* gene expression, Abc3-GFP flu-
orescence levels were strongly reduced in cells grown under
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FIG. 5. A single GATA element in the abc3" promoter is sufficient to regulate a heterologous reporter gene in an iron-dependent manner.
(A) Schematic representation of a 183-bp abc3™* promoter DNA fragment and its mutant derivatives that were inserted into the minimal promoter
of the CYC1 gene fused to lacZ (hatched arrow). The gray boxes shown in the abc3™ promoter region indicate the wild-type elements, while the
white boxes represent the mutant versions. The nucleotide numbers refer to the position relative to that of the A of the ATG initiation codon of
the abc3™ gene. (B) Total RNA was isolated from cells harboring the indicated abc3"-CYCI-lacZ promoter derivatives and the steady-state mRNA
levels of both lacZ and actl™ (indicated with arrows) were analyzed by RNase protection experiments. Where indicated, the cells were left
untreated (—) or were treated with Dip (250 uM) or FeCl; (Fe, 100 wM). NS, nonspecific signal. The data illustrated represent the results of three
independent experiments. (C) Normalized expression levels of abc3*-CYCI-lacZ mRNA. The values shown represent the averages of three

independent determinations * the standard deviations.

basal or elevated (100 uM) iron concentrations. Whereas there
was an absence of fluorescence in cells that had been trans-
formed with an empty vector, the abc3A deletion strain ex-
pressing GFP alone displayed a pattern of fluorescence that
was distributed throughout the cytoplasm and nuclei of the
cells (data not shown). These results led us to conclude that
Abc3 functions at the vacuole membrane under conditions of
iron deficiency.

The observation that abc3™ transcription responded to low
iron concentrations suggested that the Abc3 protein was in-
volved in iron metabolism and that its expression was required
under iron-limiting conditions. To begin to address this ques-
tion, we created a set of isogenic strains that contained disrup-
tions in genes known to play a role in iron transport. Gene
deletions were introduced in the parental strain to disrupt the
fiol* and fipI* genes that encode the cell surface oxidase-
permease-based iron transport system in S. pombe (5). Subse-
quently, we inactivated the abc3™ locus in the context of a
fiolA fipIA double mutant background. We tested whether
these mutations affected the ability of cells to grow on media
containing the iron chelator Dip. Although the abc3A single
mutant cells exhibited no obvious defects, the deletion of

abc3™ in the fiolA fipIA background resulted in a more
severe growth defect than was observed with the fiolA fipI A
double mutant strain (Fig. 7C). Thus, a role for Abc3 in
mobilizing iron became apparent only when the Fiol-Fipl
iron transport system was missing. As a control, the wild-
type parental strain was able to grow on medium containing
either 135 or 150 uM Dip.

If Abc3 functions by exporting Fe, the rationale is that total
cell Fe should increase in cells with abc3 deleted. To determine
total cell Fe concentrations in wild-type versus abc3A null cells,
we used a BPS-based spectrophotometric assay for quantita-
tive measurement of iron (45). The wild-type cells exhibited a
total Fe concentration of 0.11 pg/mg of protein. Interestingly,
the abc3A and feplA mutant strains displayed a total cell Fe
concentration of 0.16 and 0.21 pg/mg of protein, respectively,
which was 1.5 and 1.9 times higher than the wild-type strain
(Fig. 8A). The total cell Fe content results revealed that Abc3
plays a role in Fe efflux. Deletion of abc3™ blocked Fe efflux,
triggering Fe accumulation within the cells. For the feplA
mutant strain, the quantitative data revealed that fep/A cells
accumulate Fe in excess of the physiological requirement (Fig.
8A). These results were fully consistent with the fact that in the



VoL. 9, 2010
A INPUT IP
feplt  TAP-fepl™ feplt  TAP-fepl™

Dip Fe Dip Fe Dip Fe Dip Fe

e - e v

o bt el g €— abc3

M Mt St s <— intergenic
region

B P
1 250 uM Dip

B3 250 uM FeCly
120 H 2

1001
Relative 20 1
o o
i 40 1
20 1

o L

fepl* TAP- fepl+

FIG. 6. Fepl binds to the abc3™ promoter in vivo in an iron-de-
pendent manner. (A) ChIP analysis of the abc3* promoter in feplA
php4A cells harboring an integrated untagged or TAP-tagged fepl™*
allele. The cells were precultured in the presence of 100 uM Dip,
allowed to grow to an Agy, of ~1.0, washed and then incubated (90
min) in the presence of 250 uM Dip or 250 M FeCl; (Fe). Chromatin
was immunoprecipitated with anti-mouse IgG antibodies, and a spe-
cific region of the abc3™ promoter was analyzed by PCR to determine
Fepl occupancy. The top band represents the abc3™-specific signal,
whereas the lower band is an internal background control derived from
a nontranscribed region (intergenic region). (B) Quantitation of the
PCR products obtained from anti-IgG immunoprecipitated (IP) chro-
matin. The results are representative of three independent experi-
ments. The signals are expressed as the relative binding (%) and were
calculated as percentages of the largest amount of chromatin mea-
sured. Input, input chromatin; IP, immunoprecipitated chromatin.

absence of Fepl, there is lack of transcriptional repression of
genes encoding components of the high-affinity Fe uptake ma-
chinery (38). We also measured total cell Fe content in an S.
pombe pcllA disruption strain (33). As observed for the vacu-
olar Fe importer Cccl in S. cerevisiae (28), deletion of the
pcll™ gene in S. pombe rendered cells sensitive to Fe compared
to the wild-type strain (33; data not shown). Consistent with
this, we observed that S. pombe cells lacking the putative vac-
uolar Fe importer Pcll contained 0.04 pwg/mg of protein, which
is three times weaker than the wild-type strain (Fig. 8B).
Previous studies in S. cerevisiae have shown that, during the
transition from growth on glucose to growth on a nonferment-
able carbon source, the vacuolar iron stores are redistributed
within the cell and contribute to iron-requiring processes such
as mitochondriogenesis (46). To test whether abc3A cells dis-
played a lower efficiency in making the switch from nonrespi-
ratory to respiratory metabolism, cells were first grown on
glucose under low-iron conditions. After a 4-day incubation on
solid medium containing Dip (150 pM), the cells were trans-
ferred onto solid medium containing ethanol-glycerol, or onto
medium containing glucose for control of viability. abc3A mu-
tant cells were found to lag well behind their wild-type coun-
terparts in converting to respiratory metabolism (Fig. 8C). In
contrast, the parental wild-type cells were capable of quickly
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FIG. 7. Vacuolar localization of a functional Abc3-GFP fusion pro-
tein and the contribution of Abc3 to cell growth under low-iron con-
ditions. (A) abc3A mutant cells were transformed with the indicated
plasmids and their growth was measured in unmodified (control) Ed-
inburgh minimal medium or that supplemented with cerulenin (1 pg/
ml). Total growth relative to that determined in the absence of ceru-
lenin (percent control growth) was evaluated by turbidimetry at 4.
Each point represents the average of triplicates = the standard devi-
ation. (B) Expression of abc3" in transformed abc3A cells. Exponen-
tially growing cells (2 X 10° cells) were incubated in the absence (—)
or the presence of Dip (50 wM) or FeCl; (Fe, 50 uM) for 16 h at 30°C.
Cells were analyzed by direct fluorescence microscopy for GFP.
FM4-64 staining visualized the vacuolar membranes, and Nomarski
optics were used to examine cell morphology. (C) The indicated S.
pombe strains were streaked on EMM iron-poor media containing
either 135 or 150 wM Dip and then incubated for 9 days at 30°C in
order to test for cell viability. The strains were also streaked on EMM
medium lacking Dip (control) and were incubated at 30°C for 4 days.
WT, isogenic wild-type strain.
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FIG. 8. Iron accumulates in abc3A mutant cells. (A) The wild-type
(WT), feplA, and abc3A strains were grown in YES medium to the
exponential phase (A4, of ~1.0). The cells were harvested, and the
iron content was determined by the BPS-based spectrophotometric
method (45). The values indicated are the averages of triplicate mea-
surements * the standard deviations. (B) Logarithmic-phase cultures
of the isogenic wild-type (WT), abc3A, and pcll A strains were grown in
EMM containing 0.74 pg of iron. The cell lysates were prepared from
each culture and analyzed using the BPS-based spectrophotometric
assay for quantitative measurement of iron. The values of total iron
concentration shown are the means of three replicates * the standard
deviations. (C) An S. pombe strain bearing a disrupted abc3A allele was
transformed with pJK148 (plasmid alone, abc3A) or pJK148abc3*
(abe3™). For step 1, cultures were grown in YES medium containing
glucose and Dip (150 wM). For step 2, cells were washed in water, and
equivalent amount of each culture was streaked onto fermentable
(glucose) and nonfermentable (ethanol/glycerol) agar media, and in-
cubated at 30°C for 4 and 7 days, respectively. WT, wild-type strain.
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converting from nonrespiratory to respiratory growth when
switched from a glucose- to an ethanol-glycerol-containing me-
dium (Fig. 8C). Taken together with the microscopic data, the
results were consistent with a role for Abc3 in mobilizing iron
within the cell, supporting a possible function for this protein
in the transmission of an intracellular pool of iron to extra-
vacuolar metalloenzymes.

Expression and membrane association of Abc3. The iron-
dependent regulated expression of abc3*, and its vacuolar
detection under iron-limiting conditions, prompted us to ex-
amine the Abc3-GFP protein levels in both untreated cells and
cells incubated under conditions of low and high levels of iron.
abc3*-GFP and ctr6"-HA,, (6) fusion genes expressed under
the control of their own promoters were cotransformed to an
abc3A ctr6A double mutant disruption strain. The abc3A ctr6A
mutant strain coexpressing the untagged abc3™ and ctr6 *-HA,,
alleles was used in parallel experiments. Cells coexpressing
either the abc3™-GFP and ctr6*-HA,, alleles or the abc3™ and
ctr6*-HA , alleles were grown in the presence of the iron che-
lator Dip. Membrane fractions collected after ultracentrifuga-
tion were treated with Triton X-100, and the supernatants were
fractionated by electrophoresis. The results of immunoblotting
with an antibody directed against GFP showed that Abc3-GFP
was detected after 16 h of treatment (Fig. 9A and data not
shown). Consistent with the regulation of abc3* mRNA levels,
the Abc3-GFP protein levels were markedly reduced in cells
grown for 16 h under basal and high-iron conditions. Immu-
noblot analyses of the Triton X-100-solubilized cell mem-
branes were also carried out with an anti-HA antibody. In this
case, results showed that Ctr6-HA, was detected after 16 h in
cultures containing Dip or iron, as well as under untreated
(basal) conditions (Fig. 9A).

The primary amino acid sequence of Abc3 suggests that it is
integrated into cellular membranes. This possibility was inves-
tigated in the following manner. Cell membranes were ob-
tained by ultracentrifugation of whole-cell extracts of cells
grown under iron-limiting conditions. Soluble and detached
peripheral membrane proteins present in the supernatants
were precipitated, resuspended, and left untreated before anal-
ysis by immunoblot assays. The pellet fraction was resuspended
and left untreated or was adjusted to 0.1 M Na,CO; or 1%
Triton X-100, and then refractionated at 100,000 X g. The
results showed that in the absence of any treatment, Abc3-GFP
and Ctr6-HA, proteins were not detected in the supernatant
fractions but only in the pellet fractions (Fig. 9B). An identical
protein pattern was observed when the procedure had been
carried out in the presence of 0.1 M Na,COj;, which is known
to linearize membrane structures, releasing nonintegral mem-
brane proteins into the soluble fraction. In the presence of
Triton X-100, a nonionic detergent that solubilizes mem-
branes, Abc3-GFP and Ctr6-HA, were released from the
membrane and were detected in the supernatant fractions,
indicating that Abc3-GFP was an integral membrane protein
as previously reported in the case of Ctr6-HA, (6). On the
other hand, the soluble PCNA protein was only found in the
supernatant fraction.

Effects of deletion and expression of abc3™ on the transcrip-
tional regulation of the frpl™ ferrireductase gene. The obser-
vation that abc3"* was part of the transcriptional program that
cells use to respond to low iron levels suggested that this
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FIG. 9. Abc3 is an integral membrane protein biosynthetically reg-
ulated by cellular iron levels. (A) S. pombe cells harboring an abc3A
ctr6A double deletion were cotransformed with abc3* and ctr6*-HA,,
or with abc3*-GFP and ctr6*-HA,. The cotransformed cells were
grown to early logarithmic phase and then treated with either Dip (50
uM) or FeCl; (50 M), or were left untreated for 16 h. Triton X-100-
solubilized extracts were prepared and analyzed by immunoblotting
with either anti-GFP or anti-HA antibody. The positions of the Abc3-
GFP and Ctr6-HA, proteins are indicated by the arrows. (B) abc3A
ctr6A cells expressing Abc3-GFP and Ctr6-HA, proteins were grown in
the presence of 50 wM Dip. Total-extract preparation (Total) was
subjected to ultracentrifugation at 100,000 X g. The membrane-con-
taining pellet fraction was resuspended and either left untreated
(buffer) or adjusted to either 0.1 M Na,CO; or 1% Triton X-100 and
then ultracentrifuged (100,000 X g). The supernatant (S) and pellet
(P) fractions were separated on an SDS-polyacrylamide gel and then
analyzed by Western blotting with an anti-GFP, an anti-HA,, or an
anti-PCNA antibody.

protein was required during iron deficiency. Based on the fact
of the vacuolar localization of Abc3, we reasoned that Abc3
could be important for providing iron to the cell from intra-
cellular stores and that its activity could lead to the activation
of Fepl. Under conditions of activation, Fepl negatively reg-
ulates several genes, including those encoding components of
the high-affinity iron transport machinery. To test how Abc3
expression influences cellular iron-dependent regulation, we
investigated whether the levels of fipl™* transcript were in-
creased in cells harboring an inactivated abc3™ gene. Cells
were grown to early logarithmic phase in Edinburgh minimal
basal medium. The data showed that the expression of fipl™
was increased ~2.8-fold compared to the basal level of fipl™
transcripts detected in wild-type cells (abc3™) (Fig. 10A).
When the abc3A mutant was transformed with the wild-type
abc3™ allele, fripl™ mRNA levels decreased ~1.8-fold under
the basal levels observed in the wild-type starting strain (Fig.
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10A). We concluded that deletion of the abe3™* gene (abc3A)
increased the steady-state levels of fipl ¥ mRNA, suggesting a
function for Abc3 in providing iron to the cell from intracel-
lular stores. Its absence would lead to activation of the expres-
sion of the plasma membrane uptake machinery through the
downregulation of the iron-sensing transcription factor Fepl.

To further investigate the ability of the cell to downregulate
the transcription of fipI™* as an indicator of Abc3 activity, we
utilized the nmt1™ inducible/repressible promoter system (32).
The expression of abc3* or abe3*-GFP under the control of
the nmt1™* 41X promoter (13) permitted the repression of the
synthesis of Abc3 in the presence of iron (10 pM), thereby
ensuring intracellular accumulation of iron. Subsequently, the
cells were harvested, washed, and resuspended in the same
medium in the absence of iron. After induction for 60 min, the
ability of Abc3 or Abc3-GFP to generate an iron-mediated
signal that fostered repression of fipl™ transcription was ana-
lyzed. As shown in Fig. 10C, cells expressing abc3™ or abc3™-
GFP triggered downregulation of the frp/ ¥ mRNA levels (~3-
to 4-fold). In contrast, treatment of the cells with thiamine to
repress Abc3 synthesis induced the upregulation of fipl™
mRNA which exhibited steady-state levels similar to that ob-
served in abc3A null cells. Taken together, the results strongly
suggested that iron levels were compromised sufficiently in
abc3A mutant cells to induce the activation of the fipl™ gene.
In contrast, when abc3™ was induced under the control of the
nmtl™ promoter, a larger pool of labile iron may become
available and activate Fepl, which in turn downregulates the
frip1* transcription levels.

DISCUSSION

Members of the ABC protein superfamily include transport-
ers that are involved in the translocation of a wide variety of
substrates across membranes (15). ABC transporters are clas-
sified into seven subfamilies (ABCA to ABCG) based on con-
served sequences within their amino acid sequences (10). S.
pombe has 11 putative ABC transporters, four of which (Abcl,
Abc2, Abc3, and Abc4) are members of the ABCC subfamily
(20). A previous report has localized a GFP-tagged form of
Abcl to the endoplasmic reticulum and the Abc2-GFP, Abc3-
GFP, and Abc4-GFP fusion proteins to the vacuolar mem-
brane (20).

The amino acid identities between Abc3 and Abcl, Abc2,
and Abc4 are 23.6, 62.8, and 22.8%, respectively, while the
amino acid similarities are 39.7, 74.7, and 38.3%, respectively.
Although Abc2 and Abc3 exhibit the highest percentage of
amino acid identity and similarity, it has been shown that these
two proteins are functionally distinct with respect to vacuolar
accumulation of glutathione-conjugated compounds, including
both the adenine biosynthetic intermediate phosphoribo-
sylaminoimidazole and monochlorobimane (20). In addition,
although Abc2 and Abc4 possess much less homology (23.7%
identity; 40% similarity), the two proteins share similar func-
tions in vivo, and differ considerably from Abc3 and Abcl (20).
Given the unrelated localizations of Abc3 and Abcl and the
lack of common phenotypes associated with their respective
gene deletions (20), the probability that Abc3 and Abcl share
a biological role is low.

As would be expected for genes regulated by Fepl, putative
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FIG. 10. Disruption of the abc3™ gene increases fipI " mRNA levels, whereas its transcriptional activation decreases fipl * expression. (A) Cells
were grown to early logarithmic phase in Edinburgh minimal basal medium. abc3™, fipI*, and act]™ mRNA steady-state levels (indicated by the
arrows) were determined in a wild-type strain (W7) and an abc3A disruption strain in which either an empty plasmid or a wild-type copy of the
abc3* gene was returned by transformation. The results are representative of three independent experiments. (B) The left side shows a proposed
model for the iron-dependent repression of fipl™ transcription when Abc3 is active, while the right side shows how the inactivation of Abc3
function leads to fipI* transcriptional induction. (C) Cells harboring an abc3A deletion were transformed with either pSP-1178nmt41X-abc3* or
pSP-1178nmi41X-abc3"-GFP and precultured in the presence of both thiamine (15 pM) and FeCly (10 uM). Early logarithmic cultures were
transferred to thiamine-free minimal medium containing 74 nM iron for 16 h. The cells (A4, of ~1.0) were then kept in thiamine-depleted medium
or were transferred to thiamine-replete medium and grown for a further 60 min. After incubation, total RNA was prepared and analyzed by RNase
protection assays. Steady-state levels of the abc3™, fipI*, and act]™ mRNAs (indicated with arrows) were probed. As controls, abc3 " and fipl *
mRNA steady-state levels were probed in a wild-type strain harboring an empty plasmid.

Fepl consensus binding sites were found in the abc3™ pro-
moter. The removal of four GATA boxes from the 5’ end of
the abc3™" promoter had no apparent effect on either the iron-
or the Dip-regulated expression of the abc3 ™" -lacZ fusion gene.
The overall magnitude of the response was found to be even
higher when the DNA between positions —584 and —239 was
deleted. From there, we used two independent reporter gene
assays, one using the endogenous abc3™ minimal promoter and
the second using a heterologous CYCI! minimal promoter.

Both approaches revealed that the integrity of the GATA
sequence located between positions —120 to —115 was essen-
tial to the iron-dependent repression of abc3*. Thus, abc3™ is
the second Fepl-regulated gene to be the subject of negative
transcriptional regulation via the presence of a single GATA
element, the first reported example being sorl™ (39). When
iron is in excess in Ustilago maydis, siderophore transporter
gene expression is negatively regulated at the transcriptional
level by Urbsl (2, 3). Similarly to Fepl, Urbsl has two Cys,/
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Cys,-type zinc fingers located within its DNA-binding domain.
Analogous to the situation for Fepl, in vitro DNA-binding
assays have shown that Urbsl can specifically interact with a
single GATA element (2). However, as opposed to Fepl,
Urbs1 requires the presence of two GATA boxes for its in vivo
function (2). These observations may indicate differences in
the use of amino acids that serve to interact with DNA be-
tween Fepl and Urbsl. Alternatively, identification and char-
acterization of additional target genes in U. maydis may reveal
that some of them are negatively regulated through binding of
Urbsl to a single GATA element. A sequence comparison
between many functional GATA boxes found that a variation
occurred within the consensus cis-acting 5'-(A/T)GATA(A/
T)-3' element of target gene promoters that respond to Fepl.
We have observed that when the GATA element contained the
following sequence, 5'-ATC(A/T)GATA(A/T)-3', the iron-
regulatory response was more consistent and almost invariably
operative. Examples included the strongest upstream 5’-~5°A
TCTGATAA 7%-3' element of fiol *, the 5'- 3> ATCAGAT
AA8%.3" element of strl™, both the 5'- ''ATCAGATA
T7'8.3" and the 5'-"'**ATCTGATAA -3’ eclements of
php4™, and the 5-"'ATCTGATAT ''>-3’ element of
abc3™. Furthermore, other groups have also observed that the
extended 5'-ATC(A/T)GATA(A/T)-3" motif was significantly
over-represented in target gene promoters that responded to
U. maydis Ursbl and A. fumigatus SreA, two fungal iron-re-
sponsive GATA factors (12, 51).

Yeast studies have shown that the vacuole is an important
storage compartment for metals, either as a means of detoxi-
fying the cell or as a reservoir of metal that enable the cell to
grow under metal-deficient conditions (6, 47, 48, 53, 54). In the
case of S. cerevisiae, when the cells dispose of ample iron, Cecl
mediates the import of iron into the vacuole (28). In the case
of S. pombe, pcll™ encodes a putative ortholog of S. cerevisiae
Cccl. As is observed for Cecl, the deletion of the pcll™* gene
renders the cells sensitive to iron compared to the wild-type
strain (33; data not shown). Two distinct mechanisms are used
for vacuolar iron mobilization when S. cerevisiae cells respond
to a shift from sufficient to low iron concentrations. One mech-
anism involves the NRAMP homologue Smf3, which localizes
to the vacuolar membrane and helps to mobilize vacuolar
stores of iron (44). The other mechanism involves the vacuolar
membrane-resident Fth1/Fet5 complex, which transports
stored iron out of the vacuole, resulting in a subsequent redis-
tribution within the cell (60). In S. pombe, vacuolar iron mo-
bilization in response to iron deficiency has not been estab-
lished and may function differently because of a lack of
homologs to the S. cerevisiae Smf3, Fthl, and FetS. In fission
yeast, Pdtl is the only protein homologous to the NRAMP
family of metal transporters (59). Analysis of protein localiza-
tion has shown that Pdt1 is detected in periphery of the nucleus
and the cell perimeter, suggesting a biological role in the en-
doplasmic reticulum and, perhaps, at the cell surface (59).
Furthermore, genetic and functional studies have shown that
Pdtl and Pmrl cooperatively regulate cell morphogenesis
through an as-yet-uncharacterized manganese-dependent ho-
meostatic mechanism (30).

In the present study, our data do not allow us to establish a
relationship between cerulenin and Fe homeostasis. However,
it has been previously shown that cerulenin is an effective
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inhibitor of sterol synthesis in yeast (61). Interestingly, like
abc3™, the mRNA levels of genes involved in sterol synthesis
increase upon Fe depletion (34). One can envision that in the
absence of Abc3, less Fe is available for Fe-requiring proteins
involved in sterol synthesis, making cerulenin more effective to
inhibit sterol biosynthesis and then cell growth.

Given the fact that genetic studies have implicated the vac-
uole as a player in iron storage (28, 54), and assuming that
vacuolar iron is present in a usable form, we suggest that S.
pombe Abc3 is an intracellular transporter that mobilizes
stores of iron from the organelle for redistribution throughout
the cell. This model is supported by six experimental results.
First, a functional Abc3-GFP fusion protein was localized to
the membrane vacuole under iron-limiting conditions. Second,
deletion of the abc3™ gene led to elevated transcriptional ac-
tivity of fripl™ to presumably compensate for iron-poor condi-
tions. Third, when abc3™ was induced from the nmtl™ pro-
moter, there was inhibition of fipl ™ gene expression. Fourth,
abc3A cells contained more total cell iron than wild-type cells.
Fifth, in S. pombe cells lacking the high-affinity plasma mem-
brane transporting complex Fiol and Fip1, Abc3 was required
for growth in low-iron medium. Sixth, the fact that abc3* was
transcriptionally regulated by iron in the same direction as the
genes encoding components of the high-affinity iron uptake
machinery (e.g., fipl ™, fipI ", and fiol ") suggests a function for
Abc3 in iron utilization as opposed to iron detoxification.

Fungi such as Aspergillus nidulans, A. fumigatus, and U. may-
dis do not possess Fthl orthologs (16). As in the case of S.
pombe Abc3, A. nidulans AtrH, A. fumigatus Afu3g03430 and
Afu3g03670, and U. maydis Fer6 are all ABC-like proteins that
are regulated at the level of gene transcription (12, 16, 51).
Their loci are induced in iron-depleted cells and repressed in
iron-replete cells. Although the protein localization of these
putative ABC-type transporters has not yet been ascertained,
the fission yeast S. pombe may represent an attractive model
system for understanding the involvement of these proteins in
A. nidulans, A. fumigatus, and U. maydis with respect to iron
intracellular transport and homeostasis.

One feature of the members of the ABCC subfamily of
transporters that distinguishes them from other ABC trans-
porters is their ability to transport substrates in the form of
glutathione conjugates or complexes (17, 29). In the presence
of excess iron, the vacuole is postulated to function as a storage
compartment, preventing detrimental levels of iron accumula-
tion in the cytosol (28). Intravacuolar iron may be bound in a
bio-unavailable form such as Fe** to polyphosphates or other
molecules. In response to iron deficiency, Abc3 may mobilize
stored iron either in an inorganic form or in the form of iron
conjugates. This possibility remains speculative since a putative
interaction between Abc3 and inorganic iron or organic iron
conjugates is unknown.

It is interesting that our data concerning Abc3 are reminis-
cent of those observed in the case of the IDI7 protein isolated
from barley root cells, which is a member of the ABC super-
family of transporters (62). IDI7 localizes to the vacuolar sur-
face in plant cells that is known as the tonoplast. As observed
in the case of Abc3, IDI17 is expressed only in cells grown under
conditions of iron deprivation. More recently, a third ABC
transporter, named NtPDR3, has been found to be induced in
iron-starved tobacco cells (11). Considering this information,
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one can envision the possibility that a new group of ABC
transporters, including Abc3, IDI7, and NtPDR3, may be re-
sponsible for mobilizing intravacuolar stores of iron when cells
face iron deprivation.
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