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The Schizosaccharomyces pombe shul™ gene encodes a cell-
surface protein required for assimilation of exogenous heme. In
this study, shaving experiments showed that Shul is released
from membrane preparations when spheroplast lysates are
incubated with phosphoinositide-specific phospholipase C (PI-
PLC). Shul cleavability by PI-PLC and its predicted hydropathy
profile strongly suggested that Shul is a glycosylphosphatidyli-
nositol-anchored protein. When heme biosynthesis is selec-
tively blocked in #emIA mutant cells, the heme analog zinc
mesoporphyrin IX (ZnMP) first accumulates into vacuoles and
then subsequently, within the cytoplasm in a rapid and Shul-de-
pendent manner. An HA,-tagged shul* allele that retained
wild-type function localizes to the cell surface in response to low
hemin concentrations, but under high hemin concentrations,
Shul-HA, re-localizes to the vacuolar membrane. Inactivation
of abc3™, encoding a vacuolar membrane transporter, results in
hemI1A abc3A mutant cells being unable to grow in the presence
of hemin as the sole iron source. In hemlA abc3A cells, ZnMP
accumulates primarily in vacuoles and does not sequentially
accumulate in the cytosol. Consistent with a role for Abc3 as
vacuolar hemin exporter, results with hemin-agarose pulldown
assays showed that Abc3 binds to hemin. In contrast, an Abc3
mutant in which an inverted Cys-Pro motif had been replaced
with Ala residues fails to bind hemin with high affinity. Taken
together, these results show that Shul undergoes rapid hemin-
induced internalization from the cell surface to the vacuolar
membrane and that the transporter Abc3 participates in the
mobilization of stored heme from the vacuole to the cytosol.

The transition metal ion iron is well known to serve as cata-
lytic cofactor for many enzymes that are intimately associated
with essential cellular functions (1-3). Iron is also required to
form heme, which is a prosthetic group that is composed of a
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protoporphyrin ring with an iron atom at its center (4). Hemo-
proteins such as cytochromes, hemoglobin, and catalases are
required in fundamental biochemical processes, such as respi-
ration, oxygen transport, and disproportionation of hydrogen
peroxide, respectively. As a consequence of the importance to
fulfill heme requirement for growth, several organisms have
evolved with different means to obtain heme (5, 6). For
instance, in the case of heme prototrophs, these organisms pos-
sess a heme biosynthetic pathway that involves eight conserved
enzymes that are distributed in mitochondria and cytoplasm
where their actions occur at specific steps of the biosynthetic
pathway. A second strategy used by a number of organisms is to
acquire heme from the environment. In these cases, molecules
involved in acquisition of exogenous heme include Hrg-1 and
Hrg-4 in Caenorhabditis elegans (7, 8), Lhrl in Leishmania
amazonensis (9), Hrg-1 in Dania rerio (zebrafish) (7), and
Hrg-1, Hepl, and FLVCR2 in mammals (8, 10, 11). Although
the heme biosynthetic pathway has been extensively studied,
the cellular components that are required for acquisition of
exogenous heme and their mechanisms of action are much less
well understood.

In many fungal species, a conserved 8 cysteine-containing
domain has been found in cell-surface-anchored proteins (12,
13). Proteins containing this domain are members of the
CFEM?® (common in fungal extracellular membranes) family
(12). The CFEM domain is unique to fungal proteins and
contains the following PXC(A/G)X,CX,_1,CX;_5(X/T)DX,_
5CXCX,y_,,CX; ,CX s ,,C motif, where X is any amino acid
residue (12, 13). In Candida albicans, studies have shown that
four CFEM proteins, Rbt5, Rbt51 (or Pgal0), Pga7, and Csa2,
possess the ability to bind hemin (14—16). Genetic analyses of
different C. albicans mutant strains have revealed that only
Rbt5, Pga7, and Csa2 are required for optimal assimilation of
exogenous hemin. In the case of Csa2, the crystal structure of
the protein has revealed that the CFEM domain adopts a novel
“helical basket”-fold that consists of six a-helices (15). Based on

3 The abbreviations used are: CFEM, common in fungal extracellular mem-
branes; ALA, 6-aminolevulinate; Dip, 2,2'-dipyridyl; EMM, Edinburgh mini-
mal medium; GPI, glycosylphophatidylinositol; PCNA, proliferating cell
nuclear antigen; PI-PLC, phosphatidylinositol-specific phospholipase C;
YES, yeast extract plus supplements; ZnMP, zinc(ll) mesoporphyrin IX;
GEEC, GPl-anchored protein-enriched early endosomal compartments;
CLIC, clathrin-independent vesicular carriers; ESCRT, endosomal sorting
complex required for transport.
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this three-dimensional structure of a CFEM protein, disulfide
bonds formed by the 8 conserved Cys residues are predicted to
stabilize the helical basket-fold, which itself would serve as a flat
platform in which a planar heme molecule would sit at the top
of the structure. Furthermore, a long N-terminal loop of Csa2
has been suggested to cover the heme prosthetic group and
stabilize its association with the platform. It is also predicted
that a conserved aspartic acid residue (Asp®®) of the CFEM
domain is exposed on the top of the platform to provide a crit-
ical contact point for heme binding (15). As a secreted hemo-
phore-like protein, Csa2 is predicted to extract heme from
hemoglobin and then behaves as carrier to deliver heme to the
cell-surface-anchored CFEM proteins Rbt5 and Pga7, which
are located in the cell wall and cell membrane (14, 16, 17).

Although Rbt5 plays an important role for C.albicans
growth in the presence of hemoglobin or hemin as a sole source
of iron, rbt5A/A cells are only partially defective in hemin
assimilation (16). One possible explanation is that Pga7 also
participates, along with Rbt5, in hemin acquisition (14). Studies
have shown that Rbt5 and Pga7 exhibit distinct properties with
respect to their cell-surface attachment, namely that Rbt5 is
more accessible than Pga7 at the cell surface (14). Furthermore,
Rbt5 exhibits a lower affinity for hemin than Pga7. This prop-
erty may explain why pga7A/A inactivation attenuates viru-
lence of C. albicans in a mouse model of systemic infection,
although this is not the case for the loss of Rbt5 (14). According
to a current model of hemin capture and uptake, Rbt5 would
receive hemin from Csa2 at the cell surface and then would
mediate its transfer to Pga7 through a relay pathway.

Utilization of hemin in C. albicans also depends of other cel-
lular components, including heme oxygenase Hmx1 (18, 19),
type I-myosin Myo5, proteins of the ESCRT (endosomal sort-
ing complex required for transport) system, and vacuolar
ATPase Vmall (17). In the case of Hmx1, it would mediate the
release of iron from the iron-protoporphyrin IX ring, produc-
ing the « isomer of biliverdin. In the case of Myo5 and ESCRT
complex components, their involvement in heme assimilation
suggests the existence of an endocytic pathway for heme inter-
nalization and delivery to the vacuole where it may undergo
proteolytic processing (e.g. Vmall) and subsequent release into
the cytoplasm (17).

Rbt5- and Pga7-like proteins are found in fungal species
other than C. albicans. For instance, putative Rbt5 and Pga7
orthologs have been shown to be required for hemin assimila-
tion in Candida parapsilosis and Paracoccidioides brasiliensis
(20, 21). In Cryptococcus neoformans, the extracellular manno-
protein Cigl binds hemin when produced as a recombinant
protein in Escherichia coli (22). C. neoformans cells lacking Cigl
consistently exhibit delayed growth when hemin is the sole
source of iron (22). Although Cigl shares a similar hydropathy
profile with Rbt5 and Pga7, it is not a member of the CFEM
family. In fact, Cigl is devoid of a canonical 8 Cys-containing
CFEM domain. Interestingly, some downstream cellular com-
ponents of the Cigl-dependent pathway involved in hemin
acquisition are common to those identified in the C. albicans
Rbt5/Pga7 pathway. For instance, Vps23, a component of the
C. neoformans ESCRT-I complex that is required for intracel-
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lular trafficking of endocytic vesicles, is required for hemin
acquisition as it is the case in C. albicans (17, 23, 24).

In Schizosaccharomyces pombe, iron-regulated cell-surface
Shul protein (226 residues) is required for assimilation of exog-
enous hemin (25). Analysis of its sequence reveals that the
N-terminal 20 amino acid residues correspond to a putative
signal peptide that targets the protein to the secretory pathway.
In addition, the C-terminal portion encompassing the last 26
amino acid residues corresponds to a hydrophobic region that
contains Ser'®?, which may serve as an attachment site for a
glycosylphosphatidylinositol (GPI) anchor. Although Shul
contains 7 Cys residues, their arrangement does not corre-
spond to that of a canonical 8 Cys-containing CFEM motif.
However, 4 of these Cys residues (positions 72, 87, 92, and 101)
exhibit an arrangement reminiscent of a partial CFEM motif,
with a CX,,CX,CX,C configuration in Shul as compared with
a CX;,CX,CX,;C configuration in C. albicans Rbt5 and Pga7.
Absorbance spectroscopy and hemin-agarose pulldown exper-
iments have demonstrated that Shul binds to hemin (25).
When iron levels are low and heme biosynthesis is selectively
blocked, Shul localizes to the plasma membrane where it medi-
ates acquisition of exogenous heme. Under similar conditions,
shulA mutant cells in which the heme biosynthetic pathway is
selectively inactivated are unable to grow in the presence of
exogenous hemin as a sole source of iron (25).

In C. albicans, studies have suggested that Rbt5-mediated
heme assimilation involves an endocytic mechanism that
results in the delivery of heme to the vacuole (17). Studies of the
yeast vacuole have shown that this organelle can serve as a stor-
age compartment for micronutrients, including metal ions
(26 —28). In the case of redox active metal ions, vacuolar storage
could prevent their accumulation to toxic levels in the cytosol.
Moreover, assuming that vacuolar metal ions are present in a
usable form, the vacuole represents a reservoir of metals that
could be redistributed throughout the cell under metal-defi-
cient conditions (29 —34). In the case of S. pombe, knowledge is
lacking concerning transport systems capable of extracting
metal or heme from the vacuole. With respect to iron homeo-
stasis, transcriptional analyses have revealed that the expres-
sion of the ABC-type transporter Abc3 is induced under low-
iron conditions (35). Under these conditions, Abc3 localizes to
the membrane vacuole where it may participate in the redistri-
bution of stored inorganic iron or organic iron conjugates from
the vacuole to the cytosol (35).

In the present report, we show that Shul is a membrane-
bound protein that is sensitive to the action of phosphoinosit-
ide-specific phospholipase C (PI-PLC). Under low hemin con-
ditions, Shul localizes at the cell surface. However, in the
presence of high concentrations of hemin, Shul undergoes
internalization from the cell surface to the vacuole. Disruption
of the iron-regulated vacuolar transporter abc3™ in cells lack-
ing a functional heme biosynthetic pathway (hem1A) results in
an inability of these mutant cells (hemIA abc3A) to grow in the
presence of hemin as a sole source of iron. Microscopic analyses
of hemIA abc3A mutant cells in the presence of ZnMP showed
that this heme analog accumulates within the cell but is
restricted to vacuoles in comparison with wild-type cells in
which case ZnMP successively accumulates in the vacuoles and
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then the cytoplasm. Analysis by hemin-agarose pulldown
assays showed that Abc3 interacts with hemin. Site-directed
mutagenesis identified an inverted Cys-Pro motif (residues
151-152) within a hydrophilic loop region of Abc3 that is
required for its association with hemin. Collectively, these
results describe novel features of the Shul-dependent heme
acquisition pathway, including the discovery of the role of Abc3
in the mobilization of vacuolar heme stores.

Results

Shul Is a Membrane Protein That Exhibits PI-PLC
Sensitivity—Microscopic analysis using spheroplasts have pre-
viously shown that Shul is a plasma membrane protein (25).
Based on protein structure predictions, Shul (226 residues)
contains a GPI-anchoring signal that comprises a GPI-attach-
ment site (or w-site; Ser'®®) followed by 2 amino acid residues
with relatively short side chains (Ser**® and Ala®*'), a spacer
region of 13 amino acid residues, and a hydrophobic carboxyl-
terminal tail of 12 amino acid residues. We performed experi-
ments to test the validity of these predicted properties. We ini-
tially conducted protein shaving experiments using treatment
with PI-PLC. hem1A shulA abc3A cells co-expressing shul™-
HA, and abc3™-GFP alleles were grown in ALA-free medium
containing hemin (0.075 um) and 2,2'-dipyridyl (Dip) (250 um).
Spheroplasts were produced and a membrane fraction was iso-
lated by ultracentrifugation. This fraction was divided into two
aliquots of equal sizes, one was left untreated, whereas the other
one was treated with PI-PLC. Results showed that in the
absence of PI-PLC treatment, Shul-HA, and Abc3-GFP were
present only in the pellet fraction (containing membrane pro-
teins) (Fig. 1). However, membrane treatment with PI-PLC
resulted in the release of a large proportion of Shul-HA, in
the supernatant fraction (Fig. 1). Only a small proportion of
Shul-HA, remained associated with the pellet fraction. In
the case of Abc3-GFP that is predicted to possess membrane
spans, results showed that the protein was resistant to PI-
PLC treatment and was exclusively detected in the pellet
fraction (Fig. 1). In conclusion, considering a previous dem-
onstration that Shul localizes to the plasma membrane (25),
these results strongly suggested that Shul is attached to the
membrane via a GPI anchor that is sensitive to the activity of
PI-PLC, an enzyme that removes the GPI moiety from GPI-
anchored proteins.

Shul-mediated Pathway Involves Delivery of the Heme Ana-
log ZnMP into Vacuoles, followed by Its Transfer within the
Cytoplasm—We have previously reported that the presence of
Shul led to cellular accumulation of fluorescent ZnMP, a heme
analog (25). To gain insight into the pathway by which ZnMP
was assimilated, hemIA shulA cells expressing a wild-type
shul™ allele were treated for 6 h in the presence of Dip (250 um)
oriron (100 um) in the absence of 8-aminolevulinate (ALA) and
hemin. Subsequently, monochlorobimane (100 um) was first
added for 3 h and then ZnMP (2 uM) was added for 0, 10, and 30
min. Under low-iron conditions and after 10 min in the pres-
ence of ZnMP, hem 1A shulA cells expressing Shul produced a
ZnMP fluorescence signal that was primarily located in vacu-
oles (Fig. 2). To further confirm that ZnMP-associated fluores-
cence was detected in vacuoles, the vacuolar-sequestered fluo-
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FIGURE 1. PI-PLC-mediated release of Shu1 from the membrane fraction
to the supernatant. A triple-disruption strain (hem1A shu1A abc3A) was co-
transformed with functional shu1™-HA, and abc3™-GFP alleles and precul-
tured in the presence of Dip (50 um) and ALA (200 um). Mid-logarithmic phase
cells were incubated in ALA-free medium containing Dip (250 um) for 6 h.
Whole cell extract was prepared and ultracentrifuged (U7) to obtain a pellet
fraction (P) of membrane proteins. The membrane-containing pellet fraction
was treated with PI-PLC phospholipase or left untreated, and then ultracen-
trifuged (U2) a second time. The supernatant (S) and pellet (P) fractions were
resolved on SDS-polyacrylamide gels and analyzed by immunoblotting using
anti-HA, anti-GFP, and anti-PCNA antibodies. Abc3-GFP, a PI-PLC-resistant
transmembrane protein was used as control. The positions of the molecular
mass (M) of protein standards (in kDa) are indicated on the left-hand side.
NS, nonspecific signal. Results are representative of three independent
experiments.

rescent compound bimane-GS was used as a marker (36). At
the 10-min time point, ZnMP and bimane-GS exhibited equiv-
alent subcellular localization patterns within the cells, as well as
fluorescence signals that corresponded to vacuoles (Fig. 2). At
the 30-min time point, ZnMP-associated fluorescence was pre-
dominantly located in the cytoplasm and was, in most cells,
largely excluded from the nucleus (Fig. 2). In the case of
bimane-GS, its fluorescence signal remained in vacuoles (30-
min time point). Although a hem 1A shulA double mutant har-
boring an empty integrating plasmid accumulated bimane-GS
in vacuoles, this mutant failed to significantly increase ZnMP
concentrations within the cell. In fact, its fluorescence signal
was negligible as compared with a sem 1A shu 1A double mutant
in which a wild-type shul™ allele was expressed (Fig. 2). There
was an absence of ZnMP fluorescent signal in hemIA shulA
or hemlIA shulA + shul™ cells when they had been incu-
bated in the presence of high iron concentrations (Fig. 2).
Taken together, these results revealed that Shul-mediated
cellular accumulation of the heme analog ZnMP occurs
sequentially, starting in the vacuoles and migrating later to
the cytoplasm.

Hemin Triggers the Traffic of Shul from the Cell Surface to the
Vacuole—We next sought to determine whether Shul perma-
nently resides at the plasma membrane or whether it could
undergo cellular relocation in response to hemin. This question
was addressed using the nmt*41x inducible/repressible pro-
moter system (37). An integrative plasmid harboring shul™-
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FIGURE 2. Assimilation of ZnMP is initially detected in vacuoles and then within the cytoplasm. hem7A shulA mutant cells expressing Shul were
precultured in the presence of Dip (50 um) or FeCl; (100 um), and ALA (200 wm). Cells were washed and incubated in ALA-free medium containing Dip (250 um)
or FeCl; (100 wm) for 6 h. In the final 3 h of treatment, monochlorobimane (100 um) was added and then ZnMP (2 um) was added for the indicated times. A
hem1A shu1A double mutant strain in which an empty plasmid was reintegrated (bottom row) was cultured and treated in an identical manner. A, iron-starved
(Dip) cells were analyzed by fluorescence microscopy for accumulation of fluorescent ZnMP (far left) and bimane-GS (center left). The merged images are shown
in the center right panels. Normarski optics (far right) was used to examine cell morphology. B, as negative controls, iron-treated (Fe) cells are shown because the
shul™* gene is known to be repressed under iron-replete conditions. White arrows indicate examples of vacuoles, whereas yellow arrows depict the cytoplasm
where ZnMP was detected after 30 min. Results of microscopy are representative of five independent experiments.

HA, or the shul-C72A/C87A/C92A/C101A-HA , mutant gene
expressed under control of the nmt ™ 41x promoter was cotrans-
formed with pSPlabc3™-GFP in hemlA shulA abc3A cells.
Cultures were grown in a thiamine-free medium containing
Dip (50 uMm) to create a pool of either Shul-HA, or Shul-C72A/
C87A/C92A/C101A-HA, protein and to ensure the biosynthe-
sis of Abc3-GFP (under the control of its own promoter) that
was used as a vacuolar transmembrane resident marker (35).
Cotransformed cells were then transferred to thiamine-replete
and ALA-free medium for 0 and 30 min. After addition of thi-
amine to repress further synthesis of Shul-HA, or Shul-C72A/
C87A/C92A/C101A-HA,, results showed that the pool of
Shul-HA, or its mutant derivative was localized at the plasma
membrane (Fig. 3A). Results further showed that shul*-HA,
or shul-C72A/C87A/C92A/C101A-HA, mRNA levels were
extinguished after addition of thiamine compared with their
levels of expression observed in cells at the zero time point
(supplemental Fig. S1). The effect of hemin on the subcellular
localization of Shul-HA, or Shul-C72A/C87A/C92A/C101A-
HA, was assessed as follows. Cells were transferred in the same
thiamine-replete and ALA-free medium, except that the
medium was supplemented with hemin (50 um) for 0 and 30
min. Results showed that after 30 min in the presence of hemin,
Shul-HA, underwent relocalization from the plasma mem-
brane to the vacuolar membrane (Fig. 3B). In contrast, the
Shul-C72A/C87A/C92A/C101A-HA, mutant remained lo-
cated at the cell surface under the same conditions that were
used for the wild-type protein (Fig. 3B). To gain insight into the
hemin concentrations that were required for triggering traf-
ficking of Shul-HA,, cells that had been transferred to thia-
mine-replete and ALA-free medium were treated with different
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concentrations of hemin (0.05, 1, 5, 10, and 50 um) for 30 min.
Results showed that 10 and 50 um hemin fostered an effective
translocation of Shul-HA, from the plasma membrane to the
vacuolar membrane (Fig. 3C). Although 1 and 5 um hemin
altered Shul-HA , localization pattern as compared with that of
untreated cells (Fig. 3A), it was unclear whether Shul-HA,
accumulated at the vacuolar membrane with reference to the
vacuolar transmembrane resident marker Abc3 (Fig. 3C).
Results showed that 0.05 um hemin did not alter the Shul-HA,
localization pattern and was, for the most part, detected at the
plasma membrane (Fig. 3C). Taken together, the results indi-
cated that exposure of S. pombe to a concentration of hemin
higher than 10 uMm induces internalization of Shul from the cell
surface to the vacuolar membrane.

To further assess vacuolar localization of Shul in response to
high hemin concentrations, yeast vacuoles were isolated from
hemIA shulA abc3A cells co-expressing Shul-HA, and Abc3-
GFP. In these experiments, the expression of an integrated
shul*-HA, allele was under the control of the nmt41x pro-
moter, whereas abc3*-GFP was under the control of its own
promoter. Thiamine- and ALA-replete cells were initially incu-
bated in the presence of Dip (50 um) and monochlorobimane
that allowed Abc3-GFP expression and vacuolar bimane-GS
accumulation, respectively. Cells were subsequently divided
into four treatment groups as follows: ALA, thiamine, and
absence of hemin (group 1); ALA, absence of thiamine and
hemin (group 2); absence of ALA but addition of thiamine
and hemin (group 3); and, absence of ALA and thiamine but
addition of hemin (group 4). After 18 h, analyses of cells by
fluorescence microscopy revealed that bimane-GS was seques-
tered in vacuoles of cells in each experimental group (Fig. 4A).
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FIGURE 3. Hemin-dependent internalization of Shu1 from the plasma membrane to the vacuole. A, hem1A shulA abc3A mutant cells were co-trans-
formed with pSP1abc3*-GFP + pBPnmt4ix-shul™-HA, or pSP1abc3*-GFP + pBPnmt41x-shulC72A/C87A/C92A/C101A-HA, plasmids and precultured in
medium containing ALA (200 uM) and thiamine (5 um). After washes, cultures were grown in thiamine-free medium containing Dip (50 um) for 18 h. The cells
were then transferred to thiamine-replete and ALA-free medium for 0 and 30 min. Indirectimmunofluorescence microscopy was performed to visualize cellular
location of Shu1-HA, and its mutant derivative. Cell morphology was examined using Nomarski optics. B, co-transformed cells were cultured as described for
panel A, except that they were treated with 50 um hemin for 0 and 30 min. Cellular location of Abc3-GFP was determined by indirect immunofluorescence
microscopy (Alexa Fluor Red dye as a vacuolar membrane protein marker). C, hem1A shu1A abc3A cells co-transformed with pSP1abc3™-GFP and pBPnmt41x-
shu1™-HA,were grown under the same conditions as described for panel A, except that they were treated with 50, 10, 5, 1, and 0.05 um hemin for 0 and 30 min.
Blue arrows indicate the plasma membrane, whereas white arrows show examples of vacuoles. Results of microscopy are representative of five independent
experiments.

Vacuoles were purified from these different cultures and their
integrity was analyzed in two ways. First, vacuole morphology
was assessed by differential interference contrast (Nomarski)
(Fig. 4B). Second, because of the fact that cells were cultured in
the presence of monochlorobimane, which resulted in vacuolar
accumulation of its fluorescent derivative bimane-GS, we
observed that vacuoles maintained their integrity throughout
the purification procedure as the bimane-GS-associated fluo-
rescence was retained by the vast majority of the isolated vacu-
oles (Fig. 4B). Immunoblotting analysis of vacuole preparations
from experimental group 4 showed that Shul-HA , co-fraction-
ated with Abc3-GFP, a known resident vacuolar membrane
protein (Fig. 4C). These observations led to the conclusion that
removal of thiamine fostered Shul-HA, expression, whereas
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the presence of hemin triggered its trafficking from the plasma
membrane to the vacuole, thereby explaining its detection in
vacuoles (Fig. 4C). Furthermore, the data supported previous
observations of indirect fluorescence microscopy of vacuolar
localization (Fig. 3, Band C). Immunoblotting analysis of exper-
imental groups 1 and 3 in which thiamine was present to shut
off shul™-HA , expression, consistently failed to show the pres-
ence of Shul-HA, in vacuole and whole cell extract prepara-
tions (Fig. 4C). Immunoblotting analysis of vacuole prepara-
tions from experimental group 2 showed that these vacuolar
preparations were negative for the presence of Shul-HA, (Fig.
4C), confirming that in the absence of hemin Shul-HA, did not
undergo relocalization from the cell surface to the vacuole (Fig.
3A). However, the absence of thiamine allowed expression
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FIGURE 4. Shu1 co-purifies with yeast vacuoles in response to hemin. 4, a strain harboring a hem1A shu1A abc3A triple deletion was co-transformed with
pBPnmt41x-shul*-HA, and pSP1abc3™-GFP plasmids. Co-transformed cells were precultured in medium containing ALA (200 um) and thiamine (5 um). After
washing, cells incubated in the presence of Dip (50 um) and monochlorobimane (100 um) were divided into four treatment groups: ALA (200 um), thiamine (15
M) and no hemin (group 1); ALA (200 um), no thiamine and no hemin (group 2); hemin (10 um), thiamine (15 wm), and no ALA (group 3); hemin (10 um), no
thiamine and no ALA (group 4). After 18 h, cells were analyzed by fluorescence microscopy to visualize their morphology and to detect bimane-GS fluorescence
(vacuole marker). B, vacuoles were purified from each group of cultures described in panel A and visualized by microscopy to observe bimane-GS fluorescence.
White arrows indicate examples of vacuoles. Results of microscopy are representative of five independent experiments. C, vacuole preparations from each
group of cultures described in panel A were analyzed by immunoblotting using anti-HA and anti-GFP antibodies. Abc3-GFP was used as vacuolar membrane
protein marker and loading control for proteins. The positions of molecular weight standards are indicated on the /eft. Shu1-HA, and Abc3-GFP are indicated

with arrows.

and therefore detection of Shul-HA, in whole cell extracts
(Fig. 4C).

Shul and Abc3 Are Required for Assimilation of Exogenous
Hemin—In a previous study and results reported here, we
showed that the S. pombe hem 1A mutant strain could be main-
tained alive by adding exogenous ALA, which is the metabolic
product that normally generates the Hem1 protein when pres-
ent and functional (Fig. 54) (25). The presence of ALA allows
heme biosynthesis to start at the second step of the biosynthetic
pathway. A second way to keep hemIA cells alive is to supple-
ment the mutant cells with exogenous hemin (Fig. 5B). This
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strategy fosters remIA cells to use their own heme uptake sys-
tem. This experimental design (hem1A + hemin) ensures that
heme biosynthesis is blocked, setting conditions to investigate
heme acquisition by these cells. Results showed that under
these experimental conditions, the heme analog ZnMP was first
delivered into the vacuole and then redistributed within the
cytoplasm (Fig. 2). Based on the knowledge that Abc3 is an
iron-regulated vacuolar transporter in S. pombe and that its
expression is required under low iron concentrations (35), we
created a hemIA abc3A double mutant strain to investigate
whether Abc3 may function in heme acquisition. rem 1A abc3A
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FIGURE 5. Abc3 loss of function phenocopies the effect of Shu1 deletion. A, growth of the indicated yeast strains was assessed in YES medium that was
supplemented with exogenous ALA (200 um). In the case of the parental (WT) strain and a hem1A mutant (last strain at the bottom depicted with pink diamond
forms), no exogenous ALA was added. Strain color curve codes are: wild-type (WT) in blue; hem1A in green (+ALA) and pink (no ALA); hem 1A shulAin red (ALA);
and, hem1A abc3A in violet (ALA). B, isogenic hem1A, hem1A shu1A, and hem1A abc3A strains were assessed in ALA-free medium. In the case of hem1A shuTA
cells, they were transformed with an empty plasmid or a plasmid harboring a HA -tagged shu1™* or HA,-tagged shu1-C72A/C87A/C92A/C101A allele. In the case
of hem1A abc3A cells, they were transformed with an empty plasmid or a plasmid harboring an untagged abc3™, GFP-tagged abc3™, or GFP-tagged abc3-
P151A/C152A allele. Growth of strains was assessed in the presence of hemin (0.075 um) but in the absence of ALA. Strain color codes were: hem1A in green;
hem1A shulAin red; hem1A abc3A inviolet; hem1A shulA expressing shul ™ -HA, in blue (unfilled circle); hem 1A shu1A expressing shu1-C72A/C87A/C92A/C101A-
HA,in gray (empty square); hem1A abc3A expressing abc3™ in orange; hem1A abc3A expressing abe3™ -GFPin black; and hem 1A abc3A expressing abc3-P151A/

C152A-GFP in pale purple (unfilled triangle).

cells were incubated in the absence of ALA and in the presence
of hemin. Under these conditions, hem 1A abc3A cells exhibited
poor growth as compared with hemIA cells containing an
endogenous abc3™ gene or hemA abc3A cells in which func-
tional untagged abc3™ and GFP-tagged abc3™ alleles were re-
integrated (Fig. 5B). After 73 h, the hemIA abc3A strain dis-
played ~7-8-fold less growth compared with strains that
expressed functional abc3™ alleles (Fig. 5B). This phenotype
(poor growth) of hemlIA cells lacking abc3 (abc3A) in the
absence of ALA and presence of hemin was reminiscent to the
phenotype previously reported for hemIA shulA cells (Fig. 5B)
(25). When growth assays were performed using hemIA shulA
and hemIA abc3A cells containing HA,-tagged shul-C72A/
C87A/C92A/C101A and GFP-tagged abc3-P151A/C152A
mutant alleles, respectively, results showed that these mutant
strains exhibited poor growth as compared with hemIA shulA
and hemIA abc3A cells expressing functional shul*-HA, and
abc3*-GFP alleles (Fig. 5B).

Given the similar growth phenotypes of the respective
hemlIA abc3A and hemIA shulA mutants in a medium lacking
ALA and supplemented with low hemin concentrations (0.075
uM), we tested a potential relationship between Shul and Abc3
to ascertain whether they could operate in the same hemin
mobilization pathway. The following isogenic strains were used
for that purpose: hemIA shulA expressing shul™ and abc3™,
hemIA shulA harboring an empty plasmid and abc3™, hemIA
abc3A expressing shul™ and abc3™, and hemi1A abc3A con-
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taining an empty plasmid and shu1™. When these strains had
grown to mid-logarithmic phase, they were washed to remove
ALA and then incubated in the presence of Dip (250 um) or iron
(100 wm) for 6 h. The two treatment groups were subsequently
incubated in the presence of monochlorobimane (100 um) for
3 h and then ZnMP (2 um) for 30 min. Results consistently
showed an absence of ZnMP fluorescence signal in a strain
lacking shul (hemlIA shulA with plasmid alone and abc3™)
(Fig. 6A). In contrast, when abc3 was deleted (hem1A abc3A
with plasmid alone and shu 1), there was cellular accumulation
of fluorescent ZnMP but it was restricted to vacuoles even after
30 min (Fig. 6A). In these cells, both ZnMP and bimane-GS
fluorescent compounds were selectively accumulated in vacu-
oles as there was superimposition of their respective fluores-
cent signals (Fig. 6A4). These data were consistent with Abc3
acting downstream of Shul and suggested that, in the absence
of Abc3, there was vacuolar accumulation of ZnMP due to the
inability of yeast cells to mobilize stored ZnMP from the vacu-
ole to replenish the cytoplasm. In the case of hemIA shulA
shul™ abc3' and hemlIA abc3A shul™ abc3™ cells that had
been incubated in the presence of Dip, intracellular ZnMP flu-
orescent signal was primarily located in the cytoplasm over a
time period of 30 min (Fig. 64). There was an absence of ZnMP
fluorescent signal in all of the above-mentioned strains when
they had been treated under iron-replete conditions (Fig. 6B).
Taken together, these data suggested that Abc3 is required to
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FIGURE 6. Deletion of abc3* leads to vacuolar accumulation of ZnMP. The indicated isogenic yeast strains were precultured in the presence of Dip (50 um)
or FeCl; (Fe, 100 um), and ALA (200 um). Cells were washed and incubated in ALA-free medium and treated with Dip (250 um) or FeCl; (100 um) for 6 h.
Monochlorobimane (100 um) was then added for the last 3 h of culture. Subsequently, ZnMP (2 um) was added for 30 min. A, iron-starved (Dip) cells were
analyzed by fluorescence microscopy for accumulation of fluorescent ZnMP (far left) and bimane-GS (center left). The merged images are shown in the center
right panels. Normarski optics (far right) was used to ascertain cell morphology. B, as negative controls, iron-treated strains are shown because shu1* and abc3™
genes are known to be repressed under iron-replete conditions. White arrows indicate examples of vacuoles where bimane-GS was sequestered. Yellow arrows

depict cytoplasmic accumulation of ZnMP. Results of microscopy are representative of five independent experiments.

provide bioavailable heme analog ZnMP via its mobilization
from the vacuole to the cytoplasm.

Binding of Abc3 to Hemin-agarose—To determine whether
Abc3 was able to interact with hemin, wild-type shul™-HA,
and abc3™ -GFP fusion alleles were co-transformed in a hem 1A
shulA abc3A triple mutant strain. When cells had grown to
mid-log phase, they were washed to remove ALA and then
incubated in the presence of Dip (250 um) or FeCl, (100 um) for
6 h. Whole protein extracts from these cells were prepared and
cell membranes were fractionated and isolated by ultracentrif-
ugation. Membrane preparations were solubilized with Triton
X-100 and then re-fractionated by performing a second ultra-
centrifugation. Dissolved membrane protein fraction that con-
tained released Shul-HA, and Abc3-GFP proteins was mixed
with hemin-agarose or agarose (control) beads. Results showed
that Abc3-GFP isolated from iron-starved cells was retained on
hemin-agarose beads (Fig. 7, bound). Only a small fraction of
Abc3-GFP was detected in the flow-through fraction (Fig. 7,
unbound). As a control of known heme-binding protein, Shul-
HA, was retained on hemin-agarose beads (Fig. 7, bound). Only
a minor fraction of Shul-HA, was detected in the unbound
fraction (Fig. 7). On the other hand, Abc3-GFP and Shul-HA,
were primarily detected in the unbound fraction (flow-
through) when agarose beads (control) were used (Fig. 7). Con-
sistent with iron-mediated repression of abc3*-GFP and
shul*-HA, mRNA levels (under the control of abc3™ and
shul™ promoters, respectively), Abc3-GFP and Shul-HA,, pro-
teins were barely or not detected in membrane protein frac-
tions that had been prepared from iron-replete cells (Fig. 7).
Taken together, these results showed that Abc3 expressed in
S. pombe interacts with hemin, supporting the proposed model
that Abc3 is required as a means to mobilize stored heme from
the vacuole to the cytoplasm.
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An inverted CP motif (Pro'®'-Cys'®?) is present within the
sequence of a predicted loop region of Abc3. CP motifand some
cases of inverted CP motif (Pro-Cys) have been reported to
exhibit heme-binding propensity (38—-43). We therefore
assessed whether Pro'®" and Cys'*? residues were involved in
the ability of Abc3 to interact with hemin. Pro'*" and Cys'**
residues were replaced with alanine residues and the mutated
protein expressed in hemIA shulA abc3A shul™-HA, cells.
Cultures were washed to remove ALA and then incubated for
6 h in the presence of Dip (250 um) or iron (100 um). Under low
iron conditions, the Abc3-P151A/C152A-GFP mutant protein
was located on the membrane of vacuoles, as observed in the
case of the wild-type Abc3-GFP protein (Fig. 84). However,
there was an absence of fluorescent signal in the case of wild-
type or mutant form of GFP-tagged Abc3 in iron-treated cells
(Fig. 84). Membrane fractions collected after ultracentrifuga-
tion were treated with Triton X-100 and the solubilized mem-
brane proteins were subjected to pulldown assays using hemin-
agarose beads. Results showed that Abc3-P151A/C152A-GFP
was almost exclusively detected in the unbound (flow-through)
fraction, consistent with a loss of affinity for hemin (Fig. 8B).
There was undetectable amount of Abc3-P151A/C152A-GFP
in the dissolved membrane fractions of iron-treated cells (Fig.
8B). As a control, Shul-HA, was retained on hemin-agarose
beads (Fig. 8B, bound). Only a minor fraction of Shul-HA, was
detected in the unbound fraction (Fig. 8B). As an additional
control for specificity of the resin, Abc3-GFP and Shul-HA,
were mainly detected in the unbound fraction when agarose
beads were used (Fig. 8B). Together, these results strongly sug-
gested that the inverted CP motif (residues 151-152) of Abc3 is
required for its ability to bind hemin.

To further assess the effect of the P151A and C152A muta-
tions on Abc3 function, a plasmid harboring the wild-type
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FIGURE 7. Abc3 is a hemin-binding protein. A, hem1A shu1A abc3A cells expressing HA,-tagged Shu1 and GFP-tagged Abc3 were precultured in the presence
of ALA (200 um) and Dip (50 um). After washing, cells were transferred to ALA-free medium. At this point, they were treated with Dip (250 um) or FeCl; (100 um)
for 6 h and then whole cell extracts were prepared. Cell membranes were obtained by ultracentrifugation of whole cell extracts and treated with Triton X-100
to release membrane proteins. Triton X-100-solubilized membrane proteins (input) were subjected to hemin pulldown assays using hemin-agarose or agarose
alone. Unbound and bound protein fractions were analyzed by immunoblot assays using anti-GFP, anti-HA, and anti-PCNA antibodies. Soluble fractions
contain proteins found in the supernatant after ultracentrifugation of whole cell extract preparations. The positions of molecular weight standards are
indicated on the /eft. Abc3-GFP, Shu1-HA,, and PCNA are indicated with arrows.
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FIGURE 8. Subcellular localization and hemin-agarose pulldown assays with a mutant version of Abc3. A, fluorescence microscopy of subcellular location
of Abc3-GFP or Abc3-P151A/C152A-GFP that was co-expressed with Shu1-HA, in hem1A shu1A abc3A cellsin the presence of Dip (250 um) or FeCl; (Fe, 100 um).
Nomarski optics were used to monitor cell morphology. Results of microscopy are representative of five independent experiments. B, whole cell extracts were
prepared from cells expressing the mutant version of Abc3 under conditions described above for panel A. Supernatant (soluble proteins) and pellet
(membrane proteins) fractions were prepared by ultracentrifugation from whole cell extracts. Triton X-100-solubilized proteins (input) were subjected
to hemin pulldown assays using hemin-agarose or agarose. Unbound and bound fractions were analyzed by Western blots. Proteins were revealed
using an anti-GFP, anti-HA, or anti-PCNA antibody. The positions of molecular weight standards are indicated on the left. Abc3-GFP, Shu1-HA,, and PCNA
are indicated with arrows.
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FIGURE 9. Expression of Abc3-P151A/C152A mutant protein alters ZnMP cellular distribution, leading to its vacuolar accumulation. A, the indicated
isogenic yeast strains were cultured in the same manner as described in the legend to Fig. 6. After a 30-min treatment with ZnMP, iron-starved cells were
examined by fluorescence microscopy to visualize cellular distribution of fluorescent ZnMP (far left). Vacuoles were detected by bimane-GS staining and cell
morphology by Nomarski optics (Nomarski). Merged images of ZnMP and bimane-GS fluorescent signals (center right) are shown next to Nomarski microscope
images. B, as negative controls, iron-treated strains are shown because shu?™ and abc3™ genes are known to be repressed under iron-replete conditions. White
arrows indicate examples of vacuoles where bimane-GS was sequestered, whereas yellow arrows depict cytoplasmic accumulation of ZnMP. Results of

microscopy are representative of five independent experiments.

abc3™ or abc3-P151A/C152A-GFP mutant or an empty plas-
mid was transformed into a hem1A abc3A shul™ strain. Mid-
logarithmic cell cultures were washed to remove ALA and then
treated with Dip (250 um) or iron (100 um) for 6 h. During the
last 3 h of growth, cultures were incubated in the presence of
monochlorobimane (100 wM) and then treated with ZnMP (2
M) for 30 min. Results showed that in the case of cells express-
ing wild-type abc3™ allele under low-iron conditions, ZnMP-
associated fluorescence was predominantly detected in the
cytosol 30 min after ZnMP treatment (Fig. 94). Under the same
conditions, hemIA abc3A shul™ cells expressing abc3-P151A/
C152A-GFP mutant allele or an empty plasmid exhibited cellu-
lar accumulation of fluorescent ZnMP in vacuoles (Fig. 9A4).
The resulting fluorescent ZnMP pattern was identical to that of
the bimane-GS fluorescent compound, which is known to
selectively accumulate in vacuoles (Fig. 94). As controls,
hemIA shulA abc3™ cells were transformed with a plasmid
expressing shul™ or an empty plasmid and were subsequently
cultured under conditions identical to those described above
for hemIA abc3A shul™ cells. In the case of cells expressing
wild-type shul™, intracellular ZnMP fluorescent signal was
seen primarily in the cytoplasm after 30 min of ZnMP treat-
ment (Fig. 9A4). In contrast, in the case of cells lacking Shul and
harboring an empty plasmid, they failed to accumulate the
ZnMP fluorescent compound in comparison with hemIA
shulA abc3™ cells expressing a wild-type shul™ that was re-in-
tegrated (Fig. 94). There was an absence of ZnMP fluorescent
signal in all the transformed strains when they had been pre-
treated with high concentrations of iron (Fig. 9B). Taken
together, these results suggested that mobilization of a heme
analog (ZnMP) from the vacuole to the cytosol requires Abc3
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and involves an inverted CP motif (residues 151-152) within its
amino-terminal region.

Discussion

Although heme is an essential prosthetic group for several
proteins and can serve as a source of iron, cellular components
that are required for heme assimilation and iron acquisition
from heme are still poorly understood. Using the model orga-
nism S. pombe, our previous studies have identified Shul as a
novel cell membrane protein involved in assimilation of exog-
enous heme (25). Shul is predicted to contain a GPI anchor that
attaches the protein to the membrane (44). If this were the case,
exposing the cell membranes to exogenous PI-PLC should
release Shul from its anchor. Here, results showed that a
PI-PLC treatment triggered the release of Shul, suggesting
removal of membrane-bound Shul from its GPI anchor. These
results lent support to the prediction of a Shul-associated GPI-
attachment site (w-site) corresponding to Ser'®®. In the case of
Shul, the w-site is followed by 2 relatively short side chain
amino acid residues (Ser®*° and Ala®°"), especially in the case of
w+2 position (Ala*"). This motif is known to favor the addi-
tion of a GPI anchor at a Ser residue. One additional favorable
feature is that the polypeptide region downstream of the w,
w+1, and w+2 residues of Shul is constituted of a putative
spacer region of ~13 amino acid residues, followed by a pre-
dicted hydrophobic tail of 12 residues. Overall, the predicted
Shul GPI attachment site and its downstream region exhibit
characteristics that are commonly found in GPI-anchored
proteins.

Our previous studies have shown that shul™ is regulated at
the level of gene transcription (25). It is induced under condi-
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tions of iron starvation and turned off under iron-replete con-
ditions. To investigate whether Shul underwent post-transla-
tional regulation, we studied changes in Shul localization in the
presence of low (0.075 um) and high (50 wm) hemin concentra-
tions. A functional shul™-HA, allele was expressed under the
control of a thiamine-sensitive nmt" promoter to address this
question. Biosynthesis of Shul-HA, occurred in the absence of
thiamine but the addition of thiamine repressed further synthe-
sis. We then investigated the effect of hemin on the subcellular
localization of Shul-HA,. When cells were treated with low
concentrations of hemin, Shul localized at the cell surface,
whereas under conditions of high concentrations of hemin,
Shul was detected on vacuolar membrane. Consistent with
these results, we observed that the activity of Shul led to vacu-
olar accumulation of ZnMP after 10 min. Subsequently, ZnMP
fluorescent signal was progressively found in the cytoplasm
after 30 min. These results were reminiscent of findings for
C. albicans Rbt5. Using fluorescently rhodamine-tagged hemo-
globin, C. albicans cells expressing Rbt5 accumulate rhoda-
mine-tagged hemoglobin in the vacuoles and then to a lesser
extent in the cytosol (17).

After it has reached the plasma membrane, Shul then inter-
nalized in response to heme. The mechanism of Shul internal-
ization remains unclear at this point because its anchoring to
the membrane by a GPI structure yields a protein that lacks a
cytoplasmic domain that could be used as a target by an endo-
cytic pathway. One possible explanation is that Shul is involved
in lateral interactions with other plasma membrane compo-
nents, which could serve as direct targets to be modified and
taken up as a heteromeric plasma membrane complex in endo-
cytic vesicles. Alternatively, there are a few reported cases of
GPI-anchored proteins as in the case of the prion protein that
leave plasma membrane lipid “raft” domains to enter clathrin-
coated pits and then undergo endocytosis in coated vesicles
(45). In the case of the prion protein, its amino-terminal
domain is sufficient to trigger internalization within the cell
(46). Although most cell-surface proteins appear to be internal-
ized by dynamin-dependent pathways that include the clathrin-
coated mediated pathway, a large proportion of GPI-anchored
proteins are selectively internalized through a dynamin-inde-
pendent pathway (45, 47). These findings have led to the pro-
posal that several GPI-anchored proteins are endocytosed
by pinocytosis through specialized early endosomal compart-
ments known as GEECs (GPI-anchored protein-enriched early
endosomal compartments) (45, 48). Because GEECs result
from fusion of primary uncoated clathrin-independent vesicu-
lar carriers called CLICs (derived from the cell surface), this
process is called the CLIC/GEEC pathway (47). However, the
CLIC/GEEC pathway has not yet been described in fungi,
including S. pombe, which makes this process of internalization
speculative to explain endocytic internalization Shul.

Although the mechanism by which heme-dependent GPI-
anchored CFEM-like proteins undergo cellular internalization
remains unclear, it appears that the endocytic process may
involve the endosomal sorting complex required for transport
(ESCRT) machinery (49, 50). The ESCRT machinery is com-
posed of four complexes, ESCRT-0, -1, -II, and -III, and other
cellular components such as the Vps4 complex (51). ESCRT
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complexes capture endosomal membrane proteins that are
monoubiquitinated and deliver them to the multivesicular
body compartment and, from there, to the vacuole (yeast) or
lysosome (mammalian cell), where ubiquitinated cargos are
degraded. In C. albicans, the cell-surface GPI-anchored Rbt5
and Rbt51 proteins bind hemin and hemoglobin (16). These
proteins are absent in Saccharomyces cerevisiae, which is
unable to take up exogenous hemin or hemoglobin. Interest-
ingly, heterologous expression of C. albicans Rbt51 in S. cerevi-
siae enables acquisition and utilization of exogenous hemoglo-
bin (17). However, S. cerevisiae mutants lacking ESCRT-II and
-III components (such as Vps22 and Vps32) are defective in
assimilation of exogenous hemoglobin (17). Furthermore,
C. albicans ESCRT complex mutants exhibit significant growth
defects in media containing hemoglobin as the sole iron source
(17). Proteins of the ESCRT pathway have also been found to be
required for hemin use in C. neoformans (23, 24). In addition to
ESCRT-II (Vps22) and -III (Vps20 and Vps32) components, the
subunit Vps23 of the ESCRT-I complex contributes to hemin
uptake (24). However, there is yet absence of evidence that
Rbt5/51 and Cigl represent ubiquitinated cargos of the C. albi-
cans and C. neoformans ESCRT proteins, respectively. Given
that the ESCRT machinery is committed to targeting of mem-
brane proteins to the vacuole and the fact that Shul undergoes
relocalization from the cell surface to the vacuole in response to
hemin, it is likely that components of the ESCRT machinery are
required for Shul internalization. If this were the case, then
Shul may become ubiquitinated upon its association with
hemin. However, it is far from clear how Shul would become
ubiquitinated. In S. pombe, an alternative route for cargos to
reach the ESCRT pathway is through an association with Nbr1
(52, 53). Upon formation of a cargo-Nbrl complex, there is
ubiquitination of Nbrl and that results in the sequestration of
the cargo-Nbrl complex inside of MBVs in a ESCRT-depen-
dent manner. Subsequently, the cargo-Nbrl complex is deliv-
ered to the vacuole where the proteins that are bound by Nbrl
are released into the vacuole (52).

Our results revealed that Shul is required for internalization
of hemin or ZnMP, which is then delivered to the vacuole. Once
in vacuoles, hemin (or ZnMP) may undergo further degrada-
tion, resulting in the release of iron (or zinc) from the protopor-
phyrin ring. This series of events would constitute a specialized
pathway and make the vacuole an important site for intracellu-
lar hemin and iron stores. S. pombe is one of the yeast species
that does not express homologs of S. cerevisiae vacuolar iron
transporters (Smf3, Fth1, and Fet5) or heme oxygenase (Hmx1)
like that found in C. albicans. Instead, we have previously
shown that when S. pombe undergoes a transition from high to
low iron concentrations, the vacuolar transmembrane protein
Abc3 is highly induced and participates in the mobilization of
stored iron sources from the vacuole (35). However, the nature
of the usable form of iron that can be transported by Abc3
remains unclear. Results of pulldown assays using hemin-aga-
rose showed that Abc3-GFP expressed in iron-starved cells was
specifically retained on the beads. This observation was in
agreement with the fact that Abc3 possesses an inverted CP
motif that is predicted to be located at the beginning of an
exposed hydrophilic linker region (denoted L0), which sepa-
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TABLE 1
S. pombe strains used in this study
Strain Genotype Reference or source

FY435 h* his7-366 leul-32 ura4-A18 ade6-M210 60

TMY1 W™ his7-366 leul-32 ura4-A18 ade6-M210 hem1A:KAN 25

TMY2 h* his7-366 leul—32 ura4-A18 ade6-M210 hem1A::loxP 25
shulA:KAN"

TMY4 W™ his7-366 leul-32 ura4-A18 ade6-M210 hemIA::loxP 25
shulA:loxP abc3A::KAN

TMY5 h* his7-366 leul-32 ura4-A18 ade6-M210 hem1A:loxP 25
shulAz:KAN" shul " :ade6™

TMY6 h* his7-366 leul—32 ura4-A18 ade6-M210 hem1A::loxP 25
shulA:KAN" shul*-HA ;:ade6™

TMY7 h* his7-366 leul-32 ura4-A18 ade6-M210 hemIA::loxP 25
shulA:loxP abc3A:KAN shul™-HA ;:ade6™ abe3" -GFP:leu™

TMY9 h* his7-366 leul-32 ura4-A18 ade6-M210 hem1A:loxP This study
shulA:loxP abe3A:KAN" shul-C72A/C87A/C92A/C101A-HA ;:ade6™
abc3"-GFP:leu™

TMY10 h* his7-366 leul-32 ura4-A18 ade6-M210 hemIA:loxP This study
shulA:loxP abe3A:KAN" nmt41x-shul™*-HA ;:ade6™ abc3™ -GFP:leu™

TMY11 h* his7-366 leul—32 ura4-A18 ade6-M210 hem1A::loxP shulA:loxP This study
abc3A:KAN" nmt41x-shul-C72A/C87A/C92A/C101A-HA ;:ade6™
abc3"-GFP:leu™

TMY12 h" his7-366 leul—32 ura4-A18 ade6-M210 hem1A:loxP abc3A:KAN This study

TMY13 W his7-366 leul-32 ura4-A18 ade6-M210 hem1A:loxP abc3A:KAN This study
abe3 ™ :leu™

TMY14 h* his7-366 leul—32 ura4-A18 ade6-M210 hem1A:loxP abc3A:KAN This study

+ » +

abc3" -GFP:leu

TMY15 W™ his7-366 leul-32 ura4-A18 ade6-M210 hemIA::loxP shulA:loxP This study
abc3A:KAN' shul*-HA ;:ade6 ™ abc3-P151A/C152A-GFP:leu™

TMY16 h* his7-366 leul-32 ura4-A18 ade6-M210 hem1A:loxP abc3A:KAN" This study

abc3-P151A/C152A-GFP::leu™

rates the N-terminal NTE domain of Abc3 from its ABC core
domain. According to a predicted three-dimensional model by
I-TASSER (54), the inverted CP motif (Pro'®' and Cys'*?) of
Abc3 is oriented toward the vacuolar side. In several hemopro-
teins such as FeoB (E. coli), IRP2 (human), and DP8 (human),
the CP motif is part of a central heme-binding domain due to
the presence of the Pro side chain that fosters a distinct confor-
mation of the Cys thiol group. This property enables Cys to
coordinate heme through its thiol group. Other examples of
hemoproteins that include GIpF (E. coli) and DGCR8 (human)
exhibit an inverted CP motif that is sufficient to confer heme
binding capacity (42). Here, when the inverted CP motif
(Pro**'-Cys'>?) was mutated in Abc3, cells expressing the abc3-
P151A/CI152A allele selectively accumulated the heme analog
ZnMP in vacuoles and were unable to subsequently trigger its
redistribution in the cytoplasm in comparison to cells express-
ing a wild-type abc3™ allele. Furthermore, pulldown assays
using protein lysates prepared from cells expressing Abc3-
P151A/C152A showed that substitutions of Pro**!-Cys'*? res-
idues (in Ala) strongly decreased Abc3 binding to hemin-aga-
rose. These results suggested that the inverted CP motif
(Pro*®'-Cys'®?) participates in hemin coordination in Abc3.
However, whether one residue contributes more than
another or whether there is influence of additional amino
acid residues flanking the motif or elsewhere will require
additional studies.

Data reported here concerning Abc3 are reminiscent of
those observed in the case of the human ABCG2 protein, which
is an ABC transporter known to be involved in the export of
heme, hemin, and ZnMP (38, 55). Although Abc3 and ABCG2
are members of different ABC protein subfamilies, they possess
a large loop that contains an inverted CP motif. In the case of
ABCG2, the ECL3 loop located between transmembrane
domains 5 and 6 contains an inverted CP motif (Pro®’>-Cys®%?)
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(38). Studies showed that a single-point mutation C603A inside
ECL3 dramatically decreases the binding of hemin to ABCG2
(38). Given the fact that results described in this report as well
as previous studies (17) have implicated the vacuole as a player
in heme assimilation and assuming that vacuolar heme is pres-
ent in a usable form, we suggest that Abc3 is an intracellular
transporter that mobilizes stores of heme from this organelle
for redistribution within the cytoplasm when cells face heme/
iron deprivation.

Experimental Procedures

Strains and Growth Conditions—Genotypes of S. pombe
strains used in this study are listed in Table 1. Under nonselec-
tive conditions, all strains were grown on yeast extract medium
(YES) containing 0.5% yeast extract, 3% glucose, and 225 mg/li-
ter of adenine, histidine, leucine, uracil, and lysine. Strains for
which plasmid integration or transformation was required were
grown on synthetic Edinburgh minimal medium (EMM) miss-
ing specific nutrients that allowed selection and maintenance of
the integrated DNA fragment or plasmid (56). In the case of
hemlA deletion strains, they were supplemented with ALA
(200 um) to allow heme biosynthesis starting at the second step
of the biosynthetic pathway. An alternative way to maintain
hemlIA cells alive in the absence of ALA was to add exogenous
hemin (heme chloride, 0.075 um) to foster cells to use their
heme uptake system instead of their own heme biosynthesis
pathway. For monitoring cell growth, precultures of cells were
carried out in YES medium containing Dip (50 um) to chelate
iron and, at the same time, fostering up-regulation of iron-de-
pendent genes, including shu1™ and abc3™. During precultures
of cells, ALA (200 um) was added to ensure biosynthesis of
heme. Once precultures reached mid-logarithmic phase, cells
were washed twice and then diluted 1000-fold in YES contain-
ing Dip (250 um) and hemin (0.075 uMm) but in the absence of
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ALA (unless otherwise stated). Cell cultures were then initiated
and monitored (A, at each of the indicated times.

Plasmids—Plasmids pBP-1317shul™-HA, pBP-1317shul-
C72A/C87A/C92A/C101A-HA,, pSPlabc3™, and pSPlabc3™ -
GFP have been described previously (25, 35). The nmtI™ pro-
moter region up to position —1178 from the initiator codon of
the nmtl™ gene was isolated from pREP41x by PCR (37). PCR
amplification was performed using primers designed to gener-
ate Apal and Xmal sites at the 5" and 3’ termini of the promoter
region. Subsequently, the Apal-Xmal nmt1" promoter frag-
ment was exchanged to replace the shul™ promoter using
the Apal and Xmal restriction sites found in plasmids
pBP-1317shul-HA, and pBP-1317shul-C72A/C87A/C92A/
CI0IA-HA,. The resulting plasmids were denoted
pBPumt4lx-shul™-HA, and pBPnmt4ix-shul-C72A/C87A/
C92A/C101A-HA , respectively. Plasmid pSP1abc3™-GFP was
used to introduce mutations in the coding sequence of abc3™.
Codons corresponding to Pro'®! and Cys'** were replaced by
nucleotide triplets that encode alanine. These site-specific
mutations were created by a PCR overlap extension method
(57). The resulting PCR fragment containing the abc3 mutant
allele with P151A and C152A mutations was then swapped for
the equivalent Spel-Xhol DNA fragment in pSP1labc3*-GFP,
creating pSP1labc3P151A/C152A-GFP plasmid.

PI-PLC Treatment—hemIA shul abc3A cells co-expressing
shul*-HA, and abc3™-GFEP alleles were treated with Dip (250
uM) for 6 h. After centrifugation, cells were resuspended in
buffer F (100 mMm Tris-HCL, pH 9.4, and 20 mm 3-mercaptoeth-
anol) as a pretreatment. Cells were harvested and incubated in
the presence of zymolyase (1 mg/ml) and novozyme (3 mg/ml)
using a buffer containing 10 mm B-mercaptoethanol, 1.2 M sor-
bitol, and 20 mm K,HPO,/KH,PO,, pH 7.5. Spheroplast prep-
arations were washed, resuspended in HEGN100 buffer (20 mm
HEPES, pH 7.9, 100 mm NaCl, 1 mm EDTA, 10% glycerol, 1 mm
phenylmethylsulfonyl fluoride, 1 mm dithiothreitol, and prote-
ase inhibitors), and disrupted using FastPrep lysing glass beads.
Lysates were ultracentrifuged (100,000 X g) for 30 min at 4 °C.
The supernatant containing soluble proteins was set aside,
whereas the pellet fraction was divided into two equal fractions
that were, respectively, used for PI-PLC treatment (0.5 units/
100 g of protein) and control (lack of enzyme treatment). Fol-
lowing incubation at 30°C for 2.5 h, PI-PLC-treated and
untreated fractions were centrifuged (100,000 X g) to obtain a
supernatant containing proteins that had been released from
the membrane. In the case of untreated fractions, proteins were
still membrane-bound. Samples were added to 2X SDS loading
buffer (100 mm Tris-HCI, pH 8.0, 5 mm EDTA, 15% SDS, 0.01%
bromphenol blue) containing 8.0 M urea and 4% B-mercapto-
ethanol, unless otherwise indicated. After incubation for 30
min at 37 °C, samples were resolved by electrophoresis on 10
(Shul-HA,) and 6% (Abc3-GFP) SDS-polyacrylamide gels and
transferred on membrane for Western blot analysis. The fol-
lowing antibodies were used for immunodetection of Shul-
HA,, Abc3-GFP, a-tubulin, and PCNA: monoclonal anti-HA
antibody F-7; monoclonal anti-GFP antibody B-2 (Santa Cruz
Biotechnology); monoclonal anti-a-tubulin antibody (clone
B-5-1-2, Sigma); and monoclonal anti-PCNA antibody PC10
(Sigma). Following incubation, membranes were washed and
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incubated with the appropriate horseradish peroxidase-conju-
gated secondary antibodies (Amersham Biosciences), devel-
oped with enhanced chemiluminescence (ECL) reagents
(Amersham Biosciences), and visualized by chemilumines-
cence using an ImageQuant LAS 4000 instrument (GE Health-
care) equipped with a Fujifilm High Sensitivity F0.85 43-mm
camera.

Fluorescence Microscopy—For detection of fluorescent
ZnMP and bimane-GS accumulation within cells, liquid cul-
tures of the indicated strains were seeded to an A, of ~0.3.
The cultures were then incubated in ALA-deficient medium
containing Dip (250 um) or FeCl; (100 um) for 6 h. At mid-
logarithmic phase, monochlorobimane (100 wm) was first
added to cells for 3 h and then ZnMP (2 uMm) was added for 0, 10,
and 30 min, unless otherwise indicated. ZnMP accumulation
was stopped by adding 5 volumes of ice-cold 5% bovine serum
albumin (BSA) in phosphate-buffered saline (PBS). After cen-
trifugation, cells were resuspended in ice-cold 2% BSA in PBS
and examined by fluorescence microscopy using a X 1,000 mag-
nification and concanavalin A-coated glass slides. Fluorescence
and differential interference contrast images (Nomarski) of
cells were obtained using a Nikon Eclipse E800 epifluorescent
microscope (Nikon, Melville, NY) equipped with a Hamamatsu
ORCA-ER digital cooled camera (Hamamatsu, Bridgewater,
NJ). Fields of cells shown in this study correspond to a mini-
mum of five independent experiments.

Indirect Immunofluorescence Microscopy—hemIA shulA
abc3A cells were co-transformed with pBPumt41x-shul*-HA, +
pSPlabc3*-GFP or pBPnmt4ix-shul-C72A/C87A/C92A/
CI01A-HA, + pSPlabc3™-GFP. Co-transformed cells were
precultivated in the presence of thiamine (5 um) and ALA (200
uM) to an Agy, of 1.0. At this growth point, the cells were
washed twice to remove thiamine and diluted 10-fold in EMM
containing Dip (50 um). After 18 h, cells were transferred to
ALA-free and thiamine-replete medium to stop shul"-HA, or
shul-C72A/C87A/C92A/C101A-HA , gene expression. At this
time point, the pool of plasma membrane Shul-HA, or Shul-
C72A/C87A/C92A/C101A-HA, was analyzed in the absence
or presence of exogenous hemin (0.05, 1, 5, 10, or 50 um) for 0
and 30 min. Cells were fixed by adding formaldehyde (3.7%) as
described previously (58). Fixed cells were harvested and
washed with 0.1 M K,HPO,/KH,PO,, pH 6.5, buffer, containing
1.2 ™ sorbitol. Cells were spheroplasted using zymolase (30
mg/ml), B-mercaptoethanol (10 mm), and Triton X-100 (1%) as
described previously (25). Spheroplasts were adsorbed on poly-
L-lysine-coated (0.1%) multiwall slides as described previously
(25). After a 30-min block with TBS (10 mm Tris-HCI, pH 7.5,
150 mm NaCl, 1% BSA, and 0.02% sodium azide), cells were
incubated with anti-HA antibody F-7 (for Shul-HA,) or anti-
GFP antibody B-2 (for Abc3-GFP) diluted 1:250 in TBS. After a
18-h reaction, cells were washed with TBS and incubated for 90
min with goat anti-mouse Alexa Fluor 546 conjugate diluted
1:250 in TBS. The cells were viewed with a Nikon Eclipse E800
epifluorescent microscope. Fields of cells shown in this study
correspond to a minimum of five independent experiments.

Isolation of Intact Vacuoles—Early logarithmic phase hem1A
shulA abc3A cells harboring pBPnmi4ix-shul*-HA, and
pSPlabc3™-GFP plasmids were incubated in the presence of
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Dip (50 um) and monochlorobimane (100 uMm). When an A,
value of 0.025 was reached, cells were divided into four aliquots
for the following treatments: ALA (200 uMm), thiamine (15 um)
and no hemin (group 1); ALA (200 M), no thiamine and no
hemin (group 2); hemin (10 um), thiamine (15 um) and no ALA
(group 3); hemin (10 uMm), no thiamine and no ALA (group 4).
After 18 h, cells were subjected to cell wall digestion, disruption,
and fractionation by differential centrifugation as described
previously (59). After the second Percoll step gradient (50%,
v/v), which is one of the last steps of vacuole isolation, the integ-
rity of vacuole preparations was assessed by monitoring their
ability to retain the fluorescent glutathione S-conjugate of
monochlorobimane (bimane-GS). This approach is based on
the fact that free, unsubstituted monochlorobimane is mem-
brane permeant and nonfluorescent. However, when it is
S-conjugated to glutathione by cytosolic glutathione S-trans-
ferases, the bimane-GS product becomes fluorescent and is
actively transported into and sequestered within the vacuole of
intact cells.

Hemin-agarose Pulldown Assays—To investigate the capac-
ity of Abc3 to bind heme, hemIA shulA abc3A cells express-
ing shul™-HA, + abc3"-GFP or shul™-HA, + abc3-P151A/
C152A-GFP were grown to early logarithmic phase. At this
point, cells were washed to remove ALA and then incubated in
the presence of Dip (250 um) or FeCl; (100 um) for 6 h. Whole
extracts were prepared with glass beads using a RIPA buffer
containing 50 mm Tris-HCI, pH 8.0, 150 mm NaCl, 1% Nonidet
P-40, 0.5% deoxycholate, 1% SDS, 8 M urea, 0.1 mm NazVO,, 1
mM phenylmethylsulfonyl fluoride, 1 mm dithiothreitol, and a
complete protease inhibitor mixture (Sigma; P8340). Whole
cell extracts were ultracentrifuged (100,000 X g) for 30 min at
4 °C. The supernatant containing soluble proteins was kept,
whereas the pellet fraction was resuspended in buffer A (50 mm
Tris-HCL, pH 7.5, 100 mm NaCl, 1 mm EDTA, 1 mwm dithiothre-
itol and protease inhibitors) and treated with Triton X-100
(1%). Once resuspended, the pellet fraction was kept on ice and
then re-fractionated by performing a second ultracentrifuga-
tion. In the presence of Triton X-100, a nonionic detergent that
solubilizes membranes, Shul-HA,, Abc3-GFP, and Abc3-
P151A/C152A-GFP-GFP, were largely released from mem-
branes, and the supernatant preparation was treated with
hemin-agarose or agarose beads as described previously (25).
The immunoprecipitates and unbound material were resus-
pended and mixed, respectively, with loading buffer (100 mm
Tris-HCI, pH 8.0, 1.4 M 3-mercaptoethanol, 140 mm SDS, 5 mm
EDTA, 8 M urea, and 0.72 mM bromphenol blue) and heated for
30 min at 37 °C. Samples were resolved by electrophoresis on 10
(Shul-HA,) and 6% (Abc3-GFP and Abc3-P151A/C152A-
GFP-GFP) SDS-polyacrylamide gels and were transferred to
membrane for Western blot analysis.
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