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Genome-wide analyses have revealed that during metal ion
starvation, many cells undergo programmed changes in their
transcriptome or proteome that lower the levels of abundant
metalloproteins, conserving metal ions for more critical func-
tions. Here we investigated how changes in cellular zinc status
affect the expression and activity of the zinc-requiring Pho8
alkaline phosphatase from fission yeast (Schizosaccharomyces
pombe). In S. pombe, Pho8 is a membrane-tethered and pro-
cessed glycoprotein that resides in the vacuole. Using alkaline
phosphatase activity assays along with various biochemical
analyses, we found that Pho8 is active when zinc is plentiful and
inactive when zinc is limited. Although Pho8 activity depended
on zinc, we also found that higher levels of p#08 mRNAs and
Pho8 protein accumulate in zinc-deficient cells. To gain a better
understanding of the inverse relationship between p/108 mRNA
levels and Pho8 activity, we examined the effects of zinc on the
stability and processing of the Pho8 protein. We show that Pho8
is processed regardless of zinc status and that mature Pho8
accumulates under all conditions. We also noted that alkaline
phosphatase activity is rapidly restored when zinc is resupplied
to cells, even in the presence of the protein synthesis inhibitor
cycloheximide. Our results suggest that S. pombe cells maintain
inactive pools of Pho8 proteins under low-zinc conditions and
that these pools facilitate rapid restoration of Pho8 activity
when zinc ions become available.

Transition metals such as zinc, iron, and copper are required
for the function of a wide range of proteins. As these metals can
also be toxic when in excess, most organisms use a variety of
mechanisms to control the acquisition, storage, distribution,
utilization, and/or export of these essential metals to balance
proteomic requirements for a specific metal ion with its avail-
ability (1-3).

One widely occurring mechanism to adapt to low levels of
metal ions in the diet is a programmed sparing response to
reduce the levels of abundant metalloproteins found within
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cells. These proteomic adaptations can result from changes at
the transcriptional, posttranscriptional, or posttranslational
level and are often accompanied by up-regulation of compen-
satory proteins or pathways that do not require a metal cofactor
or that use an alternative metal cofactor (4-9). In addition to
conserving and salvaging metal ions for essential functions,
metal-sparing responses also facilitate the reallocation of metal
ions in cells and prevent cells from synthesizing high levels of
nonfunctional proteins, which, in the absence of the correct
metal ion, are potentially more prone to misfolding or mismeta-
lation (10, 11).

In this report, we used Schizosaccharomyces pombe as a
model system to investigate how changes in cellular zinc status
affect the activity of the vacuolar Pho8 alkaline phosphatase.
We chose to study Pho8 as it belongs to a well-characterized
family of proteins that bind multiple zinc ions (12). Addition-
ally, in other yeasts, alkaline phosphatases are targeted for deg-
radation under low-zinc conditions, suggesting that these pro-
teins may be removed as part of a zinc-sparing or -salvaging
response (13). We show that, in fission yeast, Pho8 activity
depends on cellular zinc status and that it is only active when
zinc ions are plentiful. Unexpectedly, we also found that higher
levels of pho8 transcripts and Pho8 protein accumulate in zinc-
limited cells, whereas Pho8 activity depends on zinc. Although,
at first, it seems surprising that cells would synthesize and pro-
cess higher levels of an inactive enzyme under conditions of
zinc deficiency, we also find that Pho8 is rapidly activated by
readdition of zinc. We propose that increased expression of
Pho8 under low-zinc conditions is a proactive mechanism to
enable cells to rapidly restore Pho8 activity when zinc ions are
available.

Results
Pho8 activity in fission yeast depends on zinc

Fission yeast express two enzymes with alkaline phosphatase
activity: Pho8, a membrane-tethered vacuolar enzyme that is
predicted to bind one magnesium ion and two zinc ions per
monomer, and Pho2, an unrelated cytosolic enzyme of
unknown function (14). To examine the effects of zinc on Pho2
and Pho8 function, we measured alkaline phosphatase activity
in WT cells and in pho2A and pho8A mutants that were grown
overnight in a zinc-limited minimal medium (ZL-EMM)? sup-

2The abbreviations used are: ZL-EMM, zinc-limited Edinburgh minimal
medium; EGS, ethylene glycol bis(succinimidyl succinate); TNAP, tissue
nonspecific alkaline phosphatase; CDF, cation diffusion facilitator.
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Figure 1. Effects of zinc on alkaline phosphatase activity and gene
expression. A, WT, pho2A, pho8A, and pho2A pho8A cells were grown over-
night in ZL-EMM supplemented with O, 1, 10, or 100 um zinc and assayed for
alkaline phosphatase (ALP) activity. Activity is the mean of three independent
repeats, with the error bars representing standard deviations. B, RNA blot
analysis was performed using total RNA from WT, pho2A, and pho8A cells that
were grown overnightin ZL-EMM supplemented with 0, 1, 10, or 100 um zinc.
RNA blots were probed for pho8, pho2, and zrt1 mRNAs, with ribosomal RNAs
shown as loading controls. C, relative levels of pho8 transcripts normalized to
ribosomal RNAs. Data are shown as the mean = S.D. from three independent
replicates. p values were determined using two-tailed unpaired Student’s t
test. **, p < 0.01.

plemented with 0—100 um zinc. As shown in Fig. 14, ~2-fold
higher levels of alkaline phosphatase activity were detected in
zinc-replete WT cells compared with zinc-limited cells. This
activity depended on Pho2 and Pho8, as deletion of p/o2 and
pho8 nearly abolished alkaline phosphatase activity under all
growth conditions, whereas deletion of pho2 or pho8 led to
reduced but measurable alkaline phosphatase activity. We also
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found an ~10-fold increase in alkaline phosphatase activity in
pho2A cells in the presence of 100 uMm zinc, whereas in pho8A
cells, alkaline phosphatase activity was detected under both
zinc-limited and zinc-replete growth conditions. Taken
together, these results indicate that Pho8 activity depends on
zinc and that alkaline phosphatase activity in S. pombe is the
sum of Pho8 and Pho2 activity.

The zinc-dependent changes in Pho8 activity are independent
of changes in pho8 mRNA levels

The zinc-dependent increase in Pho8 activity could poten-
tially result from changes in the levels of p08 mRNA and/or
changes in the level, processing, or activity of the Pho8 protein.
To determine whether p/ho8 gene expression is affected by zinc
status, RNA blot analysis was used to examine pho8 transcript
levels in cells grown over a range of zinc levels. RNA blots were
also probed for pho2 and zrtl, a gene that is specifically
expressed when zinc is limited (15). In WT and pho2A cells,
higher levels of pho8 transcripts accumulated in zinc-limited
cells compared with zinc-replete cells (Fig. 1, Band C), indicat-
ing that pho8 is expressed at a higher level under conditions
where the Pho8 protein is not active.

In S. pombe, a transcription factor called Loz1 plays a central
role in zinc homeostasis by inhibiting gene expression when
zinc is in excess (15, 16). To determine whether p/o8 expres-
sion depends on Lozl, we examined pho8 transcript levels in
WT and lozIA cells grown over a range of zinc levels. Deletion
of lozI resulted in higher levels of pho8 transcripts accumulat-
ing in zinc-replete cells, consistent with Lozl facilitating
repression of pho8 gene expression under high-zinc conditions
(Fig. 2A). To test whether these changes also affect the Pho8
protein level, we expressed the Pho8-GFP fusion protein from
the pho8 promoter. This fusion protein accumulated at higher
levels in zinc-deficient cells in a manner that depended on Lozl
(Fig. 2B). Taken together, these results suggest that pho8 is
repressed in a Loz1l-dependent manner when zinc is in excess
and that growth under low-zinc conditions leads to derepres-
sion of pho8 gene expression, which, in turn, leads to higher
levels of pho8 transcripts and Pho8 protein accumulation under
this condition.

To further explore the effects of gene expression on alkaline
phosphatase activity, we generated constructs to overexpress
Pho8-GFP and Pho2-GFP fusion proteins from the strong con-
stitutive phosphoglycerate kinase 1 (pgkl) promoter. Expres-
sion from the pgkl promoter was not affected by zinc (Fig. 3, A
and B) and led to an ~16-fold increase in Pho8-GFP protein
abundance under low-zinc conditions and an ~27-fold in-
crease under high-zinc conditions relative to expression from
the pho8 promoter (Fig. 3A). Despite the large increase in Pho8-
GFP abundance, Pho8 activity remained dependent on zinc,
with growth in ZL-EMM + 100 um Zn leading to an ~45-fold
increase in alkaline phosphatase activity relative to the activity
detected in cells grown with no added zinc (Fig. 3C). In contrast,
overexpression of Pho2-GFP led to a large increase in alkaline
phosphatase activity under all growth conditions (Fig. 3D).
Taken together, these results indicate that the zinc-dependent
changes in Pho8 activity are independent of changes in pho8
gene expression and transcript levels.

J. Biol. Chem. (2019) 294(33) 12392-12404 12393
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Figure 2. Pho8is regulated in a manner that depends on Loz1.A, RNA blot
analysis was performed using total RNA from WT, loz7A, and loz1A cells
expressing a functional Loz1-GFP fusion protein. Cells were grown overnight
in ZL-EMM supplemented with 0, 1, 10, or 100 um zinc. RNA blots were probed
for pho8 and zrt7 mRNAs. Ribosomal RNAs are shown as loading controls. B,
immunoblot analysis of protein extracts prepared from pho8A and pho8A
loz1A cells containing the empty vector or expressing Pho8-GFP from the
pho8 promoter. Cells were grown overnight in ZL-EMM supplemented with 0
or 100 umzinc. The positions of the molecular mass markers in kilodaltons are
shown on the left. Bottom panel, the mean ratio of Pho8-GFP/Act1 levels from
three independent repeats, with error bars representing standard deviations.
p values were determined using two-tailed unpaired Student’s t test. *, p <
0.05; **, p < 0.01.
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Processing of the Pho8 precursor is not affected by zinc status

Pho8 is synthesized as an inactive pro-form containing an
inhibitory C-terminal propeptide (Fig. 44), which, in fission
yeast, is cleaved in a manner that depends on the vacuolar ser-
ine proteases Isp6 and Psp3 (17). Therefore, an alternative
explanation for the zinc-dependent increase in Pho8 activity is
that processing of the pro-form of Pho8 to the mature protein
depends on the cellular zinc status. To examine Isp6- and Psp3-
dependent processing, immunoblot analysis was used to com-
pare the forms of Pho8-GFP that accumulated in WT and
MGF317 cells. MGF317 is a quintuple deletion strain deficient
in multiple proteases, including Isp6 and Psp3 (18). Incubation
of immunoblots with GFP antibodies revealed two major bands
in WT cells expressing Pho8-GFP (Fig. 48). One of these bands
was ~95 kDa in size and co-migrated with the inactive, unpro-
cessed form of Pho8 that accumulated in MGF317 cells (Fig. 4,
B and C). The other major band was ~27 kDa, which is the
predicted size of the cleaved propeptide fused to GFP. Very low
levels of this smaller band were detected in MGF317 cells, con-
sistent with this latter designation.

When evaluating the effect of zinc status on the levels of the
Pho8 precursor, we found that in some but not all experiments,
lower levels of pgkI-driven Pho8-GFP precursor protein were
detected in zinc-replete cells, suggesting that another factor
potentially affected Pho8 protein abundance (Fig. 4B). As pre-
vious studies had shown that the activity of Isp6 increases as
cells enter stationary phase (19) and that cells grown under
zinc-limited conditions grow more slowly than cells grown
under high-zinc conditions, we repeated the above experiments
using cell lysates that were prepped from cells harvested at pre-
cise cell optical densities. Under both zinc-limited and zinc-
replete conditions, Pho8-GFP processing depended on cell A,
(Fig. 4D). Despite the apparent differences in processing, Pho8
activity was only affected by zinc status (Fig. 4E). Based on these
results, we conclude that, although processing of Pho8 depends
on the growth phase of cells, zinc is the major factor that limits
Pho8 activity in vivo.

The stability of Pho8 is not affected by zinc status

In the above experiments, we were unable to detect the
mature form of Pho8 following processing. To visualize mature
Pho8, we generated a new construct to express a pgkl-driven
Pho8 protein containing an internal in-frame 3XHA epitope
tag. The 3XHA tag was positioned so that it would remain fused
to the C-terminal end of the mature Pho8 protein upon cleav-
age of the propeptide (Fig. 54, Pho8-HA). We also generated a
related strain expressing a truncated form of Pho8 that did not
contain the 23-amino acid C-terminal inhibitory propeptide
(Fig. 5A, Pho8-HA AC). Expression of the Pho8-HA and
Pho8-HA AC fusion proteins in pho2A pho8A cells resulted in
~6.5-fold and ~5-fold increases in alkaline phosphatase activ-
ity under high-zinc conditions, respectively, compared with
endogenous pho8 under this condition, indicating that both
constructs were functional (Fig. 5B, pho2A vector).

To determine whether zinc status affects the stability of the
mature Pho8 protein, immunoblot analyses were performed
using protein extracts prepared from pho2A pho8A and

SASBMB
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Figure 3. Effects of overexpression of pho8 and pho2 on alkaline phosphatase activity. A,immunoblot analysis of protein extracts prepared from pho8A
cells expressing the indicated fusion proteins following growth in ZL-EMM supplemented with 0, 1, 10, or 100 um zinc or the empty vector following growth in
ZL-EMM and 100 um zinc. Protein extracts prepared from pho8A cells expressing pgk1-Pho8-GFP were diluted 5-fold. The positions of the molecular mass
markers in kilodaltons are shown on the left, and the arrow indicates the full-length Pho8-GFP protein. Bottom panel, the mean ratio of Pho8-GFP/Act1 levels
from three independent repeats, with error bars representing standard deviations. **, p < 0.01; ns, not significant. B, immunoblot analysis was performed as
described in A with the indicated strains. C, WT, pho2A, and pho2A pho8A cells bearing the empty vector and pho8A and pho2A pho8A cells expressing
Pho8-GFP were assayed for alkaline phosphatase (ALP) activity following growth overnightin ZL-EMM supplemented with 0, 1, 10, or 100 umzinc. Activity is the
mean of three independent repeats, with the error bars representing standard deviations. D, WT, pho2A, and pho2A pho8A cells bearing the empty vector, and

pho2A, and pho2A pho8A cells expressing Pho2-GFP were grown and assayed for alkaline phosphatase activity as described in C.

MGF317 cells expressing Pho8-HA or Pho8-HA AC. Two
major bands were detected in pho2A pho8A cells expressing
Pho8-HA (Fig.5C). Thelarger band co-migrated with the unpro-
cessed Pho8-HA protein detected in MGF317 cells, whereas the
smaller band co-migrated with the mature Pho8-HA AC pro-
tein. These results are consistent with the larger Pho8-HA band
being the unprocessed protein and the smaller band being the
mature Pho8-HA protein.

When assessing the effects of zinc status on Pho8 protein
levels, we found that the mature form of Pho8-HA and
Pho8-HA AC proteins accumulated in both zinc-limited and
zinc-replete cells (Fig. 5C). An unexpected result was that
higher levels of the Pho8-HA AC protein were detected in zinc-
limited cells, suggesting that the process of removing the inhib-
itory peptide leads to increased Pho8 turnover, particularly
under low-zinc conditions. Although further studies are
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needed to test this hypothesis, these results further highlight
that inactive forms of Pho8 accumulate in zinc-deficient cells.
As a complementary approach to examine the effects of zinc
binding on the stability of Pho8, we generated derivatives of
Pho8-HA containing amino acid substitutions that prevented
zinc from binding to the first zinc-binding site (Pho8-m1), the
second zinc-binding site (Pho8-m2), or both sites (Pho8-m1/2).
No alkaline phosphatase activity was detected in pho2A pho8A
cells expressing these zinc-binding mutants, consistent with
zinc binding to both sites being critical for function (Fig. 5B).
When the effects of these mutations on Pho8 protein levels
were analyzed by immunoblot analysis, slightly lower levels of
the mature forms of Pho8-m1 and Pho8-m1/2 accumulated to
lower levels in zinc-limited cells, whereas the levels of the
mature Pho8-HA-m2 were not significantly altered by zinc lev-
els (Fig. 5D). These results suggest that apo and holo forms of

J. Biol. Chem. (2019) 294(33) 12392-12404 12395
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Figure 4. Processing of Pho8 depends on the growth phase and not zinc. A, schematic of Pho8-GFP, highlighting the positions of the transmembrane
domain (TM), cleavage site, C-terminal propeptide, and GFP. B, WT cells bearing the empty vector and WT and MGF317 cells expressing Pho8-GFP were grown
for 16 h overnight in ZL-EMM supplemented with 0 (—Zn) or 100 um (+Zn) zinc, and protein extracts were prepared for immunoblot analysis. Immunoblots
were incubated with anti-GFP antibodies and anti-Act1 antibodies as a loading control. The positions of the molecular mass markers in kilodaltons are shown
on the left. C, alkaline phosphatase activity (ALP) was assayed in the indicated strains following growth for 16 h in ZL-EMM supplemented with 0 or 100 um zinc.
Each is the mean of three independent repeats, with the error bars representing standard deviations. D and E, pho8A and pho2A pho8A cells expressing
Pho8-GFP were grown overnight in ZL-EMM supplemented with 0 or 100 um zinc and harvested at an Agq, of ~4.0, ~6.0, and ~8.0. Protein extract preparation
and immunoblot analysis were performed as described above (D), or cell lysates were assayed for alkaline phosphatase activity as described above ().

Pho8 accumulate in cells and that loss of zinc from site 1 may
interfere with the processing or stability of the mature Pho8
protein under low-zinc conditions.

Pho8 dimerization is independent of zinc status

Both experimental and structural analyses of alkaline phos-
phatases from a wide range of species have shown that they
exist and function as homodimers (12). Therefore, we next
tested whether dimerization of Pho8 depends on zinc. To
examine dimerization, whole-cell lysates were generated from
zinc-limited and zinc-replete pho2A pho8A cells that co-ex-
pressed a pho8-driven Pho8-GFP fusion and a pgkl-driven
Pho8-HA fusion. The lysates were then added to protein A
magnetic beads that had been preincubated with anti-GFP anti-
bodies. After incubation for 3 h to allow binding, the beads were
washed, and proteins were eluted. To determine whether the
Pho8-GFP and Pho8-HA proteins physically interacted, immu-

12396 J Biol. Chem. (2019) 294(33) 12392-12404

noblots of the protein extracts were incubated with anti-HA
antibodies. As shown in Fig. 64, Pho8-GFP and Pho8-HA pro-
teins were detected in immunoprecipitates from zinc-limited
and zinc-replete cells, consistent with the Pho8-GFP and
Pho8-HA proteins forming dimers under all growth conditions.

As a complementary approach to examine dimerization, we
employed an ethylene glycol bis(succinimidyl succinate) (EGS)
cross-linking assay (20). In these experiments, EGS is added to
protein extracts prepared from zinc-limited and zinc-replete
cells, and the levels of cross-linked Pho8 dimers were examined
by immunoblot analyses. As controls for these experiments,
protein extracts were also prepared from cells expressing
Pho8-HA containing the G475S and E478K substitutions. We
examined the effects of these genetic mutations on Pho8
dimerization, as the equivalent substitutions (G456S and
E459K, respectively) in the related human tissue nonspecific
alkaline phosphatase (TNAP) are predicted to cause the rare

SASBMB
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grown in ZL-EMM supplemented with 0 or 100 uMm zinc to an Agy, of ~5, and
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genetic disorder hypophosphatasia by impairing TNAP
dimerization (21). Following addition of EGS to protein
extracts, Pho8 dimers were detected under high- and low-zinc
conditions in cells expressing Pho8-HA (Fig. 6, B and C). The
introduction of mutations impairing dimerization (Pho8-HA
G475S and Pho8-HA E478K) resulted in lower levels of Pho8
dimers and reduced Pho8 activity (Fig. 6, B—D). As addition of
zinc did not decrease the levels of Pho8 dimers, we conclude
that dimerization of Pho8 is not significantly altered by zinc
status.

Activation of Pho8 by zinc

As zinc did not affect Pho8 stability, processing, or dimeriza-
tion, we hypothesized that the activity of Pho8 is directly
affected by cellular zinc status. In fission yeast, three CDF fam-
ily members (Cis4, Zrgl7, and Zhfl) transport zinc from the
cytosol into the secretory pathway (22, 23). Cis4 and Zrgl7
form a complex that transports zinc ions into the cis-Golgi,
whereas Zhfl plays a primary role in protecting the cytosol
from zinc toxicity by transporting excess zinc ions into stores
within the endoplasmic reticulum and, potentially, the vacuole
(23, 24). To determine whether these transporters were
required for the activation of Pho8, alkaline phosphatase activ-
ity was examined in cis4 and zrgl7 deletion mutants that were
grown overnight in ZL-EMM supplemented with 0-100 um
zinc (Fig. 7). As zhf1A cells are unable to grow in liquid medium
supplemented with 10 uM zinc or more (22, 24), these cells were
grown in ZL-EMM with 0 or 1 uM zinc. Deletion of cis4 and/or
zrgl7 did not significantly alter alkaline phosphatase activity.
Unexpectedly, a slight increase in alkaline phosphatase activity
was detected in z/fIA cells grown in ZL-EMM with 0 or 1 um
zinc.

To further assess the role of Zhf1 in zinc delivery to Pho8, we
examined alkaline phosphatase activity following a zinc shock.
In zinc shock experiments, cells are pregrown in zinc-deficient
medium before being exposed to zinc (i.e. the zinc shock). As
zinc-deficient cells express high levels of the Zrtl zinc uptake
system, this growth method results in a rapid influx of zinc
immediately upon its addition to the growth medium (22).
When a zinc shock was performed on zinc-limited WT cells, a
rapid ~3-fold increase in alkaline phosphatase activity was
detected (Fig. 84, ¢ = 20 min). This activity depended on Pho8,
consistent with zinc entering the cells and being incorporated
into Pho8, leading to its activation. Zinc shock also led to a rapid
increase in alkaline phosphatase activity in zAfIA or zrgl7A
cis4A cells, indicating that zinc was incorporated into Pho8 in
these mutants.

Potential explanations of the increase in alkaline phospha-
tase activity in the zifIA and zrgl7A cis4A strains following a
zinc shock include that Zhf1 and the Cis4 —Zrgl7 complex have

protein extracts were prepared for immunoblot analysis. Inmunoblots were
incubated with anti-HA antibodies and anti-Act1 antibodies as a loading con-
trol. D, pho8D pho2D cells bearing the empty vector, Pho8-HA, or the indi-
cated Pho8-HA zinc-binding mutants were grown overnight in ZL-EMM sup-
plemented with 0 (—Zn) or 100 umzinc (+Zn) to an Ag, of ~5. Protein extract
preparation and immunoblot analysis were performed as described above.
Bottom panel, the mean ratio of mature to unprocessed Pho8-HA proteins
from three independent repeats, with error bars representing standard devi-
ations. *, p < 0.05; ns, not significant.
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Figure 6. Dimerization of Pho8 is not dependent on zinc status. A, pho2A pho8A cells expressing pgk1-driven Pho8-HA or co-expressing pho8-driven
Pho8-GFP and pgk1-driven Pho8-HA grown in ZL-EMM to an Agy, of ~5. Cell lysates were incubated with anti-GFP-bound protein A beads and Pho8 co-
immunoprecipitation (ColP) complexes analyzed by immunoblotting. Right panel, the mean output signal for Pho8-HA relative to the input signal from three
independent repeats, with error bars representing standard deviations. B, pho2A pho8A cells bearing an empty vector or Pho8-HA were grown in ZL-EMM to
an Agqo of ~5. Protein lysates from these cells were incubated with DMSO or EGS for 30 min, and Pho8 dimerization complexes were analyzed by immuno-
blotting. C, EGS cross-linking and immunoblotting were performed as described in B, using protein lysates prepared from pho2A pho8A cells bearing an empty
vector, Pho8-HA, Pho8-HA E478K, or Pho8-HA G475S. D, alkaline phosphatase activity (ALP) was assayed in pho2A pho8A cells expressing Pho8-HA, Pho8-HA
E478K, or Pho8-HA G475S, which were grown in ZL-EMM supplemented with 0, 1, 5, 10, 100, or 200 uM zinc to an Agy, of ~5. The inset shows the results for Pho8
E478K and G475S mutants on an expanded scale. Activity is the mean of three independent repeats, with the error bars representing standard deviations.

aredundant role in supplying zinc ions and that there are other ~ phatase activity was examined in WT cells and in various
routes by which zinc ions enter the secretory pathway. To dis- mutant strains expressing pgkl-driven Pho8-HA. In WT cells
tinguish between these possibilities, we examined alkaline expressing this fusion, an ~18-fold increase in alkaline phos-
phosphatase activity in a cis4A zrg17A zhfIA triple mutant (Fig.  phatase activity was detected upon addition of zinc compared
8A). In this strain, a significant decrease in alkaline phosphatase ~ with those expressing the empty vector (Fig. 8B,¢ = 0 + Zn). A
activity was detected following a zinc shock, suggesting that rapid increase in alkaline phosphatase activity was also
Zhfl and the Cis4-Zrgl7 complex have a largely redundant observed in the zrgl7A cis4A and zhfIA mutants but not in the
role in supplying zinc ions to Pho8. triple mutant. Taken together, these results indicate that both

To gain additional evidence that the Zhfl and the Cis4— Zhfl and the Cis4—Zrgl7 complex are able to supply zinc ions
Zrgl7 complex both supply zinc ions to Pho8, alkaline phos-  for Pho8 function.
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Figure 8. Zhf1 and the Cis4-Zrg17 complex have a redundant role in the
activation of Pho8. A, the indicated strains were grown overnightin ZL-EMM
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vested for alkaline phosphatase (ALP) activity assays at the indicated time
points. Activity is the mean of three independent repeats, with the error bars
representing standard deviations. B, the indicated strains expressing
Pho8-HA or the empty vector were subject to zinc shock as described above,
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Activity is the mean of three independent repeats, with the error bars repre-
senting standard deviations.

If zinc is required for Pho8 activity, then why would cells
express, process, and accumulate Pho8 under conditions of zinc
deficiency? Most microorganisms are able to rapidly adapt to
changes in the surrounding environment. Therefore, one
potential explanation for cells maintaining an inactive pool of
Pho8 is that as soon as zinc is available, it is incorporated into
Pho8, allowing rapid restoration of activity. To test this hypoth-
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esis pho2A pho8A mutants expressing Pho8-HA AC from the
pgkl promoter or Pho8-GFP from the pho8 promoter were
grown overnight in zinc-limited medium before being shocked
with zinc. In contrast to the previous experiments, zinc-limited
cells were also incubated for 30 —120 min with the protein syn-
thesis inhibitor cycloheximide prior to the zinc shock (Fig. 94
and Fig. S1). In fission yeast, the median half-life for a protein is
~12 h (25). Incubation with cycloheximide led to a large
decrease in Pho8-HA AC and Pho8-GEP levels, suggesting that
Pho8 has a shorter half-life than most proteins in S. pombe (Fig.
9A, bottom panel). Despite this decrease, zinc shock with 100
M zinc led to an immediate increase in alkaline phosphatase
activity, indicating that it is possible to activate Pho8 in the
absence of new protein synthesis (Fig. 9, A and B, top panels).
This increase was also dependent on Cis4, Zrgl7, and Zhf1 (Fig.
9C). Taken together, these results are consistent with yeast
maintaining an inactive pool of Pho8 under low-zinc condi-
tions, which can be rapidly activated as soon as zinc is available.

Discussion

In this study, we investigated how changes in cellular zinc
status affected the expression and activity of the fission yeast
Pho8 vacuolar alkaline phosphatase. In general, increased
expression of a gene in response to an environmental stress
indicates that it has some important cellular function under this
condition. Here we show that p#08 mRNAs and Pho8 proteins
accumulate at higher levels in zinc-deficient cells and that Pho8
is only active when zinc is in excess. Although it seems surpris-
ing for cells to express, synthesize, and process an inactive Pho8
protein under low-zinc conditions, we find a rapid increase in
Pho8 activity when zinc is restored to cells. We propose that,
under zinc-deficient conditions, fission yeast maintain an inac-
tive pool of Pho8, which allows rapid activation and restoration
of Pho8 activity as soon as zinc is available.

To gain a better understanding of why high levels of pho8
mRNA accumulate under low-zinc conditions, we examined
pho8 transcript abundance in a lozI deletion strain (Fig. 2). In
fission yeast, the transcription factor Lozl plays a primary role
in controlling zinc homeostasis by regulating zinc acquisition
and zinc sparing (15, 16, 26). When zinc levels are high, Lozl is
required for repression of gene expression, whereas, when zinc
levels are low, Lozl is inactive, leading to derepression of its
target genes. Our results revealed higher levels of p/08 mRNA
in lozIA mutants under high-zinc conditions, consistent with
pho8 being repressed by Loz1.

In addition to alkaline phosphatases, multiple other enzymes
reside or obtain their zinc cofactor within compartments of
the secretory pathway, including protein disulfide isomerases
and glycosylphosphatidylinositol-phosphoethanolamine trans-
ferases (27, 28). As some of these enzymes are essential for life,
how would cells prioritize the transport of zinc to these pro-
teins, and not to Pho8, when zinc is limited? One possibility is
that mechanisms are present in S. pombe to deliver zinc ions to
essential zinc proteins. For example, in humans, zinc-depen-
dent activation of secreted TNAP depends on direct interaction
with specific CDF zinc transporters (29). If related mechanisms
were present in S. pombe, then, by prioritizing delivery of zinc
ions to other proteins under low-zinc conditions, a situation
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Figure 9. Activation of Pho8 by zinc. A and B, pho2A pho8A cells expressing pgk1-driven Pho8-HA AC (A) or pho8-driven Pho8-GFP (B) were grown overnight
in ZL-EMM to an A, of ~5. Cells were preincubated with 0, 0.1, or T mm cycloheximide for 2 h (A) or 30 min (B) before being exposed to 100 umzinc (t = 0). Cells
were then harvested for alkaline phosphatase (ALP) activity assays or immunoblot analysis at the indicated time points. Alkaline phosphatase activity and
immunoblot analyses were performed as described in Fig. 3. C, the indicated strains expressing Pho8-HA AC were treated with cycloheximide for 2 h, shocked
with 100 um zinc, and assayed for alkaline phosphatase activity as described above.

may exist where there are insufficient zinc ions for metalation
of Pho8.

An alternative possibility is that some aspect of Pho8 pro-
cessing under conditions of zinc deficiency prevents it from
binding its zinc cofactor or from being activated. A notable
precedent for this type of control occurs in Saccharomyces
cerevisiae. In this yeast, the Pho8 alkaline phosphatase is
degraded in zinc-limited cells in a manner that depends on the
Pep4 peptidase (13). Although Pho8 protein accumulates under
low- and high-zinc conditions in S. pombe, we also detect mul-
tiple higher-molecular-weight species of Pho8 MGF317 cells.
The strain MGF317 contains deletions in multiple genes,
including the Psp3 and Isp6 vacuolar serine proteases, the car-
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boxypeptidase Sxa2, the endonuclease Cdb4, and the putative
di/aminopeptidase Xpal, which is predicted to reside within
the endoplasmic reticulum. At present, we do not know
whether the higher-molecular-weight Pho8 species are linked
to deletion of one or a combination of these genes. However,
there are multiple mechanisms that could result in further post-
translational modification of Pho8 in the secretory pathway.
For example, misfolded proteins are substrates for endoplasmic
reticulum—associated protein degradation, which leads to their
ubiquitination and ultimate destruction by the proteasome
(30). Recent studies in S. cerevisiae have also shown that Cotl, a
vacuolar zinc transporter, is specifically ubiquitinated and tar-
geted for degradation under low-zinc conditions (31). In other
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current studies, we are investigating the nature of these modi-
fications and whether they are linked to Pho8 inactivity under
low-zinc conditions.

Our findings also include that multiple zinc transporters
belonging to the CDF family have a largely redundant role in
supplying zinc ions to Pho8. This differs from other character-
ized alkaline phosphatases that require zinc transport through
specific zinc transporters for their activation. For example, in
humans, activation of TNAP depends on zinc transport via
ZnT5-7ZnT6 heterodimers or ZnT7 homodimers (29). TNAP
activation also depends on the presence of a diproline motif
(PP) located in the second luminal loop of the ZnT5 and ZnT7
CDF family members (32). The zinc-dependent activation of
Pho8in S. cerevisiae is also dependent on zinc transport via the
vacuolar Zrcl and Cotl transporters but not two other CDF
family members (Msc2 and Zrgl7) that transport zinc ions
into the endoplasmic reticulum (13). As Zhf1 and Cotl both
contain the PP motif whereas Msc2 and Zrgl7 do not, it has
been suggested that the PP motif may also be important for
the activation of alkaline phosphatases in yeast (32). Consist-
ent with this hypothesis, the PP motif is conserved in Cis4
and Zhfl in S. pombe. However, genetic mutations that dis-
rupt this PP motif in Zhfl have no effect on the zinc-depen-
dent activation of Pho8 or Zhfl transporter function (Fig.
S2). Thus, our results indicate that the PP motif is not
required for Pho8 activation in S. pombe, at least when zinc
transport occurs via Zhf1.

In summary, our results show that Pho8 activity depends on
cellular zinc status in S. pombe. As Pho8 activity is also depen-
dent on zinc in S. cerevisiae, this regulation appears to be con-
served in these evolutionarily distant yeasts. Despite this con-
servation, we find many differences in the regulation of Pho8
levels between the two yeast model systems. One of most strik-
ing differences is that, in S. pombe, pho8 is expressed at higher
levels under conditions of zinc deficiency, which leads to high
levels of inactive Pho8 proteins accumulating in cells. Although
many metalloenzymes are regulated at a transcriptional level by
metalloregulatory factors, it is unusual for cells to increase the
expression of the apo form of an enzyme when the metal cofac-
tor is limited. In our work, we also show that addition of zinc to
zinc-limited cells leads to rapid reactivation of Pho8, providing
an explanation for why S. pombe up-regulates pho8 expression
under this condition. Although the presence of pools of apo or
inactive forms of metalloenzymes in cells is well documented, it
is not always possible to reactivate apo forms of protein by
addition of the correct metal cofactor (34 -36). Although we do
not yet know why some apo-proteins are able to accumulate
and be reactivated whereas others are not, it is noteworthy that
deficiencies in metals such as zinc and iron are worldwide
health problems, and many genetic diseases result from defi-
ciencies in these and other metals ions (37-39). A greater
understanding of the mechanisms by which apo-proteins are
able to safely accumulate in cells and how some proteins can be
repopulated with metals ions whereas others cannot will poten-
tially provide more insight into the molecular and clinical con-
sequences of metal ion deficiencies.
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Experimental procedures
Yeast strains and growth conditions

The genotypes of yeast strains used in this study are shown in
Table S1. Under nonselective conditions, strains were grown on
yeast extract with supplements medium, which contained 0.5%
yeast extract, 3% glucose, and 225 mg/liter adenine, uracil, and
leucine. To select for the integration of plasmids, strains were
grown in synthetic Edinburgh minimal medium (EMM), with
the appropriate nutrient(s) being dropped out to allow for
selection. To examine the effects of zinc status on alkaline phos-
phatase activity, cells were pregrown to exponential phase in
yeast extract with supplements medium. Cells were then trans-
ferred to plastic tubes and washed twice in ZL-EMM, a deriva-
tive of EMM that does not contain zinc. Cells were inoculated
into ZL-EMM with or without ZnCl, at an initial optical density
of ~0.03 and were either grown overnight or to the indicated

A6OO‘

Plasmids

The pho8 gene was amplified from S. pombe genomic DNA
by PCR and was cloned into the Pstl/BamHI sites of the vector
pBluescript SK (+) to generate pSK-pho8. The Pstl/BamHI
pho8 fragment was then subcloned into similar sites in the vec-
tor JK-pgkl-GFP to generate Pho8-GFP. JK-pgkl-GFP con-
tains 840 bp of the pgkl promoter inserted into the KpnI/EcoRI
sites of the vector JK-GFP. A related strategy was used to gen-
erate Pho2-GFP, except that pho2 was introduced as an EcoRI/
BamHI fragment into JK-pgkl-GFP. The Pho8-HA construct
was generated by an overlapping PCR using primers that intro-
duced Pstl and Ascl sites at the 5" and 3’ ends of the final
overlap PCR product. Primers were designed so that the final
overlap PCR product encoded the Pho8 protein containing
three in-frame HA epitope tags inserted between amino acids
509 and 510 of Pho8. The Pstl/Ascl Pho8-HA fragment
replaced the Pstl/Ascl pho8-GFP gene fusion in the plasmid
Pho8-GFP to generate the plasmid Pho8-HA. A plasmid
Pho8-HA AC was generated using PCR with Pho8-HA as a
template. The PCR primers for this reaction were designed to
introduce a stop codon immediately after the 3XHA coding
region, which removes the last 23 amino acids of Pho8. To gen-
erate an additional pho8 vector that could be used for co-im-
munoprecipitation analysis, 406 bp of the pho8 promoter were
amplified using primers containing the Kpnl/Pstl restriction
site. The Kpnl/Pstl-digested p/o8 promoter was then used to
replace the Kpnl/Pstl pgkl promoter fragment in the vector
Pho8-GFP. The pho8 promoter and pho8-GFP gene fusion
were then released by Kpnl/Sacl digestion and subcloned into
similar sites in the vector JK210 (ATCC). For site-directed
mutagenesis, the pho8-HA gene fusion was subcloned as a Pstl/
Ascl fragment into the vector pSK-KanMX6, a derivative of
pBluescript SK (+) containing an Ascl site. QuikChange
mutagenesis was then used to introduce mutations in the cod-
ing sequence of Pho8 that encoded amino acid substitutions
preventing zinc binding to site 1 in Pho8 (D311A,H315A), to
site 2 (D352A,H353A), or to both sites. The mutated products
were subcloned into the vector JK-pgkl-GFP to create
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Pho8-HA m1, Pho8-HA m2, and Pho8-HA m1/2, respectively.
Correct clones were confirmed by DNA sequencing analysis.

Alkaline phosphatase activity assays

Alkaline phosphatase assays were performed as described
previously (13), with the exceptions that 65 ul of 100 mm p-ni-
trophenyl phosphate was added to 650 ul of permeabilized cells
to start the reaction, and the reaction was stopped by addition
of 130 wl of 3 M NaOH. Units are calculated as 1000 X AA420/
volume of cells assayed (in milliliters)/reaction time (in min-
utes)/Ag, of the culture. Cell-free reactions were included as
blanks. Activities shown represent the average values of three
independent experiments. Where appropriate, data were ana-
lyzed by a Student’s unpaired ¢ test. p < 0.05 was considered
statistically significant.

RNA extraction and RNA blotting

Total RNA was extracted using the hot acidic phenol method
(40). For this method, 5 ml of cells was harvested by centrifu-
gation at 3500 rpm for 2 min, and cell pellets were resuspended
in 0.5 ml of Tris/EDTA/SDS buffer (10 mm Tris HCI (pH 7.5),
10 mm EDTA, and 0.5% SDS). Cell suspensions were lysed by
addition of an equal volume of acid phenol and incubation for
1 hat65 °C, with brief vortexing at 20-min intervals. Cell lysates
were placed on ice for 2 min, followed by centrifugation at
12,000 rpm for 5 min. The upper aqueous layer was then trans-
ferred to a new tube, and total RNA was precipitated by addi-
tion of 3 volumes of ice-cold 100% EtOH. After centrifugation
at 12,000 rpm for 10 min, total RNA was resuspended in 100 —
200 pl of 10 mm Tris (pH 8.5). Total RNA (10 ug) was analyzed
by RNA blot hybridization as outlined by Sambrook and Russell
(41). 3*P-labeled strand-specific RNA probes were generated
using the MAXIscript T7 in vitro transcription kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
Signal intensities representing transcript abundance were visu-
alized using GE Typhoon FLA 9500.

Protein extracts and immunoblotting

For experiments examining the processing and stability of
Pho8-GFP and Pho8-HA fusions, protein lysates were prepared
using a TCA precipitation (42). With this method, 5 ml of cells
was harvested by centrifugation for 2 min at 3500 rpm. Cell
pellets were resuspended in 0.5 ml of ice-cold buffer A (20 mm
Tris (pH 8.0), 50 mm NH,OAc, 0.5 mm EDTA, and 0.2 mMm
phenylmethylsulfonyl fluoride). Following addition of 0.5 ml of
ice-cold TCA and ~0.3 g of glass beads, cells suspensions were
lysed by vortexing three times for 30 s each, with 2 min on ice
between each round of vortexing. Supernatants were trans-
ferred to a new tube, and proteins were pelleted by centrifuga-
tion for 10 min at 12,000 rpm. Pellets were resuspended in TCA
sample buffer (3% SDS, 100 mm Tris base (pH 11), and 3 mm
DTT) and boiled for 10 min. After removal of cell debris by
centrifugation for 5 min at 12,000 rpm, protein extracts were
separated on either 8%, 10%, or 12% (w/v) SDS-PAGE gels, fol-
lowed by immunoblotting to a PVDF membrane. Immunoblots
were incubated with anti-GFP (Millipore Sigma, G1544),
anti-HA (12CA5, Millipore Sigma), and anti-Actl (Abcam,
ab3280; Nova Biochemicals, NB100-74340) primary antibodies
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and IR-Dye800CW and IRDye680 IgG (LICOR) secondary
antibodies. Signal intensities were analyzed using the Odyssey
IR imaging System (LICOR).

EGS cross-linking

Protein extracts for EGS cross-linking were generated usinga
method that was adapted from a procedure described previ-
ously (20). Briefly, 5 ml of yeast cells was harvested by centrif-
ugation, washed once with cold distilled H,0, and transferred to
2-ml tubes. Cells were resuspended in 450 ul of HEGNT lysis
buffer (20 mm HEPES (pH 7.5), 1 mm EDTA, 10% glycerol, 0.4 M
NaCl, and 1% Triton X-100) containing a protease inhibitor
mixture and 1 mm PMSE. Cells were lysed by vortexing with
glass beads five times for 30 s each, with 2 mins on ice between
pulses. After cell beads were removed by centrifugation, cell
lysates were centrifuged for 10 min at 14,000 rpm. Cell lysates
were transferred to a new microfuge tube, and total protein
concentration was measured using a Bradford assay. For EGS
cross-linking, 100 ug of protein extract was incubated with
either DMSO or 1 mm EGS for 30 min at 24 °C. Reactions were
quenched by addition of 50 mm glycine/0.025 mm Tris (pH 7.5).

Co-immunoprecipitation

25 ml of yeast cells was grown overnight in ZL-EMM supple-
mented with 0 or 100 um zinc. Following centrifugation for 2
min at 3500 rpm, cells were washed twice in PBS before being
resuspended in 1 ml of cold lysis buffer (20 mm Tris HCI (pH
8.0), 100 mMm NaCl, 1% Triton-X100, and 2 mm EDTA) contain-
ing 1 mm PMSE. Cell suspensions were lysed by vortexing in the
presence of zirconium beads five times for 1 min each, with 2
min on ice between pulses. Zirconium beads were removed by
centrifugation for 1 min at 3500 rpm, and cell lysates were cen-
trifuged at 14,000 rpm for 5 min. Cell lysates containing soluble
proteins were transferred to a new microfuge tube, and total
protein concentration was measured using a Bradford assay.
For immunoprecipitation, 500 ug of cell lysates was incubated
with protein A Dynabeads prebound with 2 ug of anti-GFP
antibodies (Abcam, ab290) for 3 h at 4 °C. Dynabeads were
washed three times in lysis buffer, and bound proteins were
eluted by boiling in 50 ul of SDS-PAGE gel loading buffer (50
mM Tris-HCI (pH 6.8), 2% SDS, 0.1% bromphenol blue, and 100
mu DTT).
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