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ABSTRACT Inositol pyrophosphate 1,5-IPg regulates expression of a fission yeast
phosphate homeostasis regulon, comprising phosphate acquisition genes pho1, pho84,
and tgp1, via its action as an agonist of precocious termination of transcription of
the upstream IncRNAs that repress PHO mRNA synthesis. 1,5-IPg levels are dictated by
a balance between the Asp1 N-terminal kinase domain that converts 5-IP; to 1,5-IPg
and three inositol pyrophosphatases—the Asp1 C-terminal domain (a histidine acid
phosphatase), Siw14 (a cysteinyl-phosphatase), and Aps1 (a Nudix enzyme). In this study,
we report the biochemical and genetic characterization of Aps1 and an analysis of the
effects of Asp1, Siw14, and Aps1 mutations on cellular inositol pyrophosphate levels.
We find that Aps1’s substrate repertoire embraces inorganic polyphosphates, 5-1P7, 1-IP7,
and 1,5-IPg. Aps1 displays a ~twofold preference for hydrolysis of 1-IP7 versus 5-IP7 and
apsiA cells have twofold higher levels of 1-IP; vis-a-vis wild-type cells. While neither
Aps1 nor Siw14 is essential for growth, an apsTA siw14A double mutation is lethal on
YES medium. This lethality is a manifestation of IPg toxicosis, whereby excessive 1,5-IPg
drives derepression of tgp1, leading to Tgp1-mediated uptake of glycerophosphocholine.
We were able to recover an apsTA siw14A mutant on ePMGT medium lacking glycero-
phosphocholine and to suppress the severe growth defect of aps7A siw14A on YES by
deleting tgp1. However, the severe growth defect of an aps1A asp1-H397A strain could
not be alleviated by deleting tgp1, suggesting that 1,5-IPg levels in this double-pyrophos-
phatase mutant exceed a threshold beyond which overzealous termination affects other
genes, which results in cytotoxicity.

IMPORTANCE Repression of the fission yeast PHO genes tgpl, phol, and pho84 by
IncRNA-mediated interference is sensitive to changes in the metabolism of 1,5-IPg, a
signaling molecule that acts as an agonist of precocious IncRNA termination. 1,5-IPg is
formed by phosphorylation of 5-IP; and catabolized by inositol pyrophosphatases from
three distinct enzyme families: Asp1 (a histidine acid phosphatase), Siw14 (a cysteinyl
phosphatase), and Aps1 (a Nudix hydrolase). This study entails a biochemical charac-
terization of Aps1 and an analysis of how Asp1, Siw14, and Aps1 mutations impact
growth and inositol pyrophosphate pools in vivo. Aps1 catalyzes hydrolysis of inorganic
polyphosphates, 5-IP7, 1-IP7, and 1,5-IPg in vitro, with a ~twofold preference for 1-IP;
over 5-IP7. aps1A cells have twofold higher levels of 1-IP; than wild-type cells. An aps1A
siw14A double mutation is lethal because excessive 1,5-IPg triggers derepression of tgp1,
leading to toxic uptake of glycerophosphocholine.

KEYWORDS inositol pyrophosphatase, inorganic polyphosphatase, Nudix hydrolase,
phosphate homeostasis, Schizosaccharomyces pombe

nositol pyrophosphates IP; and IPg are eukaryal signaling molecules that influence

phosphate and polyphosphate homeostasis (1). The isomers 5-IP;7 and 1-IP5 differ as to
whether the pyrophosphate moiety is at the 1 or 5 position of the inositol ring (Fig. 1).
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FIG 1 Inositol pyrophosphate metabolism in fission yeast. The chemical structures of IPg, 5-1P7, 1,5-IPg, and 1-IP7 are shown,
with “P” denoting phosphate. The positions of the myo-inositol ring are indicated for IPg. The fission yeast enzymes that add

(Kcs1 and Asp1-kinase) or remove (Siw14, Asp1-pyrophosphate, and Aps1) B-phosphate groups are indicated.

1,5-IPg is pyrophosphorylated at both positions. 1,5-IPg is synthesized by the sequential
action of kinases Kcs1/IP6K, which converts IPg to 5-IP7, and Asp1/Vip1/VIH/PPIP5K,
which converts 5-IP; to 1,5-IPg (1) (Fig. 1). Asp1, Vip1, VIH, and PPIP5K—in fission yeast,
budding yeast, plants, and humans, respectively—are bifunctional enzymes composed
of an N-terminal kinase domain that synthesizes 1,5-IPg and a C-terminal pyrophospha-
tase domain, of the histidine acid phosphatase enzyme family, that hydrolyzes 1,5-IPg
back to 5-IP7 (2-8).

In addition to the pyrophosphatase domain of Asp1/Vip1/VIH/PPIP5K, two other
classes of pyrophosphatases—Siw14 and DIPP/Ddp1/Aps1 (from human, budding
yeast, and fission yeast, respectively)—are implicated in the catabolism of inositol
pyrophosphates. Siw14 belongs to the cysteinyl-phosphatase family of metal-independ-
ent phosphohydrolases, defined by a conserved active site phosphate-binding loop
HCxxxxxR, that catalyze phosphoryl transfer to water via a covalent enzyme-(cysteinyl-S)-
phosphate intermediate. Budding yeast Siw14 specifically removes the 5-3-phosphate
from 5-IP7 and 1,5-IPg but does not hydrolyze the 1-B-phosphate of 1-IP; (9, 10). The
plant Arabidopsis thaliana encodes five paralogous Siw14 homologs (named PFA-DSPs
1-5) that prefer to hydrolyze the 5-B-phosphate of inositol pyrophosphates (11). By
contrast, fission yeast Siw14 is adept at converting 5-IP7, 1-IP7, and 1,5-IPg to IPg, without
significant positional bias as to the B-phosphate hydrolyzed (12) (Fig. 1).

DIPP/Ddp1/Aps1 enzymes belong to the Nudix-family of metal-dependent pyrophos-
phohydrolases defined by a ~23-aa Nudix box motif in which three glutamates comprise
a binding site for catalytic magnesium ions (13-16). DIPP/Ddp1/Aps1 were initially
characterized as hydrolases acting on diadenosine polyphosphates ApgA and ApsA and
on inositol pyrophosphates (13, 14, 17). Saccharomyces cerevisiae Ddp1 was subsequently
shown to have vigorous endopolyphosphatase activity on linear inorganic polyphos-
phate (poly-P) substrates (18). Whereas Ddp1 hydrolyzes the B-phosphate from 1-IP7 to
form IPg, 5-IP7 is a poor substrate for Ddp1 (15, 18). When presented simultaneously
with poly-P and 1-IP7, Ddp1 preferentially hydrolyzed poly-P (18). Human DIPP enzymes
also have poly-P endopolyphosphatase activity (18). Although initial kinetic analyses of
human DIPP1 indicated that k¢t is an order of magnitude greater for 1-IP7 than for 5-IP5
or 1,5-1Pg (15), it was reported subsequently that human DIPP1 hydrolyzed 1-IP; twice
as fast as 5-IP7, but (in contrast to the previous findings) 1,5-IPg was hydrolyzed even
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faster than 1-IP7 (16). Mechanistically informative crystal structures have been reported
for DIPP1 in on-pathway complexes with three catalytic magnesium ions and either 5-IP
or IPg (16, 19) and for Ddp1 in complexes with 5-1P7 and poly-P15 (20).

The present study is focused on the Schizosaccharomyces pombe Nudix enzyme ApsT1,
a 210-aa protein homologous to DIPP1 and Ddp1. Although Aps1 is inessential for
vegetative growth, it plays a role in cellular phosphate homeostasis via its impact on
IPg dynamics. The fission yeast phosphate acquisition (PHO) genes phol (cell surface
acid phosphatase), pho84 (phosphate transporter), and tgp7 (glycerophosphodiester
transporter) are repressed under phosphate-replete conditions by upstream IncRNA-
mediated transcriptional interference (21) and derepressed during phosphate starvation
when synthesis of the interfering IncRNAs is turned off (22, 23). Transcription of the
upstream PHO IncRNAs interferes with the downstream PHO mRNA genes by displacing
the activating transcription factor Pho7 from its binding site(s) in the mRNA promoters
that overlap the IncRNA transcription units. PHO IncRNA 3'-processing and termination
is a key control point in PHO mRNA repression; i.e., transcriptional interference can be
tuned by increasing or decreasing the frequency with which Pol2 terminates IncRNA
transcription prior to encounter with the mRNA promoter (21). Genetic maneuvers that
enhance precocious termination of IncRNA transcription result in derepression of PHO
mMRNA expression in phosphate-replete cells, and those that reduce the probability
of IncRNA termination prior to the mRNA promoter result in hyper-repression of the
flanking PHO mRNAs relative to their basal levels.

The initial insights that inositol pyrophosphates are involved in fission yeast
phosphate homeostasis were as follows: (i) deletion or active site mutations of the Asp1
kinase that synthesizes IPg hyper-repress phol under phosphate-replete conditions; (ii)
inactivating mutations of the Asp1 pyrophosphatase domain or deletion of the Apsi1
Nudix pyrophosphatase derepresses PHO genes under phosphate-replete conditions;
and (i) derepression of Phol by apsTA depends on synthesis of IPg by the Asp1
kinase (24-26). Simultaneous inactivation of the Asp1 and Aps1 pyrophosphatases is
synthetically lethal (26), as is simultaneous deletion of aps1* and siw14* (12); i.e, we
were unable to recover viable asp1-H397A aps1A or siw14A aps1A haploid progeny
on YES medium after crossing the respective single mutants. These results signify
that too much IPg is toxic to fission yeast. Multiple lines of genetic, biochemical, and
transcriptomic evidence cohere to show that (i) IPg acts as an agonist of precocious PHO
IncRNA transcription termination dependent on the 3' cleavage and polyadenylation
factor (CPF) complex (26-30) and (ii) IPg toxicosis caused by Asp1 pyrophosphatase-inac-
tivating mutations (so-called asp1-STF alleles isolated in a genetic suppressor screen
for relief of INcRNA-mediated transcriptional interference with pho1 expression) results
from overexpression of the tgp1 gene and deleterious import of glycerophosphocholine
(GPCQ) present in the growth medium (31). Moreover, pyrophosphatase-defective alleles
aps1A and asp1-H397A display severe synthetic growth defects in combination with
seb1-G476S, a mutation of the essential transcription termination factor Seb1, which
results in derepression of phoT and tgpT mRNAs by enhancing precocious termination of
the upstream interfering IncRNAs (32).

In this study, we present a biochemical and genetic characterization of S. pombe
Aps1. We report that (i) recombinant Aps1 catalyzes magnesium-dependent hydrolysis
of a linear inorganic polyphosphate chain (poly-P) to generate tripolyphosphate as
an end-product and (ii) Aps1 cleaves the B-phosphate moieties from 5-IP7, 1-IP7, and
1,5-IPg to yield IPg as an end-product (Fig. 1). While an E89A-E93A mutation in the
metal-binding site of the Nudix motif abolished Aps1 polyphosphatase activity in vitro,
the catalytically defective aps7-(E89A-E93A) mutant retained partial biological activity
in complementing the lethality of siw14A aps1A on YES medium. The growth defects
of siwT4A aps1h, apsiA seb1-G476S, and asp1-H397A seb1-G476S on YES medium are
alleviated by deletion of the GPC transporter Tgp1. These results fortify emerging
evidence that Tgp1 overexpression is a major contributor to IPg toxicosis in fission yeast.
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We also analyzed the effects of Apsi1, Siw14, and Asp1 mutations on cellular
levels of 5-IP7, 1-IP7, and 1,5-IPg via capillary electrophoresis electrospray ionization
mass spectrometry (CE-ESI-MS) (33, 34). Our findings complement and extend those
of previous studies of fission yeast inositol pyrophosphate dynamics that relied on
metabolic labeling of cells with *H-inositol (3, 4).

RESULTS

Recombinant S. pombe Aps1 is a metal-dependent inorganic polyphospha-
tase

We produced recombinant full-length Aps1 (amino acid sequence shown in Fig. 2)
in Escherichia coli as a HisjgSmt3 fusion and isolated His;oSmt3-Aps1 from a soluble
bacterial extract by Ni-affinity chromatography. The tag was removed by treatment with
the Smt3 protease Ulp1, and the Aps1 protein was recovered free of HisjoSmt3 after
a second round of Ni-affinity chromatography. In parallel, we produced and purified
N-terminally truncated versions: NATO [Aps1-(11-210)] and NA25 [Aps1-(26-210)] (Fig.
2). These truncations were made in light of the AlphaFold tool prediction that the
N-terminal 25-aa segment of Apsl does not adopt a definite secondary structure
(https://alphafold.ebi.ac.uk/entry/Q09790). The tag-free Aps1 proteins were subjected
to a final gel filtration step, during which they eluted as single peaks consistent with
monomeric native size. SDS-PAGE revealed comparable purity of the Aps1 full-length and
NA proteins (Fig. 2).

To interrogate Aps1 enzymatic function, we reacted full-length Aps1 and the NA
truncations with 5 mM MgCl, and 0.2 mM inorganic polyphosphate (poly-P4s5) with an
average linear polymer chain length of 45. The products were analyzed by electrophore-
sis through a 36% polyacrylamide gel, and the polyphosphate chains were visualized
by staining the gel with toluidine blue. All three recombinant proteins elicited an Aps1
concentration-dependent conversion of poly-P45 to a ladder of progressively shorter
poly-P species, culminating in the production of tripolyphosphate (PPP;) as the apparent
end-product (Fig. 3A). This initial experiment established that (i) fission yeast Aps1, like
its budding yeast Ddp1 and human DDIP homologs, has poly-P endopolyphosphatase
activity and (ii) the N-terminal 25-aa peptide is dispensable for catalysis. All subsequent
characterizations were performed with full-length Aps1.
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FIG 2 Recombinant full-length Aps1 and NA truncations. (Left panel) Aliquots (10 pg) of the Superdex 200 preparations of full-length Aps1 and the NA10

and NA25 truncated proteins were analyzed by SDS-PAGE. The Coomassie blue-stained gel is shown. The positions and sizes (kDa) of marker polypeptides

are indicated on the left. (Right panel) Amino acid sequence of fission yeast Aps1. The margins of the truncations are indicated by arrows. The metal-binding

glutamates E89 and E93 that were mutated to alanine are denoted by dots.
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FIG 3 Characterization of the Aps1 inorganic poly-Pase activity. (A) Enzyme titration. Reaction mixtures (10 pL) containing 50 mM Tris-HCl (pH 7.4), 5 mM MgCl,,
0.2 mM (2 nmol) poly-P4s, and full-length Aps1, NA10, or NA25 as specified were incubated at 37°C for 30 minutes and then quenched by adjustment to 50 mM
EDTA. (B) Time course. A reaction mixture (80 pL) containing 50 mM Tris-HCl (pH 7.4), 5 mM MgCly, 0.2 mM (16 nmol) poly-P4s, and 25 pmol full-length Aps1 was
incubated at 37°C. At the times specified, aliquots (10 pL) were withdrawn and quenched immediately by adjustment to 50 mM EDTA. (C) pH profile. Reaction
mixtures (10 pL) containing 50 mM buffer (either Tris-acetate pH 4.5, 5.0, 5.5, 6.0, and 6.5 or Tris-HCl pH 7.0, 7.5, 8.0, 8.5, 9.0, and 9.5), 5 mM MgCl,, 0.2 mM
(2 nmol) poly-P4s5, and 25 pmol full-length Aps1 were incubated at 37°C for 20 minutes and then quenched with EDTA. (D) Magnesium dependence. Reaction
mixtures (10 pL) containing 50 mM Tris-HCI (pH 7.0), 0.2 mM poly-P4s, 12.5 pmol full-length Aps1, and either 0, 0.5, 1, 2, 5, or 10 mM MgCl, as specified were
incubated at 37°C for 20 minutes. A control mixture lacking enzyme is shown in lane -. In panels A-D, the reaction products were analyzed by 36% PAGE, and
the polyphosphate compounds were detected by staining the gel with toluidine blue. The position of a tripolyphosphate standard (Sigma) analyzed in parallel is
denoted by PPPi.
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Characterization of the Aps1 inorganic polyphosphatase

The temporal profile of the inorganic poly-Pase reaction underscores that Apsi
progressively shortened the polyphosphate chains, until virtually all of the input
substrate was converted to tri- and tetrapolyphosphate (Fig. 3B). Poly-Pase activity was
optimal at pH 6.5 to 7.0 and declined steadily as the pH was reduced to 5.0 or increased
to 9.0 (Fig. 3C). Poly-P hydrolysis depended on exogenous magnesium and was optimal
at 1 mM MgCl; (Fig. 3D). To affirm that the observed poly-Pase activity is inherent to the
recombinant Aps1 protein, we produced and purified a full-length mutant, Aps1-(E89A-
E93A), in which two of the essential metal-binding glutamates of the Aps1 Nudix motif
(17) were changed to alanine. The Aps1-(EB9A-E93A) mutant failed to hydrolyze poly-P45
when assayed in parallel with wild-type Aps1 (Fig. 4A). Lonetti et al. (18) reported that
the poly-Pase activity of S. cerevisiae Ddp1 was inhibited by uM concentrations of sodium
fluoride. In this study, we found that uM levels of sodium fluoride inhibited poly-P
hydrolysis by Aps1 (Fig. 4B).

Aps1 hydrolysis of inositol pyrophosphates

Aps1 (10 pM) was reacted for 30 minutes with 0.25 mM 1-IP; and varying concentra-
tions of magnesium and the products were analyzed by electrophoresis through a 36%
polyacrylamide gel. The phosphorylated species were visualized by staining the gel with
toluidine blue (Fig. 5A). Aps1 effected quantitative conversion of 1-IP; to IPg when the
Mg** concentration (0.25 mM) was equivalent to that of the 1-IP; substrate. Activity was
maintained at 0.5 mM Mg?, but was significantly inhibited at 1, 2, and 4 mM Mg** (Fig.
5A). The inositol pyrophosphatase activity of mammalian DIPP proteins is inhibited by

A

WT Mut WT Mut B NaF (uM)
0 125 125 25 25 pmol — | 0 625 125 250 500 1000

FIG 4 Aps1 poly-Pase activity is abolished by EB9A-E93A mutation and inhibited by fluoride. (A) Reaction mixtures (10 uL)
containing 50 mM Tris-HCI (pH 7.0), 1 mM MgCl,, 0.2 mM poly-P45, and 12.5 pmol or 25 pmol of Aps1 (WT) or Aps1-(E89A-
E93A) (Mut) were incubated at 37°C for 20 minutes. (B) Reaction mixtures (10 pL) containing 50 mM Tris-HCl (pH 7.0), 1 mM
MgCly, 0.2 mM poly-Pys, 12.5 pmol Aps1, and NaF as specified were incubated at 37°C for 20 minutes. The reaction products

were analyzed by 36% PAGE and detected by toluidine blue staining.
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FIG 5 Magnesium-dependent hydrolysis of 1-IP; and inhibition by fluoride. (A) Reaction mixtures
(10 pL) containing 50 mM Tris-HCl (pH 7.0), 0.25 mM 1-IP7, 100 pmol Aps1, and MgCl, as specified
were incubated at 37°C for 30 minutes. (B) Reaction mixtures (10 pL) containing 50 mM Tris-HCl (pH
7.0), 0.25 mM MgCly, 0.25 mM 1-IP7, 20 pmol Aps1, and NaF as specified were incubated at 37°C for
30 minutes. The reaction products were analyzed by 36% PAGE and detected by toluidine blue staining.

fluoride (13, 16). In this study, we found that Aps1 hydrolysis of 1-IP7 is sensitive to
fluoride inhibition (Fig. 5B).

The extent of hydrolysis of 1-IP7 to IPg in 0.25 mM Mg?** was proportional to input
Aps1 (Fig. 6A). Based on the observation that 10 pmol of Aps1 sufficed to convert
virtually all the input 1-IP7 (2.5 nmol) to IPs, we estimated a turnover number of ~8.3
min~'. Parallel titrations performed with 0.25 mM 5-IP7 as the substrate showed that Aps1
specific activity with 5-IP; was approximately half of the activity observed with 1-IP7 (Fig.
6B). Aps1 converted 1,5-IPg to IPg with specific activity similar to that with 1-IP; (Fig. 6C).
These activities are comparable to the kc,t value of 10.2 min™' reported by Safrany et al.
(14) for Aps1 hydrolysis of 5-1P;. The Aps1-(E89A-E93A) mutant failed to hydrolyze 1-IP7,
5-1P7, and 1,5-IPg when assayed in parallel with wild-type Aps1, which sufficed to convert
all of the input substrate to IPg (Fig. 7).

Aps1 genetic interaction with Siw14

None of the three known fission yeast inositol pyrophosphatase activities is essential per
se for vegetative growth; i.e.,, the pyrophosphatase-defective asp1-H397A strain and the
aps1A and siw14A null strains grow on YES agar at 20°C to 37°C (Fig. 8 to 10). How-
ever, asp1-H397A is synthetically lethal with aps71A (26), suggesting that simultaneous
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FIG 6 Hydrolysis of 1-IP7, 5-IP7, and 1,5-IPg. Reaction mixtures (10 pL) containing 50 mM Tris-HCl (pH 7.0),
0.25 mM MgCly, 0.25 mM 1-IP7 (panel A), 0.25 mM 5-IP7 (panel B), 0.25 mM 1,5-IPg (panel C), and Aps1 as
specified were incubated at 37°C for 30 minutes. The reaction products were analyzed by 36% PAGE and
detected by toluidine blue staining.

ablation of these two pyrophosphatases results in accumulation of toxic levels of 1,5-IPg.
Moreover, we found that aps1A was synthetically lethal with siw144A, as gauged by
the inability to recover viable apsTA siw14A haploid progeny of a pairwise cross after
plating a large population of spores on YES medium, thus signifying that Aps1 and
Siw14 pyrophosphatases have essential but redundant functions in fission yeast (12,
30). Multiple lines of genetic evidence indicate that the lethality of the aps71A siw14A
strain arises from unconstrained precocious transcription termination caused by too
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1-1P, 5-1P, 1,5-1P,
Apst — WT Mut| — WT Mut| — WT Mut

Orange G
IPg
[P

IPs

FIG7 EB89A-E93A mutation abolishes inositol pyrophosphatase activity. Reaction mixtures (10 pL) containing 50 mM Tris-HCI (pH 7.0), 0.25 mM MgCly, 0.25 mM
1-IP7, 5-1P7, 1,5-IPg, and 100 pmol of Aps1 (WT) or Aps1-(EB9A-E93A) (Mut) were incubated at 37°C for 30 minutes. Aps1 was omitted from control reactions in
lanes —. The reaction products were analyzed by 36% PAGE and detected by toluidine blue staining.

much IPg. That is to say, (i) the synthetic lethality of siw14A aps1A depends on the
synthesis of 1,5-IPg by the Asp1 kinase and (ii) siw14A apsTA lethality is suppressed by
loss-of-function mutations of multiple components of the fission yeast 3'-processing/ter-
mination machinery, including CPF (cleavage and polyadenylation factor) subunits Ctf1,
Dis2, Ppn1, Swd22, and Ssu72 and termination factor Rhn1 (12). Previously, we showed
that Siw14 pyrophosphatase activity is pertinent to the synthetic lethality of siw14A with
aps1h, i.e, the catalytically inert siw14-C189S active site mutant phenocopied siw14A
with respect to synthetic lethality with aps1A (12).

siw14A O

aps1-E89A-E93A

B i

» [o2] [o]
o o o
1 1 1

Acid phosphatase
N
o
1

0 rT1ﬂl'—|

siw14:  WT WT A A

aps1:  WT E89A WT EB89A
E93A E93A

FIG 8 Aps1 mutation EB9A-E93A does not result in synthetic lethality with siw14A. (A) Serial fivefold dilutions of S. pombe
wild-type cells and cells bearing the indicated siw14 and apsi alleles were spot-tested for growth on YES agar at the
temperatures specified. (B) The indicated strains were grown to Aggg of 0.5 to 0.8 in liquid culture in YES medium at 30°C. Cells
were then harvested, washed with water, and assayed for Pho1 acid phosphatase activity by conversion of p-nitrophenylphos-
phate to p-nitrophenol. Activity is expressed as the ratio of A41¢ (p-nitrophenol production) to Aggg (input cells).
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The issue is whether the catalytic activity of Aps1 is necessary for viability in the
siw14A background. To address this question, we constructed a kanMX-marked aps]-
(E89A-E93A) mutant strain of fission yeast encoding a catalytically inactive Aps1 protein.
aps1-(E89A-E93A) cells grew as well as wild-type cells on YES agar (Fig. 8A) and dis-
played a modest derepression of Pho1 expression (Fig. 8B), akin to that seen for aps1A
cells (26). A genetic cross of apsT1-(E89A-E93A) and siw14A strains followed by random
spore analysis (35) and selection for the kanR- and hygR-marked aps1-(E89A-E93A) and
siwT14A loci yielded double-mutant progeny that germinated and formed colonies on
YES agar. After amplification in liquid YES medium at 30°C and spotting serial dilutions
of wild-type, single-mutant, and double-mutant cells on YES agar, we found that the
aps1-(E89A-E93A) siw14A strain grew slowly at 30°C, 34°C, and 37°C, as gauged by colony
size, and failed to form macroscopic colonies at 25°C or 20°C (Fig. 8A). We conclude
that the catalytically dead Aps1-(E89A-E93A) mutant retains partial biological activity in
complementing the inviability of siw14A aps1A spores. Phol acid phosphatase activity
in the aps1-(E89A-E93A) siw14A strain was fourfold higher than that of the aps7-(E89A-
E93A) single mutant (Fig. 8B), consistent with an additive effect on pho expression of
ablating the functionally redundant Siw14 and Aps1 pyrophosphatases.

tgp1* deletion suppresses the synthetic growth defect of siw14A aps1A

Various asp1 mutations that delete or inactivate the Asp1 pyrophosphatase domain elicit
growth defects in YES medium, ranging from severe sickness to lethality. The lethal
alleles asp1-STF6 and asp1-STF9 were found to be defective for outgrowth after spore
germination on YES medium (31). A key observation was that the growth defects of
these and other asp1-STF pyrophosphatase-defective mutants were manifest in medium
containing yeast extract but not in a synthetic medium ePMGT. A suppressor screen
revealed that IPg toxicosis of asp1-STF mutants is caused by (i) a > 40 fold increase in the
expression of the inessential tgp7 gene encoding a glycerophosphocholine transporter
and (ii) the presence of glycerophosphocholine in the growth medium, which recapitu-
lates the toxicity of yeast extract to asp1-STF cells (31).

The question here is whether the synthetic phenotype of siw14A aps1A on YES agar
is similarly connected to derepression of tgp1. By plating spores from a cross of siw14A
and apsT1A strains on ePMGT medium, rather than on YES, we were able to recover viable
siwl4A aps1A haploids that grew on ePMGT agar at 30°C, albeit more slowly than a
wild-type strain or the siw14A and aps1A single mutants, as gauged by colony size (Fig.
9). Spot-testing the siw14A aps1A strain for growth on YES agar revealed it to be sicker
at 30°C vis-a-vis ePMGT. The siw14A apsT1A cells did not form macroscopic colonies on
YES at 25°C or 20°C, but did yield tiny colonies on YES at 34°C and 37°C (Fig. 9). The key
point is that the severe growth defects of siw74A apsTA cells on YES agar at 20°C-34°C
were suppressed by deletion of tgp1, as was the small colony phenotype on ePMGT at
30°C (Fig. 9). Note, however, that tgpT1A did not reverse the siw14A aps1A growth defect

YES

30°

® @ n
® D
® 8

aps1A
siw14A aps1A
siw14A tgp1A
aps1A tgp1A

e e

siw14A apsi1A tgp1A
tgp1A

©
®
[
@
®e
oo
®
0 ¢

mBio

ePMGT

%000 00 g
® ®© 00 ¢ 0 0 0

FIG 9 Synthetic growth defect of siw14A apsTA is rescued by tgpTA. Serial fivefold dilutions of fission yeast strains (as specified on the left) were spot-tested for

growth on YES agar and ePMGT agar at the indicated temperatures.
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on YES at 37°C and that siw14A aps1A tgp1A cells were slow growing at 20°C, as gauged
by colony size (Fig. 9). We surmise that IPg-driven overexpression of Tgp1 in siw14A aps1A
is responsible for most (but not all) of the growth defects observed.

tgp1* deletion suppresses the synthetic growth defect of aps1A seb1-G476S

A prior genetic screen for relief of transcriptional interference with Pho1 acid phospha-
tase expression unveiled a mechanism by which IncRNA termination is enhanced via
a mutation G476S in the RNA-binding domain of an essential termination factor, Seb1
(32). seb1-G476S derepressed the phol and tgp7 mRNAs. RNA analysis showed that the
tgpi-interfering nc-tgp1 IncRNA and the phol-interfering prt IncRNA were terminated
precociously in seb1-G476S cells (32). The seb1-G476S allele was found to be syntheti-
cally lethal with aps14; viz., (i) we were unable to obtain viable double-mutants after
screening a large population of haploid progeny of the genetic cross for growth on
YES medium and (ii) wild-type progeny and the differentially marked seb1-G476S and
aps1A single-mutants were recovered at the expected frequencies (32). The synthetic
lethality of seb7-G476S with aps1A was rescued by CPF/Rhn1 loss-of-function alleles (32).
In the present context, it was of interest to establish whether tgp1 overexpression was
causal for the apsT1A seb1-G476S synthetic phenotype. By plating spores from a cross
of seb1-G476S and apsT1A strains on ePMGT medium, we recovered viable seb1-G476S
aps1A haploids that grew on ePMGT agar at 30°C, but were unable to grow on YES agar
at any of the temperatures tested (Fig. 10). The lethal growth defect on YES was fully
suppressed by tgp1A (Fig. 10).

tgp1A suppresses the synthetic growth defect of asp1-H397A seb1-G476S

The Asp1 pyrophosphatase mutation H397A elicits derepression of the PHO genes (26)
but does not adversely affect cell growth on YES agar (Fig. 10). We noted previously
that combining asp1-H397A and seb1-G476S exerted a severe (virtually lethal) growth
defect on YES agar. In this study, we reconstructed the asp1-H397A seb1-G476S double-
mutant and found that it grew well on ePMGT at 30°C but failed to grow on YES agar
at any temperature (Fig. 10). The lethality of asp7-H397A seb1-G476S on YES was fully
suppressed by tgp1A (Fig. 10).

tgp1A does not suppresses the lethality of asp1-H397A aps14A

Simultaneous inactivation of the Asp1 and Aps1 pyrophosphatases is lethal; i.e., we were
unable to recover an asp1-H397A aps1A double-mutant after crossing the single-mutant
strains and plating spores on YES agar. This synthetic lethality was rescued by loss-of-
function mutations in components of the 3'-processing and transcription termination
machinery, e.g., CPF subunits Ppn1, Swd22, and Ssu72, and the Pol2 CTD prolyl isomerase
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FIG 10 Synthetic growth defect of apsTA seb1-G476S and asp1-H397A seb1-G476S is suppressed by deletion of tgpl. Serial fivefold dilutions of S. pombe
wild-type, single-mutant, and double-mutant strains with the indicated asp1, sebT, apsi, and tgp1 alleles were spot-tested for growth on YES agar and ePMGT

agar at the temperatures specified.
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Pin1 (26, 36). By contrast, null alleles of CPF subunit Dis2 and termination factor Rhn1 did
not rescue the asp1-H397A aps1A lethality (26). We identified loss-of-function mutations
in three SPX domain proteins (Spx1, Gde1, and Vtc4) as suppressors of lethality or
sickness associated with asp1-STF mutations (29). When these suppressor alleles were
tested for their ability to rescue the lethality of asp7-H397A aps1A in a genetic cross, we
found that inactivation of Spx1 allowed for the growth of asp1-H397A apsiA cells on
YES agar at all temperatures, whereas inactivation of Gde1 and Vtc4 did not alleviate
the asp1-H397A aps1A synthetic lethality (29). Recent studies indicated that failure to
grow out after germination is the root of the apparent lethality of certain inositol
pyrophosphatase mutants (31). We found that we were able to recover a viable but
sick asp1-H397A aps1A tgp1A triple-mutant haploid in a cross of asp7-H397A and aps1A
tgp1A strains. The asp1-H397A aps1A tgp1A cells grew equally poorly at all temperatures
on either YES or ePMGT medium (Fig. S1). Thus, we hypothesize that inactivation of
the two main inositol pyrophosphatases in fission yeast elevates IPg to a very high
level, which elicits toxic transcription termination events independent of the precocious
IncRNA termination that leads to Tgp1 overexpression and deleterious uptake of GPC.

Effects of Aps1, Siw14, and Asp1 mutations on cellular inositol polyphos-
phate levels

The advent of sensitive capillary electrophoresis electrospray ionization mass spectrome-
try (CE-ESI-MS) methods to profile the pool of cellular IPg, 5-IP7, 1-IP7, and 1,5-IPg (33,
34) enables us to gauge how mutations of enzymes that synthesize and catabolize
these molecules affect inositol pyrophosphate dynamics in vivo. Whole-cell perchloric
acid extracts from 10 Agpg units of wild-type and mutant fission yeast cells growing
logarithmically in ePMGT medium were adsorbed to titanium dioxide beads to enrich for
inositol polyphosphates, which were eluted with 3% ammonium hydroxide. CE-ESI-MS
was performed as described (33) on three biological replicates (independent cultures) of
each fission yeast strain. The amounts (in pmol) of IPg, 5-IP7, 1-IP7, and 1,5-IPg in each
sample were determined, and the levels of 5-IP7, 1-IP7, and 1,5-IPg were normalized to
that of IPg to correct for any variations in sample recovery during extractions and TiO,
bead affinity enrichment. The data for 1,5-IPg, 5-IP7, and 1-IP; are plotted in Fig. 11. In
wild-type fission yeast, the 1,5-IPg/IPg, 5-1P7/IPg, and 1-IP7/IPg ratios were 0.0238, 0.0713,
and 0.0505, respectively.

The results obtained for the various fission yeast mutants affirm and extend those of
earlier studies that relied on metabolic labeling of cells with *H-inositol and fractionation
of *H-labeled inositol polyphosphates by ion exchange chromatography (3, 4). The key
conclusions are listed below:

1. The Asp1 kinase, which is specific for phosphorylation of the 1-phosphate position
in vitro, is uniquely responsible for synthesis of 1,5-IPg and 1-IP, neither of which
was detected in asp1A cells lacking Asp1 protein or in asp71-D333A cells expressing
a kinase-dead Asp1 enzyme.

2. Absence of Asp1 kinase leads to accumulation of high levels of 5-IP7 (asp TA/WT =
6.2; P value 0.0037).

3. Absence of the Aps1 Nudix-type pyrophosphatase, which removes either the 1 or
5 B-phosphate in vitro, leads to a modest increase in 1,5-1Pg (aps1A/WT = 1.46; P
value 0.025) and 5-IP7 (apsTA/WT = 1.71; P value 0.0036) but has a bigger effect
on accumulation of 1-IP7 (aps1A/WT = 2.06; P value 0.011). This suggests that Aps1
might have a preference for dephosphorylating 1-IP7 in vivo. These in vivo data
resonate with our finding that Aps1 specific activity with 1-IP; was approximately
twice that of the activity seen with 5-IP5.

4. Absence of the Siw14 cysteinyl-phosphate-type pyrophosphatase, which removes
either the 1 or 5 B-phosphate in vitro (26), leads to modest increases in 1,5-IPg
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FIG 11 Mutational effects on inositol pyrophosphate levels as gauged by CE-ESI-MS. The inositol
pyrophosphate levels in extracts of the indicated fission yeast strains, normalized to that of IPg, are shown
for 1,5-1Pg (top panel), 5-IP7 (middle panel), and 1-IP; (bottom panel). The bar heights depict the mean of
three individual biological replicates (denoted by dots) +SEM for all analyses, except for kcs7-R332T in the
bottom panel, which shows the mean of two individual biological replicates + the range of values.
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(siw14A/WT = 1.72; P value 0.072) and 5-IP7 (siw14A/WT = 1.57; P value 0.16) but
has no effect on accumulation of 1-IP7 (siw14A/WT = 1.0). This suggests that Siw14
prefers to hydrolyze the 5 B-phosphate in vivo. We noted previously that Siw14
was approximately twofold more active at hydrolyzing 5-IP; versus 1-IP; when in
vitro enzyme titrations were performed in the presence of T mM magnesium (26).

5. We gained insights into how different mutations in the histidine phosphatase-type
pyrophosphatase domain of Asp1 have a gradient of effects on fission yeast
growth in YES medium, ranging from benign (H397A) to toxic (STF6 and STF9). By
growing the mutants in ePMGT medium permissive for growth of asp 1-STF strains,
the toxicosis (or lack thereof) appears to correlate with the degree of accumulation
of 1,5-IPg in the mutant versus wild-type. To wit, the 1,5-IPg mutant/WT ratios were
1.44 for asp1-H397A (P value 0.016), 2.62 for asp1-STF6 (P value 0.042), and 2.41 for
asp1-STF9 (P value 0.0035).

6. Kcs1is the kinase that converts IPg to 5-IP7. Kcs1 is essential for viability. We
recovered the kcs7-R332T allele in a screen for suppression of the toxicity of
asp1-STF mutants and proposed that the R332T mutation reduces IPg kinase
activity and thereby limits the pool of cellular 5-IP7, which is the substrate for
synthesis of 1,5-IPg by Asp1 kinase (31). The CE-ESI-MS results support this view,
insofar as 1,5-IPg and 5-IPy levels are reduced in kcs7-R332T cells, both in “raw”
levels and when normalized to IPg. The normalized kcs7-R332T/WT ratios are as
follows: 1,5-IPg (0.21; P value 0.016) and 5-IP7 (0.24; P value 0.007).

DISCUSSION

The results herein extend our knowledge of the biochemical activities and genetic
interactions of the fission yeast Nudix pyrophosphatase Aps1. With respect to biochemis-
try, we find that (i) Aps1 is a magnesium-dependent endopolyphosphatase that converts
linear poly-P into shorter oligo-P species, culminating in tripolyphosphate as an apparent
end-product; (ii) Aps1 is an inositol pyrophosphatase that hydrolyzes the 3-phosphates
of 5-1Py, 1-IP7, and 1,5-IPg to yield IPg as an end-product; (iii) Aps1 displays a ~twofold
preference for hydrolysis of 1-IP; versus 5-IP7; (iv) Aps1 endopolyphosphatase and
inositol pyrophosphatase activities are inhibited by fluoride and abolished by alanine
mutations of the conserved Nudix-box glutamates; and (v) the N-terminal 25-aa segment
of Aps1 is dispensable for catalysis. The demonstration of Aps1’s endopolyphosphatase
activity in vitro resonates with our previous finding that the polyphosphate content of
an aps1A strain, as gauged by PAGE and toluidine blue staining, was slightly higher than
that of an aps1* wild-type strain, especially the population of shorter polymers running
at the same rate or faster than the Orange G dye (29). These results suggest that Aps1
contributes to polyphosphate catabolism in vivo.

The genetic and CE-ESI-MS analyses presented here clarify the contributions of Aps1
and two other inositol pyrophosphatases (Siw14 and Asp1) to IPg agonism of precocious
transcription termination of the IncRNAs that interfere with the mRNA promoters of the
PHO regulon genes (21), which can result in cytotoxicity if severe (31). We affirm that
the Asp1 kinase is the sole enzyme responsible for synthesis of 1,5-IPg in fission yeast
and that absence of Asp1 kinase leads to overaccumulation of its substrate 5-IP7. In
contrast, the absence of Aps1 or Siw14 or an H397A mutation of the pyrophosphatase
active site of Asp1 elicits modest increases in cellular IPg levels. While mutational ablation
of IPg synthesis results in hyper-repression of the PHO genes tgp1, phol, and pho84
(26), mutations of the three inositol pyrophosphatases exert disparate effects on gene
expression, notwithstanding their similar extents of IPg accumulation (apsTA/WT = 1.46;
siwT4A/WT = 1.72; asp1-H397A/WT = 1.44). To wit, transcriptome profiling of siw14A
cells showed no changes in the PHO regulon and identified only two mRNAs that were
upregulated and 10 mRNAs that were downregulated (12). Thus, Siw14 per se has little
impact on gene expression. Transcriptome profiling of aps1A cells highlighted 19 mRNAs
that were upregulated, including tgp1, phol, and pho84 (26). In asp1-H397A cells, 65
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mRNAs were upregulated, including tgp1, phol, and pho84 (26). The fold derepression
of the PHO genes was greater in asp1-H397A cells than in aps1A cells. The reasons for
this disparate impact are unclear, but it might reflect differential intracellular localization
of the fission yeast inositol pyrophosphatases, leading to differential effects of their
mutation on IPg levels in discrete cellular compartments. Current knowledge is scant in
this regard.

What is clear is that there are profound mutational synergies between the three
inositol pyrophosphatases, whereby aps1A siw14A and aps1A asp1-H397A double
mutations are lethal (12, 26). Recent studies of the asp1-STF6/9 alleles, in which large
segments of the Asp1 C-terminal pyrophosphatase domain are deleted (27), revealed
that their severe growth defect on YES medium (or on ePMGT medium supplemented
with glycerophosphocholine) was caused by IPg-driven derepression of the glycerophos-
phocholine transporter Tgp1 and could be suppressed by an inactivating tgp7 mutation
or a targeted tgp1A deletion (31). Thus, it was suggested that a supra-threshold level
of IPg can lead to Tgp1-dependent toxicity via the agonist effect of IPg on precocious
termination of the nc-tgp7 IncRNA that interferes with tgp7 mRNA synthesis (31, 37).
Consistent with this threshold model, we find that asp1-STF cells accumulate higher
levels of IPg than asp1-H397A cells.

In this study, we provide evidence that the synthetic lethality of apsiA siw14A is
also caused by excessive Tgp1-driven uptake of GPC, insofar as we were able to recover
a viable aps1A siw14A mutant on ePMGT medium (lacking GPC) and to suppress the
severe growth defect of aps1A siw14A on YES at 30°C by deleting tgp1. The aps1A and
asp1-H397A mutations are both synthetically lethal with seb7-G476S, and this lethality is
manifest in YES medium (but not ePMGT) and suppressed by deleting tgp1.

A surprising finding was that the catalytically defective aps1-(E89A-E93A) allele was
not lethal in the siw74A background, though the aps1-(E89A-E93A) siw14A strain was
slow growing. Our inference is that the Aps1 protein retains some biological activity in
the absence of catalysis, which sustains viability of siw14A cells. We speculate that the
Aps1-(E89A-E93A) protein might retain the capacity to bind IPg and thus sequester some
of the excess IPg that accumulates when Siw14 and Aps1 pyrophosphatases are missing
or crippled. On the flip side, the pyrophosphatase-dead siw14-C189S allele cannot sustain
the viability of apsTA cells (12).

The fact that the severe growth defect of aps1A asp1-H397A could not be allevi-
ated either by growth on ePMGT medium or deletion of tgp7 suggests that IPg lev-
els in this double-pyrophosphatase mutant exceed an even higher threshold beyond
which overzealous 3'-processing/termination affecting genes other than tgp7 results in
cytotoxicity. Consistent with this second threshold 3'-processing/termination model, we
found that apsT1A asp1-H397A lethality was suppressed by the ssu72-C13S allele encoding
a catalytically inactive version of the Ssu72 CTD phosphatase subunit of CPF (26). Even
taking into account that Ssu72 mutation will soften the derepression of the PHO genes
by aps1A asp1-H397A, an instructive finding was that the steady-state level of tgp7 mRNA
(assayed by primer extension) was much higher in the aps1A asp1-H397A context than in
the asp1-H397A single mutant (26).

Finally, our CE-ESI-MS results, taken in light of in vitro studies of recombinant
enzymes, provide clues to the substrate preferences of the fission yeast inositol
pyrophosphatases, whereby Aps1 seems to favor hydrolysis of 1-IP;, while Siw14 favors
hydrolysis of 5-IP7, as gauged by which IP; species accumulates most in the respective
null mutants. These preferences are more subtle for the fission yeast enzymes Aps1 and
Siw14 vis-a-vis their budding yeast orthologs Ddp1 and Siw14, as revealed by the recent
work of Chabert et al. (38) who conducted a CE-ESI-MS analysis of inositol pyrophos-
phates in wild-type and mutant strains of S. cerevisiae. The ratios of IPg to 5-1P; to 1-IP
are similar in wild-type S. pombe (0.33/1.0/0.7) and wild-type S. cerevisiae (0.47/1.0/0.71).
A noteworthy distinction between the two species is that while a fission yeast aspTA
strain had no detectable 1,5-IPg or 1-IP7, the corresponding budding yeast vipTA mutant
retained 25% of the wild-type concentration of IPg and 10% of the wild-type level of
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1-IP5, indicating that budding yeast has an alternative kinase capable of phosphorylating
the 1-phosphate group of 5-IP7 and IP¢ (38). Most pertinent to the present work is their
finding that ddp1A cells had a tenfold increase in 1-IP7 but no change in 5-IP; and only
a 20% increase in 1,5-IPg, signifying that budding yeast Ddp1 is acting predominantly
on 1-IPy in vivo (38). Conversely, budding yeast siw14A cells accumulate fivefold higher
levels of 5-IP7 versus wild-type, a 25% increase in 1,5-IPg, and no significant change in
1-IP7 (38). The latter result resonates with biochemical evidence that purified S. cerevisiae
Siw14 has vigorous activity in hydrolyzing the 5-B-phosphate of 5-IP; and 1,5-IPg but
negligible activity against 1-1P7 (10).

MATERIALS AND METHODS
Recombinant S. pombe Aps1

The ORF encoding full-length Aps1 was PCR-amplified from S. pombe complementary
DNA (cDNA) with primers that introduced a BamHI site immediately flanking the start
codon and an Xhol site downstream of the stop codon. Two Aps1 N-terminal trunca-
tions—NA10 and NA25—were generated by PCR using forward primers that introduced
a BamHl site preceding codons 11 and 26. The PCR products were digested with BamH]I
and Xhol and inserted between the BamHI and Xhol sites of pET28b-His;oSmt3 to
generate T7 RNA polymerase-based expression plasmids encoding the full-length ApsT,
NA10, or NA25 polypeptides fused to an N-terminal HisjoSmt3 tag. A double-alanine
mutation, EB9A-E93A, was introduced into the full-length Aps1 expression plasmid
by two-stage overlap extension PCR with mutagenic primers. All plasmid inserts were
sequenced to exclude the presence of unwanted mutations. The pET28b-HisjoSmt3-
Aps1 plasmids were transfected into E. coli BL21(DE3) cells. Cultures (1,000 mL) ampli-
fied from single kanamycin-resistant transformants were grown at 37°C in Luria—-Bertani
medium containing 50 pug/mL kanamycin until the Aggo reached 0.6 to 0.7. The cultures
were chilled on ice for 1 hour, adjusted to 2.2% (v/v) ethanol and 0.5 mM IPTG, and
then incubated for 18 hours at 17°C with constant shaking. Cells were harvested by
centrifugation and stored at —80°C. All subsequent steps were performed at 4°C. Cells
were thawed and resuspended in 25 mL of buffer A (50 mM Tris—HCl, pH 7.4, 500 mM
NaCl, 20 mM imidazole, and 10% glycerol), containing one complete EDTA-free protease
inhibitor cocktail tablet (Roche). Lysozyme was added to a concentration of T mg/mL.
After incubation for 30 minutes, the lysate was sonicated, and the insoluble material
was removed by centrifugation at 16,000 rpm for 30 minutes. The supernatant was
mixed for 1 hour with 5 mL of Ni-nitrilotriacetic acid agarose resin (Qiagen) that had
been equilibrated with buffer A. The resin was recovered by centrifugation and washed
twice with 50 mL of buffer A. The resin was centrifuged again, resuspended in 20 mL
of buffer A, and poured into a column. After washing the column with 20 mL of buffer
A, the bound material was eluted with 10 mL of buffer A containing 300 mM imidazole,
while collecting 5-mL fractions. The polypeptide compositions of the flow-through and
eluate fractions were monitored by SDS-PAGE. The 300 mM imidazole eluate fractions
containing His1oSmt3-Aps1 were supplemented with Smt3-specific protease Ulp1 (Ulp1/
Hisqp-Smt3-Aps1 ratio of 1:425 [w/w]) and then dialyzed overnight against 2,000 mL
of buffer B (50 mM Tris—HCI, pH 7.4, 250 mM NaCl, 20 mM imidazole, 1 mM DTT, and
10% glycerol) containing 1 mM EDTA, during which time the HisjoSmt3 was cleaved.
The dialysates were mixed for 1 hour with 3 mL of Ni-nitrilotriacetic acid agarose resin
that had been equilibrated with buffer B without EDTA. Tag-free Aps1 proteins were
recovered in the flow-through fractions. The Aps1 protein preparations were concentra-
ted by centrifugal ultrafiltration (Amicon Ultra-15; 10 kDa cutoff) to 5 mL volume and
then gel-filtered through a 125 mL 16/60 HiLoad Superdex 200 column (GE Healthcare)
equilibrated in buffer C (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, T mM DTT, T mM
EDTA, and 5% glycerol) at a flow rate of 0.5 mL/min while collecting 2-mL fractions.
The peak fractions were pooled, concentrated by centrifugal ultrafiltration (Amicon
Ultra-15; 10 kDa cutoff), and stored at —80°C. Protein concentrations were determined
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with Bio-Rad dye reagent using bovine serum albumin as the standard. The yields of
full-length Aps1, NA10, NA25, and Aps1-(E89A-E93A) were 14, 18, 15, and 14.5 mg per
liter of bacterial culture, respectively.

Inorganic polyphosphatase assay

Reaction mixtures (10 pL) containing 50 mM Tris-HCl, pH 7.4 or 7.0 (as specified), 0.2 mM
poly-P45 (Sigma, Cat # S4379-500MG, Lot # SLBX2788), and MgCl, and Aps1 protein (WT
or variants) as specified in the figure legends were incubated for 20 or 30 minutes at
37°C. Reactions were terminated by adjustment to 50 mM EDTA and then mixed with an
equal volume of 2 x Orange G loading buffer (10 mM Tris-HCI, pH 7.0, T mM EDTA, 30%
glycerol, and 0.05% Orange G). The products were analyzed by electrophoresis at 4°C
through a 20 cm 36% polyacrylamide gel containing 80 mM Tris-borate (pH 8.3), 1 mM
EDTA for 2.5 hours at 10 W constant power. The gel was washed briefly with water and
then stained with a solution of 0.1% toluidine blue (Sigma), 20% methanol, 2% glycerol,
followed by destaining in 20% methanol.

Inositol pyrophosphatase assay

Reaction mixtures (10 pL) containing 50 mM Tris-HCl, pH 7.0, 0.25 mM inositol pyrophos-
phates 1-IP7, 5-IP7, or 1,5-IPg (chemically synthesized as described; 39-41), 0.25 mM
MgCl,, and Aps1 protein as specified in the figure legends were incubated for 30 minutes
at 37°C. The reactions were terminated by adjustment to 50 mM EDTA and then mixing
with an equal volume of 2 x Orange G loading buffer. The products were analyzed
by electrophoresis at 4°C through a 20 cm 36% polyacrylamide gel containing 80 mM
Tris-borate (pH 8.3) and 1 mM EDTA for 3 hours at 10 W constant power. The inositol
polyphosphates were visualized by staining the gel with toluidine blue, as described
above.

Fission yeast strains

A list of strains used in this study is provided in Table S1.

Spot tests of fission yeast growth

Cultures of S. pombe strains were grown in liquid ePMGT (enhanced pombe minimal
glutamate with thiamine) (23) or YES (yeast extract with supplements) medium until Aggg
reached 0.3-0.8. The cultures were adjusted to an Aggg of 0.1, and aliquots (3 pL) of serial
fivefold dilutions were spotted to ePMGT or YES agar. The plates were photographed
after incubation for 2 days at 34°C, 2 to 2.5 days at 30°C and 37°C, 4 days at 25°C, and 6
days at 20°C.

Cell-surface acid phosphatase activity

Cells were grown at 30°C in YES medium. Aliquots of exponentially growing cultures
were harvested, washed, and resuspended in water. To quantify acid phosphatase
activity, reaction mixtures (200 L) containing 100 mM sodium acetate (pH 4.2), 10 mM
p-nitrophenylphosphate, and cells (ranging from 0.01 to 0.1 Aggg units) were incubated
for 5 minutes at 30°C. The reactions were quenched by addition of 1 mL of 1 M
sodium carbonate, the cells were removed by centrifugation, and the absorbance of
the supernatant at 410 nm was measured. Acid phosphatase activity is expressed as the
ratio of A9 (p-nitrophenol production) to Aggg (cells). The data are averages (+SEM) of at
least three assays using cells from three independent cultures.

Preparation of cell extracts and enrichment for inositol polyphosphates

Cultures of S. pombe strains were grown in liquid ePMGT medium at 30°C. Aliquots
corresponding to 10 Aggg units of exponentially growing cells (Agpg between 0.6 and
0.8) were harvested by centrifugation. The cells were washed in ice-cold water and
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resuspended in 1 mL of T M perchloric acid. After snap-freezing in liquid nitrogen, the
samples were stored at —80°C. The samples were thawed, mixed briefly by vortexing,
and cell debris was removed by centrifugation at 16,200 g for 5 minutes at 4°C. Acid-
extracted inositol polyphosphates in the supernatants were then purified using titanium
dioxide beads (GL Sciences 5020-75000), as described by Wilson and Saiardi (42). In brief,
the cell supernatants were mixed with TiO, beads (4 mg per sample) that had been
equilibrated in 1 M perchloric acid and incubated on a nutator for 20 minutes at 4°C. The
TiO, beads (plus bound material) were recovered by centrifugation (5,000 g for 1 min
at 4°C) and washed twice with 1 M perchloric acid. Inositol polyphosphates were eluted
from the beads in two cycles of resuspension in 200 pL of 2.8% ammonium hydroxide,
rotation of the samples for 5 minutes at 4°C, and centrifugation (5,000 g for 1 minute).
The combined eluates (400 uL per sample) were evaporated to dryness in a vacuum
centrifuge (Savant SpeedVac) at 42°C for ~3 hours. The dried samples were stored at
—80°C and resuspended in 30 pL of water immediately prior to analysis by CE-ESI-MS.

Capillary electrophoresis electrospray ionization mass spectrometry (CE-ESI-
MS)

The analyses were conducted as described (33, 34). Inositol polyphosphate levels were
determined with an Agilent 7100 capillary electrophoresis (CE) system coupled to a
triple—quadrupole tandem mass spectrometry Agilent 6495 c system. lonization was
performed with the help of an Agilent Jet Stream (AJS) electrospray ionization (ESI)
source and a liquid coaxial interface from Agilent. lonization spray was stabilized
with sheath liquid containing a water—isopropanol (1:1) mixture and pumped with an
Agilent 1200 isocratic LC pump and a 1:100 splitter to a flow rate of 10 pL/min. Cell
extract samples were spiked with heavy ('°Cg) inositol polyphosphate standards (43,
44; provided by Dorothea Fiedler), and 20-nl aliquots of the samples were injected by
applying a pressure of 100 mbar for 20 seconds. A bare fused silica capillary (length
100 cm; inner diameter 50 um) was used for measurements. Ammonium acetate (35 mM,
adjusted to pH 9.75 with ammonia solution) was used as the background electrolyte
(BGE). By applying a voltage of +30 kV, a stable CE current of 22 pA was received. The gas
temperature of the nebulizer was set to 150°C with a flow rate of 11 I/min and a pressure
of 8 psi. Sheath gas flow was set at 8 L/min with a temperature of 175°C. Capillary voltage
was set to 2,000 V and nozzle voltage to 2,000 V. 70 V was the negative high-pressure
radio frequency, and the low-pressure radio frequency was 40 V. The multiple reaction
monitoring (MRM) transitions (shown in Table S2) were optimized with the MassHunter
Optimizer software.

ACKNOWLEDGMENTS

This work was supported by NIH grants R0O1-GM134021 (B.S.) and R35-GM126945
(S.S.) and by the Deutsche Forschungsgemeinschaft (DFG) under Germany's excellence
strategy (CIBSS, EXC-2189, Project ID 390939984) (H.J.J.). AM.S. is supported by NSF
graduate research fellowship 1746057. The content of this paper is solely the responsibil-
ity of the authors and does not necessarily represent the official views of the funding
agencies.

AUTHOR AFFILIATIONS

"Molecular Biology Program, Sloan Kettering Institute, New York, New York, USA
“Gerstner Sloan Kettering Graduate School of Biomedical Sciences, New York, New York,
USA

*Department of Microbiology and Immunology, Weill Cornell Medical College, New York,
New York, USA

“Institute of Organic Chemistry, University of Freiburg, Freiburg, Germany

CIBSS - Centre for Integrative Biological Signalling Studies, University of Freiburg,
Freiburg, Germany

August 2024 Volume 15 Issue 8

mBio

10.1128/mbio.01084-2418

Downloaded from https://journals.asm.org/journal/mbio on 13 November 2024 by 2001:16b8:a104:7300:402d: 70ad:3949:a912.


https://doi.org/10.1128/mbio.01084-24

Research Article

AUTHOR ORCIDs

Beate Schwer & https://orcid.org/0000-0002-3824-9819
Stewart Shuman & http://orcid.org/0000-0001-5034-6438

FUNDING

mBio

Funder

Grant(s)

Author(s)

HHS | NIH | National Institute of General Medical

Sciences (NIGMS)

R35-GM126945 Stewart Shuman

HHS | NIH | National Institute of General Medical

Sciences (NIGMS)

R01-GM134021 Beate Schwer

National Science Foundation (NSF)

1746057

Ana M. Sanchez

Deutsche Forschungsgemeinschaft (DFG)

390939984

Henning J. Jessen

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Material (mBio01084-24-S0001.pdf). Fig. S1; Tables S1 and S2.

REFERENCES

1.

August 2024 Volume 15

Azevedo C, Saiardi A. 2017. Eukaryotic phosphate homeostasis: the
inositol pyrophosphate perspective. Trends Biochem Sci 42:219-231.
https://doi.org/10.1016/j.tibs.2016.10.008

Wang H, Falck JR, Hall TMT, Shears SB. 2011. Structural basis for an
inositol pyrophosphate kinase surmounting phosphate crowding. Nat
Chem Biol 8:111-116. https://doi.org/10.1038/nchembio.733
Pascual-Ortiz M, Saiardi A, Walla E, Jakopec V, Kiinzel NA, Span |, Vangala
A, Fleig U. 2018. Asp1 bifunctional activity modulates spindle function
via controlling cellular Inositol pyrophosphate levels in Schizosaccharo-
myces pombe. Mol Cell Biol 38:e00047-18. https://doi.org/10.1128/MCB.
00047-18

Dollins DE, Bai W, Fridy PC, Otto JC, Neubauer JL, Gattis SG, Mehta KPM,
York JD. 2020. Vip1 is a kinase and pyrophosphatase switch that
regulates inositol diphosphate signaling. Proc Natl Acad Sci U S A
117:9356-9364. https://doi.org/10.1073/pnas.1908875117

Benjamin B, Garg A, Jork N, Jessen HJ, Schwer B, Shuman S. 2022.
Activities and structure-function analysis of fission yeast Inositol
pyrophosphate (IPP) kinase-pyrophosphatase Asp1 and its impact of
regulation of phoT gene expression. mBio 13:€0103422. https://doi.org/
10.1128/mbio.01034-22

Zhu J, Lau K, Puschmann R, Harmel RK, Zhang Y, Pries V, Gaugler P,
Broger L, Dutta AK, Jessen HJ, Schaaf G, Fernie AR, Hothorn LA, Fiedler D,
Hothorn M. 2019. Two bifunctional Inositol pyrophosphate kinases/
phosphatases control plant phosphate homeostasis. Elife 8:e43582.
https://doi.org/10.7554/eLife.43582

Gu C, Nguyen HN, Hofer A, Jessen HJ, Dai X, Wang H, Shears SB. 2017.
The significance of the bifunctional kinase/phosphatase activities of
diphosphoinositol pentakisphosphate kinases (PPIP5Ks) for coupling
Inositol pyrophosphate cell signaling to cellular phosphate homeostasis.
J Biol Chem 292:4544-4555. https://doi.org/10.1074/jbc.M116.765743
Randall TA, Gu C, Li X, Wang H, Shears SB. 2020. A two-way switch for
Inositol pyrophosphate signaling: evolutionary history and biological
significance of a unique,bifunctional kinase/phosphatase. Adv Biol Regul
75:100674. https://doi.org/10.1016/j.jbior.2019.100674

Steidle EA, Chong LS, Wu M, Crooke E, Fiedler D, Resnick AC, Rolfes RJ.
2016. A novel Inositol pyrophosphate phosphatase in Saccharomyces
cerevisiae: Siw14 protein selectively cleaves the B-phosphate from 5-
diphosphoinositol pentakisphosphate (5PP-IP5). J Biol Chem 291:6772-
6783. https://doi.org/10.1074/jbc.M116.714907

Wang H, Gu C, Rolfes RJ, Jessen HJ, Shears SB. 2018. Structural and
biochemical characterization of Siw14: a protein-tyrosine phosphatase

Issue 8

1.

12.

13.

14.

15.

16.

17.

18.

fold that metabolizes inositol pyrophosphates. J Biol Chem 293:6905-
6914. https://doi.org/10.1074/jbc.RA117.001670

Gaugler P, Schneider R, Liu G, Qiu D, Weber J, Schmid J, Jork N, Haner M,
Ritter K, Fernandez-Rebollo N, Giehl RFH, Trung MN, Yadav R, Fiedler D,
Gaugler V, Jessen HJ, Schaaf G, Laha D. 2022. Arabidopsis PFA-DSP-type
phosphohydrolases target specific inositol pyrophosphate messengers.
Biochemistry ~ 61:1213-1227.  https://doi.org/10.1021/acs.biochem.
2c00145

Sanchez AM, Schwer B, Jork N, Jessen HJ, Shuman S. 2023. Activities,
substrate specificity, and genetic interactions of fission yeast Siw14, a
cysteinyl-phosphatase-type inositol pyrophosphatase. mBio
14:€0205623. https://doi.org/10.1128/mbio.02056-23

Safrany S.T, Caffrey JJ, Yang X, Bembenek ME, Moyer MB, Burkhart WA,
Shears SB. 1998. A novel context for the ‘MutT’ module, a guardian of
cell integrity, in a diphosphoinositol polyphosphate phosphohydrolase.
EMBO J 17:6599-6607. https://doi.org/10.1093/emboj/17.22.6599
Safrany ST, Ingram SW, Cartwright JL, Falck JR, McLennan AG, Barnes LD,
Shears SB. 1999. The diadenosine hexaphosphate hydrolase from
Schizosaccharomyces pombe and  Saccharomyces cerevisiae —are
homologues of the human diphosphoinositol polyphosphate
phosphohydrolase: overlapping substrate specificities in a MutT-type
protein. J Biol Chem 274:21735-21740. https://doi.org/10.1074/jbc.274.
31.21735

Kilari RS, Weaver JD, Shears SB, Safrany ST. 2013. Understanding inositol
pyrophosphate metabolism and function: kinetic characterization of the
DIPPs. FEBS Lett 587:3464-3470. https://doi.org/10.1016/j.febslet.2013.
08.035

Zong G, Jork N, Hostachy S, Fiedler D, Jessen HJ, Shears SB, Wang H.
2021. New structural insights reveal an expanded reaction cycle for
inositol pyrophosphate hydrolysis by human DIPP1. FASEB J 35:e21275.
https://doi.org/10.1096/f).202001489R

Yang X, Safrany ST, Shears SB. 1999. Site-directed mutagenesis of
diphosphoinositol polyphosphate phosphohydrolase, a dual specificity
NUDT enzyme that attacks diadenosine polyphosphates and diphos-
phoinositol polyphosphates. J Biol Chem 274:35434-35440. https://doi.
org/10.1074/jbc.274.50.35434

Lonetti A, Szijgyarto Z, Bosch D, Loss O, Azevedo C, Saiardi A. 2011.
Identification of an evolutionarily conserved family of inorganic
polyphosphate endopolyphosphatases. J Biol Chem 286:31966-31974.
https://doi.org/10.1074/jbc.M111.266320

10.1128/mbio.01084-2419

Downloaded from https://journals.asm.org/journal/mbio on 13 November 2024 by 2001:16b8:a104:7300:402d: 70ad:3949:a912.


https://doi.org/10.1128/mbio.01084-24
https://doi.org/10.1016/j.tibs.2016.10.008
https://doi.org/10.1038/nchembio.733
https://doi.org/10.1128/MCB.00047-18
https://doi.org/10.1073/pnas.1908875117
https://doi.org/10.1128/mbio.01034-22
https://doi.org/10.7554/eLife.43582
https://doi.org/10.1074/jbc.M116.765743
https://doi.org/10.1016/j.jbior.2019.100674
https://doi.org/10.1074/jbc.M116.714907
https://doi.org/10.1074/jbc.RA117.001670
https://doi.org/10.1021/acs.biochem.2c00145
https://doi.org/10.1128/mbio.02056-23
https://doi.org/10.1093/emboj/17.22.6599
https://doi.org/10.1074/jbc.274.31.21735
https://doi.org/10.1016/j.febslet.2013.08.035
https://doi.org/10.1096/fj.202001489R
https://doi.org/10.1074/jbc.274.50.35434
https://doi.org/10.1074/jbc.M111.266320
https://doi.org/10.1128/mbio.01084-24

Research Article

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

August 2024 Volume 15

Thorsell AG, Persson C, Graslund S, Hammarstrom M, Busam RD,
Hallberg BM. 2009. Crystal structure of humans diphosphoinositol
phosphatase 1. Proteins 77:242-246. https://doi.org/10.1002/prot.22489
Marquez-Mofino MA, Ortega-Garcia R, Shipton ML, Franco-Echevarria E,
Riley AM, Sanz-Aparicio J, Potter BVL, Gonzdlez B. 2021. Multiple
substrate recognition by yeast diadenosine and diphosphoinositol
polyphosphate phosphohydrolase through phosphate clamping. Sci
Adv 7:eabf6744. https://doi.org/10.1126/sciadv.abf6744

Shuman S. 2020. Transcriptional interference at tandem IncRNA and
protein-coding genes: an emerging theme in regulation of cellular
nutrient homeostasis. Nucleic Acids Res 48:8243-8254. https://doi.org/
10.1093/nar/gkaa630

Carter-O’Connell |, Peel MT, Wykoff DD, O’Shea EK. 2012. Genome-wide
characterization of the phosphate starvation response in Schizosacchar-
omyces pombe. BMC Genomics 13:697. https://doi.org/10.1186/1471-
2164-13-697

Garg A, Sanchez AM, Miele M, Schwer B, Shuman S. 2023. Cellular
responses to long-term phosphate starvation of fission yeast: Maf1
determines fate choice between quiescence and death associated with
aberrant tRNA biogenesis. Nucleic Acids Res 51:3094-3115. https://doi.
org/10.1093/nar/gkad063

Henry TC, Power JE, Kerwin CL, Mohammed A, Weissman JS, Cameron
DM, Wykoff DD. 2011. Systematic screen of Schizosaccharomyces pombe
deletion collection uncovers parallel evolution of the phosphate signal
transduction pathway in yeasts. Eukaryot Cell 10:198-206. https://doi.
org/10.1128/EC.00216-10

Estill M, Kerwin-losue CL, Wykoff DD. 2015. Dissection of the PHO
pathway in Schizosaccharomyces pombe using epistasis and the
alternate repressor adenine. Curr Genet 61:175-183. https://doi.org/10.
1007/500294-014-0466-6

Sanchez AM, Garg A, Shuman S, Schwer B. 2019. Inositol pyrophos-
phates impact phosphate homeostasis via modulation of RNA 3’
processing and transcription termination. Nucleic Acids Res 47:8452-
8469. https://doi.org/10.1093/nar/gkz567

Garg A, Shuman S, Schwer B. 2020. A genetic screen for suppressors of
hyper-repression of the fission yeast PHO regulon by Pol2 CTD Mutation
T4A implicates inositol 1-pyrophosphates as agonists of precocious
IncRNA transcription termination. Nucleic Acids Res 48:10739-10752.
https://doi.org/10.1093/nar/gkaa776

Garg A, Shuman S, Schwer B. 2022. Genetic screen for suppression of
transcriptional interference reveals fission yeast 14-3-3 protein Rad24 as
an antagonist of precocious Pol2 transcription termination. Nucleic
Acids Res 50:803-819. https://doi.org/10.1093/nar/gkab1263

Schwer B, Garg A, Sanchez AM, Bernstein MA, Benjamin B, Shuman S.
2022. Cleavage-polyadenylation factor Cft1 and SPX domain proteins
are agents of Inositol pyrophosphate toxicosis in fission yeast. mBio
13:e0347621. https://doi.org/10.1128/mbio.03476-21

Sanchez AM, Garg A, Schwer B, Shuman S. 2023. Duf89 abets IncRNA
control of fission yeast phosphate homeostasis via its antagonism of
precocious IncRNA transcription termination. RNA 29:808-825. https://
doi.org/10.1261/rna.079595.123

Bednor L, Sanchez AM, Garg A, Shuman S, Schwer B. 2023. Genetic
suppressor screen identifies Tgp1 (glycerophosphocholine transporter),
Kes1 (IPg kinase), and Plc1 (phospholipase C) as determinants of inositol
pyrophosphate toxicosis in fission yeast. mBio 22:0306223. https://doi.
0rg/10.1128/mbio.03062-23

Issue 8

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

mBio

Schwer B, Garg A, Jacewicz A, Shuman S. 2021. Genetic screen for
suppression of transcriptional interference identifies a gain-of-function
mutation in Pol2 termination factor Seb1. Proc Natl Acad Sci U S A
118:€2108105118. https://doi.org/10.1073/pnas.2108105118

Qiu D, Wilson MS, Eisenbeis VB, Harmel RK, Riemer E, Haas TM, Wittwer
C, Jork N, Gu C, Shears SB, Schaaf G, Kammerer B, Fiedler D, Saiardi A,
Jessen HJ. 2020. Analysis of inositol pyrophosphate metabolism by
capillary electrophoresis electrospray ionization mass spectrometry. Nat
Commun 11:6035. https://doi.org/10.1038/541467-020-19928-x

Qiu D, Eisenbeis VB, Saiardi A, Jessen HJ. 2021. Absolute quantitation of
inositol pyrophosphates by capillary electrophoresis electrospray
ionization mass spectrometry. J Vis Exp 174:62847. https://doi.org/10.
3791/62847

Sabatinos SA, Forsburg SL. 2010. Molecular genetics of Schizosaccharo-
myces pombe. Meth Enzymol 470:759-795.
https://doi.org/10.1016/S0076-6879(10)70032-X

Sanchez AM, Garg A, Shuman S, Schwer B. 2020. Genetic interactions
and transcriptomics implicate fission yeast CTD prolyl isomerase Pin1 as
an agent of RNA 3' processing and transcription termination that
functions via its effects on CTD phosphatase Ssu72. Nucleic Acids Res
48:4811-4826. https://doi.org/10.1093/nar/gkaa212

Sanchez AM, Shuman S, Schwer B. 2018. Poly(A) site choice and Pol2
CTD Serine-5 status govern IncRNA control of phosphate-responsive
tgp1 gene expression in fission yeast. RNA 24:237-250. https://doi.org/
10.1261/rna.063966.117

Chabert V, Kim G-D, Qiu D, Liu G, Michaillat Mayer L, Jamsheer K M,
Jessen HJ, Mayer A. 2023. Inositol pyrophosphate dynamics reveals
control of the yeast phosphate starvation program through 1,5-IPg and
the SPX domain of Pho81. Elife 12:RP87956. https://doi.org/10.7554/
elLife.87956

Capolicchio S, Thakor DT, Linden A, Jessen HJ. 2013. Synthesis of
unsymmetric diphospho-inositol polyphosphates. Angew Chem Int Ed
52:6912-6916. https://doi.org/10.1002/anie.201301092

Capolicchio S, Wang H, Thakor DT, Shears SB, Jessen HJ. 2014. Synthesis
of densely phosphorylated bis-1,5-diphospho-myo-insoitol tetrakisphos-
phate and its enantiomers by bidirectional P-anhydride formation.
Angew Chem Int Ed Engl 53:9508-9511. https://doi.org/10.1002/anie.
201404398

Pavlovic I, Thakor DT, Vargas JR, McKinlay CJ, Hauke S, Anstaett P,
Camuna RC, Bigler L, Gasser G, Schultz C, Wender PA, Jessen HJ. 2016.
Cellular delivery and photochemical release of a caged inositol-
pyrophosphate induces PH-domain translocation in cellulo. Nat
Commun 7:10622. https://doi.org/10.1038/ncomms10622

Wilson M, Saiardi A. 2018. Inositol phosphate purification using titanium
dioxide beads. Bio-protocol8:e2959. https://doi.org/10.21769/BioProtoc.
2959

Puschmann R, Harmel RK, Fiedler D. 2019. Scalable chemoenzymatic
synthesis of Inositol pyrophosphates. Biochemistry 58:3927-3932. https:
//doi.org/10.1021/acs.biochem.9b00587

Harmel RK, Puschmann R, Nguyen Trung M, Saiardi A, Schmieder P,
Fiedler D. 2019. Harnessing '*C-labeled myo-inositol to interrogate
inositol phosphate messengers by NMR. Chem Sci 10:5267-5274. https:/
/doi.org/10.1039/C9SC00151D

10.1128/mbio.01084-2420

Downloaded from https://journals.asm.org/journal/mbio on 13 November 2024 by 2001:16b8:a104:7300:402d: 70ad:3949:a912.


https://doi.org/10.1002/prot.22489
https://doi.org/10.1126/sciadv.abf6744
https://doi.org/10.1093/nar/gkaa630
https://doi.org/10.1186/1471-2164-13-697
https://doi.org/10.1093/nar/gkad063
https://doi.org/10.1128/EC.00216-10
https://doi.org/10.1007/s00294-014-0466-6
https://doi.org/10.1093/nar/gkz567
https://doi.org/10.1093/nar/gkaa776
https://doi.org/10.1093/nar/gkab1263
https://doi.org/10.1128/mbio.03476-21
https://doi.org/10.1261/rna.079595.123
https://doi.org/10.1128/mbio.03062-23
https://doi.org/10.1073/pnas.2108105118
https://doi.org/10.1038/s41467-020-19928-x
https://doi.org/10.3791/62847
https://doi.org/10.1016/S0076-6879(10)70032-X
https://doi.org/10.1093/nar/gkaa212
https://doi.org/10.1261/rna.063966.117
https://doi.org/10.7554/eLife.87956
https://doi.org/10.1002/anie.201301092
https://doi.org/10.1002/anie.201404398
https://doi.org/10.1038/ncomms10622
https://doi.org/10.21769/BioProtoc.2959
https://doi.org/10.1021/acs.biochem.9b00587
https://doi.org/10.1039/C9SC00151D
https://doi.org/10.1128/mbio.01084-24

	Activities and genetic interactions of fission yeast Aps1, a Nudix-type inositol pyrophosphatase and inorganic polyphosphatase
	RESULTS
	Recombinant S. pombe Aps1 is a metal-dependent inorganic polyphosphatase
	Characterization of the Aps1 inorganic polyphosphatase
	Aps1 hydrolysis of inositol pyrophosphates
	Aps1 genetic interaction with Siw14
	tgp1+ deletion suppresses the synthetic growth defect of siw14∆ aps1∆
	tgp1+ deletion suppresses the synthetic growth defect of aps1∆ seb1-G476S
	tgp1∆ suppresses the synthetic growth defect of asp1-H397A seb1-G476S
	tgp1∆ does not suppresses the lethality of asp1-H397A aps1∆
	Effects of Aps1, Siw14, and Asp1 mutations on cellular inositol polyphosphate levels

	DISCUSSION
	MATERIALS AND METHODS
	Recombinant S. pombe Aps1
	Inorganic polyphosphatase assay
	Inositol pyrophosphatase assay
	Fission yeast strains
	Spot tests of fission yeast growth
	Cell-surface acid phosphatase activity
	Preparation of cell extracts and enrichment for inositol polyphosphates
	Capillary electrophoresis electrospray ionization mass spectrometry (CE-ESI-MS)



