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ABSTRACT Inositol pyrophosphates (IPPs) are signaling molecules that regulate cellular
phosphate homeostasis in diverse eukaryal taxa. In fission yeast, mutations that increase
1,5-IP; derepress the PHO regulon while mutations that ablate IP; synthesis are PHO hyper-
repressive. Fission yeast Asp1, the principal agent of 1,5-IP; dynamics, is a bifunctional
enzyme composed of an N-terminal IPP kinase domain and a C-terminal IPP pyrophospha-
tase domain. Here we conducted a biochemical characterization and mutational analysis of
the autonomous Asp1 kinase domain (aa 1-385). Reaction of Asp1 kinase with IP; and ATP
resulted in both IP; phosphorylation to 1-IP, and hydrolysis of the ATP yphosphate, with
near-equal partitioning between productive 1-IP, synthesis and unproductive ATP hydrolysis
under optimal kinase conditions. By contrast, reaction of Asp1 kinase with 5-IP, is 22-fold
faster than with IP; and is strongly biased in favor of IP; synthesis versus ATP hydrolysis.
Alanine scanning identified essential constituents of the active site. We deployed the Ala
mutants to show that derepression of phol expression correlated with Asp1’s kinase activity.
In the case of full-length Asp1, the activity of the C-terminal pyrophosphatase domain stifled
net phosphorylation of the 1-position during reaction of Asp1 with ATP and either IP; or
5-IP,. We report that inorganic phosphate is a concentration-dependent enabler of net IPg
synthesis by full-length Asp1 in vitro, by virtue of its antagonism of IPg turnover.

IMPORTANCE Expression of the fission yeast phosphate regulon is sensitive to the intracel-
lular level of the inositol pyrophosphate (IPP) signaling molecule 1,5-IP,. IP; dynamics are
determined by Asp1, a bifunctional enzyme comprising N-terminal IPP 1-kinase and C-termi-
nal IPP 1-pyrophosphatase domains that catalyze IP; synthesis and catabolism, respectively.
Here, we interrogated the activities and specificities of the Asp1 kinase domain and full
length Asp1. We find that reaction of Asp1 kinase with 5-IP, is 22-fold faster than with
IPs and is strongly biased in favor of IPg synthesis versus the significant unproductive
ATP hydrolysis seen during its reaction with IP,. We report that full-length Asp1 catalyzes
futile cycles of 1-phosphate phosphorylation by its kinase component and 1-pyrophosphate
hydrolysis by its pyrophosphatase component that result in unproductive net consumption
of the ATP substrate. Net synthesis of 1,5-IP; is enabled by physiological concentrations of
inorganic phosphate that selectively antagonize IP; turnover.

KEYWORDS Aspl, fission yeast, inositol polyphosphate kinase, inositol pyrophosphates

nositol pyrophosphates (IPPs) IP, and IPg are signaling molecules that figure prominently
in eukaryal phosphate homeostasis, a transcriptional response to phosphate availability
in which genes involved in extracellular phosphate acquisition are upregulated (1-6). IPg is
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generated from phytic acid (IP,) by the sequential action of IPP kinases Kcs1/IP6K, which
converts IP; to 5-IP,, and Asp1/Vip1/PPIP5K, which converts 5-IP, to 1,5-IPg (7, 8). Asp1,
Vip1, and PPIP5K—as they are named in fission yeast, budding yeast, and humans, respec-
tively—are bifunctional enzymes composed of an N-terminal IPP kinase domain that synthe-
sizes IPg and a C-terminal IPP pyrophosphatase domain, of the histidine acid phosphatase
enzyme family, that converts IP; back to 5-IP, (9, 10). Asp1/Vip1/PPIP5K can also phosphoryl-
ate IP; to yield 1-IP, and de-phosphorylate 1-IP, back to IP,. The isolated N-terminal IPP ki-
nase domains of Asp1/Vip1/PPIP5K have autonomous IPP kinase activity (9-13). The Shears
laboratory has conducted elegant structural and functional studies of the kinase domain of
human PPIP5K isoform 2 (14).

The fission yeast phosphate homeostasis (PHO) regulon (15) comprises three phosphate
acquisition genes—pho1 (cell surface acid phosphatase), pho84 (inorganic phosphate trans-
membrane transporter), and tgp1 (glycerophosphate transporter)—that are repressed under
phosphate-replete conditions by 5’ flanking IncRNAs prt, prt2, and nc-tgp1, respectively (16).
IncRNA transcription across the PHO mRNA promoters displaces the activating transcription
factor Pho7 from its DNA binding sites (16). The PHO regulon is derepressed in phosphate-
replete cells by genetic manipulations that favor precocious IncRNA 3’-processing/termina-
tion in response to poly(A) signals upstream of the mRNA promoters (17, 18).

PHO IncRNA termination is subject to metabolite control by inositol pyrophosphates (19).
A pyrophosphatase-defective asp1-H397A allele that increases the level of IP4 (9,10) dere-
presses the PHO regulon, and prompts precocious termination of prt IncRNA synthesis, in
a manner dependent on the cleavage and polyadenylation factor complex (CPF) and
transcription termination factor Rhn1. An asp7A null allele that eliminates intracellular IPg and
1-IP, results in phoT hyper-repression. Synthetic lethality of asp7A (no IPg) with CPF subunit
mutations suggested that IP; (or 1-IP,) plays an important role in essential 3'-processing/termi-
nation events, albeit in a manner genetically redundant to CPF (19). These results established
a novel action for IPPs in cell physiology as agonists of Pol2 transcription termination.

To better understand the role of 1,5-IP; in fission yeast, we set out here to further
characterize the fission yeast Asp1 kinase responsible for its synthesis. We report that (i) reac-
tion of purified recombinant Asp1 kinase (aa 1-385) with IP; and [,#2PJATP results in both IP,
phosphorylation to 32P-IP, and ATP hydrolysis to 32P; and (ii) Asp1 kinase hydrolyzes ATP in
the absence of IP;. The partitioning between “productive” IPP synthesis and “unproductive”
ATP hydrolysis is sensitive to reaction conditions (e.g, pH and Mg?* concentration). Reaction
of Asp1 kinase with 5-IP, is 22-fold faster than with IP; and is strongly biased in favor of 1,5-IP,
formation instead of ATP hydrolysis. A mutational analysis of Asp1 kinase, guided by the struc-
ture of the human PPIP5K2 transition-state during conversion of 5-IP, to 1,5-IP, (14), identified
essential constituents of the active site. Characterization of purified recombinant full-length
Asp1 shows that (i) the activity of the C-terminal pyrophosphatase domain squelches the yield
of 1-IPPs during reaction with ATP and IP4 or 5-IP,; and (i) pyrophosphatase inactivating muta-
tion H397A restores IPP synthesis. We find that inorganic phosphate is a concentration-de-
pendent activator of net IPg synthesis by full-length Asp1.

RESULTS

Purification of recombinant Asp1 kinase. We produced the N-terminal kinase do-
main of Asp1 (aa 1-385) in E. coli as a His,,Smt3 fusion and isolated the protein from a
soluble bacterial extract by adsorption to a Ni-agarose column and elution with imidazole.
The His,(Smt3 was removed by treatment with the Smt3 protease Ulp1 and the tag-free
native Asp1-(1-385) protein was separated from the tag during a second round of Ni-affinity
chromatography. Final purification was achieved by Superdex-200 gel filtration (Fig. 1A). The
elution profile of the 44 kDa kinase polypeptide was consistent with it being a monomer in
solution. In parallel, we purified a mutated version of Asp1-(1-385) in which the putative cat-
alytic metal-binding residue Asp333 was changed to alanine (Fig. 1C).

IP, kinase and ATP phosphohydrolase activity. In previous studies of human PPIP5K2,
kinase activity was assayed quantitatively by incubation of enzyme with cold ATP phosphate
donor and 3H-labeled IP4 or IP, phosphate acceptor substrates, followed by HPLC anion
exchange column chromatography of the 3H-labeled reaction products and liquid scintillation
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FIG 1 [P, kinase and ATP phosphohydrolase activity of recombinant Asp1-(1-385). (A) Elution profile of wild-type Asp1-(1-385) during Superdex-200 gel
filtration. The top panel shows the absorbance at 280 nm (blue trace) and 260 nm (red trace) as a function of elution volume. The A,;, > A,,, peak at
50 mL demarcates the void volume. Aliquots (5 ulL) of the fractions spanning and flanking the A,g, peak were analyzed by SDS-PAGE. The Coomassie blue-stained
gel is shown. The positions and sizes (kDa) of marker proteins are indicated on the left. The fraction corresponding to the A,g, peak containing purified Asp1-(1-385)
is indicated by the vertical arrow. (B) Reaction mixtures (20 uL) containing 30 mM HEPES-NaOH (pH 6.8), 50 mM NaCl, 10 mM MgCl,, 0.5 mM [**PIATP, 1 mM IP,,
and 2.5 uM Asp1 kinase were incubated at 37°C for 90 min. Individual reaction components were omitted where indicated by —. The products were resolved by PEI
cellulose TLC and visualized by autoradiography. The chromatographic origin and the 3*P-labeled species corresponding to ATP, IP,, and P, are indicated on the left.
(O) Aliquots (10 wg) of the peak Superdex-200 fractions of wild-type and D333A mutant Asp1 kinase preparations were analyzed by SDS-PAGE. The Coomassie blue-
stained gel is shown with the positions and sizes (kDa) of marker proteins indicated on the left.

counting of the fractions (13). A separate assay, employing the malachite green reagent, was
implemented to detect PPIP5K2-catalyzed release of inorganic phosphate from cold ATP dur-
ing the kinase reaction (13). Prior studies of budding yeast Vip1 assayed kinase activity by incu-
bation of enzyme with cold ATP and 32P-labeled IP,, followed by thin-layer chromatography
(TLC) separation of the 32P-labeled IP, and IPP reaction products (12). Here we implemented a
one-pot assay that simultaneously tracked the IP4 kinase and potential ATP phosphohydrolase
activities of fission yeast Asp1-(1-385). Recombinant protein was incubated for 90 min with
0.5 mM [*2P]JATP, 1 mM cold IP,, and 10 mM Mg?". The reactions were quenched with EDTA,
and the radiolabeled products were resolved by polyethyleneimine (PEl)-cellulose TLC
(Fig. 1B). The complete reaction resulted in the transfer of the labeled yphosphate from
ATP to IP, to form a 32P-labeled IP, product that migrated more slowly than ATP during
TLC, consistent with its greater negative charge. No such product was generated when
IPs was omitted (Fig. 1B, left panel). Asp1-(1-385) also effected the hydrolysis of the ATP
y-phosphate to liberate 32P, whether or not IP; was included in the reaction (Fig. 1B, left
panel). The D333A active site mutation eliminated both IP; phosphorylation and ATP hy-
drolysis (Fig. 1B, right panel), signifying that both activities are intrinsic to the wild-type
Asp1 protein.

Characterization of IP, kinase and ATPase activities. IP, kinase activity required
exogenous magnesium; ATP hydrolysis (a low level of which was detectable in the absence
of magnesium) was strongly stimulated by inclusion of magnesium (Fig. 1B, right panel,
and Fig. 2A). Whereas ATP hydrolysis in the presence of IP; was optimal at 0.5 to T mM
magnesium, IP, kinase activity required higher magnesium concentrations (Fig. 2A). IP, for-
mation increased linearly with Mg?* up to 2 mM and was optimal at 5 to 10 mM (Fig. 2A).
The reasons for the higher Mg?* requirement for IPP kinase activity versus ATPase can be
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FIG 2 Characterization of the Asp1 IP, kinase and ATPase activities. (A) Magnesium titration. Reaction mixtures (20 L) containing 30 mM Bis-Tris (pH 6.2),
50 mM NaCl, 0.5 mM (10 nmol) [y*>P]JATP, 1 mM (20 nmol) IP,, 5 uM (100 pmol) Asp1-(1-385), and magnesium as specified were incubated at 37°C for
90 min. The extents of IP, and P, formation are plotted as a function of magnesium concentration. (B) pH profile. Reaction mixtures (20 L) containing
30 mM Tris buffer (either Tris-acetate at pH 4.5, 5.0, 5.5, or 6.0; Tris-HCl at pH 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, or 9.5), 50 mM NaCl, 2 mM MgCl,, 0.5 mM (10 nmol)
[¥**P]IATP, 1 mM (20 nmol) IP,, and 5 «M (100 pmol) Asp1-(1-385) were incubated at 37°C for 90 min. The extents of IP, and P, formation are plotted as a
function of pH. (C) pH profile of ATP hydrolysis in the absence of IP,. Reaction mixtures (20 uL) containing 30 mM Tris buffer (either Tris-acetate at pH 4.5,
5.0, 5.5, or 6.0; Tris-HCl at pH 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, or 9.5), 50 mM NaCl, 2 mM MgCl,, 0.5 mM (10 nmol) [*?P]JATP, and 5 uM (100 pmol) Asp1-(1-385)
were incubated at 37°C for 90 min. The extents of P, formation are plotted as a function of pH. (D) Enzyme titration. Reaction mixtures (20 uL) containing
30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 10 mM MgCl,, 0.5 mM (10 nmol) [y*?P]ATP, 1 mM (20 nmol) IP,, and Asp1-(1-385) as specified were incubated at 37°C
for 90 min. The extents of IP, and P, formation are plotted as a function of input enzyme. (E) Kinetic profile. A reaction mixture (90 ul) containing 30 mM
Bis-Tris (pH 6.2), 50 mM NaCl, 10 mM MgCl,, 0.5 mM [y*?P]ATP, T mM IP,, and 5 uM Asp1-(1-385) was incubated at 37°C. At times specified, aliquots (10 uL;
containing 5 nmol ATP, 10 nmol IP, and 50 pmol enzyme) were withdrawn and quenched immediately by adjustment to 45 mM EDTA. The extents of IP,
and P; formation are plotted as a function of time. (F) Divalent cation specificity for ATP hydrolysis. Reaction mixtures (20 uL) containing 30 mM Tris-
acetate (pH 6.0), 50 mM NaCl, 0.5 mM (10 nmol) [y*?P]ATP, 5 uM (100 pmol) Asp1-(1-385), and either no metal (-) or 2 mM the indicated divalent cation
(as the chloride salt, except for CdSO,) were incubated for 90 min at 37°C. The extents of P, formation are plotted in bar graph format. All data in the
graphs in panels A-F are the averages of three independent experiments = SEM.

surmised from the crystal structure of PPIP5K2 captured as a transition-state mimetic with
ADPeMgF; and 5-IP, in the active site (14). This structure revealed two catalytic magnesium
ions that engage the three ATP phosphates and stabilize the pentacoordinate phosphorane
transition state of the y-phosphate. The structure also disclosed two additional magnesium
ions that are engaged to the IP, phosphate groups not directly involved in kinase reaction
chemistry. One Mg?* forms a hexa-hydrated complex that makes water-mediated contacts
to the 2 and 3 phosphates of IP,. Another Mg?* forms a tetra-hydrated coordination
complex that makes direct and water-mediated contacts to the 4 phosphate and 5 pyro-
phosphate groups of IP,. These two noncatalytic Mg?* complexes also make water-medi-
ated contacts to the enzyme. We infer that the noncatalytic magnesium ions are important
for productive binding of the inositol polyphosphate substrate to the kinase active site but
may be irrelevant to the ATPase reaction.

The effect of varying pH on the reaction of Asp-(1-385) with [y*?P]ATP and IP4 is shown
in Fig. 2B. In this experiment, the Mg?" concentration was adjusted to 2 mM to avoid the
formation of an insoluble Mg?"-IP, precipitate that occurred at pH =7.5 when the Mg?*
concentration was 5 mM or greater. IP¢ kinase activity displayed a bell-shaped pH curve
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FIG 3 NTP donor specificity of Asp1 kinase. Reaction mixtures (20 ul) containing 30 mM Bis-Tris (pH 6.2),
50 mM NaCl, 10 mM MgCl,, 1 mM IP, 5 uM Asp1-(1-385) (lanes +), and either no added NTP (-) or 5 mM
ATP, GTP, UTP, CTP, or dATP as specified were incubated at 37°C for 90 min. Reaction products were
analyzed by PAGE and detected by toluidine blue staining.

with optimal activity between pH 5.5 and pH 7.0 in Tris buffer. ATP hydrolysis in the presence
of IP; was optimal at pH 5.5 to 6.0 and plateaued between pH 6.5 and pH 9.5 on the alkaline
side, while sharply falling off on the acidic side of the activity peak (Fig. 2B). ATPase activity in
the absence of IP, displayed a sharper pH optimum peaking at pH 5.5 to 6.0 and tailing off
steadily at higher pH values (Fig. 2C).

The extents of IP, and P, product formation in IP¢-containing reactions with 10 mM
Mg?* at pH 6.2 increased in lockstep with the amount of Asp1-(1-385) protein added
(Fig. 2D). At limiting enzyme, 5 pmol of Asp1-(1-385) generated 490 pmol of IP, and
390 pmol of P; in 90 min, which translates into turnover numbers of ~1.1 min~' and
~0.86 min~" for kinase and ATPase activities, respectively. The kinetic profile of product for-
mation by 5 uM Asp1-(1-385) affirmed that IP, and P, accumulated in tandem (Fig. 2E). Taking
the 5 min time point as indicative of initial rate, we calculated turnover numbers of
1.14 min~" and 0.64 min~" for the kinase and ATPase activities, respectively. At the 120 min
time point in this experiment, 54% of the input [*2P]ATP substrate had been consumed
and converted to IP, plus P; products. Our apparent turnover number of 1.14 min~" for the
IP¢ kinase activity of the isolated kinase domain of fission yeast Asp1 is in the same range as
the k,, value of 0.6 min~" reported for IP¢ kinase activity of full length Asp1 (10) and the k,,
of 1.8 min~" reported for IP; phosphorylation by the kinase domain of human PPIP5K2 (13).

To gauge the metal cofactor specificity of Asp1-(1-385), we tested various divalent
cations at 2 mM concentration for their ability to support ATP hydrolysis at pH 6.0 in
the absence of IP. (IPg was omitted in light of its propensity to form an insoluble pre-
cipitate in the presence of several of the transition metals that we planned to test.)
Magnesium, manganese, and cobalt ions were equally adept at supporting ATPase ac-
tivity (Fig. 2F). Other metal ions were less effective in descending order as follows:
nickel, cadmium, calcium, copper, zinc (Fig. 2F).

NTP donor specificity of Asp1 kinase. To query the NTP requirement for the kinase
reaction, we implemented an assay in which Asp1 was incubated for 90 min with T mM IP,,
10 mM MgCl,, and 5 mM cold nucleoside triphosphate (either ATP, GTP, UTP, CTP, or dATP).
The reactions were quenched with EDTA and the products were analyzed by electrophoresis
through a 36% polyacrylamide gel. The polyphosphorylated species were visualized by
staining the gel with toluidine blue (20). Conversion of input IP, substrate to a slower-
migrating IP, product depended on inclusion of both ATP (which migrated ahead of IP)
and Asp1 kinase enzyme (Fig. 3). Whereas Asp1 kinase appeared equally adept at using
5 mM ATP and 5 mM dATP as phosphate donors, there was only scant formation of IP, in
the presence of 5 mM GTP or CTP and no IP, generated in the presence of 5 mM UTP. The
adenine nucleobase specificity of Asp1 kinase is consistent with the reported structure of
the human PPIP5K2 homolog in complex with ATP, which highlights atomic contacts of con-
served glutamate and lysine side chains with the adenine N6 and N7 atoms, respectively
(see Fig. 5B). Whereas a conserved aspartate makes bidentate hydrogen bonds to the
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FIG 4 5-IP, kinase activity. (A) Reaction mixtures (20 uL) containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 5 mM MgCl,, 2 mM ATP
(in lanes labeled +), 0.5 mM IP;, 5-IP,, or 1-IP, as specified, and 5 uM Asp1-(1-385) were incubated at 37°C for 90 min. Reaction
products were analyzed by PAGE and detected by toluidine blue staining. (B) Kinetic profile. A reaction mixture (50 ul) containing
30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 5 mM MgCl,, 0.25 mM [y*P]ATP, 0.5 mM 5-IP,, and 2.5 uM Asp1-(1-385) was incubated at 37°C.
At times specified, aliquots (5 uL; containing 1.25 nmol ATP, 2.5 nmol input 5-IP,, and 12.5 pmol enzyme) were withdrawn and
quenched immediately with EDTA. The products were analyzed by TLC. The extents of IP; formation (kinase) and P, formation
(ATPase) are plotted as a function of time. The data are averages of three independent experiments = SEM. (C) A 5-IP, kinase
reaction was performed as in panel B. Aliquots quenched at the times specified were analyzed by PAGE and the 32P-labeled species
were visualized by autoradiography. A control Asp1 kinase reaction with IP¢ as substrate was incubated for 60 min and analyzed in
parallel. The positions of *2P-labeled ATP substrate and the 1-IP, and IP, kinase products are indicated at left and right. (**Pi runs off
the bottom of the gel and is not visualized.) (D) Reaction mixtures (20 ul) containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 5 mM
MgCl,, 0.25 mM (5 nmol) [y**P]ATP, IP4 and 5-IP, at the concentrations specified, and 2.5 uM (50 pmol) Asp1 kinase were incubated
at 37°C for 15 min. Asp1 kinase was omitted from a control reaction (lane —E). Products were analyzed by PAGE; an autoradiograph
of the gel is shown. The gel was scanned with a Typhoon FLA7000 imager and radioactivity was quantified with ImageQuant-TL.
Yields of 32P-labeled IP; and 1-IP, were calculated by normalizing their signal intensities to that of ATP in the no enzyme control.

adenosine 2'-OH and 3'-OH groups, our results anent dATP suggest that the 2’-OH interac-
tion is not critical under the assay conditions employed (i.e,, at high NTP concentration).
Asp1 kinase phosphorylates 5-IP, but not 1-IP,. Asp1 kinase was reacted for 90 min
with 2 mM ATP, 5 mM MgCl,, and either 0.5 mM chemically synthesized 5-IP, or 1-IP,
(21-23) or 0.5 mM IPs. The Asp1 kinase products were analyzed by 36% PAGE (lanes + in
Fig. 4A), in parallel with control samples containing the inositol polyphosphate substrate but
lacking ATP and kinase (lanes -). Whereas Asp1 kinase catalyzed the conversion of 5-IP, into a
more slowly migrating IPg product, no such conversion was observed when the kinase was
reacted with 1-IP, (Fig. 4A). These results affirm previous reports that Vip1/PPIP5K kinase
enzymes are specific for phosphorylation at the 1-phosphate position (10, 14). (Note: the
preparations of 5-IP, and 1-IP, contained additional toluidine blue-staining species as
minor impurities, one of which is residual IP [with which it comigrated during PAGE] and
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another, migrating slower than IP,, that corresponds to an IP, species that was incompletely
deprotected).

To quantify Asp1 activity with 5-IP, as substrate, we tracked the kinetics of product
formation in a reaction containing 0.5 mM 5-IP,, 0.25 mM [??P]ATP, 5 mM MgCl,, and 2.5 uM
Asp1 kinase. The products were analyzed by TLC and the extents of ATP hydrolysis to 32P; and
of label transfer from ATP to form 32P-IP; were plotted as a function of reaction time (Fig. 4B).
Unlike the IP4 kinetic profile documented in Fig. 2E, in which the reaction partitioned nearly
equally between kinase and ATPase outcomes, the kinetic profile with 5-IP, was strongly bi-
ased in favor of the kinase reaction. At the 15 min time point, 65% of the input ATP was con-
sumed in the kinase reaction versus 2% in the ATPase reaction (Fig. 4B). From the initial rate of
the IP, kinase reaction, we calculated a turnover number of 254 min~—", a value 22-fold greater
than the apparent rate of the IP, kinase reaction in Fig. 2E.

A separate analysis of the kinetic profile of the IP, kinase reaction was performed by
subjecting the 32P-labeled products to PAGE and visualization by autoradiography
(Fig. 4Q). This experiment showed clearly that the radiolabeled product of the IP, ki-
nase reaction was IPg, which migrated more slowly than the 1-IP, produced in a parallel
reaction with IP4 as the substrate (Fig. 4C).

Metabolic labeling with 3H-inositol had revealed that the intracellular concentration
of IPg in fission yeast is ~10-fold higher than that of 5-P, (9). Therefore, it was of interest to
gauge the product distribution of the Asp1 kinase reaction when the enzyme was presented
with 0.25 mM [?2P]JATP and a mixture of 5-IP, and IP, as phosphate acceptors, versus 5-IP, or
IPs alone. The yield of 32P-IPg in a reaction containing 0.1 mM 5-IP, alone was 2.6-fold higher
than the yield of 32P-IP, in a reaction containing 0.4 mM IP, alone (Fig. 4D). The salient findings
were that inclusion of 0.1, 0.2, or 0.4 mM IP, in reactions containing 0.1 mM 5-IP, had scant
effect on the yield of 32P-IPg. To wit, 9.4-fold more IP, than 1-IP, was produced even when [P,
was present in 4-fold excess over 5-P,. Thus, under competitive conditions, 5-IP, is the pre-
ferred kinase substrate and 1,5-IPg synthesis is the preferred reaction outcome.

Structure-function analysis by alanine scanning. We used a primary structure
alignment of the human PPIP5K2 and fission yeast Asp1 kinase domains (Fig. 5A) and the
atomic structure of a PPIP5K2 kinase transition state mimetic (Fig. 5B) (14) to guide an ala-
nine scan of the Asp1 kinase active site. The human and fission yeast kinases share 197 posi-
tions of amino acid side chain identity/similarity over the segment of Asp1 spanning aa 29
to 342 (Fig. 5A). A stereo view of the transition state structure of PPIP5K2 is shown in Fig. 5B
with amino acid side chains numbered according to their identical counterparts in Asp1.
The conserved active site residues that contact the ATP adenosine, the B-phosphate, and
the MgF; mimetic of the yphosphate transition state are shaded gray, green, and cyan,
respectively, in Fig. 5A. The amino acids that coordinate the catalytic magnesium ions and
the IP, phosphates are shaded magenta and yellow, respectively in Fig. 5A. Here we intro-
duced alanine in lieu of 12 Asp1-(1-385) amino acids that are predicted to engage the IP,
phosphate acceptor, the ATP phosphate donor, and the catalytic magnesium ions. The Asp1
amino acids targeted, their counterparts in the human PPIP5K2, and their atomic contacts
are compiled in Fig. 6. The recombinant Ala-mutants were produced in E. coli in parallel with
the wild-type Asp1-(1-385). SDS-PAGE analysis of the respective peak Superdex-200 fractions
is shown in Fig. 7A.

Equivalent amounts of wild-type and mutant proteins were assayed for activity with
5-IP, substrate (Fig. 7B). Three classes of mutational effects were observed: (i) those that elimi-
nated IP, kinase activity or reduced product formation to less than 5% of wild type (H204A,
R223A, K260A, D321A, and D333A); (ii) those that did not affect IP, kinase activity (R285A and
K341A); and (jii) those that had displayed modestly reduced activity vis-a-vis wild type: R123A
(82% of WT), R293A (64%), N335A (45%), K43A (30%), and K224A (18%) (Fig. 7B).

The essential Asp321 and Asp333 side chains are the enzymatic ligands for the two
catalytic metal ions. The essential His204 coordinates the ATP B-phosphate in the human
PPIP5K2 structure. The essential Lys260 coordinates the ATP y-phosphate and the inositol 1-
phosphate. The essential Arg223 coordinates the ATP y-phosphate and the inositol 3-phos-
phate. It is noteworthy that Asn335, which in the human PPIP5K2 structure coordinates the
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FIG 5 Structural homology of fission yeast Asp1 and human PPIP5K2 kinase domains. (A) The amino acid sequence
of the S. pombe (Spo) Asp1 kinase domain is aligned to that of the Homo sapiens (Hsa) PPIP5K2 kinase domain.
Positions of amino acid side chain identity/similarity are denoted by dots above the alignment. Gaps in the
alignment are indicated by dashes. Amino acids in PPIP5K2 are highlighted in colored shading according to their
contacts in the active site structure depicted in panel B. PPIPK2 residues that coordinate the two magnesium
cofactors are highlighted in magenta. Residues that engage the adenosine nucleoside and the ADP B-phosphate are
shaded in gray and green, respectively. Residues that coordinate the MgF; mimetic of the yphosphate transition
state or the 1-phosphate of 5-IP, are shaded in cyan. Residues that contact the other phosphates of 5-IP, are
highlighted in yellow. (B) Stereo view of the active site of PPIPK2 (from PDB 3T9E) as the ADPeMgF, transition state
mimetic (MgF, rendered as atomic spheres with magnesium colored magenta and fluorines colored pale blue) in
complex with 5-IP, (stick model with gray carbons) and two magnesium cofactors (green spheres). The ADP
B-phosphorus and 5-IP, 1-phosphorus atoms are colored yellow. Waters are depicted as red spheres. Amino acids
are rendered as stick models with beige carbons. Amino acids are numbered according to their conserved
counterparts in Asp1.

Mg(2) metal cofactor and the ATP y-phosphate, is apparently not essential for catalysis by
Asp1. Neither is Arg123, which contacts the ATP B-phosphate.

Other mutations that spare or moderately diminish Asp1 IP, kinase activity are mainly
those that subtract predicted side chain contacts to the 5-IP, substrate remote from the 1-
phosphate site at which chemistry occurs: Arg285, predicted to engage the 5-B-phosphate;
Lys341, the 5-B-phosphate and 6-phosphate; Arg293, the 6-phosphate; Lys43, the 2- and 3-
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| pripsk2 |  Aspt | Contacts

| I | IP7

I Lys54 I Lys43 I 2-phosphate, 3-phosphate

| Arg281 | Arg293 I 6-phosphate

I Lys214 [ Lys224 I 5-pyrophosphate, 6-phosphate
| Arg273 | Arg285 | 5-B-phosphate

| Arg213 | Arg223 I 3-phosphate

| Lys329 | Lys341 I 5-pyrophosphate, 6-phosphate
| | I ATP

| His194 | His204 | B-phosphate

| Argl34 | Arg123 I B-phosphate

| | | Mg?* ions

[ Asp309 | Asp321 | Mmg(1)

[ Asp321 | Asp333 | Mg(1), Mg(2)

[ Asn323 | Asn335 | Mg(2)

| | | Transition State

| Lys248 | Lys260 [ ATP y-phosphate, inositol 1-phosphate
| Arg213 | Arg223 [ ATP y-phosphate

| Asn323 I Asn335 | ATP y-phosphate

FIG 6 Amino acids targeted for mutagenesis in Asp1 kinase and their conserved counterparts in human
PPIP5K2.

phosphates; and Lys224, the 5-B-phosphate and 6-phosphate. We suspect there is func-
tional redundancy among the Asp1 amino acids that make atomic contacts to the same
phosphate groups of the 5-IP, substrate. Also, the effects of subtracting a single remote
phosphate contact on kinase activity (via a putative effect on affinity for 5-IP,) might well be
obscured by our assay conditions wherein the 5-IP, concentration (0.5 mM) greatly exceeds
the reported K, of 0.06 ..M for human PPIP5K2 (13).

Asp1 kinase activity de-represses pho1 expression in vivo. Transcriptome profiling
of IPP pyrophosphatase-defective asp1-H397A cells has delineated an IPP-responsive regulon
comprising 30 protein-coding genes that were overexpressed when cellular IPg levels are
increased (19). The “top hits” with respect to fold upregulation included the phosphate-
regulated genes: tgp1 (up 21-fold) and pho1 (up 7-fold). Transcriptome profiling of the IPP-ki-
nase defective asp7-D333A strain highlighted that phosphate homeostasis genes phoT and
pho84 were downregulated, by 20-fold and 14-fold, respectively, in the absence of cellular
IP;. Quantitative assay of cell surface-associated Pho1 acid phosphatase activity provides a
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FIG 7 Structure-guided alanine scanning mutagenesis of Asp1 kinase. (A) Aliquots (8 ug) of wild-type Asp1 kinase
domain and the indicated alanine mutants were analyzed by SDS-PAGE. The Coomassie-blue stained gel is shown.
The positions and sizes (kDa) of marker polypeptides (leftmost lane) are indicated. (B) Kinase reaction mixtures (20 ul)
containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 5 mM MgCl,, 0.25 mM (5 nmol) [y**P]ATP, 0.5 mM (10 nmol) 5-IP,,
and 2.5 uM (50 pmol) of wild-type Asp1 kinase domain or the indicated alanine mutants were incubated at 37°C for
15 min. The products were analyzed by TLC. The extents of IP; formation are plotted for each enzyme. The data in the

bar graph are the averages of three independent experiments + SEM.
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convenient gauge of phol gene expression under steady-state conditions, which recapitu-
lates the derepression and hyper-repression of Pho1 activity in asp7-H397A and asp1-D333A
mutants vis-a-vis wild-type cells (19). To gauge the impact of Asp1 kinase mutations in vivo,
we established a Pho1 activity-based reporter system in which pTIN plasmids expressing
wild-type or mutated versions of Asp1-(1-385) were introduced into asp7A cells. The pTIN
expression vector (24) places the Asp1-(1-385) open reading frame under the transcriptional
control of the tgp1 promoter, which is situated adjacent to the transcription unit specifying
the nc-tgp1 IncRNA driven by the thiamine-repressible nmt1 promoter. In the absence of thi-
amine, IncRNA transcription interferes with firing of the tgp7 promoter. In the presence of
thiamine, INcRNA synthesis is turned off and expression of the downstream mRNA—encod-
ing Asp1-(1-385) in this case—is turned on (24).

The dynamic range of the assay was established by comparing Pho1 acid phosphatase
activity of thiamine-replete asp7A cells bearing the pTIN-Asp1-(1-385) wild-type plasmid ver-
sus cells bearing the empty pTIN vector. Acid phosphatase activity was quantified by incu-
bating suspensions of serial dilutions of the cells for 5 min with p-nitrophenylphosphate and
assaying colorimetrically the formation of p-nitrophenol. Activity is expressed as the ratio of
As10 (p-nitrophenol production) to Agy, (input cells). aspTA cells with the empty pTIN vector
had a Pho1 activity level of 0.6, whereas cells expressing the wild-type Asp1 kinase domain
from the pTIN vector had an activity level of 157 (Fig. 8A). As a reference point, asp1™ cells
have a Pho1 activity level of 4.5 when grown in the same thiamine-replete ePMG liquid me-
dium. Thus, expressing the isolated IPP kinase domain of Asp1 strongly de-repressed expres-
sion of the pho1 gene from its native chromosomal locus.

Effect of Asp1 kinase domain mutations on pho1 expression. Western blotting
of whole-cell extracts of aspTA fission yeast bearing wild-type or mutant pTIN-Asp1-(1-385)
plasmids using affinity-purified anti-Asp1 antibody revealed that the steady-state levels of
Asp1 kinase protein were similar in asp1A strains expressing wild-type and mutant Asp1 ki-
nases, with the exception of R123A (Fig. 8B). As expected, there was no Asp1 kinase protein
detected in aspTA cells bearing the empty pTIN vector (Fig. 8B). Assays of cell-surface acid
phosphatase activity revealed that mutations H204A, R223A, K260A, D321A, and D333A,
which abolished or nearly abolished IPP kinase activity, effaced the derepression of Pho1
when mutant proteins were expressed from pTIN plasmids (Fig. 8A). These results affirm
that the IPP kinase function of Asp1 is what drives Pho1 de-repression in vivo.

Among the mutations that retained partial IP, kinase activity in vitro, K224A and
K43A (with the lowest kinase activities) were unable to derepress Pho1 in vivo, whereas
R285A, R293A, K341A, and N335A did derepress Pho1 (by 62-fold, 40-fold, 98-fold, and
21-fold, respectively compared to the vector control), albeit not to the degree achieved
by wild-type Asp1 kinase (Fig. 8A). R123A retained partial kinase activity in vitro but
derepressed Pho1 by only 8-fold when expressed with the pTIN system (Fig. 8A), an
effect we would attribute to the apparently lower steady-state level of the R123A ki-
nase polypeptide vis-a-vis wild-type and the other mutants (Fig. 8B).

Characterization of recombinant full-length Asp1. We produced full-length Asp1
in E. coli as a His,,Smt3 fusion and purified the protein from a soluble bacterial extract by se-
quential Ni-agarose, tag cleavage, second Ni-agarose, and gel filtration steps. The elution pro-
file of the 105 kDa Asp1 polypeptide was consistent with it being predominantly a monomer
in solution (Fig. 9). In parallel, we purified a mutated version of Asp1 in which the pyrophos-
phatase active site residue His397 was changed to alanine. SDS-PAGE analysis of the wild-type
and H397A full-length Asp1 preparations (peak gel filtration fractions) is shown in Fig. 10A.

Assay of the wild-type Asp1 for kinase activity with IP; and [y?2P]ATP revealed a distinctly
different enzyme titration profile (Fig. 10B) compared to that of the isolated kinase domain
(Fig. 2D). Formation of 32P-IP, peaked at 25 pmol of input Asp1, at which point 7% of the
input ATP 32P-label was used in the kinase reaction (plotted on the left y axis scale in
Fig. 10B) while 20% of the input ATP 32P-label was converted to 32P inorganic phosphate
(plotted on the right y axis scale in Fig. 10B). Further increasing input Asp1 resulted in pro-
gressive reduction in the level of the kinase product (which was eliminated at =150 pmol of
Asp1) as the extent of 32P phosphate formation steadily increased, to 82% of the input ATP
32P-Jabel at 200 pmol Asp1 (Fig. 10B). We presume that the IPP pyrophosphatase activity

May/June 2022 Volume 13 Issue 3

10.1128/mbio.01034-22

mBio

10


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01034-22

Fission Yeast IPP Kinase-Pyrophosphatase Asp1

A 1754 °

150 ':l.t
P 1254
©
g
S 100 -
n
(]
S 754
R
£ 50
25 1
e e
& & oF ¥ o ¥ ¥ oF G o o
& TEITFF I EF TS FE
B NS o A S & X 'li\v SR
Fe FEE ”@@ S FFFFEE
150
100 4 «
75 - g
504 %
B - e S - e e
37 A
250
150
- — — —— | | ——— — ——
100 +

Asp1
(1-385)

Spt5

FIG 8 Asp1 kinase activity derepresses phol expression in vivo. (A) Single colonies (=20) of aspTA cells bearing either
pTIN plasmids encoding wild-type or mutant Asp1 kinase domains or the empty pTIN vector were pooled and grown in
Leu™ ePMG with 15 uM thiamine. Aliquots of exponentially growing cultures were assayed for acid phosphatase activity.
The data are averages (+=SEM) of at least three independent biological replicates. (B) Western blots of whole-cell extracts
prepared from asplA cells bearing the indicated pTIN plasmids. The blots were probed with affinity-purified rabbit
polyclonal antibodies recognizing Asp1 or Spt5 (as a loading control), as specified. The positions and sizes (kDa) of

protein markers are indicated on the left.

resident in the C-terminal domain of Asp1 interferes with measurement of kinase activity
because it effects the hydrolysis of the 32P-labeled 1-IP, kinase reaction product.

To query the inositol pyrophosphatase activity of Asp1, we reacted the enzyme for
30 min with 0.5 mM IPg, 5-IP,, or 1-IP, in the absence of ATP. Product analysis by PAGE
showed that Asp1 converted 1-IP, to IP; but did not modify either the 5-IP, or IP4 sub-
strates (Fig. 10C), thereby affirming previous findings that Asp1 is specific for hydrolysis
of the phosphoanhydride bond at the 1-pyrophosphate position (25).

To evade the complications of pyrophosphatase activity on kinase detection, we
assayed the Asp1-H397A pyrophosphatase mutant for kinase activity with IPg and [y*2P]JATP
and found that it generated approximately equal distributions of kinase and ATPase reaction
products, both of which increased steadily with input enzyme up to 200 pmol Asp1-H397A
(Fig. 10D). PAGE-based assay of the wild-type and H397A full-length Asp1 proteins for 5-IP,
kinase activity in the presence of excess cold ATP is shown in Fig. 10E. Wild-type Asp1 failed
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FIG 9 Recombinant full-length Asp1. Elution profile of wild-type Asp1 during Superdex-200 gel filtration.
The top panel shows the absorbance at 280 nm (blue trace) and 260 nm (red trace) as a function of
elution volume. The A,,=A,q, peak at 50 mL demarcates the void volume. Aliquots (5 uL) of the fractions
spanning and flanking the A,z, peak were analyzed by SDS-PAGE. The Coomassie blue-stained gel is
shown. The positions and sizes (kDa) of marker proteins are indicated on the left. The fraction corresponding
to the A,g, peak containing purified Asp1 is indicated by the vertical arrow.

to produce IP, product and instead consumed most of the input ATP. (Note: ADP, the prod-
uct of the kinase and ATPase reactions, is weakly stained by toluidine blue.) By contrast,
Asp1-H397A did generate IP; without significantly depleting the input ATP (Fig. 10E). We
surmise that full-length wild-type Asp1 churns unproductively through futile cycles of IPg
synthesis by its kinase and decay by its pyrophosphatase.

Effect of inorganic phosphate on activity of full-length Asp1. Titration of full-length
wild-type Asp1 for IP, kinase activity via TLC assay showed that formation of 32P-IPP peaked at
5 pmol of input Asp1, at which point 19% of the input ATP 32P-label was present as IPP while
31% of the input ATP 32P-label was converted to 32P; (Fig. 11A). Increasing Asp1 progressively
reduced in the level of the kinase product (which was eliminated at =25 pmol of Asp1) as the
extent of 32P phosphate formation steadily increased, to 89% of the input ATP 32P-label at
50 pmol Asp1 (Fig. 11A). These results, and those in Fig. 10, suggest that net IPP synthesis by
full-length Asp1 is thwarted by the action of its IPP pyrophosphatase domain. Thus, for net IP,
synthesis by full-length Asp1 to be achieved in vivo, Asp1’s IPP pyrophosphatase activity must
be susceptible to modulation. In this vein, the Shears lab has reported that the pyrophospha-
tase activity of human PPIP5Ks was inhibited by 5 mM inorganic phosphate and that net IPg
synthesis by PPIP5K2 was stimulated 2-fold by 5 mM P; (26). By contrast, IP, synthesis by the
paralogous human IPP kinase/pyrophosphatase PPIP5K1 was insensitive to 5 mM P, (26).

Here we tested the effect of increasing phosphate on net synthesis of IP; by 10 pmol Asp1,
an enzyme level at which product yield is biased toward 32P; versus 32P-IPP. The instructive
findings were that inorganic phosphate elicited a concentration-dependent shift in product
formation in favor of net IPP synthesis (Fig. 11B). Compared to the no-phosphate control,
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FIG 10 Biochemical activities of full-length Asp1 and active site mutant. (A) Aliquots (15 ug) of full-length wild-type Asp1 and H397A mutant 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. (B) Reaction
mixtures (20 L) containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 10 mM MgCl,, 0.5 mM (10 nmol) [??PJATP, 1 mM IP,, and Asp1 as specified were incubated at
37°C for 90 min. Products were analyzed by TLC. The extents of IP, and P, formation are plotted as a function of input enzyme. (C) Phosphatase reaction mixtures
(20 uL) containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 2 mM MgCl,, 0.5 mM IP,, 5-IP, or 1-P,, and 5 uM wild-type Asp1 (lanes +) were incubated at 37°C for
30 min. Reaction products were analyzed by PAGE and detected by toluidine blue staining. (D) Kinase reaction mixtures (20 uL) containing 30 mM Bis-Tris (pH 6.2),
50 mM Nadcl, 10 mM MgCl,, 0.5 mM (10 nmol) [y*?P]ATP, 1 mM IP,, and Asp1-(H397A) as specified were incubated at 37°C for 90 min. The extents of IP, and P,
formation are plotted as a function of input enzyme. The data in panels B and D are averages of three independent experiments * SEM. (E) IP, kinase reaction
mixtures (20 uL) containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 5 mM MgCl,, 0.5 mM 5-IP,, 2 mM ATP, and 5 uM Asp1 WT or Asp1-(H397A) were incubated at

37°C for 30 min. Reaction products were analyzed by PAGE and detected by toluidine blue staining.

supplementation with 5, 10, 25, and 50 mM phosphate increased the yields of IPP by factors
of 2.7, 43, 83, and 14, respectively, concomitant with a concentration-dependent decrement
in the formation of 32P, (Fig. 11B). Sulfate was less effective than phosphate in stimulating net
IPP synthesis at the expense of P; formation (Fig. 11B); to wit, IPP yield on addition of 10, 25,
and 50 mM sulfate was 1.7-fold, 2.4-fold, and 5.3-fold that of the unsupplemented control. We
regard the 8-fold stimulation of net IP; synthesis by 25 mM phosphate to be physiologically
relevant insofar as the intracellular concentration of inorganic phosphate in budding yeast is
23 to 25 mM (as determined by 3'P-NMR spectroscopy) (27).

To query the effect of phosphate on the IP, kinase activity of the isolated Asp1 ki-
nase domain, we first titrated the kinase domain in reactions containing 0.25 mM [?*2P]
ATP and 0.5 mM 5-IP, to establish a suitably sensitive enzyme concentration (Fig. 11C).
The yield of 32P-IP; product during a 15 min reaction increased with input Asp1 kinase; from
the slope of the titration curve, we calculated that 228 = 5 pmol of IP; were formed per pmol
of kinase. The effect of exogenous phosphate was assayed at 5 pmol of Asp1 kinase, a level at
which half-maximal product formation was attained, thereby allowing for detection of either
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FIG 11 Effect of inorganic phosphate on activity of full-length Asp1. (A) Asp1 titration. Reaction
mixtures (20 ul) containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 5 mM MgCl,, 0.25 mM (5 nmol)
[y*?P]ATP, 0.5 mM 5-IP,, and full-length Asp1 as specified were incubated at 37°C for 30 min. Products
were analyzed by TLC. The extents of 3?P-IP, and 32P; formation are plotted as a function of input
enzyme. (B) Effect of phosphate. Reaction mixtures (20 uL) containing 30 mM Bis-Tris (pH 6.2), 50 mM
NaCl, 5 mM MgCl,, 0.25 mM (5 nmol) [y*P]JATP, 0.5 mM 5-IP,, 10 pmol full-length Asp1, and sodium
phosphate (pH 6.4) or sodium sulfate (pH 6.4) as specified were incubated at 37°C for 30 min.
Products were analyzed by TLC. The extents of 3?P-IP, formation (closed circles) and 32P; formation (open
circles) are plotted as a function of phosphate or sulfate concentration. (C) Asp1 kinase titration. Reaction
mixtures (20 ul) containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 5 mM MgCl,, 0.25 mM (5 nmol) [*?P]
ATP, 0.5 mM 5-IP,, and Asp1 kinase as specified were incubated at 37°C for 15 min. Products were
analyzed by TLC. The extent of 32P-IP, formation is plotted as a function of input enzyme. The data in
panels A, B, and C are averages of three independent experiments = SEM. (D) Effect of phosphate on
Asp1 kinase domain. Reaction mixtures (20 ul) containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 5 mM
MgCl,, 0.25 mM (5 nmol) [y*?PJATP, 0.5 mM 5-IP,, 5 pmol Asp1 kinase domain, and sodium phosphate
(pH 6.4) as specified were incubated at 37°C for 15 min. Products were analyzed by TLC. The extent of
32P-|p, formation is plotted as a function of phosphate concentration. The data are the average of two
independent experiments; error bars indicate the range of values.

phosphate stimulation or inhibition of kinase activity. We found that inorganic phosphate had
no impact on IPg product formation at up to 50 mM concentration (Fig. 11D).

Effect of full-length Asp1 on pho1 expression. Expression of full-length wild-
type Asp1 protein produced in aspTA cells via the pTIN system derepressed Pho1
activity, albeit only 57% as strongly as did the isolated kinase domain (Fig. 12A).
This was to be expected given that the C-terminal IPP pyrophosphatase domain of
Asp1 acts in opposition to the kinase domain and thus acts as a brake on the cellu-
lar accumulation of IP;. Pyrophosphatase domain mutations R396A and H397A of
full-length Asp1, which eliminate pyrophosphatase activity in vitro (9), restored
Pho1 derepression to the level achieved by the isolated kinase domain (Fig. 12A).
This is in keeping with our finding that the 5-IP, kinase titration profile of the full-
length Asp1-H397A protein (Fig. 12B) indicated a specific activity of 202 = 8 pmol
of IPg formed per pmol of enzyme, which was similar to the specific activity of the
isolated kinase domain (Fig. 11C).
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FIG 12 Effect of full-length Asp1 on phol expression. (A) Single colonies (=20) of aspTA cells bearing
either the pTIN plasmids encoding full-length wild-type or mutant Asp1, the wild-type kinase domain (aa
1-385), or the empty pTIN vector were pooled and grown in Leu™ ePMG with 15 wM thiamine. Aliquots
of exponentially growing cultures were assayed for acid phosphatase activity. The data are averages
(= SEM) of six independent biological replicates. Whereas unpaired Welch’s t tests of the full-length Asp1
data versus that of the kinase domain showed no significant differences between kinase domain and
Asp1-H397A (P value 0.173) or Asp1-R396A (P value 0.846), the full-length wild-type Asp1 differed
significantly (P value < 0.0001, denoted by ****). (B) 5-IP, kinase activity of Asp1-H397A. Reaction
mixtures (20 uL) containing 30 mM Bis-Tris (pH 6.2), 50 mM NaCl, 5 mM MgCl,, 0.25 mM (5 nmol) [*?P]
ATP, 0.5 mM (10 nmol) 5-IP,, and Asp1-H397A as specified were incubated at 37°C for 15 min. Products
were analyzed by TLC. The extent of 32P-IP, formation is plotted as a function of input enzyme. The
data are averages of three independent experiments = SEM.

DISCUSSION

The results herein fortify and extend our understanding of the enzymatic properties
of the bifunctional Asp1 IPP kinase-pyrophosphatase of fission yeast, an ortholog of budding
yeast Vip1 and human PPIP5K. Two lines of investigation were especially informative. First,
our characterization of the autonomous Asp1 N-terminal kinase domain highlighted starkly
different reaction rates and outcomes when the enzyme is presented with IP versus 5-IP, as
the phosphate acceptor substrate. Second, our analysis of full-length Asp1 revealed that (i)
IPg synthesis from 5-IP, is effectively futile in the face of IPg hydrolysis by the C-terminal pyro-
phosphatase component; and (ii) net synthesis of IPg is enabled by physiological concentra-
tions of inorganic phosphate that selectively antagonize IP; turnover. As discussed below,
our results have implications for IPP dynamics in vivo and the role of Asp1 in fission yeast
phosphate homeostasis.

Asp1 kinase. We initiated biochemical studies of the recombinant kinase domain
by utilizing commercially available IP4 as the phosphate acceptor substrate and an assay
protocol that followed the fate of the 32P-labeled ATP -phosphate. We thereby discerned
two reaction outcomes: formation of IP, and ATP hydrolysis, which comprise productive
and unproductive modes of catalysis, respectively, with respect to IPP metabolism.
Whereas the human PPIP5K2 kinase domain had been shown to hydrolyze ATP unproduc-
tively in the presence of a phosphate acceptor (13, 14), this property had not been docu-
mented previously for Asp1 (9,10). Under reaction conditions optimal for IP¢ kinase activity,
we see that the Asp1 reaction path is split almost equally between kinase and ATPase and
that ATP hydrolysis does not depend on IP,. By contrast, the ATPase of human PPIP5K2 ki-
nase is strongly stimulated by the presence of IP; and other inositol phosphates (13, 14,
28). By implementing an electrophoretic assay of IP phosphorylation in the presence of
cold nucleoside triphosphates, we demonstrated that Asp1 kinase is specific for ATP and
dATP as the phosphate donor and either inactive or feebly active with GTP, CTP, and UTP.
The adenine requirement of Asp1 is consistent with the adenine nucleobase-specific enzy-
matic contacts seen in the human PPIP5K crystal structure.

Key insights emerged when we deployed synthetic 5-IP, as the substrate for Asp1
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kinase, in which case IPg synthesis was favored by >30-fold over the hydrolysis of ATP.
Indeed, the rate of phosphorylation of 5-IP, by Asp1 kinase was 22-fold faster than the rate
of IP¢ phosphorylation. This result resonates with findings for the human PPIP5K2 kinase do-
main, whereby the first-order rate constant for 5-IP, phosphorylation was 22-fold greater
than the rate constant for IP; phosphorylation (14) and k_,/K,, for 5-IP, phosphorylation was
29-fold greater than for IP; phosphorylation (13). We found that a strong preference of Asp1
kinase for 5-IP, versus IP, as the phosphate acceptor was maintained under competitive sub-
strate conditions in which IPg was present in molar excess over 5-IP,. Our findings for Asp1
are consistent with the proposal by Shears and colleagues (29) that the synthetic path from
IP¢ to IPg in vivo entails sequential conversion of IP4 to 5-1P, by 5-kinases Kcs1/IP6K and phos-
phorylation of 5P, to IP; by 1-kinases Asp1/Vip1/PPIP5K.

Full-length Asp1. We show here that full-length Asp1 catalyzes futile cycles of 1-
phosphate phosphorylation by its kinase component and 1-pyrophosphate hydrolysis by its
pyrophosphatase component that result in unproductive net consumption of the ATP sub-
strate. The H397A mutation in the pyrophosphatase active site restored net IP; synthesis by
full-length Asp1-H397A to nearly the same specific activity as the isolated Asp1 kinase domain.
A crucial finding here, inspired by studies of PPIP5K2, was that increasing concentrations of
inorganic phosphate, the product of the IPP pyrophosphatase reaction, enabled net IPg syn-
thesis in vitro by full-length wild-type Asp1. Significant activation of IPg synthesis was evident
at 25 mM phosphate, which is the reported physiological intracellular concentration of ortho-
phosphate in budding yeast grown in phosphate-replete medium (27). Phosphate was more
effective than sulfate in reviving IPg synthesis by full-length Asp1. We attribute the phosphate
effect to inhibition of Asp1’s confounding pyrophosphatase activity, given that the IP, kinase
activity of the isolated kinase domain was unaffected by up to 50 mM phosphate. Although
we do not exclude the existence of other factors or metabolites that might regulate Asp1 ac-
tivity in vivo, or of potential interdomain allostery, our findings anent phosphate in vitro pro-
vide a simple and plausible account of how the Asp1 can achieve net IPg synthesis in the cellu-
lar milieu.

Structure-guided mutagenesis with in vitro and in vivo readouts. Analyses of fis
sion yeast strains bearing kinase-defective aspT mutant alleles (asp1A or asp1-D333A)
that have no intracellular IPg, and of cells with a pyrophosphatase-defective aspi-
H397A allele that have elevated levels of IPg, implicate IPg in a variety of physiological
events (9, 10, 19, 30-32). At the transcriptional level, IP; governs expression of the fis-
sion yeast phosphate regulon, such that Pho1 acid phosphatase is hyper-repressed in
cells lacking IPg and overexpressed in cells with elevated IPg (19). Because cell surface
Pho1 activity provides a quantitative gauge of the function of Asp1 kinase, we sought
to correlate mutational effects on Asp1 5-IP, kinase activity in vitro with the derepres-
sion of Pho1 in vivo when the mutant kinase domains were expressed in aspTA cells.
Our alanine scan of the kinase, guided by the crystal structure of a human PPIP5K2
transition-state analog (14), identified Asp321, Asp333, Lys260, Arg223, and His204 as
essential for Asp1 kinase activity in vitro and Pho1 derepression in vivo. The impor-
tance of these amino acids for catalysis is sensible insofar as the equivalent side
chains in PPIP5K2 are those that bind the two metal ions, the inositol 1-phosphate,
and the ATP phosphates in the transition state. Alanine scanning of PPIP5K2 had shown
that Arg213 (Arg223 in Asp1) and Lys248 (Lys260 in Asp1) are essential for PPIP5K2's 5-IP, ki-
nase activity (14). We found that expression of full-length wild-type Asp1 in asp1A cells was
less potent than the Asp1 kinase domain in its extent of Pho1 derepression, presumably
because the degree of IP; accumulation in vivo was attenuated by the pyrophosphate do-
main. Consistent with this idea, we saw that alanine mutations of pyrophosphatase active
site constituents His397 and Arg396 restored derepression to the same level as the kinase
domain.

Further mechanistic insights into Asp1 activity and its regulation will hinge on
obtaining atomic structures of the component kinase and pyrophosphatase
domains, and especially the full-length bifunctional enzyme, in complexes with
reactants and products at discrete steps along the respective reaction pathways.
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MATERIALS AND METHODS

Recombinant Asp1 proteins. pET28b-His,,Smt3-Asp1-(1-385) plasmids encoding the Asp1 kinase
domain (or alanine mutants thereof) fused to an N-terminal His,,Smt3 tag were transformed into
Escherichia coli BL21(DE3). Cultures (3.2 liters for wild-type kinase or 800 mL for alanine mutants) ampli-
fied from single transformants were grown at 37°C in Terrific Broth containing 50 wg/mL kanamycin until
Aqoo reached 0.8, then adjusted to 2% (vol/vol) ethanol and placed on ice for 30 min. Asp1 kinase expres-
sion was induced by adding isopropyl 3-D-1-thiogalactopyranoside (IPTG) to 0.5 mM and incubating the
cultures overnight at 17°C with constant shaking. Cells were harvested by centrifugation and resuspended in
buffer A (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10% glycerol) containing 10 mM imidazole and one cOmplete
Protease Inhibitor Cocktail tablet (Roche) at a volume of 25 mL per L of culture. All subsequent purification pro-
cedures were performed at 4°C. Cell lysis was achieved by adding lysozyme to 0.5 mg/mL and incubating for 1
h, followed by sonication to reduce viscosity. The lysate was centrifuged at 38,0009 for 45 min and the super-
natant was mixed with 5 mL of Ni-NTA-agarose resin (Qiagen) that had been equilibrated in buffer A with
10 mM imidazole. After 1 h of mixing on a nutator, the resin was recovered by centrifugation and washed
twice with 50 mL of buffer A containing 20 mM imidazole. The washed resin was poured into a column and
the bound protein was eluted with 250 mM imidazole in buffer A. The elution of His,,Smt3-Asp1-(1-385) pro-
tein was monitored by SDS-PAGE. The His,,Smt3 tag was cleaved by treatment with Ulp1 protease (100 ng
Ulp1 per L of bacterial culture) during overnight dialysis against buffer A with 20 mM imidazole. Asp1-(1-385)
proteins were separated from the His,,Smt3 tag by a second round of Ni-affinity chromatography, during
which Asp1-(1-385) proteins were recovered in the flow-through fraction. Tag-free Asp1-(1-385) was concen-
trated to a volume of 5 mL by centrifugal ultrafiltration and then applied to a Hiload Superdex 200 pg 16/600
column (Cytiva Life Sciences) equilibrated in buffer B (30 mM HEPES, pH 6.8, 150 mM NaCl, 10% glycerol). The
peak Superdex fraction of each Asp1-(1-385) preparation was concentrated by centrifugal ultrafiltration and
stored at —80°C. Protein concentrations were determined by using the Bio-Rad dye reagent with BSA as the
standard.

pET28b-His,,Smt3-Asp1 plasmids encoding the full-length Asp1 protein (or alanine mutants thereof)
fused to an N-terminal His,,Smt3 tag were transformed into Escherichia coli BL21(DE3). IPTG induction of
Asp1 expression and purification of Asp1 from soluble bacterial lysates was performed as described
above for the Asp1 kinase domain.

TLC assay of Asp1 kinase and ATPase activity. Reaction mixtures containing 30 mM Bis-Tris (pH
6.2), 50 mM NaCl, MgCl,, [y**P]ATP, IP, (phytic acid; Sigma P-8810-10G, lot BCBZ7573) or IP, (synthesized
as described in 21-23), and Asp1-(1-385) at concentrations specified in the figure legends were incu-
bated at 37°C. Reactions were initiated by addition of Asp1 and quenched at the times specified by
adjustment to 25 mM EDTA. Aliquots (2 uL) were applied to a PEl-cellulose TLC plate (Millipore-Sigma),
and the products were resolved by ascending TLC with 1.7 M ammonium sulfate as the mobile phase.
The radiolabeled ATP substrate and P, and IPP products were visualized by autoradiography or visualized
and quantified by scanning the TLC plate with a Typhoon FLA7000 imager and ImageQuant-TL software.

PAGE assay of Asp1 kinase activity. Reaction mixtures (20 uL) containing 30 mM Bis-Tris (pH 6.2),
50 mM NaCl, MgCl,, ATP, and IP, or IP, as specified in the figure legends were incubated at 37°C.
Reactions were terminated at the times specified by adjustment to 25 mM EDTA. The samples were mixed
with an equal volume of 2x Orange G loading buffer (10 mM Tris-HCl, pH 7.0, 1 mM EDTA, 30% glycerol, 0.1%
Orange G dye) and then analyzed by electrophoresis (at 4°C at 8 W constant power) through a 20-cm 36%
polyacrylamide gel containing 80 mM Tris-borate, pH 8.3, 1T mM EDTA until the Orange G dye reached 2/3 of
the length of the gel. The gel was briefly washed with water and then stained with a solution of 0.1%
Toluidine blue (Sigma), 20% methanol, 2% glycerol, followed by destaining in 20% methanol.

pTIN-based expression of Asp1 in asp7A fission yeast. pTIN plasmids (24) encoding the Asp1 ki-
nase domain (aa 1-385) or alanine mutants thereof were transfected by the lithium acetate method into
S. pombe aspT1A cells. Control transfection was performed with the empty pTIN vector. Transformants
were selected on Leu™ enhanced Pombe Minimal Glutamate (ePMG) 2% agar medium with 15 uM thia-
mine. The recipe for 1 L of ePMG liquid medium contains the following ingredients: potassium hydrogen
phthalate (3.0 g); anhydrous sodium phosphate dibasic (1.66 g); anhydrous sodium phosphate monobasic
(046 g); glucose (20 g); adenine (0.25 g); uracil (0.25 g); glutamic acid (3.75 g); histidine (0.25 g); lysine (0.25 g);
1,000% vitamins (1 mL); 10,000x minerals (0.1 mL); 50x salts (20 mL); and Leu™ amino acid mix (2.5 g). The
components of the vitamin, mineral, and salt stocks are as defined previously (33). The Leu™ amino acid mix is
composed of alanine (2.8 g), arginine (1.3 g), asparagine (0.5 g), aspartic acid (2.65 g), cysteine (0.10 g), gluta-
mine (0.1 g), glutamic acid (4.70 g), glycine (1.50 g), histidine (0.65 g), isoleucine (1.5 g), lysine (2.3 g) methio-
nine (04 g), phenylalanine (1.3 g), proline (1.0 g), serine (0.8 g), threonine (0.8 g), tryptophan (0.25 g), tyrosine
(0.60 g), and valine (1.75 g). The pH of ePMG is adjusted to 5.6 as needed by addition of NaOH.

Acid phosphatase activity. S. pombe Aasp1 cells bearing pTIN plasmids were grown at 30°C in Leu™
ePMG liquid medium with 15 wM thiamine. Aliquots of exponentially growing cultures were harvested,
washed with water, and resuspended in water. To quantify acid phosphatase activity, reaction mixtures
(200 uL) containing 100 mM sodium acetate (pH 4.2), 10 mM p-nitrophenylphosphate, and cells (ranging
from 0.01 to 0.1 Ay, units) were incubated for 5 min 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 A,,, (p-nitrophenol production) to
Ao (cells). The data are averages (= SEM) of at least three assays using cells from three independent cultures.

Asp1 antibody. Rabbit immunization with purified Asp1-(1-364) and preparation of antiserum were
performed by Pocono Hills Rabbit Farm and Laboratory (Canadensis, PA) according to their Mighty Quick
Protocol. Anti-Asp1 antibody was purified from rabbit serum by affinity chromatography as follows. Purified
Asp1 kinase (4.5 mg) was dialyzed against coupling buffer (100 mM HEPES, pH 6.5, 500 mM NaCl, 5% glycerol)
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and then coupled to 4 mL of Affigel-10 resin (Bio-Rad) during overnight incubation at 4°C. The resin was
washed serially with 100 mM Tris-HCI, pH 7.5; 200 mM glycine, pH 2.6; 1 M Tris-HCl, pH 7.5; and 20 mM Tris-
HCl, pH 7.5, 150 mM NaCl. Asp1 kinase-coupled resin was then mixed with 8 mL of rabbit immune serum
(adjusted to 10 mM Tris-HCl, pH 7.5) for 2 h at room temperature on a nutator. The resin was poured into a col-
umn and washed thoroughly with 10 mM Tris-HCI, pH 7.5, 150 mM NaCl until no further protein eluted, as
gauged by Bio-Rad dye-binding assay of wash fractions. Bound antibodies were eluted with 200 mM glycine,
pH 2.6 while collecting fractions (1 mL) in tubes containing 100 uL of 1 M Tris-HCI, pH 7.5 to adjust the pH.
Protein-containing eluate fractions were pooled, dialyzed against buffer containing 10 mM Tris-HCI, pH 7.5,
150 mM NaCl, and concentrated to 0.36 mg/mL.
Western blotting. S. pombe asp1A cells bearing pTIN plasmids were grown at 30°C in Leu™ ePMG
liquid medium with 15 wM thiamine until Ay, reached 0.6 to 0.9. Aliquots (8 Ay, units) of cells were collected
by centrifugation and resuspended in 200 uL 20% trichloroacetic acid, then supplemented with 0.7 g of
0.5 mm Zirconia beads (Biospec) and subjected to six 30-s cycles of treatment with a FastPrep-24 bead-beater
(MP biomedical) at 6.5 m/s. Total acid-insoluble protein was recovered by centrifugation. The pellets were
washed twice with ethanol, then air dried and resuspended in 300 xL 0.5 M Tris-HCl (pH 8.0). The samples
were adjusted to 2% SDS, 10% glycerol, 10% B-mercaptoethanol and heated at 95°C for 5 min. Cell debris and
insoluble material were removed by centrifugation. Aliquots of supernatant proteins (representative of 0.36
Agoo Units of cells) were resolved by electrophoresis through 8% polyacrylamide gels containing 0.1% SDS. Gel
contents were transferred to a polyvinylidene difluoride (PVDF) membrane (Invitrogen). The blots were probed
with affinity-purified rabbit polyclonal anti-Asp1 protein. Parallel blots were probed with anti-Spt5 antibody as
a loading control. Immune complexes were detected using horseradish peroxidase-linked anti-rabbit 1gG
(Cytiva NA934V) and an ECL (enhanced chemiluminescence) Western system (Cytiva) and visualized with an
ImageQuant 800 apparatus (Amersham).

ACKNOWLEDGMENTS
This work was supported by NIH grants R35-GM126945 (S.S.) and R0O1-GM134021
(B.S.) and by the Deutsche Forschungsgemeinschaft (DFG) under Germany's Excellence
Strategy (CIBBS, EXC-2189, Project ID 390939984) (H.J.).

We declare no competing interests.

REFERENCES

1.

Shears SB. 2018. Intimate connections: inositol pyrophosphates at the
interface of metabolic regulation and cell signaling. J Cell Physiol 233:
1897-1912. https://doi.org/10.1002/jcp.26017.

. Azevedo C, Saiardi A. 2017. Eukaryotic phosphate homeostasis: the inosi-

tol pyrophosphate perspective. Trends Biochem Sci 42:219-231. https:/
doi.org/10.1016/j.tibs.2016.10.008.

. Wild R, Gerasimaite R, Jung J-Y, Truffault V, Pavlovic |, Schmidt A, Saiardi

A, Jessen HJ, Poirier Y, Hothorn M, Mayer A. 2016. Control of eukaryotic
phosphate homeostasis by inositol polyphosphate sensor domains. Sci-
ence 352:986-990. https://doi.org/10.1126/science.aad9858.

. Dong J, Ma G, Sui L, Wei M, Satheesh V, Zhang R, Ge S, Li J, Zhang TE, Wittwer

C, Jessen HJ, Zhang H, An GY, Chao DY, Liu D, Lei M. 2019. Inositol pyrophos-
phate InsP, acts as an intracellular phosphate signal in Arabidopsis. Mol Plant
12:1463-1473. https://doi.org/10.1016/.molp.2019.08.002.

. 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/phos-
phatases control plant phosphate homeostasis. Elife 8:e43582. https://doi
.0rg/10.7554/elife.43582.

. Lee S, Kim MG, Ahn H, Kim S. 2020. Inositol pyrophosphates: signaling

molecules with pleiotropic actions in mammals. Molecules 25:2208. https://
doi.org/10.3390/molecules25092208.

. Shears SB, Wang H. 2019. Inositol phosphate kinases: expanding the bio-

logical significance of the universal core of the protein kinase fold. Adv
Biol Regul 71:118-127. https://doi.org/10.1016/j,jbior.2018.10.006.

. Randall TA, Gu C, Li X, Wang H, Shears SB. 2020. A two-way switch for ino-

sitol pyrophosphate signaling: evolutionary history and biological signifi-
cance of a unique, bifunctional kinase/phosphatase. Adv Biol Regul 75:
100674. https://doi.org/10.1016/j.jbior.2019.100674.

. Pascual-Ortiz M, Saiardi A, Walla E, Jakopec V, Kiinzel NA, Span |, Vangala

A, Fleig U. 2018. Asp1 bifunctional activity modulates spindle function via con-
trolling cellular inositol pyrophosphate levels in Schizosaccharomyces pombe.
Mol Cell Biol 38:200047-18. https://doi.org/10.1128/MCB.00047-18.

. Dollins DE, Bai W, Fridy PC, Otto JC, Neubauer JL, Gattis SG, Mehta KP,

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.

May/June 2022 Volume 13 Issue 3

20.

21.

. Fridy PC, Otto JC, Dollins DE, York JD. 2007. Cloning and characterization

of two human VIP1-like inositol hexakisphosphate and diphosphoinositol
pentakisphosphate kinases. J Biol Chem 282:30754-30762. https://doi
.org/10.1074/jbc.M704656200.

. Mulugu S, Bai W, Fridy PC, Bastidas RJ, Otto JC, Dollins DE, Haystead TA,

Ribeiro AA, York JD. 2007. A conserved family of enzymes that phospho-
rylate inositol hexakisphosphate. Science 316:106-109. https://doi.org/10
.1126/science.1139099.

. Weaver JD, Wang H, Shears SB. 2013. The kinetic properties of a human

PPIP5K reveal that its kinase activities are protected against the conse-
quences of a deteriorating cellular bioenergetic environment. Biosci Rep
33:e00022. https://doi.org/10.1042/BSR20120115.

. Wang H, Falck JR, Tanaka Hall TM, 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.

. Carter-O'Connell |, Peel MT, Wykoff DD, O'Shea EK. 2012. Genome-wide

characterization of the phosphate starvation response in Schizosaccharomyces
pombe. BMC Genomics 13:697. https://doi.org/10.1186/1471-2164-13-697.

. Shuman S. 2020. Transcriptional interference at tandem IncRNA and protein-

coding genes: an emerging theme in regulation of cellular nutrient homeosta-
sis. Nucleic Acids Res 48:8243-8254. https://doi.org/10.1093/nar/gkaa630.

. Sanchez AM, Shuman S, Schwer B. 2018. RNA polymerase Il CTD interac-

tome with 3' processing and termination factors in fission yeast and its
impact on phosphate homeostasis. Proc Natl Acad Sci U S A 115:
E10652-E10661. https://doi.org/10.1073/pnas.1810711115.

. Sanchez AM, Shuman S, Schwer B. 2018. Poly(A) site choice and Pol2 CTD Ser-

ine-5 status govern IncRNA control of phosphate-responsive tgpT gene expres-
sion in fission yeast. RNA 24:237-250. https://doi.org/10.1261/rma.063966.117.

. Sanchez AM, Garg A, Shuman S, Schwer B. 2019. Inositol pyrophosphates

impact phosphate homeostasis via modulation of RNA 3’ processing and
transcription termination. Nucleic Acids Res 47:8452-8469. https://doi
.0rg/10.1093/nar/gkz567.

Losito O, Szijgyarto Z, Resnick AC, Saiardi A. 2009. Inositol pyrophosphates
and their unique metabolic complexity: analysis by gel electrophoresis. PLoS
One 4:¢5580. https://doi.org/10.1371/journal.pone.0005580.

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

10.1128/mbio.01034-22 18


https://doi.org/10.1002/jcp.26017
https://doi.org/10.1016/j.tibs.2016.10.008
https://doi.org/10.1016/j.tibs.2016.10.008
https://doi.org/10.1126/science.aad9858
https://doi.org/10.1016/j.molp.2019.08.002
https://doi.org/10.7554/eLife.43582
https://doi.org/10.7554/eLife.43582
https://doi.org/10.3390/molecules25092208
https://doi.org/10.3390/molecules25092208
https://doi.org/10.1016/j.jbior.2018.10.006
https://doi.org/10.1016/j.jbior.2019.100674
https://doi.org/10.1128/MCB.00047-18
https://doi.org/10.1073/pnas.1908875117
https://doi.org/10.1074/jbc.M704656200
https://doi.org/10.1074/jbc.M704656200
https://doi.org/10.1126/science.1139099
https://doi.org/10.1126/science.1139099
https://doi.org/10.1042/BSR20120115
https://doi.org/10.1038/nchembio.733
https://doi.org/10.1186/1471-2164-13-697
https://doi.org/10.1093/nar/gkaa630
https://doi.org/10.1073/pnas.1810711115
https://doi.org/10.1261/rna.063966.117
https://doi.org/10.1093/nar/gkz567
https://doi.org/10.1093/nar/gkz567
https://doi.org/10.1371/journal.pone.0005580
https://doi.org/10.1002/anie.201301092
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01034-22

Fission Yeast IPP Kinase-Pyrophosphatase Asp1

22.

23.

24,

25.

26.

27.

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

Pavlovic |, 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-do-
main translocation in cellulo. Nat Commun 7:10622. https://doi.org/10.1038/
ncomms10622.

Garg A. 2020. A IncRNA-regulated gene expression system with rapid
induction kinetics in the fission yeast Schizosaccharomyces pombe. RNA
26:1743-1752. https://doi.org/10.1261/rna.076000.120.

Wang H, Nair VS, Holland AA, Capolicchio S, Jessen HJ, Johnson MK,
Shears SB. 2015. Asp1 from Schizosaccharomyces pombe binds a [2Fe-2S]**
cluster which inhibits inositol pyrophosphate 1-phosphatase activity. Bio-
chemistry 54:6462-6474. https://doi.org/10.1021/acs.biochem.5b00532.

Gu C, Nguyen HN, Hofer A, Jessen HJ, Dai X, Wang H, Shears SB. 2017. The
significance of the bifunctional kinase/phosphatase activities of disphosphoino-
sitol 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.

Auesukaree C, Homma T, Tochio H, Shirakawa M, Kaneko Y, Harashima S.
2004. Intracellular phosphate serves as a signal for the regulation of the

May/June 2022 Volume 13 Issue 3

29.

30.

3

32

33.

mBio

PHO pathway in Saccharomyces cerevisiae. J Biol Chem 279:17289-17294.
https://doi.org/10.1074/jbc.M312202200.

. Wang H, Godage HY, Riley AM, Weaver JD, Shears SB, Potter BV. 2014.

Synthetic inositol phosphate analogs reveal that PPIP5K2 has a sur-
face-mounted substrate capture site that is a target for drug discov-
ery. Chem Biol 21:689-699. https://doi.org/10.1016/j.chembiol.2014
.03.009.

Shears SB, Baughman BM, Gu C, Nair VS, Wang H. 2017. The significance
of the 1-kinase/1-phosphatase activities of the PPIP5K family. Adv Biol
Regul 63:98-106. https://doi.org/10.1016/j.jbior.2016.10.003.

Péhimann J, Fleig U. 2010. Asp1, a conserved 1/3 inositol polyphos-
phate kinase, regulates the dimorphic switch in Schizosaccharomy-
ces pombe. Mol Cell Biol 30:4535-4537. https://doi.org/10.1128/MCB
.00472-10.

. Topolski B, Jakopec J, Kiinzel NA, Fleig U. 2016. Inositol pyrophosphate kinase

Asp1 modulates chromosome segregation fidelity and spindle function in
Schizosaccharomyces pombe. Mol Cell Biol 36:3128-3140. https://doi.org/10
.1128/MCB.00330-16.

Pascual-Ortiz M, Walla E, Fleig U, Saiardi A. 2021. The PPIP5K family member
Asp1 controls inorganic polyphosphate metabolism in S. pombe. JoF 7:626.
https://doi.org/10.3390/jof7080626.

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

10.1128/mbio.01034-22 19


https://doi.org/10.1002/anie.201404398
https://doi.org/10.1038/ncomms10622
https://doi.org/10.1038/ncomms10622
https://doi.org/10.1261/rna.076000.120
https://doi.org/10.1021/acs.biochem.5b00532
https://doi.org/10.1074/jbc.M116.765743
https://doi.org/10.1074/jbc.M312202200
https://doi.org/10.1016/j.chembiol.2014.03.009
https://doi.org/10.1016/j.chembiol.2014.03.009
https://doi.org/10.1016/j.jbior.2016.10.003
https://doi.org/10.1128/MCB.00472-10
https://doi.org/10.1128/MCB.00472-10
https://doi.org/10.1128/MCB.00330-16
https://doi.org/10.1128/MCB.00330-16
https://doi.org/10.3390/jof7080626
https://doi.org/10.1016/S0076-6879(10)70032-X
https://doi.org/10.1016/S0076-6879(10)70032-X
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01034-22

	RESULTS
	Purification of recombinant Asp1 kinase.
	IP6 kinase and ATP phosphohydrolase activity.
	Characterization of IP6 kinase and ATPase activities.
	NTP donor specificity of Asp1 kinase.
	Asp1 kinase phosphorylates 5-IP7 but not 1-IP7.
	Structure-function analysis by alanine scanning.
	Asp1 kinase activity de-represses pho1 expression in vivo.
	Effect of Asp1 kinase domain mutations on pho1 expression.
	Characterization of recombinant full-length Asp1.
	Effect of inorganic phosphate on activity of full-length Asp1.
	Effect of full-length Asp1 on pho1 expression.

	DISCUSSION
	Asp1 kinase.
	Full-length Asp1.
	Structure-guided mutagenesis with in vitro and in vivo readouts.

	MATERIALS AND METHODS
	Recombinant Asp1 proteins.
	TLC assay of Asp1 kinase and ATPase activity.
	PAGE assay of Asp1 kinase activity.
	pTIN-based expression of Asp1 in asp1Δ fission yeast.
	Acid phosphatase activity.
	Asp1 antibody.
	Western blotting.

	ACKNOWLEDGMENTS
	REFERENCES

