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ABSTRACT

In plants, phosphate (Pi) homeostasis is regulated by the interaction of PHR transcription factors with

stand-alone SPX proteins, which act as sensors for inositol pyrophosphates. In this study, we combined

different methods to obtain a comprehensive picture of how inositol (pyro)phosphate metabolism is regu-

lated by Pi and dependent on the inositol phosphate kinase ITPK1. We found that inositol pyrophosphates

are more responsive to Pi than lower inositol phosphates, a response conserved across kingdoms. Using

the capillary electrophoresis electrospray ionization mass spectrometry (CE-ESI-MS) we could separate

different InsP7 isomers in Arabidopsis and rice, and identify 4/6-InsP7 and a PP-InsP4 isomer hitherto not

reported in plants.We found that the inositol pyrophosphates 1/3-InsP7, 5-InsP7, and InsP8 increase several

fold in shoots after Pi resupply and that tissue-specific accumulation of inositol pyrophosphates relies on

ITPK1 activities and MRP5-dependent InsP6 compartmentalization. Notably, ITPK1 is critical for Pi-depen-

dent 5-InsP7 and InsP8 synthesis in planta and its activity regulates Pi starvation responses in a PHR-

dependent manner. Furthermore, we demonstrated that ITPK1-mediated conversion of InsP6 to 5-InsP7

requires high ATP concentrations and that Arabidopsis ITPK1 has an ADP phosphotransferase activity to

dephosphorylate specifically 5-InsP7 under low ATP. Collectively, our study provides new insights into

Pi-dependent changes in nutritional and energetic stateswith the synthesis of regulatory inositol pyrophos-

phates.
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INTRODUCTION

To maintain cellular phosphate (Pi) homeostasis, plants have

evolved complex sensing and signaling mechanisms that adjust

whole-plant Pi demand with external Pi availability. Although
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many molecular players involved in these responses have been

identified, the exact mechanism of Pi sensing in complex organ-

isms, such as plants, still remains largely unknown. In the model

species Arabidopsis thaliana, the MYB transcription factors

PHOSPHATE STARVATION RESPONSE 1 (PHR1) and its closest

paralog PHR1-LIKE1 (PHL1) control the expression of the major-

ity of Pi starvation-induced (PSI) genes to regulate numerous

metabolic and developmental adaptations induced by Pi defi-

ciency (Rubio et al., 2001; Bustos et al., 2010). Since PHR1

expression is only weakly responsive to Pi deficiency (Rubio

et al., 2001), the existence of a post-translational control of

PHR1 and PHL1 factors has been proposed. Emerging evidence

indicates that a class of stand-alone SPX proteins negatively reg-

ulates the activity of PHR transcription factors in different plant

species (Liu et al., 2010; Wang et al., 2014b; Lv et al., 2014;

Puga et al., 2014; Qi et al., 2017; Zhong et al., 2018; Ried et al.,

2021). In Arabidopsis, SPX proteins can interact with the plant-

unique coiled-coil motif of PHR1, thereby controlling the oligo-

meric state and the promoter binding activity of this transcription

factor (Ried et al., 2021).

The in vivo interaction of PHRs and SPXs is influenced by Pi (Wang

et al., 2014b; Lv et al., 2014; Puga et al., 2014), suggesting that

this mechanism could represent a direct link between Pi

perception and downstream signaling events. However, the

dissociation constants for Pi itself in an SPX–PHR complex ranged

from 10 mM to 20 mM (Wang et al., 2014b; Lv et al., 2014;

Puga et al., 2014). The study of Wild et al. (2016) demonstrated

that SPX domains act as receptors for inositol pyrophosphates

(PP-InsPs), small signaling molecules consisting of a

phosphorylated myo-inositol ring and one or two pyrophosphate

groups (Wilson et al., 2013; Shears, 2018). Isothermal titration

calorimetry experiments demonstrated that 5PP-InsP5 (hereafter

5-InsP7) interacts more strongly with SPX domains than Pi (Wild

et al., 2016). More recent studies have further shown that

1,5(PP)2-InsP4 (1,5-InsP8 hereafter) has an even higher binding af-

finity toward SPX domains than 5-InsP7 in vitro (Gerasimaite et al.,

2017; Dong et al., 2019; Ried et al., 2021), and that InsP8 can

restore more efficiently the interaction between SPX1 and PHR1

in vivo (Dong et al., 2019). In line with the proposed role of InsP8

as an intracellular Pi signaling molecule controlling the formation

of SPX–PHR complexes, Arabidopsis mutants with compromised

synthesis of PP-InsPs exhibit constitutive PSI gene expression and

overaccumulate Pi (Stevenson-Paulik et al., 2005; Kuo et al., 2014,

2018; Donget al., 2019; Zhu et al., 2019). Importantly, cellular pools

of different PP-InsPs are significantly altered in response to Pi

availability in Arabidopsis (Kuo et al., 2018; Dong et al., 2019),

suggesting that the enzymes involved in their synthesis could act

as regulators of Pi homeostasis in plants. However, the

biosynthetic steps leading to dynamic changes in InsP8 levels in

response to Pi availability still remain unresolved.

In plants, synthesis of InsP8 is mediated by VIH1 and VIH2 (Laha

et al., 2015; Dong et al., 2019; Zhu et al., 2019), a class of

bifunctional kinase/phosphatase enzymes (Zhu et al., 2019)

sharing homology with the yeast and animal Vip1/PPIP5Ks

(Desai et al., 2014; Laha et al., 2015). However, how plants

synthesize InsP7 has since long remained elusive, as plant

genomes do not encode homologs of the metazoan and yeast

InsP6 kinases IP6K/Kcs1 (Saiardi et al., 1999). We and

others have recently identified the Arabidopsis inositol 1,3,4-
2 Molecular Plant 14, 1–17, October 4 2021 ª The Author 2021.
trisphosphate 5/6-kinases ITPK1 and ITPK2 as putative novel

plant InsP6 kinases (Adepoju et al., 2019; Laha et al., 2019). We

further showed that ITPK1 generates the meso InsP7 isomer

5-InsP7, the major form identified in seed extracts (Laha et al.,

2019). Furthermore, InsP7 and InsP8 levels are compromised in

an itpk1 mutant, showing that ITPK1 functions as an InsP6

kinase in planta (Laha et al., 2019). Since InsP7 is the precursor

for InsP8 synthesis, the next challenge is to determine which

InsP7 isomers respond to Pi and how their synthesis is linked to

the plant’s Pi status. A recent study reported that Pi deficiency

induces a shoot-specific increase in InsP7 levels in Arabidopsis

as determined by high-performance liquid chromatography

(HPLC) analysis of [32P]Pi-labeled extracts (Kuo et al., 2018).

However, this response does not easily explain decreased

InsP8 levels detected in shoots of Pi-deficient Arabidopsis

plants by polyacrylamide gel electrophoresis (PAGE) (Dong

et al., 2019). Since 32P labeling does not provide a mass assay

of the inositol species, and PAGE is not suited to the analysis of

lower inositol phosphates (InsPs), alternative approaches are

still required to obtain a complete picture of Pi-dependent

metabolism of InsPs and PP-InsPs in plants. The recent develop-

ment of a capillary electrophoresis electrospray ionization mass

spectrometry (CE-ESI-MS) method for ultrasensitive analysis of

inositol (pyro)phosphates (Qiu et al., 2020) offers a unique

opportunity to perform isomer identification and quantitation in

different plant tissues.

Here, we combined [3H]inositol labeling, PAGE, and CE-ESI-MS

to investigate in unprecedented detail Pi-, ITPK1-, and VIH2-

dependent quantitative changes in inositol (pyro)phosphate

levels. Our results reveal sensitive responses of 1/3-InsP7,

5-InsP7, and InsP8 according to cellular Pi levels and organ-

specific accumulation of InsP7 and InsP8 relying on MRP5-

dependent InsP6 compartmentalization. We also identified two

previously unreported PP-InsP isomers, including a presumptive

PP-InsP4 isomer that is preferentially produced in roots in an

ITPK1-dependent manner. With grafting and genetic crosses,

we demonstrate that ITPK1 activity in shoots is more critical for

undisturbed Pi signaling and relies on functional PHRs. Finally,

we show that Arabidopsis ITPK1 mediates adenylate charge-

dependent reversible reactions with high KM values for ATP and

ADP, and generates 5-InsP7 in planta, which we determined to

be the main substrate for the strong InsP8 synthesis induced by

Pi resupply to Pi-starved plants.
RESULTS

Pi-dependent synthesis of PP-InsPs is conserved
across multicellular organisms

To assess if the synthesis of InsP8 and its immediate precursor,

InsP7, responds to quick changes in Pi availability, we analyzed

InsP6, InsP7, and InsP8 levels with the help of titanium dioxide

(TiO2)-based pull-down followed by separation via PAGE

(Losito et al., 2009; Wilson et al., 2015). In the dicotyledonous

species A. thaliana, total phosphorus (P) concentration in

shoots decreased significantly after 7 days of growth in a

Pi-deficient nutrient solution (Figure 1A). When Pi was

resupplied, shoot P levels were already significantly increased

after 6 h and reached levels comparable to those of plants

cultivated continuously on Pi-replete conditions after 12 h. In



Figure 1. Pi-dependent regulation of InsP7 and InsP8 levels is conserved in multicellular organisms.
(A)Shoot total P levels inA. thaliana in response to sufficient (+P) or deficient Pi (�P) or after Pi resupply to Pi-starved plants for the indicated time. Data are

means ± SD (n = 5 plants).

(B and C) Time-course PAGE analysis of inositol (pyro)phosphates in response to Pi starvation and Pi resupply in A. thaliana shoots (B) and fold change of

quantified signal intensities (C). Data are means ± SE (n = 3 gels loaded with independent biological samples). n.d., not detected. OG, orange G.

(D) Time-course PAGE analysis of rice shoots. Plants were cultivated in hydroponics under sufficient Pi (+P) or deficient Pi (�P) for 7 days (A. thaliana

Col-0) or 10 days (rice, Oryza sativa cv. Nipponbare), or –P resupplied with Pi for the indicated times. Quantification of signals is shown in Supplemental

Figure 1. OG, orange G.

(E–G) Phenotype (E), total Pi levels (F), and PAGE analysis (G) of gametophores of Physcomitrium patens. Plants were cultivated on sufficient Pi (+P),

starved of Pi for 30 days (�P), or resupplied with Pi for the indicated time. Data are means ± SD (n = 3 biological replicates). OG, orange G.

(H) PAGE analysis of inositol (pyro)phosphates extracted from HCT116 cells cultured on sufficient Pi (+P), starved in Pi-free medium for 18 h (�P), or �P

and resupplied with Pi for 3.5 h (Pi RS). Cells were harvested at the same time. The experiment was repeated twice with similar results.

In (A) and (F), different letters indicate significant differences according to Tukey’s test (P < 0.05).

ITPK1-Dependent Regulation of Pi Signaling Molecular Plant

Please cite this article in press as: Riemer et al., ITPK1 is an InsP6/ADP phosphotransferase that controls phosphate signaling in Arabidopsis, Molecular
Plant (2021), https://doi.org/10.1016/j.molp.2021.07.011
the same plants, InsP6, InsP7, and InsP8 signals decreased

significantly in response to Pi starvation (Figure 1B and 1C).

However, the most dramatic changes were observed when

Pi-starved plants were resupplied with Pi. In relative terms,

InsP7 and InsP8 responded much more sensitively to Pi

resupply than InsP6, with InsP8 signals increasing almost 100-
fold and greatly surpassing the levels detected in plants grown

constantly under sufficient Pi (Figure 1C). Strong recovery of

InsP7 and especially InsP8 was also detected in shoots of the

monocotyledonous species rice (Figure 1D and Supplemental

Figure 1). We could also detect clear Pi-dependent

accumulation of PP-InsPs in gametophores of the moss
Molecular Plant 14, 1–17, October 4 2021 ª The Author 2021. 3



Figure 2. InsP and PP-InsP profiles in response to changes in Pi availability.
(A and B) HPLC profiles of Arabidopsis (Col-0) seedlings radiolabeled with [3H]myo-inositol. Seedlings were grown with Pi (+P) or without Pi (�P) or �P

resupplied with Pi for 6 h (Pi RS). Full, normalized spectra (A) and zoom-in view of the same profile (B). The experiment was repeated with similar results,

and representative results from one experiment are shown.

(legend continued on next page)
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Physcomitrium patens, although induction by Pi resupply was

less pronounced in this species (Figure 1E–1G). Together, these

results suggest that Pi-dependent InsP7 and InsP8 synthesis is

conserved in vascular and non-vascular land plants. We also

used PAGE to assess Pi-dependent synthesis of PP-InsPs in

the human HCT116 cell line, and found that while InsP6 levels

remained largely unaffected by Pi conditions, both InsP7 and

InsP8 decreased in cells after Pi was removed from the culture

and sharply increased again after Pi resupply (Figure 1H).

Altogether, these results indicate that Pi-dependent synthesis

of InsP7 and InsP8 seems to be evolutionarily conserved across

a range of multicellular organisms.

Comprehensive analysis of Pi-dependent inositol (pyro)
phosphate metabolism in Arabidopsis

As PAGE separation and staining cannot detect lower InsPs and

is unable to distinguish PP-InsP regioisomers (Losito et al., 2009),

we used additional methods to investigate in more detail which

InsPs and PP-InsPs respond to Pi. First, we performed strong

anion-exchange chromatography–HPLC analyses of extracts

from [3H]inositol-labeled wild-type (WT) seedlings. Of all InsPs

detected in whole seedlings, only InsP6 and the PP-InsPs InsP7

and InsP8 decreased in response to Pi starvation and increased

again after Pi resupply (Figure 2A and 2B). Two InsP4 isomers

of unknown isomeric nature (eluting at 41 and 46 min,

respectively) also decreased under Pi deficiency, but none of

the lower InsPs exhibited a comparable fast recovery after Pi

resupply relative to InsP7 and InsP8 (Figure 2A and 2B).

Next, we used the recently developed CE-ESI-MSmethod, which

does not rely on metabolic labeling and is therefore not blind to

inositol derivatives generated de novo from D-glucose-6-

phosphate (Qiu et al., 2020). To validate the method with plant

samples of 6-week-old plants grown in hydroponics, assignment

of 1-InsP7, 5-InsP7, and 1,5-InsP8 was confirmed with fully
13C-labeled internal standards (Figure 2C). Except for InsP3-3

and 1/3-OH InsP5, the remaining InsPs and all PP-InsPs detected

with CE-ESI-MS decreased in Pi-deficient shoots (Figure 2D).

Within a maximum of 12 h of Pi resupply, PP-InsP levels had

recovered to Pi-sufficient levels, while at least 24 h was

required to restore the levels of InsPs. In line with our PAGE

analysis, InsP8 showed the most dramatic relative change (up

to a 40-fold increase), with levels surpassing those detected in

Pi-sufficient plants already after 6 h of Pi resupply (Figure 2D).

1/3-InsP7 also experienced a fast recovery during Pi resupply.

We found that 5-InsP7 was more abundant than 1/3-InsP7 and

also responded to Pi resupply, although less sensitively than

1/3-InsP7 and InsP8 (Figure 2D). Remarkably, we also detected

a previously unreported InsP7 isomer that migrated separately

from [13C6]5-InsP7 and [13C6]1-InsP7 standards and co-

migrated with synthetic 6-InsP7 (Capolicchio et al., 2013),

hence likely representing 4-InsP7 or the 6-InsP7 enantiomer

(Supplemental Figure 2). Unlike 1/3-InsP7 and 5-InsP7, the novel
(C) Extracted-ion electropherograms of InsPs and PP-InsPs in Arabidopsis

spectrometry and identical migration time compared with their heavy isotopic

proofs showed in Supplemental Figure 2. Assignment of InsP6 and InsP5 is acc

relative standards. Inset shows extracted-ion electropherograms of three Ins

(D)CE-ESI-MS analysis of inositol (pyro)phosphate levels in shoots ofArabidop

hydroponics under sufficient Pi (+P), deficient Pi for 7 days (�P), or �P resupp

replicates composed of two plants each).
InsP7 isomer responded only mildly to Pi starvation and Pi resup-

ply (Figure 2D). Together, these results demonstrate that,

althoughmost InsPs and PP-InsPs decrease during Pi deficiency,

the levels of the PP-InsPs 1/3-InsP7, 5-InsP7, and InsP8 recover

faster and more strongly compared with all other InsP species

when Pi-starved plants regain access to Pi.
The synthesis of 1/3-InsP7, 5-InsP7, and InsP8 is tightly
linked to cellular Pi levels

The widespread effects of Pi starvation and Pi resupply on most

InsPs and PP-InsPs are not unexpected, as the synthesis of these

molecules relies on available Pi for the phosphorylation reactions.

However, the most sensitive response of 1/3-InsP7, 5-InsP7, and

InsP8 to Pi refeeding suggested that their synthesis might be

more directly associated with a signaling mechanism. To test this

hypothesis,wecomparedPi-suppliedWTplantsand theP-overac-

cumulating mutant pho2-1 (Delhaize and Randall, 1995), defective

in theE2ubiquitin conjugase-relatedenzymePHO2 (also knownas

UBC24) (Aung et al., 2006; Bari et al., 2006; Lin et al., 2008). Under

our growth conditions,pho2-1plants overaccumulatedP in shoots

as expected (Figure 3A). PAGE revealed that InsP7 and especially

InsP8 signals were significantly increased in pho2-1, while InsP6

was hardly affected (Figure 3B). Subsequent CE-ESI-MS analysis

showed that none of the detected lower InsP isomers was signifi-

cantly increased in shoots of pho2-1 plants (Figure 3C). In

contrast, InsP8 was increased approximately 50-fold in pho2

shoots, further reinforcing that InsP8 is the most Pi-sensitive

PP-InsP in leaves. Whereas the levels of the novel presumptive

4/6-InsP7 isomer did not change considerably in pho2-1, 5-InsP7

exhibited a clear increase, albeit less dramatic than that of

1/3-InsP7 (Figure 3C). Altogether, these results demonstrate that

the synthesis of 1/3-InsP7, 5-InsP7, and InsP8 is tightly controlled

by amechanism that relays changes in cellular Pi levels specifically

toward PP-InsP biosynthesis.
ITPK1 is required for Pi-dependent synthesis of
1/3-InsP7, 5-InsP7, and InsP8 in planta

Previously, the analysis of [32P]Pi-labeled seedlings indicated that

itpk1 mutant plants display decreased levels of InsP6 and InsP7

and increased levels of InsP(3,4,5,6)P4 and its enantiomer (Kuo

et al., 2018). Analysis of [3H]inositol-labeled seedlings showed

that not only InsP7 but also InsP8 levels are decreased in the

itpk1 mutant (Laha et al., 2020). However, the function of ITPK1

in Pi-dependent synthesis of specific InsP7 isomers and its link to

VIH1/VIH2 remain unclear. Under our growth conditions, itpk1

plants overaccumulated P whenever Pi was supplied in the

nutrient solution, while vih2-4 accumulated significantly more P

than WT only during short Pi resupply (Figure 4A). Pi-resupply-

induced InsP8 accumulation was compromised in itpk1 and vih2-

4 single mutants, whereas InsP7 levels were decreased in itpk1

irrespective of the Pi regime (Figure 4B). Importantly, the

defective synthesis of InsP7 and InsP8 of itpk1 could be largely
(Col-0) shoots. InsP8, 5-InsP7, and 1/3-InsP7 were assigned by mass

standards. A new PP-InsP isomer was assigned as 4/6-InsP7, based on

ording to mass spectrometry and identical migration time compared with

P3 and two InsP4 isomers.

sis (Col-0) plants exposed to variable Pi supplies. Plants were cultivated in

lied with Pi for the indicated times. Data are means ± SE (n = 3 biological

Molecular Plant 14, 1–17, October 4 2021 ª The Author 2021. 5



Figure 3. PP-InsPs respond more sensitively to internal Pi

status than lower InsPs.
(A) P-overaccumulation phenotype of pho2-1 plants grown under suffi-

cient Pi conditions in hydroponics. Bars showmeans ±SD (n = 4 biological

replicates).

(B and C) PAGE detection (B) and CE-ESI-MS analysis (C) of inositol

(pyro)phosphates in shoots of WT (Col-0) and pho2-1 plants. OG, orange

G. Plants were cultivated in hydroponics under sufficient Pi. Data repre-

sent means ± SE (n = 3 biological replicates composed of two plants

each). *P < 0.05 and ***P < 0.001, Student’s t-test.
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complemented by reintroducing the genomic ITPK1 fragment into

the mutant background (Supplemental Figure 3), confirming that

this defect was indeed associated with the loss of ITPK1.

A more detailed analysis with CE-ESI-MS showed that the syn-

thesis specifically of 5-InsP7 is strongly compromised and not

any more responsive to Pi in shoots of itpk1 plants (Figure 4C).
6 Molecular Plant 14, 1–17, October 4 2021 ª The Author 2021.
This provides the first evidence in planta for the ITPK1-

dependent generation of 5-InsP7. Loss of ITPK1 did not signifi-

cantly affect the levels of the novel 4/6-InsP7 species in shoots

(Figure 4C). Despite the strong reduction of 5-InsP7, InsP8 levels

were significantly decreased in itpk1 relative toWT plants only af-

ter Pi resupply (Figure 4C). Interestingly, 1/3-InsP7 levels were

compromised in itpk1 and vih2-4 plants resupplied with Pi. In

agreement with HPLC analyses of [3H]inositol-labeled seedlings

(Laha et al., 2015), InsP8 levels were strongly decreased in

shoots of the vih2-4 mutant (Figure 4B and 4C). When this

mutant was resupplied with Pi, the lower levels of InsP8 were

also accompanied by a four-fold increase in 5-InsP7

(Figure 4C). Accumulation of 5-InsP7 increased even further

when both VIH1 and VIH2 were knocked out (Supplemental

Figure 4), providing additional evidence that 5-InsP7 is the main

substrate for InsP8 synthesis in shoots.

Apart from an 80% decrease in 5-InsP7, Pi-sufficient itpk1 plants

had also significantly decreased levels of 4/6-OH InsP5 and espe-

cially of 1/3-OH InsP5, but increased levels of InsP4-1 and InsP3-3

(Figure 4C). These results are consistent with the catalytic

flexibility of inositol 1,3,4-trisphosphate 5/6-kinases (Caddick

et al., 2008; Desfougeres et al., 2019; Miller et al., 2005;

Whitfield et al., 2020) and provide a detailed quantitative view

of the metabolic steps affected by this enzyme in planta.

Interestingly, the synthesis of even more InsPs, including 2-OH

InsP5 and InsP6, was dependent on ITPK1 during Pi resupply

(Figure 4C). This result further indicated that a distinct set of

reactions occurs in plants experiencing a sudden change in Pi

availability compared with those acclimated to Pi-replete

conditions. Disruption of VIH2 resulted in little to no significant

change in lower InsP forms (Figure 4C), in line with the

substrate specificity of diphosphoinositol pentakisphosphate

kinases (Mulugu et al., 2007; Wang et al., 2014a; An et al., 2019).

Together, our results demonstrate that the rapid synthesis of

InsP8 in response to Pi is largely dependent on 5-InsP7 synthe-

sized by ITPK1. However, the differences that we detected in

plants acclimated to Pi-replete conditions versus those exposed

to short-term Pi resupply suggest that compensation mecha-

nisms and metabolic rearrangements might be activated over

the long run when ITPK1 or VIH2 activities are perturbed.
ITPK1 has InsP6 kinase and ATP synthase activities

Considering that ITPK1 is required for the robust increase in InsP8-

in response to Pi resupply, we asked whether ITPK1 is also able to

function as an InsP7 kinase. However, neither 1-InsP7 nor 5-InsP7

appears to be a substrate for ITPK1 kinase activity in vitro

(Supplemental Figure 5A). Subsequently, the enzymatic

properties of recombinant Arabidopsis ITPK1 were investigated

in more detail with nuclear magnetic resonance spectroscopy

(NMR). First, InsP6 kinase reaction conditions were analyzed

with respect to magnesium ion (Mg2+) concentration and

temperature dependency as well as quenching efficiency of

EDTA (Supplemental Figure 5B–5D). Subsequent kinetic analysis

revealed that ITPK1 exhibits a surprisingly high KM for ATP of

approximately 520 mM (Figure 5A and 5B). Unlike VIHs (Zhu

et al., 2019), the kinase activity of ITPK1 was largely insensitive

to Pi and not affected by the non-metabolizable Pi

analog phosphite (Supplemental Figure 6). When 2-OH InsP5



Figure 4. ITPK1 is required for 5-InsP7 synthesis in planta and acts with VIH2 to generate InsP8 in response to Pi resupply.
(A) P overaccumulation of itpk1 plants grown in hydroponics under sufficient Pi (+P), deficient Pi for 7 days (�P), or �P resupplied with Pi for 12 h (Pi RS).

Bars show means ± SD (n = 5 biological replicates). Different letters indicate significant differences according to Tukey’s test (P < 0.05).

(B and C) PAGE detection (B) and CE-ESI-MS analysis (C) of inositol (pyro)phosphates in shoots of WT (Col-0), itpk1, and vih2-4 plants. OG, orange.

Plants were cultivated in hydroponics under sufficient Pi (+P), deficient Pi for 7 days (�P), or�P resupplied with Pi for 12 h (Pi RS). Data represent means ±

SE (n = 3 biological replicates). *P < 0.05, **P < 0.01, and ***P < 0.001, Student’s t-test (mutant versus Col-0). n.d., not detected.
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was presented as substrate to ITPK1, no conversion could be de-

tected (Supplemental Figure 5E), suggesting that ITPK1 has no

inositol pentakisphosphate kinase-like activity to generate InsP6

from 2-OH InsP5. Furthermore, in contrast to InsP6 kinases of the

IP6K/Kcs1 family, no activity was observed when 1-InsP7 was

used as a substrate (Supplemental Figure 5F and 5G), thus

confirming our PAGE results from corresponding in vitro

reactions (Supplemental Figure 5A).

The characterization of structurally and sequence-unrelated

mammalian InsP6 kinases of the IP6K family and of ITPK1 frompo-

tato has demonstrated that these enzymes can shift their activities

from kinase to ADP phosphotransferase at low ATP-to-ADP ratios

(Caddick et al., 2008; Voglmaier et al., 1996; Wundenberg et al.,

2014). This prompted us to assess if Arabidopsis ITPK1 also

possesses such activity. In vitro reactions with unlabeled 5-InsP7

and subsequent PAGE analyses revealed that ITPK1 indeedmedi-
ates 5-InsP7 dephosphorylation (Figure 5C). This activity was

recently also reported by Whitfield et al. (2020) and occurred

only in the presence of ADP (Supplemental Figure 7A).

Interestingly, we found that the ADP phosphotransferase activity

of ITPK1 was lost in stable catalytically dead ITPK1 mutants

(Figure 5C), indicating that dephosphorylation is mediated by

the reverse reaction of the kinase domain and not by a

dedicated (albeit cryptic) phosphatase domain. Furthermore, we

detected no ADP phosphotransferase activity of ITPK1 with any

other InsP7 isomer phosphoryl donor (Figure 5D), suggesting a

high degree of substrate specificity for the dephosphorylation

reaction. To determine the kinetic parameters of this reaction, we

incubated ITPK1 with 13C6-labeled 5-InsP7 in the presence of

ADP and detected the formation of ATP and InsP6 with NMR

(Supplemental Figure 7B and 7C). No ATP formation

was detected when ITPK1 was incubated without 5-InsP7

(Supplemental Figure 7D). Interestingly, the reverse reaction was
Molecular Plant 14, 1–17, October 4 2021 ª The Author 2021. 7



Figure 5. In vitro characterization of Arabi-
dopsis ITPK1 activity.
(A and B) NMR analysis of InsP6 kinase activity of

recombinant Arabidopsis ITPK1. Time-dependent

conversion of InsP6 to 5-InsP7 (A) and reaction

velocity determined at varying ATP concentrations

(B). KM and Vmax were obtained after fitting of the

data against the Michaelis-Menten model.

(C and D) InsP6 kinase and 5-InsP7 hydrolysis by

recombinant Arabidopsis ITPK1 and designated

catalytic mutants of ITPK1 (C) and specificity of the

reverse reaction on 5-InsP7 but not on other InsP7

isomers (D). InsPs were separated via PAGE and

visualized by toluidine blue staining. The identity of

bands was determined by migration compared with

InsP6 and 5-InsP7 standards and TiO2-purifiedmrp5

seed extract. InsP6 kinase reaction served as posi-

tive control for the reverse reactions. Purified His8-

MBP tag (MBP) served as negative control for ITPK1.

(E and F) NMR analysis of reverse reaction of re-

combinant Arabidopsis ITPK1. Accumulation of

InsP6 and conversion of 5-InsP7 (E) and reaction

velocity determined at varying ADP concentrations

(F). KM and Vmax were obtained after fitting of the

data against the Michaelis-Menten model.
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almost two times faster than the forward, InsP6 kinase, activity,

whereas the KM for ADP and ATP were relatively similar

(Figure 5B, 5E, and 5F). In agreement with results obtained in

agar-plate-grown seedlings (Zhu et al., 2019), we observed that

ATP levels and ATP/ADP ratios dropped significantly in response

to Pi deficiency in shoots of hydroponically grown WT plants, but

rapidly increased after Pi resupply (Supplemental Figure 8A and

8B). Furthermore, pho2-1 plants also had higher ATP levels and

ATP/ADP ratios than WT (Supplemental Figure 8C and 8D).
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Thus, the Pi-dependent changes in adenylate

nucleotide ratio of plants may ultimately

regulate the synthesis of 5-InsP7 by shifting

ITPK1-mediated InsP6 kinase and ADP phos-

photransferase activities.

ITPK1 is genetically linked to VIH2 and
acts redundantly with ITPK2 to
maintain Pi homeostasis in
Arabidopsis

The Pi-overaccumulation phenotype of

itpk1 plants has been associated to the

misregulation of PSI genes (Kuo et al.,

2018; Supplemental Figure 9A). A full

elemental analysis indicated that the

concentrations of other nutrients were

largely unaffected in shoots of itpk1 plants

(Supplemental Figure 10), demonstrating

that the high P levels were not caused

by a concentration effect due to the

reduced shoot size. In itpk1 plants, total P

levels were also significantly increased in

flowers and seeds and slightly increased in

roots (Supplemental Figure 9B). A root

phenotypical analysis revealed that itpk1

plants had shorter roots than WT plants
irrespective of Pi supply (Supplemental Figure 9C–9E; Laha

et al., 2020). This phenotype was probably not due to Pi

overaccumulation, as root length of pho2-1 plants was

comparable to that of WT (Supplemental Figure 9F), but likely

associated with defective auxin perception (Laha et al., 2020).

To investigate the genetic link between ITPK1 and VIH2, we

generated an itpk1 vih2-4 double mutant. Compared with

itpk1 mutant plants, mutation of VIH2 in the itpk1 background



Figure 6. Genetic interaction of ITPK1 with VIH2 and ITPK2 in regulating Pi homeostasis in a PHR1- and PHL1-dependent manner.
(A–C) Characterization of itpk1 vih2-4 double mutant. Photographs of 4-week-old plants grown on peat-based substrate (A), overview of relative nutrient

changes in shoots (B), and shoot P levels (C) of wild type (Col-0) and the indicated mutants. Scale bars, 3 cm. Data represent means ± SD (n = 6 plants).

(D and E)Characterization of itpk1 itpk2-2 double mutant. Photographs of 4-week-old plants grown on peat-based substrate (D) and shoot P levels (E) of

wild type (Col-0) and the indicated mutants. Scale bars, 3 cm. Data represent means ± SD (n = 5 or 6 plants).

(F and G) Genetic interplay between PHR1/PHL1 and ITPK1 in systemic Pi signaling. Shoot P levels (F) of 3-week-old wild type and indicated mutants

grown on peat-based substrate. Data representmeans ±SD (n = 6 plants). ITPK1-dependent expression of Pi deficiency-induced genes (G) in roots of the

indicated Pi-sufficient plants. Data represent means ± SE (n = 3 replicates).

(H) Total P concentration in shoots of self-grafted or reciprocally grafted wild type (Col-0) and itpk1 grown for 2 weeks on peat-based substrate. Data

represent means ± SD (n = 5–7 plants).

In (C), (E), (F), and (H), different letters indicate significant differences according to Tukey’s test (P < 0.05).
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inhibited plant growth even further and caused an approxi-

mately 27% increase specifically in shoot P levels

(Figure 6A–6C). These results provide genetic evidence for

the interdependence of ITPK1 and VIH2 activities to maintain

undisturbed Pi homeostasis in plants.

Previously, we demonstrated that ITPK2 also has InsP6 kinase

activity in vitro (Laha et al., 2019). However, at the phenotypical

level, only the disruption of ITPK1 but not of ITPK2 results in

smaller plant size and constitutive P overaccumulation

(Figure 6D and 6E; Kuo et al., 2018). The levels of InsP8, 5-

InsP7, and other (pyro)phosphates detected with CE-ESI-MS

were mostly unaltered in the itpk2-2 mutant compared with WT

(Supplemental Figure 11). Despite the differential phenotypes of

itpk1 and itpk2-2 mutants, possible functional redundancy

could still explain why itpk1 plants do not show severe growth

and P-overaccumulation phenotypes like those reported for the
vih1 vih2 double mutant (Dong et al., 2019; Zhu et al., 2019).

Therefore, we generated an itpk1 itpk2-2 double mutant. When

grown in Pi-containing substrate, itpk1 itpk2-2 plants exhibited

severe growth retardation (Figure 6D). In these plants, shoot

P levels were approximately 3.5-fold and 2.1-fold higher than in

WT and itpk1 plants, respectively (Figure 6E). These results

suggested that, although ITPK2 plays a relatively minor role in

Pi signaling in the presence of a functional ITPK1, it is able to

partially compensate for the loss of ITPK1.

ITPK1 controls Pi signaling dependent of PHR1 and
PHL1 but independent of PHO2

We then analyzed the genetic interaction between ITPK1 and the

transcription factors PHR1 and PHL1. Although phr1 itpk1 and

phr1 phl1 itpk1 plants still accumulated significantly more P than

phr1 and phr1 phl1, respectively, the relative increments were

smaller than in the presence of functional PHR1 and PHL1
Molecular Plant 14, 1–17, October 4 2021 ª The Author 2021. 9
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(Figure 6F). In contrast, the short-root phenotype caused by ITPK1

disruption could not be restored by knocking out these transcrip-

tion factors (Supplemental Figure 12A). While many PSI genes

were suppressed in the triple mutant, absence of ITPK1 kept

PHT1;8 upregulated in the phr1 phl1 background (Figure 6G),

suggesting that PHT1;8 expression was further controlled by

another mechanism. To investigate whether ITPK1 is also

involved in Pi starvation signaling at the level of PHO2, we then

generated an itpk1 pho2-1 double mutant. Knocking out both

ITPK1 and PHO2 increased shoot P levels by almost two times

compared with single itpk1 and pho2-1 mutants (Supplemental

Figure 12B), hence suggesting that ITPK1 function in Pi signaling

is largely independent of PHO2. Collectively, our results

demonstrate that the coordination of Pi signaling by PHR1 and

PHL1 is tightly linked to ITPK1-dependent PP-InsP synthesis.

Wethenperformedgraftingexperiments toaddresswhether undis-

turbed Pi accumulation is determined by organ-specific ITPK1 ac-

tivity. As expected, shoot P overaccumulation was detected when

roots and shoots of itpk1 plants were self-grafted (Figure 6H).

However, shoot P was largely reverted back to WT levels when

Col-0shootsweregraftedonto itpk1 roots,while remainingapprox-

imately 75% higher when itpk1 shoots were grafted onto Col-0

roots. These results suggest that ITPK1 activity in shoots is more

determinant for the regulation of shoot Pi accumulation.
Root-specific synthesis of a presumptive novel PP-InsP
relies on ITPK1 activity in roots

The apparent dominant ITPK1 role in shoots is puzzling, as ITPK1

is expressed in various plant tissues, including roots (Kuo et al.,

2018). CE-ESI-MS analysis of roots revealed that itpk1 plants

exhibited significantly decreased levels of 1/3-InsP7, 5-InsP7,

and InsP8 whenever Pi was available (Supplemental Figure 13).

Furthermore, most InsPs that were affected in shoots by ITPK1

disruption were also affected in roots. Interestingly, PP-InsP levels

in roots were lower than those detected in shoots, and the

increased accumulation of InsP8 after Pi resupply was less pro-

nounced (compare Figure 4C and Supplemental Figure 13). We

therefore compared the levels of PP-InsPs and InsPs in roots

and shoots of WT plants and detected clear, organ-specific differ-

ences (Figure 7A and 7B). InsP8 and the detected InsP7 isomers

were much more abundant in shoots than in roots (Figure 7A).

For instance, InsP8 levels in shoots were approximately 2-, 2.4-,

and 21-fold higher than those detected in roots of Pi-sufficient,

Pi-starved, and Pi-resupplied plants, respectively. Interestingly,

the shoot/root ratio was reversed for most InsPs (Figure 7B).

While InsP6 levels were comparable in roots and shoots

whenever Pi was available, most other InsPs were quantitatively

less abundant in shoots than in roots. However, shoot-to-root par-

titioning of InsP4-1, 2-OH InsP5, and InsP6 was increased under Pi

starvation, as their synthesis was inhibited more strongly in roots

than in shoots. Thus, these results demonstrate strong, organ-

specific differences in InsP and PP-InsP metabolism, with higher

levels of PP-InsPs produced in shoots and lower InsPs in roots.

Notably, PAGE analyses of root samples revealed a Pi-defi-

ciency-induced accumulation of a band with an electrophoretic

mobility between those of InsP6 and InsP7, which was absent in

shoots (Figure 7C; Supplemental Figure 14A). With CE-ESI-MS

we identified the presence of an isomer that, to our knowledge,
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has not previously been reported in plants. This isomer dis-

played a mobility slightly increased compared with InsP6, thus

likely representing a PP-InsP4 isomer (Supplemental

Figure 14B). We were not yet able to determine the isomeric

nature of this presumptive PP-InsP4 isomer, but observed that

it did not co-migrate with synthetic 5PP-Ins(1,3,4,6)P4. We

also detected a band with a similar mobility in roots of rice

plants (Supplemental Figure 14B). CE-ESI-MS analyses of

individual and mixed samples revealed that the presumptive

PP-InsP4 isomer appears to be indistinguishable between Arabi-

dopsis and rice roots, but clearly differed in mobility from the

5PP-Ins(1,3,4,6)P4 standard (Supplemental Figure 14B),

suggesting that its root-specific synthesis is conserved in flow-

ering plants. Interestingly, in Arabidopsis roots, the levels of this

PP-InsP4 isomer were detected only in Pi-starved roots

(Figure 7D). In roots of itpk1 plants, a band representing the

presumptive PP-InsP4 was not visible, and the isomer was

either not detected or present at lower levels than in WT or

itpk2-2 according to CE-ESI-MS (Figure 7C and 7D),

suggesting that ITPK1 is involved in its synthesis. These

results together indicate that ITPK1 is active in roots, where it

is also required for the root-specific synthesis of a presumptive

novel PP-InsP4 isomer.
Subcellular InsP6 compartmentalization determines
tissue levels of InsP7 and InsP8

Since roots and shoots had comparable InsP6 levels as long as

Pi was available to the plants (Figure 7B), we next addressed

whether subcellular compartmentalization of InsP6 could

determine the amount of InsP7 and InsP8 that can be

synthesized in each plant organ. To this end, we assessed

these PP-InsPs in shoots and roots of mrp5, a mutant defective

in vacuolar loading of InsP6 (Nagy et al., 2009). Compared with

WT, mrp5 plants had elevated InsP7 and InsP8 signals in shoots

and roots (Figure 7E). We then quantified these changes in

shoots with CE-ESI-MS and found that InsP8 especially was still

responsive to Pi in mrp5 plants (Supplemental Figure 15A).

Consequently, P accumulation was not significantly altered

(Supplemental Figure 15B), suggesting that Pi starvation

responses were not misregulated in mrp5 mutant plants.

Taken together, these results indicate that the amount of PP-

InsPs produced in different plant tissues is dependent on

MRP5-mediated InsP6 compartmentalization, while the compo-

sition may be further determined by organ-specific ITPK1

activities.
DISCUSSION

ITPK1 reversible reactions are important for the
formation and degradation of PP-InsPs in response to Pi

Regulation of cellular Pi homeostasis is critical for all living organ-

isms. Therefore, it is not surprising that intricate Pi sensing and

signaling mechanisms have evolved to dynamically adjust Pi

uptake according to external and internal Pi levels. In plants,

recent studies have raised compelling evidence that PP-InsPs

act as signaling molecules that regulate Pi homeostasis by bind-

ing to SPX proteins (Azevedo andSaiardi, 2017; Dong et al., 2019;

Ried et al., 2021; Wild et al., 2016; Zhu et al., 2019). However, it

has remained challenging to establish which PP-InsP species

are regulated by Pi and to link defects in Pi signaling to altered



Figure 7. Amount of InsP7 and InsP8 synthesized in plant tissues relies on MRP5-dependent InsP6 compartmentalization and ITPK1
activity.
(A and B) Relative levels of PP-InsPs (A) and InsPs (B) detected by CE-ESI-MS in shoots and roots of WT (Col-0) plants exposed to variable Pi supplies.

Plants were cultivated in hydroponics under sufficient Pi (+P), deficient Pi for 7 days (�P), or �P resupplied with Pi for 12 h (Pi RS). Data are means of

shoot-to-root ratios ± SE (n = 3 biological replicates composed of two plants each). n.d., not detected. Dashed lines indicate a ratio of 1.

(C andD)PAGE detection (C) and CE-ESI-MS quantification (D) of a presumptive novel PP-InsP4 isomer in roots. This isomer was detected in roots ofWT

(Col-0) or itpk2-2 plants but was absent or present at low levels in roots of the itpk1mutant. Plants were grown in hydroponics in Pi-sufficient solution (+P)

or exposed for 7 days to Pi starvation (�P). In (D), data represent means ± SE (n = 6 or 7 biological replicates). Data points set to 0 indicate independent

biological replicates in which the isomer was not detected.

(E) PAGE detection of InsPs and PP-InsPs in shoots and roots of WT (Col-0) and mrp5 mutant plants cultivated in hydroponics under sufficient Pi (+P).

Data represent means ± SE (n = 3 biological replicates). OG, orange G.

(F) A proposed model for ITPK1-dependent generation and removal of 5-InsP7 and its link with VIHs and Pi signaling. In Pi-deficient cells, low ATP levels

stimulate ITPK1 to catalyze Pi transfer from 5-InsP7 to ADP, thereby generating ATP and decreasing 5-InsP7. Decreased ATP and Pi levels also activate

the pyrophosphatase activity of VIHs to break down InsP8. The removal of PP-InsPs destabilizes the association between PHRs and SPXs, allowing PHRs

to switch on Pi starvation responses. When cells regain sufficient Pi, which increases ATP levels, ITPK1-mediated InsP6 kinase activity is stimulated and

the reverse reaction toward 5-InsP7 is inhibited. 5-InsP7 generated by ITPK1 serves then as substrate for InsP8 production via the kinase domain of VIHs.

As a consequence of increased PP-InsPs, SPX proteins recruit PHRs to repress Pi starvation responses. Our results also demonstrate that the amount of

PP-InsPs produced in different plant tissues is further controlled by InsP6 compartmentalization by MRP5, and that ITPK2 is able to partially complement

ITPK1 function in Pi signaling.
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accumulation of specific InsPs in metabolic mutants. With the

help of CE-ESI-MS, we show here that 1/3-InsP7, 5-InsP7, and

InsP8 levels change dramatically not only when plants are

exposed to Pi-limited conditions, but especially when Pi-starved

plants are resupplied with Pi (Figures 1A–1G and 2). InsP8, which

co-migrated with a [13C6]1,5-InsP8 standard (Figure 2C),

responded more sensitively to Pi than any other PP-InsP or lower

InsP assessed in this study, with concentrations increasing from
approximately 0.32% of InsP6 in shoots of Pi-starved plants to

approximately 10% of InsP6 48 h after Pi resupply (Figure 2D).

Due to the severe Pi signaling defects of vih1 vih2 double

mutants and the fact that 1,5-InsP8 can restore SPX1–PHR1

interaction in vivo more efficiently than 5-InsP7 (Dong et al.,

2019; Zhu et al., 2019; Ried et al., 2021), InsP8 has been

suggested as the preferred ligand for SPX proteins. Notably, in

contrast to InsP8 accumulation, the expression of SPX1 and
Molecular Plant 14, 1–17, October 4 2021 ª The Author 2021. 11
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SPX3 is strongly induced by Pi starvation (Duan et al., 2008).

These seemingly opposing responses suggest that when

Pi-deficient plants regain access to Pi, the increased

accumulation of InsP8 shortly overlaps with the high abundance

of its receptors, allowing the quick formation of large amounts

of repressive SPX–PHR complexes. As soon as 6 h after Pi resup-

ply, when InsP8 levels were elevated substantially (Figure 2D), the

expression of PSI genes in roots was already strongly repressed

compared with Pi-starved plants (Supplemental Table 1). Such a

mechanism might thereby help plants to efficiently modulate Pi

uptake according to the severity of Pi deficiency, thus

preventing toxicity after Pi-starved plants regain access to Pi.

Since InsP8 is generated in plants by phosphorylation of InsP7 via

VIH1 and VIH2 (Dong et al., 2019; Laha et al., 2015; Zhu et al.,

2019), Pi-dependent InsP8 synthesis relies on the availability of

the substrate, InsP7. Previous analyses with PAGE or [32P]Pi

labeling indicated that InsP7 levels were relatively unchanged or

mildly increased in the shoots of Pi-starved plants (Dong et al.,

2019; Kuo et al., 2018). In our study we observed, under slightly

different conditions, a mild global reduction in InsP7 levels in

response to Pi starvation and a quick recovery when Pi was

resupplied to plants (Figures 1, 2, 3, and 4). However, this

picture became much clearer when employing CE-ESI-MS,

which enabled us to distinguish several different InsP7 species.

We found that, similar to InsP8, both 5-InsP7 and 1/3-InsP7 were

strongly reduced under Pi starvation and recovered quickly after

Pi resupply (Figure 2D). Recovery of 1/3-InsP7 was dependent on

functional ITPK1 and VIH2. Previous NMR assays showed that

the recombinant kinase domain of Arabidopsis VIH2 catalyzes

the synthesis of InsP8 from 5-InsP7 and of 1-InsP7 from InsP6

(Zhu et al., 2019). Thus, the lack of 1/3-InsP7 in Pi-resupplied

vih2-4 plants provides first support in planta for the InsP6 kinase

activity of VIH2. Nonetheless, the concomitant increase in

5-InsP7 in shoots of vih2-4 plants (Figure 4C) indicated that 5-

InsP7 is the main VIH2 substrate responsible for the robust InsP8

synthesis induced by Pi resupply in WT plants. In line with the

in vitro activity of ITPK1 (Adepoju et al., 2019; Laha et al., 2019),

shoot 5-InsP7 levels were strongly decreased in itpk1 mutant

plants irrespective of Pi availability (Figure 4C). Since we

detected only InsP6 kinase and no 1-InsP7 or 5-InsP7 kinase activ-

ity with purified recombinant Arabidopsis ITPK1 (Supplemental

Figure 5A), the decrease in InsP8 in Pi-resupplied itpk1 plants

likely results from diminished 5-InsP7 and thus reduced availability

of this InsP7 isomer for the VIH1- or VIH2-catalyzed phosphoryla-

tion at the C1 phosphate. Notably, disruption of ITPK1 or VIH2 re-

sulted in distinct changes in a number of inositol (pyro)phosphates

in plants acclimated to sufficient Pi compared with plants exposed

to short-term Pi resupply (Figure 4C), which could point to time-

dependent activation of metabolic readjustments and compensa-

tory mechanisms. Indeed, the phenotypical analysis of an itpk1

itpk2-2 double mutant provided evidence that ITPK2 is able to

partially complement the function of an absent ITPK1 (Figure 6D

and 6E). However, future research will have to assess PP-InsPs

at higher tissue resolution and in different cellular compartments

to determine if the InsP8 detected in shoots of itpk1 plants accli-

mated to Pi-replete conditions is produced at the sites relevant

for Pi signaling.

The dynamic changes in 1/3-InsP7, 5-InsP7, and InsP8 levels ac-

cording to the plant’s Pi status indicate that PP-InsP synthesis
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and degradation must be tightly controlled. Pi-dependent accu-

mulation of InsP8 has been proposed to rely on the bifunctional

activity of VIH1 and VIH2 (Dong et al., 2019; Zhu et al., 2019),

whose kinase and phosphatase activities can be shifted

according to cellular ATP and Pi levels (Zhu et al., 2019).

However, unlike VIHs, ITPK1 harbors only the atypical ‘‘ATP-

grasp fold’’ and no phosphatase domain. Nonetheless, we

demonstrate that Arabidopsis ITPK1 can shift its activity and

become an ADP phosphotransferase that dephosphorylates

5-InsP7 but no other InsP7 isomer in the presence of ADP

(Figure 5C–5F and Supplemental Figure 7). Considering that

5-InsP7 represents only one of at least three different InsP7 iso-

mers detected in plants, this high specificity suggests that the

reverse reaction is most likely used to specifically switch off

5-InsP7 signaling (and in consequence InsP8 signaling) and prob-

ably makes no major contribution to global ATP synthesis under

Pi-deficient conditions. Thus, ITPK1 can mediate reversible InsP6

kinase and 5-InsP7 dephosphorylation, which is reminiscent of

the Ins(1,3,4,5,6)P5/ADP phosphotransferase activities recorded

previously for recombinant ITPK1 from potato (Caddick et al.,

2008). Our kinetic analyses with NMR also demonstrate that

Arabidopsis ITPK1 has comparable KM values for ATP and ADP

(Figure 5). Thus, Pi-dependent (and perhaps tissue-dependent)

changes in ATP levels and ATP/ADP ratios will determine whether

ITPK1 phosphorylates InsP6 or dephosphorylates 5-InsP7 to pro-

duce or remove PP-InsPs required for undisturbed Pi signaling

(Figure 7F). The ADP phosphotransferase activity of ITPK1

could bypass the requirement for dedicated PP-InsP hydrolases,

which are likely to slowdown quick dynamic changes in InsP7 and

InsP8 to induce, e.g., jasmonate-related responses during wound

response or insect attack (Laha et al., 2015, 2016), or when Pi

becomes suddenly available (Figures 1B–1D and 2D). During

the completion of the present study, Whitfield and colleagues

(Whitfield et al., 2020) reported that, in addition to 5-InsP7, Arabi-

dopsis ITPK1 can also dephosphorylate Ins(1,3,4,5,6)P5 at high

ADP/ATP ratios. Thus, the catalytic flexibility of ITPK1 and its abil-

ity to mediate adenylate charge-dependent forward and reverse

reactions at different steps along the metabolic pathway

make ITPK1 a central component that transduces cellular Pi sta-

tus into specific inositol (pyro)phosphate changes.
ITPK1 activity in shoots is critical for undisturbed Pi

signaling

With genetic crossings and grafting, we demonstrated that the

uncontrolled Pi accumulation and misregulated expression of

PSI genes in the itpk1 mutant was strongly attenuated in the

absence of PHR1 and PHL1 and was more significantly affected

by missing ITPK1 activity in shoots (Figure 6F–6H). The latter

result is somewhat surprising, since ITPK1, VIH1, and VIH2 are

expressed in shoots and roots (Kuo et al., 2014, 2018; Laha

et al., 2015; Zhu et al., 2019) and ITPK1 activity also affects PP-

InsP accumulation in roots (Supplemental Figure 13). One

possibility is that the disturbed PHR-dependent Pi signaling in

itpk1 shoots further amplifies PHR-dependent Pi signaling

defects in roots. Furthermore, in line with earlier indications

from [32P]Pi labeling (Kuo et al., 2018), we found that the

concentration of all PP-InsPs—except for a presumptive

novel PP-InsP4 isomer—was higher in shoots than in roots

(Figure 7A–7D and Supplemental Figure 14A). Future studies

are required to investigate the relevance of these differences for
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whole-plant Pi homeostasis. Interestingly, our results indicated

that subcellular compartmentalization of InsP6 seems determi-

nant for the overall level of InsP6-dependent PP-InsPs that

can be produced in different plant tissues (Figure 7E and

Supplemental Figure 15A), while the composition is likely

defined by the predominant catalytic activity executed by

different enzymes according to substrate availability and the

energetic state of each tissue.

Identification of novel PP-InsPs in plants

One surprising finding from our CE-ESI-MS analysis was the

identification of a previously unreported 4/6-InsP7 isomer, which,

together with 5-InsP7, appears to be the most abundant InsP7

isomer in plants (Figure 2D and Supplemental Figure 2). The

4/6-InsP7 isomer is not misregulated in the pho2 mutant and

does not show the strong overshoot reaction observed for 1/3-

InsP7 and InsP8 after Pi resupply and is hence likely not involved

in Pi signaling (Figures 2D and 3C). Neither 4-InsP7 nor 6-InsP7

has been described, to our knowledge, in other organisms, with

the exception of the social amoeba Dictyostelium discoideum,

in which 6-InsP7 represents the most abundant InsP7 isomer

(Laussmann et al., 1997). The amounts of InsP7 and InsP8 are

very high in Dictyostelium, reaching concentrations of several

hundred millimolar (Wilson et al., 2015). Their synthesis is

required for chemotactic responses and depends on an InsP6

kinase related to mammalian IP6Ks (Luo et al., 2003). We

therefore hypothesize that 4/6-InsP7 synthesis in plants and Dic-

tyostelium might have evolved differently, and additional experi-

ments will be required to determine the exact isomeric nature

of this species.

We also identified a root-specific, ITPK1-dependent PP-InsP4

isomer that is regulated by Pi availability but is distinct from

the known 5PP-Ins(1,3,4,6)P4 isomer (Figure 7C and 7D;

Supplemental Figure 14) that appears to accumulate in the

yeast ipk1 mutant (Draskovic et al., 2008). Interestingly, a

recent study showed that recombinant ITPK1 is able to

phosphorylate Ins(1,2,3,4,5)P5, but none of the other simple

InsP5 isomers (Whitfield et al., 2020), possibly explaining the

synthesis of this unknown PP-InsP4 in roots. Future work is

necessary to reveal the structure of this isomer and whether it

potentially also binds to SPX domains, and to assess if the

strict organ-specific and Pi-dependent accumulation of this pre-

sumptive PP-InsP4 isomer is involved in Pi signaling.

METHODS

Plant materials and growth conditions

Seeds of A. thaliana T-DNA insertion lines itpk1 (SAIL_65_D03), itpk2-2

(SAIL_1182_E03), vih2-4 (GK-080A07), mrp5 (GK-068B10), pho2-1 (ethyl

methanesulfonate mutant described in Delhaize and Randall, 1995), and

phr1 (SALK_067629) were obtained from The European Arabidopsis

Stock Centre (http://arabidopsis.info/). The phr1 phl1 double mutant

and the phr1 phl1 vih1 vih2 quadruple mutant used in this study were

described previously (Kuo et al., 2014; Zhu et al., 2019). To generate the

phr1 itpk1 double and the phr1 phl1 itpk1 triple mutant, we crossed

itpk1 with, respectively, phr1 and the homozygous phr1 phl1 mutant.

The double mutants itpk1 itpk2-2, itpk1 pho2-1, and itpk1 vih2-4 were

generated by crossing the respective single homozygous mutants. F2

and F3 plants were genotyped by PCR using the primers indicated in

Supplemental Table 2 to identify homozygous lines. The homozygous

pho2-1 allele was confirmed by sequencing. Transgenic lines
expressing the genomic ITPK1 fragment in the itpk1 background were

generated as described in Laha et al. (2020).

To investigate Pi-dependent regulation of inositol (pyro)phosphate meta-

bolism with PAGE and CE-ESI-MS, Arabidopsis and rice plants were

grown in hydroponics as described in detail in the supplemental

methods. P. patens was grown on Knop medium (Reski and Abel, 1985)

solidified with 0.8% agar (A7921, Sigma). Light was provided by

fluorescent lamps (60 mmol m�2 s�1) under a regime of 16 h light and

8 h darkness at constant 20�C. Pi treatments were achieved by

transferring pre-cultivated plants to fresh Knop solid medium containing

1.8 mM KH2PO4 (+P) or 1.8 mM KCl (�P) for 30 days. At the end of Pi star-

vation period, some of the plants were resupplied with 1.8 mM KH2PO4

and harvested after 24 h or 96 h.

Phenotypic characterization of Arabidopsis WT and mutants in soil sub-

strate was performed by germinating seeds directly in pots filled with

peat-based substrate (Klasmann-Deilmann GmbH, Germany). The pots

were placed inside a conditioned growth chamber with a 22�C/18�C
and 16-h/8-h light/dark regime at a light intensity of 120 mmol photons

m�2 s�1 supplied by fluorescent lamps. Plants were bottom watered at

regular intervals. Seedlings were thinned after 1 week to leave only two

plants per pot. Whole shoots or different plant parts were harvested as

indicated in the legend of figures.

Cultivation of HCT116 cells

Mammalian cells were cultivated as described (Wilson et al., 2015). Briefly,

HCT116 cells were grown in DMEMmedium supplemented with 10% fetal

bovine serum and 0.45% glucose in a humidified atmosphere with 5%

CO2. Pi starvation was induced with DMEM without sodium phosphate

supplemented with 10% dialyzed fetal bovine serum. Cells were

washed twice in the phosphate-free medium before incubation with

DMEM medium with or without phosphate. Analysis of InsPs from

HCT116 cell lines was performed as previously described (Wilson et al.,

2015).

Grafting experiment

Collar-free grafting was performed exactly as described in Rus et al.

(2006). Successfully grafted seedlings were transplanted directly to

peat-based soil and whole shoots harvested for elemental analysis

2 weeks later.

RNA isolation and quantitative real-time PCR

Root and shoot tissueswere collected by excision and immediately frozen

in liquid N2. Total RNA was extracted with the RNeasy Plant Mini Kit

(Macherey-Nagel, Germany). Quantitative reverse transcriptase PCR

was conducted with the CFX384TM real-time system (Bio-Rad, Germany)

and Go Taq qPCR Master Mix SybrGreen I (Promega) using the primers

listed in Supplemental Table 2. UBQ2 was used as a reference gene to

normalize relative expression levels of all tested genes. Relative

expression was calculated according to Pfaffl (2001).

Elemental analysis

Whole shoots were dried at 65�C and digested in concentrated HNO3 in

polytetrafluoroethylene tubes under a pressurized system (UltraCLAVE

IV, MLS). Elemental analysis of plant samples from hydroponics or pot ex-

periments was performed by inductively coupled plasma optical emission

spectrometry (iCAP 700, Thermo Fisher Scientific), whereas P. patens

samples were analyzed by sector field high-resolution inductively coupled

plasma–MS (ELEMENT 2, Thermo Fisher Scientific). Element standards

were prepared from certified reference materials from CPI International.

Titanium dioxide bead extraction and PAGE

All steps until dilutionwere performed at 4�C. TiO2 beads (titanium(IV) oxide

rutile, Sigma Aldrich) were weighted to 10mg for each sample andwashed

once in water and once in 1 M perchloric acid (PA). Liquid-N2-frozen plant
Molecular Plant 14, 1–17, October 4 2021 ª The Author 2021. 13
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material was homogenized using a pestle and immediately resuspended in

800 ml ice-cold PA. Samples were kept on ice for 10min with short interme-

diate vortexing and then centrifuged for 10 min at 20 000 g at 4�C using a

refrigerated benchtop centrifuge. The supernatants were transferred into

fresh 1.5-ml tubes and centrifuged again for 10 min at 20 000 g. To absorb

InsPs onto the beads, the supernatants were resuspended in the pre-

washed TiO2 beads and rotated at 4�C for 30–60min. Afterward, the beads

were pelleted by centrifuging at 8000 g for 1 min and washed twice in PA.

The supernatants were discarded. To elute inositol polyphosphates, beads

were resuspended in 200 ml 10% ammonium hydroxide and then rotated

for 5 min at room temperature. After centrifuging, the supernatants were

transferred into fresh 1.5-ml tubes. The elution process was repeated

and the second supernatants were added to the first. Eluted samples

were vacuum evaporated at 45�C to dry completely. InsPs were

resuspended in 20 ml ultrapure water and separated by 33% PAGE and

visualized by toluidine blue staining, followed by 40,6-diamidino-2-

phenylindole staining based on previously established protocols (Losito

et al., 2009; Wilson et al., 2015; Wilson and Saiardi, 2018). Signal

intensities of PAGE were quantified with ImageJ.

CE-ESI-MS/MS

CE-ESI-MS/MSwasperformed onanAgilent 7100CE systemdirectly inter-

faced with a triple-quadrupole tandemMSAgilent 6495c system, equipped

with an Agilent Jet Stream ESI source. CE-MS coupling was carried out us-

ing a sheath liquid coaxial interface, with an Agilent 1200 isocratic LC pump

constantly delivering the sheath liquid (via a splitter set with a ratio of 1:100).

AgilentMassHunterWorkstation (version 10.1) was employed to control the

entire system, data acquisition, and analysis. All experiments were per-

formed with a bare fused silica capillary with a length of 100 cm and

50 mm internal diameter. Forty millimolar ammonium acetate titrated by

ammonia solution to pH 9.0 was used as background electrolyte. Before

the first use, the capillary was conditioned by rinsing with 1 M sodium

hydroxide (10 min), water (10 min), and background electrolyte (20 min). A

constant CE current of 27 mA was established by applying +30 kV over

the capillary. Five microliters of InsP extracts from TiO2 purification were

mixed with 5 ml isotopic standards mixture (Puschmann et al., 2019; 4 mM

[13C6]1,5-InsP8, 4 mM [13C6]5-InsP7, 4 mM [13C6]1-InsP7, 40 mM [13C6]

InsP6, and 8 mM [13C6]2-OH InsP5). Samples were injected by applying

100 mbar pressure for 10 s (20 nl). In some cases, 35 mM ammonium ace-

tate titrated by ammonia solution to pH9.7 was used for a secondmeasure-

ment for the quantitation of 1/3-InsP7 and 2-OH InsP5. The sheath liquidwas

composed of a water–isopropanol (1:1) mixture, which was introduced at a

flow rate of 10 ml/min. TheMS source parameters setting with respect to the

sensitivity and stability were as follows: nebulizer pressure was 8 psi, gas

temperaturewas 150�C, andwith a flowof 11 l/min, sheath gas temperature

was 175�C, andwith a flowat 8 l/min, the capillary voltagewas�2000Vwith

nozzle voltage 2000 V. Negative high-pressure RF and low-pressure RF (ion

funnel parameters) were 70 V and 40 V, respectively. Mass spectrometer

parameters for MRM transitions are shown below, and were identified by

MassHunter Optimizer software. Mass spectrometer parameters for the

analysis of InsPs are shown in Supplemental Table 3. InsP8, 5-InsP7, 1/3-

InsP7, InsP6, and 2-OH InsP5were assignedbyMS/MS transitions and iden-

ticalmigration timecomparedwith their heavy isotopic reference. 4/6-InsP7,

4/6-OH InsP5, and 1/3-OH InsP5 were identified by MS/MS transition and

same migration time compared with relative standards. Three InsP3 and

two InsP4 isomers were assigned by MS/MS transitions and based on a

comparison with results of [3H]inositol HPLC labeling experiments. Quanti-

fication of InsP8, 5-InsP7, 1/3-InsP7, InsP6, and 2-OH InsP5 was performed

with known amounts of corresponding heavy isotopic references spiked

into the samples. Due to the close migration, [13C6]5-InsP7 was employed

as internal standard for 4/6-InsP7, [
13C6]2-OH InsP5 was taken as internal

standard for 4/6-OH InsP5, 1/3-OH InsP5, InsP4s and InsP3s..

ITPK1 in vitro kinase and ATP synthase assay

Recombinant A. thaliana ITPK1 was purified based on the previously es-

tablished protocol (Schaaf et al., 2006). The InsP6 kinase assay was
14 Molecular Plant 14, 1–17, October 4 2021 ª The Author 2021.
performed by incubating 10.17 mM enzyme in a reaction mixture

containing 5 mM MgCl2, 20 mM HEPES (pH 7.5), 1 mM DTT, 5 mM

phosphocreatine, 0.33 units creatine kinase, 12.5 mM ATP, and 1 mM

InsP6 (Sichem) at 25�C for 6 h. The ability of the enzyme to

dephosphorylate 5-InsP7 was assayed in a reaction mixture containing

3 mg enzyme, 2.5 mM MgCl2, 50 mM NaCl, 20 mM HEPES (pH 6.8),

1 mM DTT, 1 mg/ml BSA, 8 mM ADP, and 1 mM 5-InsP7 at 25�C for

6 h. Reactions were separated by 33% PAGE and visualized by toluidine

blue staining.

NMR-based enzyme assays

Full-length recombinant A. thaliana ITPK1 in H2O was used in all assays.

ITPK1 (0.2–0.8 mM) was incubated in reaction buffer containing 20 mM

HEPES (pH 7.0,measured in D2O), 50mMNaCl, 1mMDTT, 5mMcreatine

phosphate, 1 U/ml creatine kinase, 2.5 mM MgCl2 (if not indicated other-

wise), and 175 mM [13C6]InsP5 [2-OH], [13C6]InsP6, [
13C6]5-InsP7, or [

13C6]

1-InsP7 in D2O. If not indicated otherwise, the reaction buffer also included

2.5 mM ATP or 2.5 mM ADP.

For single timepoint analysis of enzyme activity, 2.25–0.375 ng (0.2–

0.3 mM) ITPK1 was used. Reactions (150 ml) were incubated at 25�C
(except when 37�C is specified) and quenched with 400 ml of 20 mM

EDTA (pH 6.0 measured in D2O), and then 11 ml of 5 M NaCl was added

for analysis. For real-time monitoring of enzyme activity, 36 ng (0.8 mM)

ITPK1 was used. Reactions (600 ml) were incubated at 25�C in an NMR

instrument and measured consecutively with 85 sec spectra. Samples

were measured as previously described (Harmel et al., 2019) on Bruker

AV-III spectrometers (Bruker Biospin, Rheinstetten, Germany) using cryo-

genically cooled 5-mm TCI-triple resonance probe equipped with one-

axis self-shielded gradients and operating at 600 MHz for proton nuclei,

151MHz for carbon nuclei, and 244MHz for P nuclei. The software to con-

trol the spectrometer was TopSpin 3.5 pl 6. Temperature was calibrated

using d4-methanol and the formula of Findeisen et al. (2007).

InsPs extraction from seedlings and HPLC analyses

Seedlings were grown vertically on half-strength Murashige and Skoog

medium supplemented with 1% sucrose and 7 g/l Phytagel (P8169,

Sigma) (pH 5.7) for 12 days (8 h light at 22�C, 16 h darkness at 20�C).
Ten to 20 seedlings were transferred to 3 ml half-strength Murashige

and Skoog liquid medium without sucrose and with 625 mM Pi (+P) or

5 mM Pi (�P). Seedlings were labeled by adding 30 mCi ml�1 of [3H]myo-

inositol (30–80 Ci mmol�1 and 1 mCi ml�1; American Radiolabeled Chem-

icals) and further cultivated for 5 days. For Pi resupply, 620 mM KH2PO4

was added to the medium and the plants were grown for another 6 h

before harvest. Afterward, seedlings were washed two times with ultra-

pure water and frozen in liquid N2 and the InsPs were extracted as

described previously (Azevedo and Saiardi, 2006) and resolved exactly

as described in Gaugler et al. (2020).

Statistical analysis

To analyze the significant differences among multiple groups, one-way

analysis of variance followed by Tukey’s test at P < 0.05 was adopted.

The statistical significance between two groups was assessed by two-

tailed Student’s t-test. All statistical tests were performed using SigmaPlot

11.0 software.
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