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nucleic acids from aberrant purine nucleotides
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Summary

e In plants, inosine is enzymatically introduced in some tRNAs, but not in other RNAs or
DNA. Nonetheless, our data show that RNA and DNA from Arabidopsis thaliana contain
(deoxy)inosine, probably derived from nonenzymatic adenosine deamination in nucleic acids
and usage of (deoxy)inosine triphosphate (dITP and ITP) during nucleic acid synthesis.

¢ We combined biochemical approaches, LC-MS, as well as RNA-Seq to characterize a plant
INOSINE TRIPHOSPHATE PYROPHOSPHATASE (ITPA) from A. thaliana, which is conserved
in many organisms, and investigated the sources of deaminated purine nucleotides in plants.

e Inosine triphosphate pyrophosphatase dephosphorylates deaminated nucleoside di- and
triphosphates to the respective monophosphates. ITPA loss-of-function causes inosine di- and
triphosphate accumulation in vivo and an elevated inosine and deoxyinosine content in RNA
and DNA, respectively, as well as salicylic acid (SA) accumulation, early senescence, and
upregulation of transcripts associated with immunity and senescence. Cadmium-induced
oxidative stress and biochemical inhibition of the INOSINE MONOPHOSPHATE DEHYDRO-
GENASE leads to more IDP and ITP in the wild-type (WT), and this effect is enhanced in itpa
mutants, suggesting that ITP originates from ATP deamination and IMP phosphorylation.

¢ Inosine triphosphate pyrophosphatase is part of a molecular protection system in plants,

preventing the accumulation of (d)ITP and its usage for nucleic acid synthesis.

Introduction

Spontaneous or enzymatically catalyzed reactions can lead to
damaged or aberrant metabolites (Linster er al, 2013; Lerma-
Ortiz e al., 2016; Crécy-Lagard ez al., 2018). In recent years, sev-
eral advances have been made in the field of damaged plant
metabolites (Hanson ez al., 2016), like the discovery of enzymes
repairing NAD(P)H hydrates (Nichaus er 4/, 2014), removing
damaged glutathione (Niehaus ez 2/, 2019) and oxidized deoxy-
guanosine triphosphate (8-oxo dGTP; Dobrzanska er al., 2002;
Yoshimura ez al., 2007). One of the most prominent metabolite
classes that are prone to become damaged are nucleotides (Gal-
perin et al, 2006; Rampazzo et al., 2010; Nagy et al., 2014;
Rudd ez al, 2016). In nonplant organisms, several enzymes have
been identified that repair or remove aberrant and often toxic
nucleotides, like DEOXYURIDINE TRIPHOSPHATE PYRO-
PHOSPHATASE (DUT1), INOSINE TRIPHOSPHATE PYR-
OPHOSPHATASE (ITPA), 8-OXO DEOXYGUANOSINE
TRIPHOSPHATE PYROPHOSPHATASE (NUDXI1), and
MULTICOPY-ASSOCIATED FILAMENTATION (MAF)
family proteins (Nagy et al, 2014). However, litde is known
about such enzymes in plants. While plant homologues of

DUT1 and NUDX1 et al, 2007; Dubois

(Yoshimura
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et al., 2011) have been characterized, a plant ITPA has not been
described.

Inosine triphosphate pyrophosphatase (ITPA) enzymes from
Escherichia coli and Homo sapiens remove deaminated purine
nucleotide triphosphates. They exclusively hydrolyze the phospho-
anhydride bond between the alpha- and beta-phosphate of
(deoxy)inosine triphosphate (ITP and dITP) probably derived
from the deamination of (deoxy)adenosine triphosphate (ATP
and dATP) or from spurious phosphorylation of inosine
monophosphate (IMP). Xanthosine triphosphate (XTP), presum-
ably derived from the deamination of guanosine triphosphate
(GTP) or spurious phosphorylation of xanthosine monophosphate
(XMP), is also a substrate (Lin et /., 2001; Davies ez al., 2012).
Inosine triphosphate pyrophosphatase generates the corresponding
nucleotide monophosphate and pyrophosphate. Whereas (d)ITP
and XTP are aberrant nucleotides, IMP and XMP are canonical
intermediates of guanosine monophosphate (GMP) synthesis in
most organisms and in plants XMP is additionally a starting point
of purine nucleotide catabolism (Heinemann ez al,, 2021).

Deamination of cytosine to uracil is well known to occur in
nucleic acids (Lindahl & Nyberg, 1974; Frederico ez al., 1990),
but purine bases can also be deaminated. /n vitro, the deamina-
tion of adenine to hypoxanthine in DNA occurs at 2% to 3% of
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the rate observed for cytosine to uridine conversion (Lin-
dahl, 1993). The deamination of free nucleotides is less well doc-
umented. Purine deamination was shown to occur not only in
the nucleic acids but also in the pool of free nucleotides under
heat stress (Karren & Lindahl, 1980). In general abiotic stresses,
like salinity, water stress, extreme temperature, wounding, UV
radiation, or exposure to heavy metals (Valderrama ez al., 2007;
Corpas ¢t al., 2011) may influence the rate of nucleotide deami-
nation. These stresses generate reactive nitrogen or oxygen species
(RNS, ROS; Valderrama ez al., 2007; Corpas et al., 2011), which
are mainly discussed in the context of protein modification and
lipid peroxidation but are also likely damaging other metabolites
although this has rarely been shown so far (Demidchik, 2015).

Inosine triphosphate and dITP are substrates of RNA and
DNA polymerases, respectively. Random inosine or deoxyinosine
in nucleic acids can thus not only be derived from the deamina-
tion of adenosine or deoxyadenosine in the polymer but may also
be incorporated during polymerization. When DNA, containing
deaminated sites, is replicated, mutations may be introduced.
Deoxycytidine can be incorporated opposite of deoxyinosine and
often thymidine is placed opposite of deoxyxanthosine
(Kamiya, 2003). This misincorporation is not directly detrimental
for E. coli (Budke & Kuzminov, 2006) because it is rapidly
repaired. However, upon stimulation of deamination, the constant
deployment of the repair machinery leads to strand breaks and
chromosomal rearrangements (Budke & Kuzminov, 2010). By
contrast, deoxyinosine in human DNA causes mutations and gen-
ome instability even when deamination is not stimulated (Yone-
shima ez al., 2016; DeVito et al., 2017). During RNA synthesis in
nonplant organisms, incorporation of ITP has been shown to sig-
nificantly reduce transcriptional velocity. Inosine in RNA alters
RNA structure and stability and leads to mistranslation (Thomas
et al., 1998; Ji et al., 2017) or stalling of translation (Schroader
et al., 2022). Apart from effects on nucleic acids, ITP and XTP
can interfere with various ATP- and GTP-dependent cellular pro-
cesses (Osheroff et al., 1983; Carnelli ez al, 1992; Klinker & Sei-
fert, 1997; Muraoka ez al., 1999; Weber & Senior, 2001).

Inosine triphosphate has been detected 7 vivo in only a few
occasions. Human erythrocytes accumulated radioactive ITP
after incubation with ['“C] adenine, [“*C] guanine, or Q)
hypoxanthine, indicating that a biosynthetic route to deaminated
purine nucleotide triphosphates might exist (Fraser ez al., 1975).
Interestingly, a loss of ITPA function in erythrocytes of mice
leads to a substantial accumulation of ITP of up to 10% to 25%
of the ATP pool (Behmanesh ez 4/, 2009). However, erythrocytes
are a special cell type, which lack nuclear DNA and seem to have
a particular nucleotide metabolism. It is technically challenging
to detect ITP and XTP at all. In human cancer cells, both were
detected with a highly sensitive method in the fmol mg™" protein
range. Here, ITP was around 5-10 times more abundant than
XTP (Jiang et al., 2018). To date, the corresponding deoxyri-
bonucleotide triphosphates, dITP and deoxyxanthosine triphos-
phate (dXTP), have never been detected in any organism.

Although these metabolites are low abundant, they can be
incorporated into nucleic acids. The frequency of inosine in
RNA is about one in 10° nucleosides in wild-type (WT) E. cols,
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while deoxyinosine in DNA is 10-fold less abundant (Pang
et al., 2012). In mutants of rdgB, the bacterial ITPA homolog,
the inosine content of RNA increased ¢. 10-fold and the deoxyi-
nosine of DNA rose about fivefold compared with the WT (Pang
et al., 2012). In ITPA knockout mice, the inosine-to-adenosine
ratio was about one per 100 nucleosides in RNA (Behmanesh
et al., 2009). In mammals, ITPA deficiency causes drastic pheno-
types. In humans, it leads to a lethal Martsolf-like syndrome with
neurological and developmental abnormalities (Handley
et al., 2019). Mice without a functional ITPA had RNA with an
elevated inosine content and died shortly after birth (Behmanesh
et al., 2009). However, bacteria lacking ITPA are viable (Burgis
et al., 2003). Recently, a homolog of ITPA in Cassava brown
streak virus, a plant-infecting RNA virus, was demonstrated to be
an important factor during viral infection (Tomlinson
et al., 2019), interacting with the viral RNA-dependent RNA
polymerase (Valli ez al., 2022).

In this study, we identified ITPA of A. thaliana and biochemi-
cally characterized the enzyme, showing that it catalyzes the
dephosphorylation of deaminated purine nucleotides. We ana-
lyzed mutants of /7PA demonstrating that the enzyme safeguards
nucleic acids from incorporation of (d)ITP. We were able to
detect ITP and IDP accumulation in the mutants and investi-
gated the metabolic source of ITP and IDP. In contrast to itpa
mutants in mammals, the Arabidopsis mutants have only minor
phenotypic alterations. They show slightly earlier senescence and
have elevated concentrations of the defense phytohormone sali-
cylic acid (SA), triggering a transcriptional response of genes asso-
ciated with SA, systemic acquired resistance (SAR) and aging.

Materials and Methods

Plant cultivation

Arabidopsis thaliana (L.) Heynh and Nicotiana benthamiana
plants were cultivated as described recently (Witte ez al, 2005;
Straube ez al., 2021).

A segregating T-DNA insertion line from the SALK collection
(itpa-1, SALK_052023; Alonso et al., 2003) was acquired from
the Nottingham Arabidopsis Stock Centre. A homozygous
knockout line and a corresponding WT were selected from the
segregating population (see Methods S1).

A second knockout line was obtained via genome editing (izpa-
2) according to Rinne ez al. (2021; see Methods S1). A line over-
expressing ITPA (itpa-2::C) was generated (see Methods S1).

For root-length and germination assays, plants were grown in
Petri dishes on previously described medium (Nichaus
et al., 2020; Straube ez al., 2021).

Plants for the cadmium sulfate feeding experiment were grown
hydroponically according to Batista-Silva ez al. (2019), with small
modifications. Plants were grown in viscous liquid medium (Nie-
haus ez al., 2020; Straube ez al., 2021) containing 0.4% agar under
long-day conditions. Cadmium treatment was performed for 24 h
by adding a 500 mM cadmium sulfate solution to a final concen-
tration of 10 UM to the medium, respectively. This concentration
was chosen according to Di Sanita & Gabbrielli (1999).

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation

85U0|7 SUOWWIOD @A eaID 8|qedl|dde sy Aq peusenob aJe sajonfe VO ‘8sn JO Sa|ni 1oy ArIqIT8UIUQ A1\ L (SUORIPUOD-PUR-SWUBH W0 A8 | IM"Ae.q Ul |uo//Sdny) SUORIPUOD pUe swie 13Ul 8es *[£20z/90/82] o Ariqitauluo A8|IM ‘Auewes sueyooD Aq 9598T ydu/TTTT 0T/I0p/woo A3 Areiqiut|uo yduy/:sdny wouy pepeoumod ‘G ‘€202 ‘LET869YT



New
Phytologist

DNA extraction, RNA extraction, genotyping, qRT-PCR,
and cloning

DNA for genotyping was isolated according to the BOMB proto-
col using the TNA extraction from plants with the TNES/GITC
lysis protocol (Oberacker er al, 2019). Magnetic beads were
silica-coated beads, synthesized using the BOMB protocol for
coating ferrite magnetic nanoparticles with silica oxide
(Oberacker et al., 2019).

Total RNA was isolated using the Plant NucleoSpin II kit
(Macherey-Nagel, Diiren, Germany) according to the manufac-
turer’s specifications.

For information on genotyping, qRT-PCR, and cloning, see
Methods S1. Primers used in this study are provided in Table SI.

Protein purification, quantification, and enzymatic assay

C-terminal strep-tagged ITPA, AMPK3, and AMPK4 (Chen
et al., 2018) were transiently overexpressed in N. benthamiana
and affinity purified after 5d as described previously (Werner
et al., 2008). The protein concentration was determined by an
in-gel quantification assay using a Li-Cor Odyssey FC with
Image Studio software. SDS gel electrophoresis and staining were
performed as described previously (Witte ez al., 2005).

Enzymatic assays for ITPA were performed using the
EnzChek™ Pyrophosphate Assay Kit (ThermoFisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instruc-
tions, with the exception of reducing the volume of all solution
to one-fifth of the instructions using High Precision Cells
(Hellma Analytics, Mullheim, Germany).

AMPK3 and 4 activity was determined using a coupled
enzyme assay with pyruvate kinase and lactate dehydrogenase
(LDH, P0294; Sigma-Aldrich, St Louis, MO, USA), measuring
the production of NAD" that results in absorption decrease at
340 nm. For details, see Methods S1.

Subcellular localization

A construct encoding ITPA fused to C-terminal YELLOW
FLUORESCENT PROTEIN (YFP) was transiently coexpressed
in N. benthamiana with a construct encoding cytosolic f-
ureidopropionase C-terminally fused to CYAN FLUORESCENT
PROTEIN (CFP). Whole leaves were immersed in octadecafluor-
decahydronaphthalin (Sigma-Aldrich; Littlejohn ez 2/, 2010). The
samples were analyzed using a Leica True Confocal Scanner SP8
microscope equipped with an HC PL APO CS2 40 x 1.10 water
immersion objective (Leica, Wetzlar, Germany) as described in
Dahncke & Witte (2013). The acquired images were processed
using Leica Application Suite Advanced Fluorescence software
(Leica Microsystems, Wetzlar, Germany). The immunoblot to
analyze the construct was developed using a GREEN FLUORES-
CENT PROTEIN (GFP)-specific antibody. Co-localization
was analyzed using the JACoP-plugin in IMAGE] (Bolte & Corde-
lieres, 20006).

© 2022 The Authors
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Metabolite analysis

The analysis of nucleotide concentration was performed as
recently described with slight modifications (Straube ez 2/, 2021;
Straube & Herde, 2022). For details, see Methods S1.

Salicylic acid (SA) was extracted and measured according to
Cao et al. (2014) and Yang et al. (2017).

Quantitative determination of (deoxy)inosine per (deoxy)
adenosine level in total RNA and DNA

DNA was extracted using a modified CTAB- (hexadecyltrimethy-
lammonium bromide) based protocol (see Methods S1). Total
RNA was isolated using the Plant NucleoSpin II kit (Macherey-
Nagel) according to the manufacturer’s specifications.

Nucleic acids were digested using the Nucleoside Digestion
Mix (New England Biolabs, Ipswich, MA, USA) with the follow-
ing modifications: 5 pl Nucleoside Digestion Mix Reaction Buf-
fer (10x) and 0.5 pl Nucleoside Digestion Mix were used,
adding RNA or DNA and water depending on the respective
concentration of the RNA or DNA up to a total volume of 50 pl.
The mixture was incubated for 4 h at 37°C. A total of 1 ug RNA
or 3 g DNA was digested.

Digested RNA and DNA was measured by HPLC-MS as
recently published (Traube er 2/, 2019), with minor modifica-
tions (Methods S1).

Analysis of chlorophyll content

Measurement of chlorophyll content was performed as described
previously (Harris & Baulcombe, 2015).

Cell death staining and quantification

Trypan blue staining was performed as published recently
(Fernindez-Bautista ez al, 2016). To quantify the leaf area
affected by cell death, RGB pictures of stained leaves were taken
and stained cell areas were quantified using IMAGE].

Sequence analysis and phylogenetic analysis

Inosine triphosphate pyrophosphatases sequences were identified
using the PHYTOZOME v.12.1 webserver (https://phytozome.jgi.
doe.gov/pz/portal.html) and the National Center for Biotechnol-
ogy (NCBI) for all nonplant organisms employing Braste
searches with the Arabidopsis amino acid sequence. The align-
ment and phylogenetic tree were constructed as described
recently (Heinemann e# 4/, 2021). The alignment used to con-
struct the phylogenetic tree is shown in Fig. S1. For details, see
Methods S1.

RNA-seq analysis

Total RNA from 35-d-old rosette leaves from A. thaliana Col-0
(‘wild type’) and itpa-1 plants was sent for Illumina mRNA

New Phytologist (2023) 237: 1759-1775
www.newphytologist.com

95U90|7 SUOWIWOD 3AIERID 3|qedl|dde sy Ag peusenob aJe sajole WO ‘esn JO Sajni Jo) ARiqiTaulUO AB[IAA UO (SUONIPUOD-PUR-SUB)W0"AB | IMAJeid 1l |uo//Sdny) SUonIpuoD pue swie 1 8y 88S *[£202/90/82] U0 AriqiTaulluo AB|IM ‘AueuneD aueyooD Aq 9598T ydu/TTTT 0T/I0p/woo A3 1M Areiqjpuljuo yduy/:sdiy Wwouy papeoiumod ' ‘€ ‘ggegn


https://phytozome.jgi.doe.gov/pz/portal.html
https://phytozome.jgi.doe.gov/pz/portal.html

e Vet

sequencing to Novogene (Cambridge, UK). For details, see
Methods S1.

Ribavirin treatment

Arabidopsis thaliana and N. benthamiana plants were either
mock-treated or with buffer containing ribavirin, an inhibitor of

the IMP DEHYDROGENASE. For details, see Methods S1.

Statistical analysis

Statistical analysis was performed as stated in Heinemann
et al. (2021). The number of replicates, test values, and
multiplicity-adjusted P-values are reported in Table S4.

Results

Comprehensive phylogenetic analysis of inosine
triphosphate pyrophosphatase in plants

We used the amino acid sequence of human ITPA to search with
Braste for homologs in plants (Fig. S2). For A. thaliana, the pro-
tein encoded at the gene locus At4g13720 was the only candidate
with a high sequence similarity to the human ITPA. It has been
suggested previously that this enzyme may represent a plant ITPA
(Lin er al, 2001; James et al, 2021). A phylogenetic analysis
revealed that ITPA is present in all kingdoms of life including
plants and algae (Figs 1, S1).

New
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Several amino acid residues are highly conserved in ITPAs from
different species. Many of these have been shown to be relevant for
substrate binding, catalytic activity, and dimerization (Figs S1, S2;
Savchenko ez al, 2007; Stenmark et al., 2007; Gall et al, 2013).
Nonetheless, there are amino acid residues that are only conserved
in plant ITPAs (Figs S1, S2). Among these, K/R 183 and K/R 189
can be acetylated in Arabidopsis (Liu et 4/, 2018), but the function
of these posttranslational modifications is unclear.

ITPA has atypical characteristics for an ITP
pyrophosphatase

Inosine triphosphate pyrophosphatases are described in other
organisms to hydrolyze the phosphoanhydride bond between the
alpha- and beta-phosphate groups of inosine triphosphate result-
ing in IMP and pyrophosphate (Fig. 2a).

To assess the activity of the plant enzyme, a C-terminal Strep-
tagged variant of ITPA was transiently expressed in N. benthami-
ana and affinity purified (Fig. 2b). Interestingly, two forms of the
protein were purified represented by two bands in a Coomassie-
stained SDS-PAGE, possibly indicating a posttranslational modi-
fication. The identity of the purified protein was confirmed by
immunoblot with an antibody against the Strep-tag. The specific
activity of the purified enzyme was determined with several sub-
strates at concentrations of 200 pM, including (deoxy)ribonu-
cleotide di-, and triphosphates, para-nitrophenyl-phosphate and
nicotinamide adenine dinucleotide (Fig. 2¢; Table S5). An enzy-
matic activity could only be observed with dITP, ITP, inosine

Fungi
Arthropods | g«chheta ]
and Algae 2 n and Bacteria
g \)6’\(0 590 GG( N\e’t \a
pac U
\/ Dei rad

Na) coy

(——

0.50 substitutions per site

Fig. 1 Phylogenetic analysis of ITPA in several organisms. An unrooted maximum likelihood tree was built using Mecax, comprising model species from a
wide taxonomic range. The tree with the best log score is shown with branch length indicating the number of site substitutions (scale bar). Numbers at
branches indicate the percentage of trees in which associated taxa clustered together in the bootstrap analysis (1000 bootstraps). Values below 80 are not
shown. Species names are abbreviated as follows: Asp nig, Aspergillus niger; Ara tha, Arabidopsis thaliana; Bac sub, Bacillus subtilis; Bot cin, Botrytis
cinerea; Cae ele, Caenorhabditis elegans; Chl rei, Chlamydomonas reinhardtii; Dan rer, Danio rerio; Dei rad, Deinococcus radiodurans; Dro mel,
Drosophila melanogaster; Esc col, Escherichia coli; Gal gal, Gallus gallus; Gly max, Glycine max; Hom sap, Homo sapiens; Mar pol, Marchantia
polymorpha; Met jan, Methanocaldococcus jannaschii; Med tru, Medicago truncatula; Neu cra, Neurospora crassa; Ory sat, Oryza sativa; Phy pat,
Physcomitrium patens; Pha vul, Phaseolus vulgaris; Sac cer, Saccharomyces cerevisiae; Sel moe, Selaginella moellendorffii; Sol lyc, Solanum lycopersicum;
Sol tub, Solanum tuberosum; Sus scr, Sus scrofa; Tri aes, Triticum aestivum; Ust may, Ustilago maydis; Vol car, Volvox carteri; Xen lae, Xenopus laevis;

Zea may, Zea mays.
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Fig. 2 Characterization of the enzymatic o o o
properties of inosine triphosphate
pyrophosphatases (ITPA). (a) Reaction
scheme of ITPA with inosine triphosphate

(b)

H R
(deoxy)inosine triphosphate

Research

N
</ | )NH o </ NH

1 (0] o]

—P—0 0

I P __P.

o g
o o

OH R
(deoxy)inosine monophosphate

(c)

pyrophosphate

(ITP). (b) Affinity purified, C-terminal Strep-
tagged ITPA on a Coomassie-stained gel

_|

At4g13720

| HA | Strep |—

(left) and detection of Arabidopsis ITPA by
immunoblotting using an antibody against
the Strep-tag (right). Numbers indicate the
respective size in kDa (kDa). Crude,
centrifuged extract; unbound, centrifuged
extract after incubation with Strep-Tactin
matrix; 5™ wash, supernatant after the fifth
wash of the affinity matrix; elution, eluate of
the affinity matrix. (c) Specific activity of
ITPA with different substrate at a
concentration of 200 uM. nd, not detected.
(d) Determination of kinetic constants for the
ITPA-catalyzed reaction of dITP to dIMP.
Kinetic data were fitted using the Michaelis—
Menten equation (orange) or by linear
regression for the Hanes plot (S/V, purple).
Error bars are standard deviation (SD), n =3
reactions. S, substrate concentration; V,
enzymatic activity. (e) The same as in (d), but
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using ITP as substrate. All P-values are 5 10 15
provided in Table S4.

diphosphate (IDP), and XTP, as well as with deoxyadenosine
diphosphate (dADP) and deoxyguanosine diphosphate (dGDP).
In contrast to the ITPA from H. sapiens, the ITPA of A. thaliana
efficiently dephosphorylates IDP (Davies ez al., 2012). For dITP
and ITP, the kinetic constants were determined (Fig. 2d,¢). With
ITP as substrate, a Ky; of 7.1 £ 1.2 uM and a turnover number
of 1.9 +0.25 s ! were measured. With dITP, the Ky was about
fourfold lower at 1.7 £ 0.3 pM while the turnover number was
similar at 1.5+ 0.17 s~ ". Thus, Arabidopsis ITPA has catalytic
of 26x10°M1 ! ITP  and
s~ ! for dITP (Table 1).

efficiencies for

8.8 x 10°M™

ITPA mutants show an altered phenotype during
senescence

To investigate the role of ITPA in vivo, two mutant lines and an
overexpression line were created (Fig. S4). One T-DNA line with

deoxyinosine triphosphate (S; uM)

-1 - 5 -1-1
KK, =8.8x10°M's [ 25 Kol =26X10Ms |
: )
— 0.0 0.0 : : 0.0
20 25 30 35 0 10 20 30 40 50 60

inosine triphosphate (S; uM)

an insertion in an exon of /7PA was available from the SALK col-
lection (SALK_053023; Fig. S4a).

We identified plants with a homozygous insertion of the T-
DNA and observed that they lacked an intact transcript
(Fig. S4b). This mutant was named 7zpa-1. A second line (itpa-2)
was generated using CRISPR, resulting in a plant with two
homozygous single base pair insertions causing frameshifts, one
in exon 2 and one in exon 5. From the segregating population
harboring the editing construct, izpa-2 plants without the trans-
gene were selected and used for further characterization. Both
mutant lines had no obvious developmental phenotypes
(Fig. S3a—d) but showed an eatly onset of senescence at 40 d after
germination (Fig. 3a) and a slightly increased senescence at an
age of 8wk with ¢. 50% less chlorophyll in the oldest leaves,
as well as an increased percentage of dead cells per leaf in izpa
plants when compared to the WT (Fig. 3b—d). The plant fresh
weight, the number of seeds per silique, and the length of the

Table 1 Comparison of kinetic parameters of plant, fungi, and mammal ITPA enzymes.

HAM1
ITPA

(Saccharomyces cerevisiae; Davies

ITPA

(Arabidopsis thaliana; this study) etal., 2012) (Homo sapiens; Lin et al., 2001)

KM kcat kcat/KM KM kcat kcat/KM KM kcat kcat/KM
Substrate M s M TsT M s M7 M s M5’
dITP 1.7+0.3 1.5+0.17 8.8 x 10° 3.06+0.6 1.3 4.21 x 10° 450 + 100 360 1.16 x 10°
ITP 71412 1.94+0.25 2.6 x 10° 2.38+0.4 1.0 417 x 10° 510 + 100 580 1.14 x 10°

=+, standard deviation (SD). dITP, (deoxy)inosine triphosphate; ITP, inosine triphosphate; ITPA, inosine triphosphate pyrophosphatase.

© 2022 The Authors
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Fig. 3 Phenotypic comparison of wild-type
(WT), itpa-1, and itpa-2 plants. (a)
Arabidopsis rosette leaves of 40-d-old WT,
itpa-1, and itpa-2 plants grown under long-
day conditions. Bar, 10 mm. (b)
Representative picture of the oldest leaves
from 56-d-old plants of different genotypes
used in (c). (c) Chlorophyll content of the
respective oldest leaves from 56-d-old plants
of different genotypes, n = 5. Every replicate
represents a different plant of the same

c genotype. (d) Leaves of 56-d-old WT, itpa-1,

° and itpa-2 plants were stained by Trypan
blue, and dark pixels per leaf area were
measured using IMaGe). Each open circle
represents the result of measuring an
independent biological replicate. Error bars

I s are standard deviation (SD), n = 4-5.

Statistical analysis was performed by a two-

-
(3]
]

-
o
1

[3,]
1

7 -

< &
3@ &

siliques were not different between the mutants and the W1

(Fig. $3b-d).

ITPA is localized in the cytosol, nucleus, and putatively in
plastids

To determine the subcellular localization of ITPA, cells of V. ben-
thamiana co-expressing a C-terminally YFP-tagged variant of
ITPA and cytosolic B-ureidopropionase C-terminally fused to
CFP. Inosine triphosphate pyrophosphatase (ITPA) was clearly
localized in the cytosol and nucleus, co-localizing with the
cytosolic marker as the signals correlate with an R-value of 0.98;
additionally, a good fit in the cross-correlation analysis was
observed (Fig. 4a,b).

Both fusion proteins are stable as shown by an immunoblot
(Fig. 4c). Interestingly, while the plastids are completely dark in
the channel corresponding to the CFP signal of the cytosolic
marker, there is signal in the YFP channel at these locations, illus-
trated by the arrows. Furthermore, the YFP signal and the plas-
tidic autofluorescence overlap, indicated by a cyan coloration in
the overlay of micrographs (Fig. 4a). Although the signals do not
coincide completely, the data indicate that ITPA might also be
localized in the plastids. This is in line with the predictions of
several bioinformatic analysis tools summarized in the SUBA4
database, predicting nuclear, cytosolic, and plastidic localization
for ITPA (Hooper ez al., 2017). Additionally, ITPA was found in
a proteomic analysis of the plastid proteome (Kong ez al., 2011).
A localization in mitochondria, also predicted by SUBA4, was
not confirmed in our experiments.

New Phytologist (2023) 237: 1759-1775
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sided Tukey's pairwise comparison using the
A sandwich variance estimator. Different letters

¢ ¢

oL
QQ

.\b\* .\\Q'b \\Q” indicate P <0.05. All P-values are provided in

& Table S4.

ITPA is essential for the catabolism of ITP and IDP in vivo

In 35-d-old plants, IDP and ITP were only detectable in izpa-1
and itpa-2 background, but not in the WT (Fig. 5a).

Inosine triphosphate and IDP were reliably measured because
they were baseline separated from the isobaric ATP and ADP iso-
topes (Fig. S5). The itpa-1 and itpa-2 lines contained 1.7 and
1.8 pmolg™" IDP and 1.8 and 1.3 pmolg ' ITP, respectively.
This accounts for ¢. 30 molecules of ITP per 10° molecules of ade-
nosine triphosphate (ATP) and between 300 and 400 molecules of
IDP per 10° molecules of adenosine diphosphate (ADP, Table 2).

The ITP concentration per cell was ¢. 9.6 nM and that of IDP
¢. 11.2nM estimated according to Straube ez al. (2021). The
IMP concentration was not altered significantly in the knockout
lines (Fig. 5a), suggesting that ITP and IDP dephosphorylation is
not a main contributor to the IMP pool. This is not surprising
because IMP is a comparatively abundant intermediate of purine
nucleotide biosynthesis and purine nucleotide catabolism, com-
pared with the low abundant IDP and ITP (Baccolini &
Witte, 2019; Witte & Herde, 2020). Although ITPA is active
with dADP and dGDP in vitro, mutation of /7PA had no effect
on the dADP and dGDP concentrations 7z vivo (Fig. S6a). The
concentrations of other purine and pyrimidine nucleotides were
also not altered in the mutant lines (Figs 5b, S6a—c).

What is the metabolic source of ITP and IDP?

Hitherto, the metabolic source of ITP and IDP is unknown. One
possibility is that these metabolites arise from promiscuous
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Fig. 4 Subcellular localization of inosine triphosphate pyrophosphatases
(ITPA). (a) Confocal fluorescence microscopy images of leaf epidermal
cells of N. benthamiana transiently co-expressing Arabidopsis ITPA
C-terminally fused to YFP (ITPA-YFP) and cytosolic B-ureidopropionase
C-terminally fused to CFP (B-UP-CFP). Left panel, YFP fluorescence; mid-
dle panel, CFP fluorescence; right panel, chloroplast autofluorescence. Bar,
50 um. The large picture is an overlay of all three signals. Bar, 25 um.
Orange arrows indicate YFP signal not overlapping with the CFP signal.
Analysis of the Pearson's correlation coefficient gave an R-value of 0.98
for the YFP and CFP signals. The images are representative for at least 10
micrographs of different cells. (b) Van Steensel's cross-correlation analysis
for the YFP and CFP signals. (c) Analyzing the stability of the ITPA-YFP
and B-UP-CFP by an immunoblot developed with a GFP-specific antibody.
The control was generated from infiltrated leaves with Rhizobium
radiobacter carrying the RNA silencing suppressor P19.

enzyme activity (Hanson et 4/, 2016) of AMP kinases, which in
addition to AMP may also be able to phosphorylate IMP. Con-
sistent with this hypothesis, it has been shown in E. co/i and
Saccharomyces cerevisiae that an increase in the IMP content is
concomitant with an accumulation of (deoxy)inosine in RNA

© 2022 The Authors
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and DNA (Pang ez al,, 2012). In plants, more IMP could also
lead to more ITP and IDP, which would indicate that the phos-
phorylation of IMP by kinases is a source of ITP and IDP.

A biochemical approach was used to investigate the question
of possible aberrant IMP phosphorylation. We determined the
enzymatic activities of the two cytosolic AMP kinases, AMPK3
(At5g50370) and AMPK4 (At5G63400) of A. thaliana with
either 1 mM AMP or IMP as substrates (Lange ez al., 2008; Chen
et al., 2018; Fig. 6a,b). Although IMP is an in vitro substrate for
both enzymes, the activity with IMP was only 3.9% of that with
AMP for AMPK3 (Fig. 6a) and 5.2% for IMP vs AMP for
AMPKA (Fig. Gb).

In vivo the relative activity with IMP will be lower because the
cellular IMP pool is several orders of magnitude smaller than that
of AMP. Nonetheless, the data show that AMPKs can phospho-
rylate IMP in principle resulting in the formation of ITP and
IDP.

To further test the hypothesis of spurious IMP phosphoryla-
tion as a source for IDP and ITP, we fed ribavirin to A. thaliana
WT, itpa-2, and itpa-2::C plants (Fig. 7), an inhibitor of IMP
DEHYDROGENASE (IMPDH, Keya er al, 2003). This
enzyme represents a major sink of IMP in plant metabolism
(Witte & Herde, 2020), and its inhibition likely increases the
IMP concentration 77z vivo and thus the availability of substrate
for spurious phosphorylation by AMPKs (Fig. 7c). Ribavirin
treatment for 24 h caused a significant increase in the IMP con-
tent in ribavirin-treated A. thaliana seedlings compared with the
mock-treated samples and a decreased concentration of down-
stream metabolites like XMP (Fig. 7). We noticed a higher abun-
dance of IMP in ribavirin-treated ##pa-2::C plants and suspect
that this is a result of a higher abundance of ITPA, as ITPA from
other organisms is described dephosphorylate ribavirin triphos-
phate (RTP) to its respective monophosphate (Vidal
et al., 2022). In the overexpression line, this leads to an increased
concentration of ribavirin monophosphate, which is the inhibi-
tory metabolite of IMPDH. Instead of RTP being incorporated
into RNA, it is dephosphorylated, leading to an even stronger
block of IMPDH and thus a greater accumulation of IMP.

Concomitant with higher IMP concentrations, the abundance
of IDP and ITP was increased in all genotypes treated with rib-
avirin (Fig. 7b), suggesting that spurious phosphorylation of IMP
cannot be excluded as a source of IDP and ITP despite the com-
parably low activity of AMP kinases with IMP as a substrate. The
concentration of IDP and I'TP was significantly decreased in izpa-
2::Cplants compared with the WT and izpa-2 plants demonstrat-
ing a gain-of-function concerning IDP/ITP dephosphorylation
caused by ectopic expression of /7PA.

We used the ribavirin treatment as a tool to extend the concept
of IMP phosphorylation to other plant species and developmen-
tal stages. Thus, we infiltrated N. benthamiana plants with rib-
avirin and the mock control (Fig. S7), similarly to Arabidopsis,
the treatment with ribavirin led to increased concentrations of
IMP, whereas XMP was not detected (Fig. S7). However, in
N. benthamiana, the treatment did not result in increased IDP
and ITP concentrations, suggesting that the contribution of spu-
rious IMP phosphorylation to IDP and ITP pools varies between
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Table 2 Ratios of ITP and IDP per million molecules of ATP and ADP,
respectively.

itpa-1 itpa-2
ITP/1 x 106 ATP 36.6 £12 28711
IDP/1 x 10° ADP 300.8 £ 162 407.5+178

=+, standard deviation (SD). ADP, adenosine diphosphate; ATP, adenosine
triphosphate; IDP, inosine diphosphate; ITP, inosine triphosphate.

plant species (Arabidopsis and Nicotiana) or developmental
stages (seedlings and fully developed leaves).

Aberrant metabolites can also be derived from nonenzymatic
processes — e.g. from contact with ROS (Hanson et al., 2016;
Lerma-Ortiz et al., 2016). Heavy metals, such as cadmium, are
known to cause ROS production in plants and comprise impor-
tant anthropogenic pollutants (Di Sanita & Gabbrielli, 1999;
Cho & Seo, 2005; Lin et al., 2007). It has been well established
that cadmium-induced oxidative stress not only damages macro-
molecules such as the DNA directly but also causes an increased
rate of lipid peroxidation (Lin ez al., 2007). To test whether this
oxidative stress also has an impact on nucleotides, we grew WT
and ipa-1 plants hydroponically for 14 d and applied cadmium
sulfate (0 and 10 pM). Without Cd, WT plants only

New /’/{}‘/(l//lg/}[ (2023) 237:1759-1775
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ITP

Fig.5 Loss-of-function of itpa causes an
accumulation of inosine diphosphate (IDP)
and inosine triphosphate (ITP), while
adenylate concentrations remain unchanged.
(a) Concentrations of inosylates in rosette
leaves of 35-d-old Arabidopsis wild-type
(WT), itpa-1, and itpa-2 plants. (b) Asin (a)
but for adenosine diphosphate (ADP) and
adenosine triphosphate (ATP). Each open
circle represents the result of measuring an
independent biological replicate. Error bars
are standard deviation (SD), n = 6. Every
replicate represents a different plant.
Statistical analysis was performed by a two-
sided Tukey's pairwise comparison using the
sandwich variance estimator. Different letters
indicate P <0.05. All P-values are provided in
Table S4. nd, not detected.

accumulated small amounts of ITP, but with 10 uM Cd the ITP
content rose significantly (Fig. 8). Inosine diphosphate was not
detectable in the WT. As expected, the mutant generally con-
tained more IDP and ITP than the WT and the application of
Cd resulted in a further increase in these pools. The concentra-
tions of ITP and IDP measured in this experiment in 14-d-old
plants grown in a hydroponic system were comparable to those
in 35-d-old plants grown on soil (Figs 5a, 8). These data show
that ITP and IDP can be formed under stress conditions that
involve ROS probably by the deamination of ATP and ADP.
Opverall, our data suggest that spurious IMP phosphorylation and
ATP deamination caused by oxidative stress both can contribute
to IDP and ITP pools but the impact of both processes depends
on environmental conditions and putatively on the developmen-
tal context.

ITPA prevents (d)ITP incorporation into DNA and RNA

Measuring deoxyinosine (dI) in digested DNA of 7-d-old plants
by liquid chromatography-mass spectrometry (LC-MS) revealed
that both mutant lines accumulate dI in the DNA (Fig. 9a).
Wild-type (WT) DNA contained 290 £ 96 dI per million mole-
cules deoxyadenosine (dA). This amount was more than doubled

in the mutants (Table S6). In DNA from older plants (56 d), dI
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Fig. 6 Enzymatic activity of AMPK 3 and 4 with adenosine
monophosphate (AMP) and inosine monophosphate (IMP). Arabidopsis
enzymes were transiently expressed in Nicotiana benthamiana as
C-terminal Strep-tagged variants and affinity purified. (a) Specific activity
of AMPK3 with 1 mM AMP or IMP in the presence of 1 mM ATP. Linear
rates were observed in all cases. Error bars are standard deviation (SD).
Each open circle represents the result of measuring a replicate, each repli-
cate represents an independent enzyme assay from the same enzyme
preparation (n = 4). (b) Analogous data for AMPK4.

could not be detected in the WT and accumulated in DNA of
the mutants to approximately the same level as in seedlings.
Therefore, a marked increase in dI accumulation in DNA with
age could not be observed. Interestingly, the higher dI concentra-
tion in DNA of izpa plants demonstrates that a dITP pool likely
exists in plants. Deoxyxanthosine was not detected in DNA. To
test whether the concentration of dlI is really dependent on /7PA
expression, we analyzed the concentration of dI in DNA of 7-d-
old WT, i#tpa-2, and itpa-2::C plants grown hydroponically
(Fig. 9b).

Consistently, itpa-2 plants accumulated dI and the overexpres-
sion of ITPA (itpa-2::C) led to a concentration of dI comparable
to what was measured in WT plants.

In digested total RNA of 35-d-old plants, 405+ 117 mole-
cules of inosine per million molecules of adenosine were
detected (Fig. 9¢). The izpa lines contained about twofold more
inosine in the RNA (Table S6), showing that also the RNA is
protected by ITPA. In a pilot experiment, the RNA of younger,
21-d-old plants was analyzed and contained only 200 molecules
of inosine per million molecules of adenosine (Fig. S8), which
is about half the amount found in 35-d-old plants. A similar
tendency was observed for the izpa-1 line. In contrast to deoxyi-
nosine in DNA, it appears that the inosine content of RNA
increases with age. Interestingly, inosine-containing RNA can
be specifically recognized and cleaved by an endonuclease in
Arabidopsis, which may limit the amount of inosine that can
accumulate in RNA (Endo ez 2/, 2021). Xanthosine was not
detected in RNA. In summary, the data demonstrate that ITPA
is an enzyme required for the removal of dITP and ITP to pro-
tect DNA and RNA from random incorporation of (deoxy)ino-
sine (Fig. 10).

© 2022 The Authors
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Loss of ITPA leads to an upregulation of transcripts
involved in biotic stress

We further investigated whether the loss of /7PA leading to the
accumulation of (deoxy)inosine in nucleic acids and inosylates in
nucleotide pools has an influence on the transcriptome. An
RNA-seq analysis was performed with RNA isolated from rosette
leaves of 35-d-old WT and i#pa-1 plants that had been grown
side-by-side in a randomized fashion and for which we had
already confirmed differential levels of inosine in RNA (Fig. 9¢).
Plants lacking ITPA showed an upregulation of 256 transcripts
and a downregulation of only 28 transcripts at a log, fold change
(logy FC) of >2 and < —2, respectively, in addition to a false dis-
covery rate (FDR) of <0.05 (Table S2). Many regulated tran-
scripts were involved in biological processes associated with stress
responses and often encode proteins with kinase activity or tran-
scription factors as reported by GO (gene ontology) enrichment
analysis (Fig. S9; Table S3). Upon closer inspection, we found
that especially transcripts related to the SA response (Fig. 11a),
SAR (Fig. 11b), and aging (Fig. 11c) were upregulated.

Since the transcriptional profiles suggested that the concentra-
tion of SA is altered, we quantified it. Significantly higher SA
concentrations were found in 35-d-old plants lacking ITPA com-
pared with the corresponding WT (Fig. 11d).

Consistent with public data sets (Winter ez al, 2007), the
expression of /7TPA itself was not influenced by a treatment with
SA (Fig. 11e), but treating WT plants with cadmium sulfate
resulted in a minor, but significant, decrease in ITPA transcript
abundance (Fig. 1le). Although counter-intuitive, a reduced
expression of ITPA in oxidatively stressed plants has been
reported recently (Arruebarrena Di Palma er 4/, 2022). During
development, the abundance of the ITPA transcript is decreasing
(Fig. 11f), which is also in accordance with publicly available data
(Winter et al., 2007).

Discussion

Although the existence of ITPA in plants has been suggested
based on sequence comparisons (Lin er al, 2001; James
et al., 2021), these in silico predictions have never been experi-
mentally tested nor has an ipa mutant been characterized in any
plant species. Here, we demonstrate that plants have ITPA and
that it is involved in the metabolite damage repair system in Ara-
bidopsis. The kinetic properties of the enzyme from Arabidopsis
are similar to those of the yeast ortholog HAM1p. Interestingly,
the human ITPA has a 250-fold higher Ky and a 300- to 500-
fold greater catalytic activity than the plant and yeast enzymes
(Table 1), which might be an adaptation to high ITP concentra-
tions in some human cells, for example, erythrocytes (Behmanesh
et al., 2009). However, in other human cells, the ITP concentra-
tion must be relatively low because it was generally not detectable
(Sakumi et al., 2010).

The Ky of Arabidopsis ITPA for ITP of 7.1 pM is ¢. 1000-
fold higher than the cellular concentration of ITP (9.6 nM)
determined in 7#pa background, which will be even lower in the

WT. We were unable to detect dITP but could show that
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Arabidopsis thaliana plants alters the
concentration of xanthosine monophosphate
(XMP), inosine diphosphate (IDP), and
inosine triphosphate (ITP). (a)
Concentrations of IMP and XMP in 7-d-old
Arabidopsis wild-type (WT), itpa-2, and itpa-
2::C plants, grown hydroponically. Plants
were either mock-treated or treated with
500 pM ribavirin for 24 h. (b) as in (a) but for
IDP and ITP. Each open circle represents the
result of measuring an independent
biological replicate. Error bars are standard
deviation (SD), n = 3. Every replicate
represents a pool of seedlings from a
different hydroponic vessel. Statistical
analysis was performed by a two-sided
Tukey's pairwise comparison using the
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sandwich variance estimator. Different letters
indicate P <0.05. All P-values are provided in
Table S4. nd, not detected. (c) model of
metabolic flux of parts of the purine
metabolism in mock-treated and ribavirin-
treated plants. Black arrows indicate the flux
of purine metabolites in mock-treated plants,
whereas red arrows indicate the proposed
flux of purine metabolites in ribavirin-treated
plants. The blunt-ended red arrow displays
the inhibition of IMP DEHYDROGENASE
(IMPDH) by ribavirin.

mutation of /7PA led to more deoxyinosine in DNA. Thus,
dITP is likely an 7 vivo substrate of ITPA (Ky = 1.7 pM for
dITP). We estimate that the dITP concentration is in the low
pM range, assuming that the ratio of ITP to dITP is comparable
to the ATP-to-dATP ratio of ¢ 500 to 1000 (Straube
et al., 2021). A difference in several orders of magnitude between
Ky and cellular substrate concentration is also known for other
housekeeping enzymes (Galperin ez al, 2006; Yoshimura
et al., 2007; Sakumi et al., 2010; Heinemann et al., 2021). Fur-
thermore, it has been shown that a Ky; above cellular concentra-
tions of a metabolite seems to be typical for enzymes in E. coli
involved in the degradation of nucleotides (Bennett ez /., 2009).
Xanthosine triphosphate, dXTP, and (deoxy)xanthosine in
nucleic acids could not be detected, indicating that the deamina-
tion of (deoxy)guanosine in DNA and RNA and the phosphory-
lation of (d)XMP are very rare. Therefore, ITPA seems mainly
involved with ITP and IDP and somewhat with dITP dephos-
phorylation 7z vive (Fig. 10). The activity of Arabidopsis ITPA
with IDP is interesting, since the yeast and human orthologs have

New Phytologist (2023) 237: 1759-1775
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a rather poor activity with IDP (Holmes et al., 1979; Davies
et al., 2012). Human cells possess a nudix hydrolase (NUDT16),
which hydrolyzes preferably IDP and dIDP, acting synergistically
with ITPA to protect cells from high levels of (d)ITP (Abolhas-
sani et al., 2010). This enzyme is missing in Arabidopsis, which
may explain why the plant enzyme is also an efficient diphosphate
hydrolase. IDP is likely the product of ADP deamination
(Fig. 8), and ADP is also a substrate of the ribonucleotide reduc-
tase (RNR; Wang & Liu, 2006), an enzyme complex catalyzing
the first committed step in the synthesis of deoxyribonucleotide
triphosphates. Assuming that RNR accepts IDP as a substrate,
the reaction would lead to the formation of deoxyinosine diphos-
phate, which could be phosphorylated and then be incorporated
into DNA.

According to our data, an important source of ITP is probably
the deamination of ATP. The concentration of the adenylates is
by far the highest of all nucleotides (Straube ez 4/, 2021), and
even a small rate of deamination will generate significant
amounts of ITP. Additionally, this rate can be enhanced by
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Fig. 8 Effect of cadmium causing oxidative stress on inosylate
concentrations. Arabidopsis mutant and wild-type (WT) plants grown in a
hydroponic system for 14 d were treated with 10 uM cadmium sulfate for
24 h or were left untreated. inosine triphosphate (ITP), inosine diphosphate
(IDP), and inosine monophosphate (IMP) were quantified. Each open circle
represents the result of measuring an independent biological replicate.
Error bars are standard deviation (SD), n = 4. Every replicate represents a
pool of plants from an independent hydroponic vessel. Statistical analysis
was performed by a two-sided Tukey's pairwise comparison using the
sandwich variance estimator. Different letters indicate P <0.05. All
P-values are provided in Table S4. nd, not detected.

oxidative stress, which can occur in plant cells because of abiotic
and biotic stress. AMP kinases may also contribute to the IDP
and ITP pool because they can use IMP as substrate albeit with
lower activity than for AMP. The possibility of spurious phos-
phorylation by kinases involved in nucleotide metabolism has
been discussed recently (Chen et al., 2018; Chen & Witte, 2020).
However, in vivo there is far more AMP than IMP and our
manipulation of IMP in N. benthamiana leaves showed no corre-
lation between IMP and ITP concentrations (Fig. S7). However,
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Fig.9 Concentration of deoxyinosine and inosine in nucleic acids of
different genotypes. (a) Molecules of deoxyinosine per million molecules
of deoxyadenosine in DNA isolated from pools of 7-d-old Arabidopsis
seedlings grown on agar plates and 56-d-old Arabidopsis rosettes. Error
bars are standard deviation (SD), n =5 and 3. (b) Molecules of deoxyi-
nosine per million molecules of deoxyadenosine in DNA isolated from
pools of 7-d-old Arabidopsis seedlings grown hydroponically. Each open
circle represents the result of measuring an independent biological repli-
cate. Error bars are SD, n = 3. (c) Molecules of inosine per million molecules
adenosine in total RNA isolated from 35-d-old Arabidopsis rosettes. Error
bars are SD, n = 5. Every replicate represents a different plant. Statistical
analysis was performed by a two-sided Tukey's pairwise comparison using
the sandwich variance estimator. Different letters indicate P <0.05. All
P-values are provided in Table S4. nd, not detected.

in 7-d-old A. thaliana plants, the concentrations of IDP and ITP
rose significantly when plants were treated with ribavirin. We
hypothesize that this discrepancy is due to a different develop-
mental context, as there is likely more overall nucleotide kinase
activity in developing tissues than in fully developed leaves (Nie-
haus ez al., 2022), which would also increase the rate of spurious
IMP phosphorylation.

It is surprising that ITPA is only located in the cytosol,
nucleus, and plastids but not in the mitochondria because ATP
occurs in each of these compartments and mitochondria also per-
form nucleic acid biosynthesis. Additionally, the respiratory chain
and photosystems are the main sources for ROS in plant cells
(Jankau ez al., 2019), potentially leading to nucleotide and nucleic
acid damage, such as nucleotide deamination (Cadet &
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monophosphate phosphatase.

Wagner, 2013), in mitochondria and plastids, respectively (Tri-
pathi ez al, 2020). It is known that ATP and ADP are rapidly
exchanged over the mitochondrial membrane because the mito-
chondria supply the cell with ATP produced by oxidative phos-
phorylation (Braun, 2020). Therefore, cytosolic ITPA may be
able to also purify the mitochondrial adenylate pool — this how-
ever implies that ITP and IDP are also rapidly exchanged over
the mitochondrial membrane (Haferkamp ez 4/, 2011). By con-
trast, plastids exchange adenylates with the cytosol mainly at
night for ATP import whereas during the day they internally gen-
erate ATP from ADP driven by photosynthesis for triosephos-
phate production. Plastids may require their own ITPA because
in the light ROS production is high and adenylates are not
exchanged with the cytosol.

Mutant plants lacking /7PA show a slightly earlier senescence
and increased cell death (Fig. 3a—d). This is a relatively moderate
phenotype compared to what occurs in mammals. Mice without
functional ITPA die shortly after birth (Behmanesh ez 4/, 2009).
A null mutation of /7PA in humans leads to severe developmen-
tal abnormalities and is also lethal (Handley e a4/, 2019).
Humans with missense mutations in /7PA develop severe side

New /’/{}‘/(l//lg/}[ (2023) 237: 1759-1775
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effects when treated with purine analog like ribavirin or thiopuri-
nes (Simone ¢t al.,, 2013). By contrast, the single-cell eukaryote
S. cerevisiae and also the model bacterium E. coli show no particu-
lar physiological phenotype when they lack ITPA (Pavlov, 1986;
Clyman & Cunningham, 1987; Noskov ez al., 1996). Nonethe-
less, the E. coli mutant has an induced SOS response, a pathway
that is turned on by DNA damage (Clyman & Cunning-
ham, 1987).

In contrast to other housekeeping genes, a decrease in /7PA
transcript abundance is observed during senescence (Fig. 11f).
The housekeeping function of ITPA is centered on the proof-
reading of damaged metabolites, which is likely not as important
in senescent plants as it is in developing tissues. Consistently,
other metabolite damage repair enzymes, like NUDXI
(AT1G68760), show a similar expression profile during develop-
ment (Winter ez al., 2007).

So why do plants lacking ITPA activity show symptoms of
early senescence? This could be related to the accumulation of
(deoxy)inosine in DNA and RNA in the mutant (Figs 9, S8).
Deaminated purines in RNA were shown to lead to reduced
polymerase fidelity, RNA structure changes, altered stability and
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Fig. 11 Loss-of-function of inosine triphosphate pyrophosphatase (ITPA) leads to differential upregulation of transcripts associated with salicylic acid (SA),
systemic acquired resistance (SAR) as well as aging and increased endogenous concentrations of SA. (a) RNA was isolated from 35-d-old Arabidopsis
rosettes and analyzed by RNA-seq. Log, (RPKM) values are shown for genes associated with response to SA (GO:0009751) and differentially regulated
between wild-type (WT) and itpa-7 samples. Error bars are standard deviation (SD), n = 3. Every replicate represents a pool of two different plants. (b) As
in (a) but for genes associated with SAR (GO:0009627). (c) As in (a) but for genes associated with aging (GO:0007568). (d) Concentrations of SA in 35-d-
old Arabidopsis rosettes analyzed by LC-MS. Error bars are SD, n = 4. Every replicate represents a different plant. (e) Transcript abundance of the ITPA tran-
script in 14-d-old A. thaliana WT plants grown hydroponically. Plants were either mock-treated, treated with 1 mM SA or 500 pM cadmium sulfate for

24 h. Every replicate represents a pool of seedlings from a different hydroponic vessel. (f) ITPA transcript abundance in A. thaliana WT plants grown on soil
for 7,14, 35, or 54 d. Each open circle represents the result of measuring an independent biological replicate. Error bars are SD, n = 3—4. Every replicate rep-
resents a different plant, only in case of 7-d-old plants seedlings were pooled for RNA isolation. Statistical analysis was performed by a two-sided Tukey's
pairwise comparison using the sandwich variance estimator. Different letters indicate P < 0.05. All P-values are provided in Table S4.

mistranslation (Thomas er 2/, 1998; Ji et al, 2017; Schroader
et al., 2022), and in case of DNA to mutations (Spee et al., 1993;
DeVito et al, 2017) and genome instability (Yoshimura
et al., 2007). We observed a higher amount of inosine in RNA of
older izpa plants (Figs 9, S8), indicating that the problems may
become more severe with age. DNA damage can lead to pro-
grammed cell death (PCD) in Arabidopsis (Wang & Liu, 2006),
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and we saw a higher incidence of PCD in the ##pa background
during senescence (Fig. 3d). An early senescence phenotype simi-
lar to that in 7zpa plants was also observed in plants with a higher
frequency of unrepaired DNA double-strand breaks (Li
et al., 2020). In summary, damage to DNA and RNA by aberrant
nucleotide incorporation may be the cause for the earlier senes-
cence and the increased PCD rate. Alternatively, the detrimental
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effects of /TPA mutation may also be unrelated to the alteration
of nucleic acids but caused by ITP accumulation. ITP can
directly influence cellular processes that either require or are
inhibited by ATP or GTP (Vanderheiden, 1979; Osheroff
et al., 1983; Klinker & Seifert, 1997; Burton ez /., 2005). How-
ever, compared with the sizes of the ATP and GTP pools, the
ITP pool is very small even in the itpa background, which argues
against a direct metabolic interference of ITP.

The abundance of transcripts associated with SA, senescence,
and SAR increases in 7#pa plants, and they accumulate SA (Figs 11,
S9). Mutants with constitutive high levels of SA are known to
senesce prematurely. The higher SA levels in izpa plants may thus
present an explanation for the early senescence phenotype
observed (Fig. 3a—d) and may affect plant—pathogen interactions.
How the mutation of ITPA and the induction of SA are con-
nected is unclear. We hypothesize that an accumulation of
deoxyinosine in DNA causes more DNA repair and turnover
associated with occasional double-strand breaks. It is known that
in plants with more unrepaired DNA double-strand breaks the
concentration of SA is increased (Li ez al., 2020). It also has been
shown that SA can trigger DNA damage (Hadwiger &
Tanaka, 2017) and that proteins involved in DNA damage
response, like RAD51, interact synergistically to trigger increased
transcription of genes involved in plant immunity (Yan
et al., 2013). Taken together, it is possible that the transcripts
involved in SA response, SAR, and aging are upregulated as a con-
sequence of DNA damage.

Deamination of adenylates is an unavoidable chemical reac-
tion, and most organisms including plants have ITPA to protect
their nucleic acids from the reaction products. Whether (d)ITP
and (d)IDP are more than just an undesirable metabolic bypro-
duct remains to be investigated.
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