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ABSTRACT

Abstract

Nucleotide metabolism is vital for plant development and dependent on the support of various
enzymes including the phosphofructokinase B-type (PfkB) sugar kinases. Although some PfkB
kinases such as adenosine kinase (ADK), ribokinase (RBSK), and pseudouridine kinase (PUKI)
have been successfully identified and characterized in recent years, much is still unknown about
these kinases. In this study, PfkB kinases from Arabidopsis thaliana were functionally screened
leading to the identification of a plastid inosine kinase (PINK) that is involved in the feedback
regulation of de novo purine synthesis and of kinase 6-2 (K6-2), which may be involved in

negative regulation of purine synthesis.

According to bioinformatic analyses, PINK is highly conserved in the plant kingdom,
Subcellular localization and in vitro kinase activity analyses revealed that PINK is a plastid
kinase that phosphorylates inosine, uridine, and 5-aminoimidazole-4-carboxamide
ribonucleoside (AICAr). Furthermore, metabolite analysis was performed of Arabidopsis
seedlings in which PINK expression was varied, which showed that PINK is not only involved
in the inosine salvage but also likely contributes to feedback inhibition of de novo purine
biosynthesis by regulating the plastid IMP pool. Moreover, PINK is possibly involved in

pyrimidine nucleotide synthesis, at least in the context of defective uridine degradation.

Additionally, another member of the PfkB family, kinase 6-2 (K6-2) was partially characterized
in this work. K6-2 is localized in the chloroplast and in vitro biochemical analysis showed that
K6-2 can phosphorylate AICAr, inosine, and guanosine. Furthermore, an in vivo functional
study suggested that K6-2 is a negative regulator of purine de novo biosynthesis, as the
biosynthesis of purine nucleotides was enhanced in the knock-down mutant of K6-2. Moreover,
the reduced expression of K6-2 in Arabidopsis led to a phenotype that involved yellowing and

suppressed leaf growth.

Keywords: PfkB kinases, inosine kinase, purine de novo biosynthesis, nucleotide metabolism,

Arabidopsis



ZUSAMMENFASSUNG

Zusammenfassung

Der Nukleotid-Stoffwechsel ist fiir die Pflanzenentwicklung von entscheidender Bedeutung
und hangt von der Aktivitat verschiedener Enzyme ab, darunter die Zuckerkinasen vom Typ
Phosphofructokinase B (PfkB). Obwohl einige PfkB-Kinasen wie die Adenosin-Kinase (ADK),
die Ribokinase (RBSK) und die Pseudouridin-Kinase (PUKI) in den letzten Jahren identifiziert
und charakterisiert wurden, ist noch vieles tber diese Kinasen unbekannt. In dieser Studie
wurden PfkB-Kinasen aus Arabidopsis thaliana funktionell untersucht, was zur Identifizierung
einer plastiden Inosin-Kinase (PINK) fiihrte, die an der Ruckkopplungsregulierung der De-
novo-Purinsynthese beteiligt ist, sowie der Kinase 6-2 (K6-2), die mdglicherweise zur
negativen Regulierung der Purinsynthese einen Beitrag leistet.

Bioinformatischer Analysen zufolge ist PINK im Pflanzenreich hoch konserviert. Analysen der
subzelluldren Lokalisierung und der In-vitro-Kinaseaktivitat ergaben, dass PINK eine plastide
Kinase ist, die Inosin, Uridin und 5-Aminoimidazol-4-Carboxamid-Ribonukleosid (AICAr)
phosphoryliert. Darlber hinaus zeigte die Metabolitenanalyse von Arabidopsis-Keimlingen, in
denen die PINK-Expression variiert wurde, dass PINK nicht nur am Inosin-Salvage beteiligt
ist, sondern wahrscheinlich auch zur Riickkopplungshemmung der De-novo-Purin-Biosynthese
beitragt, indem sie den plastiden IMP-Pool reguliert. Dartber hinaus ist PINK mdglicherweise
an der Synthese von Pyrimidinnukleotiden beteiligt, zumindest im Zusammenhang mit einem

gestorten Uridinabbau.

Des Weiteren wurde in dieser Arbeit ein weiteres Mitglied der PfkB-Familie, die Kinase 6-2
(K6-2), teilweise charakterisiert. K6-2 ist im Chloroplasten lokalisiert, und eine biochemische
In-vitro-Analyse zeigte, dass K6-2 AICAr, Inosin und Guanosin phosphorylieren kann. Eine
In-vivo-Funktionsstudie deutet aulerdem darauf hin, dass K6-2 ein negativer Regulator der
Purin-de-novo-Biosynthese ist, da die Biosynthese von Purinnukleotiden in der Knock-down-
Mutante von K6-2 offenbar erh6ht war. Eine reduzierte Expression von K6-2 in Arabidopsis

fiihrte phanotypisch zu vermehrter Blattvergilbung und unterdriicktem Wachstum.

Schlusselworter:  PfkB-Kinasen, Inosin-Kinase, Purin-de-novo-Biosynthese, Nukleotid-

Stoffwechsel, Arabidopsis thaliana
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INTRODUCTION

1 Introduction

1.1 Nucleotides

1.1.1 Nucleotides are essential for plant development

Nucleotides are indispensable for plants. First, they are the building blocks of RNA and DNA
which carry the genetic instructions for development, functioning, growth, and reproduction
(Senecoff et al., 1996). Second, some nucleotides act as precursors for several coenzymes, such
as flavin adenine dinucleotide (FAD), nicotinamide adenine dinucleotide (NAD), and S-
adenosylmethionine (SAM) (Crozier, 2000; Herz et al., 2000; Hanson and Gregory 11, 2002).
Then, some nucleotides serve as the energy provider in plants for enzymatic reactions that
consume energy. In particular, ATP, which is known as a universal energy carrier in cells, can
directly participate in reactions requiring energetic coupling in vivo. In general, ATP has a
strong affinity for metal cations, especially divalent magnesium ions (Mg?*), and ATP-Mg**
binding is necessary for most ATP-protein interactions (Storer and Cornish-Bowden, 1976;
Garfinkel et al., 1986; Wilson and Chin, 1991). Additionally, nucleotides are pivotal for the
biosynthesis of hormones and secondary metabolites (Lim and Bowles, 2004; Zrenner et al.,
2006). For example, the cyclic nucleotide cGMP, which is derived from GMP, is involved in
plant hormone signaling that leads to the rapid phosphorylation of root proteins (Isner et al.,
2012), and xanthosine acts as the precursor to caffeine, an important alkaloid in coffee and tea
(Ashihara et al., 2013).

1.1.2 Structure

Nucleotides contain a pentose, a nitrogen-containing heterocycle (nucleobase), and up to 3
phosphoryl group(s) (Figure 1 A). Nucleosides are nucleotides without phosphoryl groups.
Depending on the number of phosphoryl groups, a nucleotide is either a nucleoside 5’-
monophosphate (NMP), -diphosphate (NDP), or -triphosphate (NTP). When an oxygen atom is
missing from the 2' carbon position, one speaks of deoxyribonucleotides. The purine
nucleobases (adenine, guanine, hypoxanthine, and xanthine) are heterocyclic compounds that
contain a imidazole ring combined with a six-membered carbon-nitrogen (pyrimidine) ring,
while the pyrimidine nucleobases (uracil, cytosine, and thymine) are only six-membered
carbon-nitrogen heterocyclic compounds (Figure 1 B). Adenine, guanine, uracil, and cytosine

are constituents of RNA, whereas thymine is present instead of uracil in DNA. In addition,
1
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nucleobases can be modified by adding groups on the side chains. Methylation is the most
common form of modification. For example, N°-methyladenosine (m°®A) has been found not
only in ribosomal RNA (rRNA) and transfer RNA (tRNA), but also in messenger RNA (MRNA)

influencing posttranscriptional regulation (Frye et al., 2018).

A O ) O B Purine

0—P—0—P—0—b—0—F ) )
| | . ’

o]
N N NH, N Z N N 0

OH OH—-ribose A, adenine G, guanine H, hypoxanthine X, xanthine
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1,
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¢

N
H
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0 NH, 0

HC,
NH SN NH
N7 N0 N7 o N~ o
H H H
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apnoajonu

nucleoside diphosphate

nucleoside triphosphate

Figure 1. Structure of nucleosides, nucleotides, and nucleobases.

(A) Structure of nucleosides and nucleotides. (B) Structure of the nucleobases adenine,
guanine, hypoxanthine, xanthine, uracil, cytosine, and thymine.

1.1.3 Nucleotide metabolism

Nucleotide metabolism is a complex process. It can be divided into two main categories, purine
metabolism and pyrimidine metabolism. Conceptually, each of them can be further divided into
the following parts: (i) de novo synthesis, which produces nucleotides from molecules of central
metabolism through a series of enzymatic reactions, (ii) salvage, which recycles nucleobases
and nucleosides to generate nucleoside monophosphates, and (iii) catabolism, which results in
the complete degradation of nucleotides that release nutritional resources, such as carbon,
nitrogen, and phosphate (Witte and Herde, 2020).
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1.2 Purine metabolism in plants

1.2.1 De novo purine biosynthesis

De novo purine biosynthesis is essential for plants (Gopaul et al., 1996), and the process uses
5-phosphoribosyl-1-pyrophosphate (PRPP), glutamine, glutamate, glycine, CO2, 10-formyl
tetrahydrofolate (10-formyl-THF), and aspartate to form IMP, AMP, or GMP. Additionally,

several of the reactions involved in this process are energy consuming.

Initially, amidotransferase (ATase), which is also known as 5-phosphoribosylpyrophosphate
amidotransferase (PRAT), joins PRPP and glutamine to produce 5-phosphoribosylamine (PRA),
which can be further attached to glycine via an amide bond to form ribonucleotide (GAR) by
GAR synthase (GARS), and this process consumes ATP. GAR is then transformylated to
formylglycinamide ribonucleotide (FGAR) by GAR transformylase (GART). The next step
utilizes ATP to convert FGAR to formylglycinamidine ribonucleotide (FGAM) with the
involvement of FGAM synthase (FGAMS). In addition, 5-aminoimidazole ribonucleotide (AIR)
with a closed-loop structure is synthesized by AIR synthase (AIRS), and this step requires ATP.
AIR is further converted to 4-carboxy aminoimidazole ribonucleotide (CAIR), which contains
carbon and nitrogen structures of the second ring of the purine skeleton. Afterwards, aspartate
is added to form N-succinyl-5-aminoimidazole-4-carboxamide ribonucleotide (SAICAR) with
the involvement of ATP and SAICAR synthase (SAICARS). Fumarate is then released under
the participation of adenylosuccinate lyase (ASL) to build 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR). 5-Aminoimidazole-4-carboxamide ribonucleotide
formyltransferase/inosine monophosphate cyclohydrolase (ATIC) catalyzes the last two steps
to form inosine monophosphate (IMP) by adding the final carbon from 10-formyl-THF.
Subsequently, purine de novo synthesis is divided into two branches; one branch is used for
AMP synthesis that occurs in the chloroplast, requiring two enzymatic reactions catalyzed by
adenylosuccinate synthase (SAMPS) and adenylosuccinate lyase (ASL); and the other branch
is used for the GMP synthesis that takes place in the cytosol (two reactions catalyzed by IMP
dehydrogenase and GMP synthetase).
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Figure 2. Scheme of purine metabolism in Arabidopsis.

The background boxes with yellow shading indicate the precursors and intermediates
in the de novo purine biosynthesis pathways. The purine ring catabolism pathways are
highlighted by light grey shading. The metabolites and enzymes (in boxes with white
background) that are involved in purine biosynthesis are glutamine (gln), glutamate
(glu), glycine (gly), pyrophosphate (ppi), tetrahydrofolate (THF), 10-formyl-
tetrahydrofolate (10-formyl-THF), aspartate (asp), 5-phosphoribosyl-1-pyrophosphate

(PRPP),

5-phosphoribosylamine (PRA),
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glycinamide

ribonucleotide (GAR),
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formylglycinamide ribonucleotide (FGAR), formylglycinamidine ribonucleotide
(FGAM), 5-aminoimidazole ribonucleotide (AIR), 4-carboxy aminoimidazole
ribonucleotide (CAIR), N-succinyl-5-aminoimidazole-4-carboxamide ribonucleotide
(SAICAR), 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), 5-
formaminoimidazole-4-carboxamide ribonucleotide (FAICAR), inosine
monophosphate (IMP), adenylosuccinate (SAMP), adenosine monophosphate (AMP),
adenosine diphosphate (ADP), adenosine triphosphate (ATP), xanthosine
monophosphate (XMP), guanosine monophosphate (GMP), and guanosine
triphosphate (GTP). Enzymes: PRPP amidotransferase (ATase), GAR synthase
(GARS), GAR transformylase (GART), FGAM synthase (FGAMS), AIR synthase
(AIRS), AIR carboxylase (AIRC), SAICAR synthase (SAICARS), adenylosuccinate
lyase (ASL), AICAR transformylase/IMP cyclohydrolase (ATIC), adenylosuccinate
synthase (ASS), adenylate kinase (AMK), AMP deaminase (AMPD), IMP
dehydrogenase (IMPDH), GMP synthetase (GMPS). Enzymes involved in purine
catabolism are marked with purple background shading and include: putative
nucleotidase(s) (1) guanosine deaminase (GSDA), nucleoside hydrolase 1 (NSH1),
nucleoside hydrolase 2 (NSH2), xanthine dehydrogenase (XDH), urate oxidase or
uricase (UOX), allantoin synthase (ALNS), allantoin amidohydrolase or allantoinase
(ALN), allantoate amidohydrolase (AAH), ureidoglycine aminohydrolase (UGAH),
ureidoglycolate amidohydrolase (UAH). Enzymes involved in purine salvage are
indicated by blue background shading and are putative inosine/guanosine kinase (2),
hypoxanthine guanine phosphoribosyltransferase (HGPRT), adenosine kinase (ADK),
and adenine phosphoribosyltransferase (APRT). Transporters are indicated in ellipses
with white background and are adenine nucleotide uniporter (Brittlel, BT1),
nucleobase transporters (possibly from the nucleobase ascorbate transporter family
(NAT) and the purine permease family (PUP) as well as nucleoside transporters
(equilibrative nucleoside transporter family, ENT), uric acid transporter (3), and
putative allantoin transporter (4). Modified after (Zrenner et al., 2006).
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1.2.2 Purine salvage

In addition to purine biosynthesis, plants employ another strategy, the salvage pathway, to
directly convert nucleobases and nucleosides to nucleotides by recruiting
phosphoribosyltransferases and nucleoside kinases. Radioisotope labeling experiments have
been used as a primary tool to study the purine salvage pathway by tracking the proportion of
isotopically-labeled purine bases or nucleosides in salvage products, such as nucleotides and
nucleic acids (Ashihara et al., 2018). However, this method can only be used to study
nucleobase and nucleoside salvage since the plant cell does take up nucleotides (Girke et al.,
2014).

Adenine phosphoribosyltransferase (APRT; Figure 2) converts adenine to AMP and has five
isoforms in Arabidopsis (Moffatt and Ashihara, 2002; Ashihara et al., 2018). Hypoxanthine and
guanine are reutilized by hypoxanthine guanine phosphoribosyltransferase (HGPRT; Figure 2),
resulting in the formation of IMP and GMP. In Arabidopsis, the loss-of-function of HGPRT
results in a significant accumulation of guanine but not hypoxanthine, indicating that HGPRT
is mainly necessary for guanine salvage in vivo (Schroeder et al., 2018). In contrast to adenine

or hypoxanthine, xanthine is not salvaged in Arabidopsis (Yin et al., 2014).

To salvage nucleosides, plants have several nucleoside kinases that form nucleoside
monophosphates. There are two cytosolic adenosine kinases (ADK; Figure 2) that
phosphorylate adenosine to AMP (Moffatt et al., 2000). ADKs are especially important for
adenosine metabolism since adenosine hydrolase or adenosine deaminase have not been found
in plants (Witte and Herde, 2020). In Arabidopsis, silencing the adenosine kinase 1 gene
(At3g09820) results in the accumulation of adenosine (Lee et al., 2012) and leads to severe
growth retardation phenotype (Schoor et al., 2011). Moreover, adenosine kinase is speculated
to phosphorylate 5-aminoimidazole-4-carboxamide ribonucleoside (AICAr), producing 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR) which is not only an intermediate of
de novo purine synthesis but involved in the regulation of the expression of adenine
phosphoribosyltransferase (APRT) gene in yeast (Daignan-Fornier and Pinson, 2012; Ceschin
et al., 2015). Presumably, plants possess an inosine/guanosine kinase (3; Figure 2), which
phosphorylates inosine and guanosine to IMP and GMP; because labeled products were
detected when radioactive inosine and guanosine were supplied externally (Ashihara et al.,
2018). Remarkably, xanthosine cannot be salvaged to XMP in Arabidopsis (Yin et al., 2014).

The purine salvage pathway is indispensable for plants because some purine bases and

nucleosides may be toxic for plant growth (Schroeder et al., 2018; Chen and Witte, 2020). In
6
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addition, the purine salvage pathway consumes less energy and forms nucleotides in a simpler
process compared to that of de novo synthesis. The compromised adenine and adenosine
salvage pathways lead to severe phenotypes. For instance, in Arabidopsis, the APRT mutant
resulted in male infertility (Gaillard et al., 1998), and the ADK mutants manifested growth
abnormalities (Moffatt and Ashihara, 2002).

1.2.3 Purine catabolism

Contrary to being salvaged, purines can also be completely catabolized in plants. For adenine
and adenosine degradation, the compounds must initially be salvaged to AMP, which is
subsequently converted to IMP by AMP deaminase (AMPD; Figure 2), as plants lack adenosine
deaminase (Dancer et al., 1997). Likewise, guanine must first be salvaged by HGPRT to GMP
for degradation (Baccolini and Witte, 2019).

In addition, IMP may be dephosphorylated by the complex of nucleoside hydrolase 1 and
nucleoside hydrolase 2 (NSH1 and NSH2; Figure 2) to inosine, which can be further
dehydrogenated by xanthine dehydrogenase (XDH; Figure 2) to hypoxanthine, but this route
has little contribution for purine catabolism (Baccolini and Witte, 2019). On the contrary, IMP
- XMP - GMP - guanosine - xanthosine is the major route of purine catabolism (Dahncke and
Witte, 2013; Baccolini and Witte, 2019). Xanthosine is the first common intermediate, mostly
from guanosine deamination mediated by guanosine deaminase (GSDA; Figure 2), but also
from XMP dephosphorylation catalyzed by XMP phosphatase (XMPP; Figure 2) (Heinemann
et al., 2021). Furthermore, xanthosine is hydrolyzed by the NSH1-NSH2 complex, and
hypoxanthine is oxidized by xanthine dehydrogenase (XDH; Figure 2), to xanthine. Xanthine
is then oxidized by XDH to uric acid, which is transported into the peroxisomes and further
oxidized and hydrolyzed to allantoin. The hydrolysis of allantoin in the endoplasmic reticulum
(ER) finalizes the complete degradation of the purine ring, leading to the release of ammonia,

glyoxylate, and carbon dioxide (Werner and Witte, 2011).
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1.3 Pyrimidine metabolism in plants

1.3.1 Pyrimidine de novo synthesis

The process begins with the condensation of carbamoylphosphate and aspartate catalyzed by
aspartate transcarbamoylase (ATCase; Figure 3) which is located in the plastid. Subsequently,
carbamoylaspartate is transported to the cytosol and cyclized by dihydroorotatase (DHOase;
Figure 3) to form dihydro-orotate. The next enzyme, dihydroorotate dehydrogenase (DHODH,;
Figure 3) is likely located in the intermembrane space of mitochondria, where dihydro-orotate
is oxidized to orotate. Orotate is then transported to the cytosol and condensed with PRPP by
orotate phosphoribosyltransferase (OPRTase; Figure 3) to orotidine 5’-monophosphate (OMP),
which can be further converted to uridine monophosphate (UMP) by UMP synthase (UMPS;
Figure 3). In the synthesis of cytidine phosphate (CTP), the phosphorylation of UMP to uridine
triphosphate (UTP) must occur, and UTP is aminated to CTP by CTP synthetase (CTPS; Figure
3).

1.3.2 Pyrimidine salvage

Similar to purine salvage, pyrimidine bases and nucleosides can also be salvaged to pyrimidine
nucleotides. Uracil can be salvaged by uracil phosphoribosyltransferase (UPRT; Figure 3) in
plastids (Mainguet et al., 2009), while the salvage route of cytosine remains unknown. The
nucleosides uridine and cytidine are salvaged by uridine-cytidine kinase (UCK; Figure 3) to
form UMP and cytidine monophosphate (CMP), which can be further phosphorylated to uridine
diphosphate (UDP) and cytidine diphosphate (CDP). UCK plays a crucial role in the pyrimidine
salvage pathway. Arabidopsis encodes five UCKs which all contain a uridine kinase (UK)
domain and a UPRT domain, but have no UPRT activity (unpublished laboratory data, M. Chen
and C-P Witte). UCK1 (At5g40870) and UCK2 (At3g27190) have been reported to be localized
in the plastid (Chen and Thelen, 2011). However, Ohler et al. (2019) showed that both UCK1
and UCK?2 were cytosolic enzymes which were testified in our laboratory (M. Chen and C-P
Witte). In addition, the UCK1 UCK2 double mutant showed a severe vegetative phenotype
(Chen and Thelen, 2011). Unpublished data performed by M. Chen and C-P Witte from our
laboratory demonstrated that UCK3 (At1g55810) and UCK4 (At4g26510) are cytosolic
bifunctional uridine-cytidine kinases, but the knock-out mutant of UCK3, UCK4, or the UCK3
UCK4 double mutant showed no effect on either metabolic profiles or physiological
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development. Nevertheless, UCK5 (At3g27440) may not be as critical as others since the
expression of the UCKS gene can only be found in the pollen of dicot plants.

1.3.3 Pyrimidine degradation

As central intermediates of pyrimidine metabolism, UMP and CMP are degraded by so far
unknown UMP CMP phosphatase(s) (2; Figure 3) to form uridine and cytidine, respectively.
Cytidine is deaminated to uridine by cytidine deaminase (CDA; Figure 3); subsequently, uridine
is hydrolyzed to uracil by NSH1 in the cytosol (Jung et al., 2009). Cytosolic uracil is further
transported into plastids by the plastidic nucleobase transporter (PLUTO; Figure 3). Plastidic
uracil is then degraded to dihydrouracil by dihydropyrimidine dehydrogenase (DPYD; Figure
3). The next enzyme, dihydropyrimidine hydrolase (DPYH; Figure 3) is located in the
endoplasmic reticulum, where dihydrouracil is hydrolyzed to ureidopropionate.
Ureidopropionate is further transported to the cytosol and completely degraded to B-alanine,
ammonia, and carbon dioxide by g-ureidopropionase ($-UP; Figure 3). In addition, B-alanine is

converted to malonate semialdehyde (malonate-SA; Figure 3).
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Figure 3. Scheme of pyrimidine metabolism in Arabidopsis.

The figure was modified from Zrenner et al. (2006). Pyrimidine de novo synthesis is
shown in the yellow background, while salvage and degradation are shown in blue.
The predicted enzymes are expressed numerically in circles, and the transporters
shown in ellipses are putative carbamoyl aspartate transporter (1) and plastidic
nucleobase transporter (PLUTO). The enzymes (in boxes with white background) that
are involved in pyrimidine metabolism are aspartate transcarbamoylase (ATCase),
dihydroorotatase (DHOase), dihydroorotate dehydrogenase (DHODH), orotate
phosphoribosyltransferase (OPRTase), UMP synthase (UMPS), UMP kinase (UMK),
nucleoside diphosphate kinase (NDPK), CTP synthetase (CTPS), uridine-cytidine
kinase (UCK), cytidine deaminase (CDA), putative UMP CMP phosphatase (2),
putative UDP CDP phosphatase (3), putative UTP CTP phosphatase (4), nucleoside
hydrolase 1 (NSH1), uracil phosphoribosyltransferase (UPRT), dihydropyrimidine
dehydrogenase (DPYD), dihydropyrimidine hydrolase (DPYH), S-ureidopropionase
(#-UP), and putative p-Ala aminotransferase (5).
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1.4 PfkB sugar kinases in plants

The phosphofructokinase B-type (PfkB) family is a branch of carbohydrate kinases and is
characterized as having an N-terminal glycine rich motif, a C-terminal ATP binding motif
(IPR002173), and an NXXE motif (IPR011611) (Guixé and Merino, 2009). A typical PfkB
protein has two structural domains, a larger domain composed of a B-sheet between several a-
helices, and a smaller structural domain consisting of another B-sheet which is attached to the
large domain by a short loop (Riggs et al., 2017). Through the active site between the two
structural domains, PfkB kinases can transfer the phosphate group of ATP from the C-terminal
binding domain to the substrate in the closed state of the protein (Riggs et al., 2017). In addition
to divalent magnesium, monovalent potassium cations are thought to be cofactors that activate

the enzymatic reaction (Andersson and Mowbray, 2002).

In a previous study, a phylogenetic tree (Figure 5) based on the Interpro motif of PfkB sugar
kinase (IPR011611) was published (Schroeder et al., 2018). Of all clades in the tree (Figure 5),
clade 1 has six subclades (a-f), and some of its subclades (a-d) have fructokinase activity, as
described previously by Arsova et al. (2010), while subclades (e, f) have no sugar kinase activity
but are involved in chloroplast development (Gilkerson et al., 2012). Enzymes in clade 2 are
known as myo-inositol kinases (Kim and Tai, 2011). The Arabidopsis enzyme of clade 3 was
characterized and identified as pseudouridine kinase (PUKI), which catalyzes the conversion
of pseudouridine to 5’-pseudouridine monophosphate (5’-yMP) in the peroxisome (Chen and
Witte, 2020). Clade 5 contains ribokinase, mediating the phosphorylation of ribose to ribose-5-
phosphate. Ribokinase is involved in ribose recycling from nucleotide catabolism (Riggs et al.,
2016; Schroeder et al., 2018). In clade 7, proteins with adenosine kinase activity were identified
in Arabidopsis, catalyzing the phosphorylation of adenosine to AMP. ADK1 (At3g09820) and
ADK2 (At5g03300) share 89% nucleotide identity (Moffatt et al., 2002). The ADK1 mutant
showed strong development retardation and the ADK1 ADK2 double mutant is embryo lethal.
However, this severe phenotype of ADK deficient line may not be directly from the increased
adenosine but a result of the impaired synthesis of cytokinin nucleotide, or reduced SAM-
dependent methylation led by the adenosine accumulation (Moffatt et al., 2002; Schoor et al.,
2011). The protein “necessary for the achievement of RUBISCO accumulation 5” (NARADS) in
Arabidopsis in clade 8 was described as important for chloroplast development and the

accumulation of chloroplast protein (Ogawa et al., 2009).

11
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Of all 9 clades, the proteins in clades 4, 6, 8, and 9 have unknown functions, while the ADKs
in clade 7 may have more functions than those of adenosine kinase. As shown in the right half
of Figure 5, the enzymes in clade 3 (PUKI), clade 5 (RBSK), and clade 7 (ADK) are related to
nucleotide metabolism. Based on that, we conjectured that some of the proteins of unknown
function in the close-by clades may also function in nucleotide metabolism and may have novel

nucleoside kinase activities (Figure 4). This idea forms the basis of this study.

nucleobase nucleobase
HO 0 ®-o 0
Mg, K*
+ATP ——— +ADP
OH OH Kinase OH OH
nucleoside nucleoside monophosphate

Figure 4. Scheme of nucleoside kinase activity.
The letter P in the yellow circle indicates a phosphate group.

The PfkB sugar kinases encoded by At1g06730, At5g43910, At4g28706, At3g09820 (ADK1),
At5g03300 (ADK?2), At4g27600 (NARAS), and At1g19600 were characterized in this study.
In the following, At5g43910 is named kinase 6-1 (K6-1), while At4g28706 is called kinase 6-
2 (K6-2), and At1g19600 is referred to as kinase 9 (K9). At1g06730 was identified as plastid

inosine kinase (PINK).
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Figure 5. Phylogenetic analysis of PfkB kinases in plants.

This tree was reproduced from (Schroeder et al., 2018). To generate the tree, sequences
containing the Interpro motif (IPR011611) were aligned from Arabidopsis thaliana,
Phaseolus vulgaris, Solanum lycopersicum, Sorghum bicolor, and Oryza sativa. FRK-
like, fructokinase-like; MIK, myo-inositol kinase; RBSK, ribokinase; ADK, adenosine
kinase; NARADS, necessary for the achievement of RUBISCO accumulation 5.
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1.5 Aim of this study

Although many enzymes involved in nucleotide metabolism of plants have been functionally
identified in recent years, for some enzymes, which have been described with their activity, the
encoding genes have not yet been found. This study focused on the characterization of
phosphofructokinase B-type (PfkB) kinases from Arabidopsis thaliana, aiming to identify the
biochemically described guanosine and inosine kinase(s) as well as discover novel nucleoside
kinases of nucleotide metabolism by using molecular biology, biochemistry, and liquid

chromatography coupled with mass spectrometry (LC-MS) technologies.

14
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2 Material and Methods

2.1 Material

2.1.1 Antibiotics

Table 2.1-1: Antibiotics.

Antibiotic Stock concentlr)ation (mgmL-  Working conce?)tration (Mg mL-
ampicillin -~ (Amp) 100 100
carbenicillin (Carb) 50 50 in liquid, 75 in plates
gentamycin (Gent) 15 15
kanamycin (Kan) 50 50
rifampicin  (Rif) 50! 50

IRif was dissolved in dimethyl sulfoxide (DMSQ), while the others were dissolved in H20 for
stock.

2.1.2 Bacterial strains

Table 2.1-2: Bacterial strains.

Species Strain Resistance
Agrobacterium C58C1::pCH322 RifR
tumefaciens (Voinnet et al., 2003)

RifR in the genome, Gent®

Agrobacterium GV3101::pMP90RK and
tumefaciens (Koncz and Schell, 1986) Kan® on the helper plasmid
Escherichia coli BL21 (DE3) (Novagen) -

Escherichia coli K-12 DH10B (Invitrogen) -

15
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2.1.3 Buffers and solutions

Table 2.1-3. Buffer for Nicotiana benthamiana infiltration.

Buffer Composition

10 mM MgCly, 150 uM acetosyringone,
10 mM MES (pH 5.6, adjusted with KOH).

Infiltration Buffer

Table 2.1-4. Buffers for Strep tagged protein extraction and purification.

Buffer Composition

100 mM HEPES pH 8, 100 mM NaCl, 5 mM EDTA, 10 mM DTT,

Extraction Buffer 0.005% (w/v) TritonX 100, 100 pg mL avidin

100 mM HEPES pH 8, 100 mM NaCl, 0.5 mM EDTA, 2 mM DTT,

Washing Buffer 0.005% (w/v) TritonX 100

100 mM HEPES pH 8, 100 mM NaCl, 0.5 mM EDTA, 2 mM DTT,

Elution Buffer 0.005% (w/v) TritonX 100, 10 mM biotin

Table 2.1-5. Buffers associated with SDS polyacrylamide gel.

Buffer Composition
Resolving Gel 10% (w/v) acrylamide: bis-acrylamide (37.5 : 1), 0.1% (w/v) SDS,
375 mM Tris-HCI pH 8.8, 0.075% (w/v) APS, 0.05% (w/v) TEMED
Stacking Gel 4% (w/v) acrylamide: bis-acrylamide (37.5 : 1), 0.1% (w/v) SDS,
125 mM Tris-HCI pH 6.8, 0.1% (w/v) APS, 0.1% (w/v) TEMED
5 x SDS Loading 10% (w/v) SDS, 500 mM DTT, 300 mM Tris-HCI pH 6.8,
Buffer 50% (v/v) glycerol, 0.2% bromophenol blue
SDS-PAGE

0 L .
Running Buffer 0.1% (w/v) SDS, 25 mM Tris-HCI, 192 mM glycine
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Table 2.1-6. Solutions for the colloidal Coomassie stain in SDS-PAGE.

Buffer Composition
Fixation Solution 10% (v/v) acetic acid, 40% (v/v) ethanol
Colloidal

0.1% (w/v) Coomassie Brilliant Blue G-250,

CoomST:(fLe Dye 1% (v/v) phospshoric acid, 10% (w/v) ammonium sulfate
Staining Solution 20% (v/v) methanol, 80% (v/v) Colloidal Coomassie dye stock

Table 2.1-7. Buffers and solutions for immunoblot.

Buffer Composition

48 mM Tris-HCI pH 9.2, 0.5 mM SDS,

Blotting Buffer 20% (v/v) methanol, 40 mM glycine

TBS-T Buffer 20 mM Tris-HCI pH 7.6, 150 mM NaCl, 0.1% (v/v) Tween 20
Blocking Solution 5% (w/v) milk powder in TBS-T buffer
AP Buffer 100 mM Tris-HCI pH 9.5, 5 mM MgClz, 100 mM NaCl
BCIP 50 mg mL* in DMF
NBT 50 mg mLt in 70% (v/v) DMF

Table 2.1-8. Buffers and solutions for kinase assay.

Buffer Composition

200 mM Tris-HCI pH 7.5,

5 x Kinase Buffer 10 mM MgCl, 2.5 mM KCl

Termination

Solution 1.2 M HCIO4

Neutralization

Solution 5M KOH, 2 M K>COs
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Table 2.1-9. Buffers for HPLC.

Buffer Composition?

10 mM ammonium acetate, 5 mM TBA,

Mobile phase A pH 6.5 adjusted with ammonium hydroxide

Mobile phase B 5 mM TBA in acetonitrile

LAl chemicals and reagents were HPLC grade.

Table 2.1-10. Buffers for chromatography with a Polaris 5 C18 column.

Buffer Composition?

10 mM ammonium acetate

Mobile phase A pH 7.5 adjusted with ammonium hydroxide

Mobile phase B methanol

LAl chemicals and reagents are LC-MS grade.

Table 2.1-11. Buffers for chromatography with a Hypercarb column.

Buffer Composition?

5 mM ammonium acetate

Mobile phase A pH 9.5 adjusted with ammonium hydroxide

Mobile phase B acetonitrile

LAl chemicals and reagents are LC-MS grade.
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2.1.4 Media

Table 2.1-12. Media for bacterial culture.

Medium Composition

0.5% (w/v) yeast extract, 1% (w/v) tryptone, 1% (w/v) NaCl, pH
LB 7.0
1.5% (w/v) agar for solid media

0.1% (w/v) yeast extract, 0.5% (w/v) meat extract, 2 mM MgSOa,
YEB 0.5% (w/v) pepetone, 0.5% (w/v) sucrose, pH 7.2%;
1.5% (w/v) agar for solid media

pH adjusted with NaOH.

Table 2.1-13. Media for plant culture.

Medium Composition

0.8% (w/v) phytoagar (Duchefa), 2.45 g L™t MS salt (Duchefa),

Half-strength MS OH 5.71

1pH adjusted with KOH.
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2.15 Plants

Table 2.1-14. Arabidopsis thaliana lines.

No.! Name Locus Ecotype Lines Reference
WT Col-0 - Col-0 - -
KO 29 hgprt  Atlg71750 Col-0 GKO015E03 (Schroeder et al., 2018)

KO34 nshl At2g36310  Col-0 SALK083120
KO165 pink  Atlgo6730  Col-0  SALK_040950
KO220 k6-2 At4ge8706  Col-0  SALK_050816

(Jung et al., 2011)

!Laboratory mutant number.

Table 2.1-15. Arabidopsis thaliana crosses.

No.! Name Mother line Father line
C382 pink hgprt pink hgprt
C383 pink nshl pink nshl

!Laboratory cross number.

Table 2.1-16. Arabidopsis thaliana complementation lines.

No.! Name Gene Tag Resistance in plants
H338 pink::PINK Col-0 HA-Strepl| BASTAR
H338 pink nshl::C Col-0 HA-Strepll BASTAR
H338 pink hgprt::C Col-0 HA-Strepll BASTAR

!Laboratory unified clone number.
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2.1.6 Primers

Table 2.1-17. Primers for genotyping.

No.! Description Sequence
448 Left border primer to screen Gabi-Kat lines ATATTGACCATCATACTCATT
GC
1033  Forward primer to amplify actin2 GTGAACGATTCCTGGACCTGC
1034  Reverse primer to amplify actin2 GAGAGGTTACATGTTCACCA
CAAC
1905  Forward primer to screen nshl SALK insertion TTCCATGGATTGTGGTATGGA
lines GAATTG
2616  Reverse primer to screen nshl SALK insertion AAGAGAGACATCTCCTAGTC
lines CG
2023  Forward primer to screen hgprt Gabi-Kat CAATCAGGCAGCTAAGTGTA
insertion lines TTG
2025 Reverse primer to screen hgprt Gabi-Kat GCAATTCCAAATTATTTTGTA
insertion lines CCG
N61  The left border of T-DNA to screen SALK TGGTTCACGTAGTGGGCCATC
insertion lines
P868  Forward primer to screen pink SALK insertion CTGATGAGCGTAGAGCACTT
lines GC
P869  Reverse primer to screen pink SALK insertion CCTTCACACAACACCTCCC
lines
P1807 Forward primer to screen k6-2 SALK insertion GTGATCGTGACCTCAGGT
lines
P1808 Reverse primer to screen k6-2 SALK insertion GGGTACAAGTCTAGGATCTG
lines
P2849 Forward primer for QRT-PCR of k6-2 TCATAGGAGCTGTTCTATATG
(At4g28706)
P2850 Reverse primer for gRT-PCR of k6-2 CAGAAAGGGTACAAGTCTAG
(At4g28706)
P2853 Forward primer for genotyping to clone GCTTCGTGATGACTTGATGA

At1g31800
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P2854

P2855

P2856

P2857

P2858

Reverse primer for
At1g31800

Forward primer for genotyping

At2931450

Reverse primer for
At2g31450

Forward primer for genotyping

At3g42057

Reverse primer for
At3g42057

genotyping

genotyping

genotyping

to

to

to

to

to

clone

clone

clone

clone

clone

TACAAACGAAAACCACAATG

CTGAATAGAAGTTGGTAGGA

AATAGCACAAAACTCACCGT

TGATCACGACCGTACAACC

CCGTAGAGGTTGATTCGTGA
G

!Laboratory primer number.
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Table 2.1-18. Primers for cloning.

No.! Description Sequence
P39  Reverse primer containing Xmal site without TCCCGGGGTTGTGGATGTCAGG

stop codon to clone k9 (At1g19600) AACAG

P708 Forward primer with Pstl site to clone k9 TCTGCAGAAAATGGTAGCTGAG
(At1g19600) GCCTTGC

P858  Forward primer with EcoRI site, to clone TAGAATTCAAAATGTATCACCA
pink (At1g06730) CGCTTTTTCCC

P859  Reverse primer containing Xmal site without ATCCCGGGAGATGAAGCCTTCA
stop codon to clone pink (At1g06730) CACAACACC

P1632 Reverse primer containing Xmal site without ACCCGGGTGTCCCTAAGAACGT
stop codon to clone k6-1 (At5g43910) TGCA

P1637 Forward primer with EcoRlI site to clone k6- TGAATTCAAAATGTCATCTTGCT
1 (At5g43910) CCGACGAAG

P1633 Reverse primer containing Xmal site without ACCCGGGAACCAGAAAGGGTA
stop codon to clone k6-2 (At4g28706) CAAGTC

P1638 Forward primer with Pstl site to clone k6-2 TCTGCAGAAAATGCTCTGCTTC
(At4g28706) ACTCATGTC

P1634 Forward primer with Pstl site to clone nara5 TCTGCAGAAAATGGCGTTCTCC
(At4g27600) CTCCTCTCTC

P1635 Reverse primer containing Xmal site without ACCCGGGAGACCCAACATCTGT
stop codon to nara5 (At4g27600) TCGA

P1599 Forward primer with Ncol site to clone adkl TCCATGGCTTCCTCTGATTTCG
(At3g09820)

P1600 Reverse primer with Xmal site toclone adkl ACCCGGGTTAGTTGAAGTCTGG
(At3g09820) TTTCTCAG

P1639 Forward primer with Ncol site to clone adk2 TCCATGGCTTCTTCTTCTAACTA
(At5g03300) CGATGG

P1606 Reverse primer containing Xmal site without ACCCGGGTTAGTTAAAGTCGGG

stop codon to clone adk2 (At5g03300)

CT

!Laboratory primer number.
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2.1.7 Vectors and constructs

Table 2.1-19. Vectors.

Name (No.%)

Description

Function

pJET1.2/blunt (-)

PET30-CTH (V2)

pXCS-YFP (V36)

pXCScpmv-HAStrepll
(V69)

pXNS2cpmv-Strepll
(V90)

pXCS-NeonGreen
(V165)

pXCScpmv-YFP
(V199)

AMPR, T7 promoter,
eco47IR, PlacUV5, Rep
(pPMBL).

KanR, T7 promoter, ori f1,
ori pBR322, lacl.

AmpR, BASTAR, CarbR,
p35S, pA35S, ori ColEL,
ori RK2, YFP.

AmpR, BASTAR, Carb®,
p35S, pA35S, ori ColEL,
ori RK2, HA-Strepll,
CPMV enhancer.

AmpR, BASTAR, CarbR,
p35S, pA35S, ori ColEL,
ori RK2, Strepll, CPMV
enhancer.

AmpR, BASTAR, CarbR,
p35S, pA35S, ori ColEL,
ori RK2, NeonGreen.

AmpR, BASTAR, CarbR,
p35S, pA35S, ori ColEL,
ori RK2, YFP, CPMV
enhancer.

Vector for the cloning and amplification
of PCR products.

Vector containing a His tag for the
expression of recombinant proteins in E.
coli.

Binary vectors for the overexpression of
recombinant proteins with C-terminal
fused YFP tag in plants.

Binary vectors for the overexpression of
recombinant proteins with C-terminal
fused HA-Strepll tag in plants.

Binary vectors for the overexpression of
recombinant proteins with N-terminal
fused Strepll tag in plants.

Binary vectors for the overexpression of
recombinant proteins with C-terminal
fused NeonGreen tag in plants.

Binary vectors for the overexpression of
recombinant proteins with C-terminal
fused YFP tag in plants.

!Laboratory vector number.
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Table 2.1-20. Constructs.

No.!  Name (gene) Vector Description
H257 Kinase 9 V69 Contains the cDNA of kinase 9 and expresses C-ternimal
(At1g19600) HA-Strepll tagged KINASE 9 in plants. Amp® in E. coli,
Carb® in A. tumefaciens, and BASTAR in planta.
H338 PINK V69 Contains the cDNA of pink and expresses C-ternimal HA-
(At1g06730) Strepll tagged PINK in plants. Amp® in E. coli, Carb® in
A. tumefaciens, and BASTAR in planta.
H339 PINK V36 Contains the cDNA of pink and expresses C-ternimal YFP
(At1g06730) tagged PINK in plants. AmpR in E. coli, Carb® in A.
tumefaciens, and BASTAR in planta.
H723 NARAS5 V69  Contains the genomic DNA of nara5 and expresses C-
(At4927600) ternimal HA-Strepll tagged NARAS in plants. AmpR in E.
coli, Carb® in A. tumefaciens, and BASTAR in planta.
H728 Kinase 6-1 V69 Contains the cDNA of kinase 6-1 and expresses C-ternimal
(At5g43910) HA-Strepll tagged KINASE 6-1 in plants. Amp® in E. coli,
Carb® in A. tumefaciens, and BASTAR in planta.
H731 Kinase 6-2 V69 Contains the cDNA of kinase 6-2 and expresses C-ternimal
(At4928706) HA-Strepll tagged KINASE 6-2 in plants. AmpR in E. coli,
CarbR in A. tumefaciens, and BASTAR in planta.
H732 ADK1 V90 Contains the cDNA of adkl and expresses N-terminal
(At3g09820) Strepll tagged ADK1 in plants. Amp® in E. coli, Carb® in
A. tumefaciens, and BASTAR in planta.
H735 ADK2 V90 Contains the cDNA of adk2 and expresses N-terminal
(At5g03300) Strepll tagged ADK2 in plants. Amp® in E. coli, Carb® in
A. tumefaciens, and BASTAR in planta.
H835 Kinase 6-2 V165  Contains the cDNA of kinase 6-2 and expresses C-terminal
(At4g28706) NeonGreen tagged KINASE 6-2 in plants. AmpR in E.
coli, Carb® in A. tumefaciens, and BASTAR in planta.
H847 PINK V2 Contains the cDNA of pink and expresses PINK without a
(At1g06730) tag. Sequences of His tag were cut out by EcoR1 and Xhol.

KanR in E. coli.

!Laboratory unified clone number.
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2.1.8 Substrate candidates for kinase assay

Table 2.1-21. Substrate candidates.

No.! Substrate
1 adenosine
2 AICAr
3 guanosine
4 cytidine
5 xanthosine
6 uridine
7 inosine
8 thymidine
9 2’-AMP
10 3’-AMP
11 5’-AMP
12 2’-deoxyxanthosine
13 2’-deoxycytidine
14 2’-deoxyadenosine
15 2’-deoxyguanosine
16 2’-deoxyinosine
17 2’-deoxyuridine
18 N*-methyladenosine
19 Né-methyladenosine

1Substrate screen number.
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2.1.9 Software and databases

Software and Webtools:

Agilent MassHunter Qualitative Analysis: https://www.agilent.com/

Affinity Designer and Affinity Photo: https://affinity.serif.com/de/
BLAST: https://blast.nchi.nlm.nih.gov/Blast.cqi
BoxShade: https://embnet.vital-it.ch/software/BOX form.html

Endnote: https://www.endnote.com/

Genevestigator: https://genevestigator.com/

Graphpad: https://www.graphpad.com/

ImageJ: https://imagej.nih.gov/ij/
InterProScan: https://www.ebi.ac.uk/interpro/

Leica LAS X: https://www.leica-microsystems.com/

MEGA X: https://www.megasoftware.net/

Multiple Primer Analyzer: https://www.thermofisher.com/de/de/home/brands/thermo-

scientific/molecular-biology/molecular-biology-learning-center/molecular-

biology-resource-library/thermo-scientific-web-tools/multiple-primer-

analyzer.html
MUSCLE (Multiple Sequence Alignment): https://www.ebi.ac.uk/Tools/msa/muscle/

Rstudio: https://www.rstudio.com/

Vector NTI: https://www.thermofisher.com/de/de/home/life-science/cloning/vector-nti-

software.html

Databases:

Arabidopsis eFP browser:

http://bar.utoronto.ca/efp2/Arabidopsis/Arabidopsis eFPBrowser2.html

Phytozome: https://phytozome-next.jgi.doe.gov/

TAIR: https://www.arabidopsis.org/

T-DNA Express: http://signal.salk.edu/cgi-
bin/tdnaexpress?LOCATION=17669013&CHROMOSOME=chr5&INTERVAL=
5
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2.2 Methods

2.2.1 Plants

2.2.1.1 Growth of Arabidopsis thaliana

For Arabidopsis cultivation, the seeds were sterilized in 70% ethanol for 10 min. After being
completely dried on a clean bench, the seeds were sown on soil (Type 0 Nullerde) or half-
strength MS plates (Table 2.1-13). After sowing, the seeds were incubated in the dark at 4°C
for 48 h to synchronize the germination. Afterwards, the seeds were transferred to the growth
chamber set to long-day conditions (16 h light of 85 pmol m2 s, 22°C / 8 h dark, 20°C, 60%
relative humidity). Potted plants were fertilized with a solution containing Ferty 3 Mega (0.07%,
[w/v]) every 3 days. For the allopurinol application, 500 pL of a 200 uM allopurinol solution
was sprayed onto 10-day-old seedlings grown on plates at the onset of light as described by Ma
et al. (2016). The dark treatment was performed as described by Schroeder et al. (2018).

2.2.1.2 Growth of Nicotiana benthamiana

N. benthamiana cultivation was performed as described by Baccolini and Witte (2019). Potted
plants were grown under long-day conditions in the chamber. Five-week-old plants were used

for the Agrobacterium tumefaciens infiltration to express the recombinant proteins.
2.2.1.3 Stable transformation of Arabidopsis

The floral dipping method described by Clough and Bent (1998) was used for the stable
transformation of Arabidopsis. Briefly, an Agrobacterium glycerol stock at -80°C was activated
on a YEB plate, the bacteria were proliferated in a YEB liquid culture, and re-suspended in a
5% (w/v) sucrose solution to an OD value of 0.5. Six-week-old Arabidopsis plants were
transformed by dipping the flowers in the resuspension solution of A. tumefaciens for 2 min,
and two dips were performed in total. Subsequently, the offspring seedlings were selected by

glufosinate ammonium (BASTA) application.
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2.2.2  Microbiology

2.2.2.1 Bacterial cultures

YEB medium (Table 2.1-12) was utilized to -cultivate Agrobacterium tumefaciens
GV3101::pMP90RK. Kanamycin, rifampicin, and gentamicin (Table 2.1-1) were used to screen
the GV3101::pMP90RK strain, while carbenicillin (Table 2.1-1) was added to the media to
select the strains that had successfully transformed the constructs. Agrobacteria were first
grown on a YEP plate (with four antibiotics) for two days and inoculated into liquid YEB
cultures (four antibiotics included). Liquid cultures were incubated at 28°C with shaking at 180
rpm for 12 to 16 hours (Witte et al., 2004).

Escherichia coli cultures were grown in LB media (Table 2.1-12) with appropriate antibiotics,
which were determined by the binary vector (Table 2.1-19). The liquid cultures were incubated
overnight at 37°C with shaking at 200 rpm. The LB plates with E. coli cultures were incubated
upside down at 37°C overnight. Both A. tumefaciens and E. coli were stored in 25% (v/v)
glycerol and frozen at -80°C.

2.2.2.2 Transformation

Chemo-competent cells of E. coli strain DH10B (which were homemade) were employed for
transformations to amplify plasmids. Fifty nanograms of ice-cold plasmid or ligation product
were added to 50 pL. DH10B competent cells and placed on ice for 10 min. The mixture was
placed in a water bath at 45°C for 45 s and then chilled on ice immediately for 3 min. After
adding 500 pL of LB liquid media, the transformed E. coli DH10B cells were cultured with
shaking for 1 h at 37°C and 200 rpm in an incubator with a rotating platform. Afterwards, 100
pL of E. coli cultures were applied to LB solid media in which suitable antibiotics had been
incorporated and were incubated upside down overnight in a 37°C incubator.

For the transformation of A. tumefaciens, approximately 200 ng of plasmids were added to 50
pL of GV3101::pMP90RK competent cells. The mixture was transferred to an ice-cold
electroporation cuvette and electroporated. Agrobacteria cells were added to 500 pL of YEB
liquid media and incubated at 28°C with shaking at 180 rpm for 1 h. 10 pL of the cultures were
applied to YEB solid media that contained four antibiotics (Kan, Rif, Gent, and Carb) and were
incubated upside down for 48 h at 28°C.
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2.2.3 Molecular biology

2.2.3.1 Nucleic acid extraction and cDNA synthesis

Genomic DNA extraction from Arabidopsis was performed as described by Edwards et al.
(1991). At room temperature, fresh leaves were collected and ground with 200 pL DNA
extraction buffer (200 mM Tris-HCI pH 7.5, 200 mM NacCl, 25 mM EDTA) using a Retch Mill.
The samples were centrifuged at 13,0009 for 3 min after 10 uL 10% SDS was added.
Afterwards, 75 pL of isopropanol was added to 100 pL supernatant and incubated for 2 min.
The supernatant was discarded after centrifugation for 10 min at 13,000g, and the pellet was
washed by centrifugal cleaning with 70% ethanol. DNA was finally dried and re-suspended in
100 pL of Milli-Q H20 and used directly for PCR.

RNA extraction of Arabidopsis was performed with the NucleoSpin® RNA Plant
(MACHEREY-NAGEL) kit. Briefly, seedlings with a fresh weight of 100 mg were harvested
and rapidly frozen in liquid nitrogen. Complete denaturation was performed with the solution
containing chaotropic ions. The lysis buffer inactivated RNases directly, and RNA was
subsequently bound to the silica membrane. DNA was then fully digested by the following
incubation with rDNase solution. After two rounds of washing, salts and metabolites were
removed. Pure RNA was eluted with ribonuclease free (RNase-free) H.O. Given that RNase,
which degrades RNA, is present in almost all biological materials, the relevant reagents and

consumables should be RNase-free. All described procedures were performed at 4°C.

For cDNA synthesis, a First Strand cDNA Synthesis Kit (Thermo) was used. 5 mg of purified
total RNA were used to synthesize full-length cDNA. Oligo (dT) primer, reaction buffer, ANTP,
RNase inhibitor, and transcriptase together with purified total RNA (DNA-free) were mixed to

synthesize the cDNA. As with RNA extraction, all reagents and consumables were RNase-free.
2.2.3.2 Gene cloning and manipulation

Genes were cloned with the appropriate restriction recognition sites that were introduced by
PCR. For this purpose, Phusion High-Fidelity (HF) DNA polymerase (NEB, 2000 U/mL) was
employed. The PCR system was performed as shown in Table 2.2-1, while the PCR program
shown in Table 2.2-2 was used. During assembly of the components for PCR, all the chemicals,

reagents, and solutions were maintained on ice.
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Table 2.2-1. PCR system.

Component 25 pL rxn 50 pL rxn Final conc.
5 x Phusion buffer 5uL 10 uL 1x
10 mM dNTPs 0.5 uL 1L 200 pM
10 uM forward primer 1.25 uL 2.5 uL 0.5 uM
10 uM reverse primer 1.25 pL 2.5 L 0.5uM
Template DNA variable variable approx. 10 ng pL*
Phusion DNA 0.75 L 15 ul 3% (vIV)
polymerase
Nuclease-free H.O up to 25 uL up to 50 pL -
Table 2.2-2. PCR program.
Step Temperature Time
Initial denaturation 98°C 30s
98°C 10s
25-35 Cycles XteC 30s
72°C 30s
Final extension 72°C 10 min
Hold 4-10°C -

1X (annealing temperature) is determined by the primer melting temperature (Tm) and was

usually set to 5°C below Tm.

After agarose gel electrophoresis was performed, the PCR products were purified from the gel

using NucleoSpin® Gel and PCR Clean-up (MACHEREY-NAGEL). To build the constructs

for the expression of the genes of interest, NEB restriction enzymes were employed to produce

the specific sticky ends, and T4 DNA ligase (NEB) for fragment ligation.
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2.2.4 Biochemistry

2.2.4.1 Antibody preparation

First, the construct H847 (Table 2.1-20) was transformed into BL21 (Table 2.1-2) to express
the PINK for rabbit immunization. The production of the protein and the purification of
precipitated protein as inclusion body were carried out as previously described by Baccolini
and Witte (2019). A single colony of H847-containing E. coli was selected on a Kan® LB plate
and grown in 1.5 L of LB liquid culture to an OD of 0.5. Then, 500 uM isopropyl-p-
Dthiogalactoside (IPTG) was added to the culture to induce protein expression by shaking at
200 rpm at 37°C in an orbital shaker for another 3 hours. E. coli cells were pelleted by
centrifugation and re-suspended in 80 mL of lysis buffer (0.25% [w/v] sucrose, 1 mM EDTA,
50 mM Tris-HCI pH 8.0). Then, 800 mg of lysozyme were added to the suspension and
incubated on ice for 30 min. Ultrasonication was performed on ice to achieve cell disruption in
the presence of 200 mL of detergent buffer (1% [w/v] deoxycholic acid, 1% [v/v] nonidet P-40,
200 mM NaCl, 2 mM EDTA, 20 mM Tris-HCI pH 7.5). The pellet was obtained by
centrifugation and washed several times using washing buffer (0.5% [v/v] Triton X-100, 1 mM
EDTA pH 8.0). The final wash was done with 70% ethanol, and the purified inclusion body
was re-suspended in 3 mL of PBS (2.7 mM KCI, 137 mM NaCl, 10 mM NaxHPOs, 1.8 mM

KH2PO4). Rabbit immunization and antibody purification were performed by immunoGlobe.
2.2.4.2 Transient expression in Nicotiana benthamiana

Transient protein expression in N. benthamiana was performed as described by Werner et al.
(2008). Briefly, the Agrobacterium strain C58C1::pCH322 (Table 2.1-2) contains a construct
for the expression of the p19 protein of tomato bushy stunt virus, and the Agrobacterium strain
GV3101::pMP90RK, that carried the construct of interest, were cultured as described in section
2.2.2.1. The solutions were harvested and re-suspended in infiltration buffer (Table 2.1-3) to an
OD of 0.1 and 0.5, respectively. The mixed bacterial solution was infiltrated into six-week-old
leaves of N. benthamiana. The Agrobacteria-infiltrated leaves of N. benthamiana were
harvested for protein purification after 3 days of incubation as described previously (section 0).
For subcellular localization, the infiltrated N. benthamiana plants were incubated for

approximately 5 days.
2.2.4.3 Protein extraction and purification from planta

Leaves of N. benthamiana infiltrated with A. tumefaciens were harvested and ground using an

ice-cold mortar and pestle in the presence of pre-cooled extraction buffer (Table 2.1-4) (2 mL
32



MATERIAL AND METHODS

per gram of freshly weighed leaf material). The crude extraction was clarified by centrifugation
at 20,000g at 4°C for 15 min. The supernatant was transferred to a new 2 mL tube and co-
incubated with 40 pL of Streptactin-Macroprep (50% [w/V] slurry, IBA) on a rotating wheel at
4°C for 10 min. After centrifugation at 4°C and 900g for 30 s, the supernatant was discarded,
and the pellet was re-suspended in 1 mL of washing buffer (Table 2.1-4). This step was repeated
five times to remove unbound compounds. After washing, 75 uL of elution buffer (Table 2.1-4)
was added to the pellet, and the mixture was shaken on a thermo shaker at room temperature
and 900g for 10 min. The slurry was centrifuged at 900g for 30 s at 4°C, and the supernatant
was finally obtained and transferred to a new tube. This step was performed twice to completely
elute the Strep-tagged protein. In total, 150 pL of purified protein was obtained and stored at -
80°C after being tested for activity.

For protein quantification, Bradford (Serva) was used to quantify the purified protein. BSA
solutions of different concentrations served as standards. In general, 10 pL of BSA standards
as well as purified protein were loaded into a 384-well plate. 100 uL of Bradford was added to
each well that contained BSA standard or extracted protein. After 10 min incubation at room
temperature, the calibration curve was obtained by measuring the absorption values of the BSA
standards at 595 nm in a plate photometer. The purified protein was quantified using this

calibration curve.
2.2.4.4 SDS-PAGE

The purified protein was incubated in SDS solution at 95°C for 10 min before loading. The
SDS polyacrylamide (10% resolving gel, 4% stacking gel, Table 2.1-5) was set up in an
electrophoresis bath (Rio-Rad). After adding the running buffer (Table 2.1-5), 4 pL of protein
ladder and 15 pL of the heat-denatured protein sample were loaded into the slots of the gel. A
two-stage electrophoresis procedure was adopted. In the first stage, the apparatus was set to run
at 80 volts for 30 minutes, while in the second stage, it was set to run at 120 volts for 1 hour.

2.2.45 Colloidal Coomassie stain

After SDS-PAGE, the gel was fixed in fixation solution (Table 2.1-6) by shaking at 25 rpm for
30 min at room temperature, and rinsed two times using Milli-Q H2O. Then, 20 mL of staining
solution (Table 2.1-6) was added to the gel, and the solutions were incubated from 4 h to
overnight with shaking at 25 rpm. Subsequently, the Coomassie-stained gel was washed several
times in Milli-Q H20.
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2.2.4.6 Immunoblot

After electrophoresis was performed, the SDS gel was placed on top of a nitrocellulose
membrane and this sandwich was placed in the middle of six layers of filter paper soaked in
blotting buffer (Table 2.1-7). This assembly was then transferred to a cassette in the Trans-Blot
Turbo™ Instrument (Bio-Rad), and the protein was transferred to the nitrocellulose membrane
at 25 V for 9 min. Afterwards, the membrane was blocked by incubation with blocking solution
(Table 2.1-7) at room temperature for 30 min with shaking at 25 rpm. Two 15 min shaking
washes in 25 mL TBS-T (Table 2.1-7) followed, and 2 pL of Anti-Strep-tag 7G8 (Antibody
facility iTUBS) together with 10 mL TBS-T was added to the membrane and incubated at room
temperature for 1 h with shaking at 25 rpm. After washing twice more in 25 mL of TBS-T, 1
pL of Anti Mouse 1gG (whole molecule) conjugated to AP (Sigma) and 10 mL of TBS-T were
added to the membrane and incubated for another 1 hour as previously described. The
chromogenic reaction was performed after the final washing in TBS-T. 10 mL of AP buffer
(Table 2.1-7) containing BCIP and NBT (Table 2.1-7) was added to the membrane and

incubated for 10 min at room temperature.
2.2.4.7 Kinase assay and HPCL analysis

A kinase assay was performed as shown in Table 2.2-3. The reaction was incubated ina 1.5 ml
tube at 30°C for 50 minutes. The assay was stopped by adding 25.6 pL of termination solution
(Table 2.1-8) followed by a 30 s vortex. A total of 10.4 pL of neutralization solution (Table
2.1-8) was added to neutralize the strong acid, and the solution vortexed for another 30 s. Before
loading to the HPLC, high-speed centrifugation at 4°C and 45,0009 for 30 min was employed

to remove all particles. All chemicals and reagents were HPLC grade.
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Table 2.2-3. Kinase assay system.

Component Volume Final conc.
5 x Kinase Buffer (Table 2.1-8) 10 uL 1x
ATP (1 mM) 10 pL 200 pM
Substrate 10 uL 200 uMm
Purified protein 10 pL variable
H.0 10 pL -

HPLC was employed for a qualification analysis of the kinase assay products and the
measurements were performed on an Agilent HPLC 1200 system with a Polaris 5 C18 A
column (150 x 4.6 mm, Agilent) and detected by a diode array detector (set to 260 nm and 360
nm as detection and reference wavelengths, respectively). 20 pL of sample was injected into
the HPLC with a flow rate of 0.65 mL min’. Mobile phase A (Table 2.1-9) was freshly made

and filtered by a nylon membrane (47 mm diameter, 0.45 uM pore size). The solvent gradient

is shown in Table 2.2-4.

Table 2.2-4. HPLC solvent gradient.

Time (min) Mobile phase A (%) Mobile phase B (%0)

Flow rate ~ Max. pressure

0.0

2.5
4.0
6.0
12.0
15.0
20.0
20.1
25.0

95

90
90
80
60

95
95

5

10
10
20
40
100
100

0.65 mL min- 400 bar
1
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2.2.4.8 Enzyme kinetic constants

A coupled enzyme assay using pyruvate kinase (PK) and lactate dehydrogenase (LDH) was
employed to determine the kinetic constants. ADP and PEP were used by PK to produce ATP
and pyruvate, while pyruvate together with NADH was converted to lactate and NAD by LDH.
Measurements of the consumption of NADH (detected by its absorbance at 340 nm) indicated
the amount of ADP produced in the phosphorylation reaction. It was confirmed that half the
amount of the tested enzyme resulted in half the velocity to demonstrate that the assay is not
rate-limited by the coupling reaction. The assay was performed as shown in Table 2.2-5. Each
reaction in the coupling enzyme assay was placed in a well of a 96-well plate at 22°C and
continuously monitored at 340 nm by a photometer.

Table 2.2-5. Coupled enzyme assay system.

Component Stock conc. (mM) Volume (uL) Final conc. (mM)
Tris-SO4 pH 7.5 200 30 40
KCI 1,000 2.5 20
MgCl: 200 3 4
PEP 10 30 2
NADH 0.85 30 0.17
Coupled enzyme Diluted 1:50 in H.O 2 3750 times diluted
Tested Enzyme Variable 15 variable
Substrate Variable 30 variable
ATP 20 7.5 1

2.2.5 Metabolite analysis

Metabolite analysis was accomplished by employing an Agilent HPLC 1200 system (LC)
coupled with an Agilent 6460C series triple quadrupole mass spectrometer (MS). For
nucleoside measurements, a Polaris 5 C18 column (50 x 4.6 mm, particle size 5 um, Agilent)
was used. The extraction method described by Baccolini and Witte (2019) was used. 50 mg of
freshly weighed seedlings, one 7-mm metal bead and five 5-mm metal beads were placed in a

2 mL tube. The sample was rapidly frozen in liquid nitrogen and ground at a frequency of 20
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Hz for 4 min with an MM400 mill (Retsch). 500 uL of mobile phase A (Table 2.1-10) with
internal standards (ISTDs; 0.18 nmol mL™* *C5-adenosine, 0.17 nmol mL* >N5-guanosine,
0.73 nmol mL™* *N4-inosine, 2 nmol mL™* *>N2-uridine and 0.65 nmol mL™* ¥*N2-xanthine,
Cambridge Isotope Laboratories) was added to the tube and incubated for 10 min at 95°C. The
sample was chilled on ice and centrifuged at 4°C and 45,0009 for 20 min. 20 pL of the
supernatant was injected into the LC-MS. The column temperature was set at 25°C, and the
solvent gradient was employed as shown in Table 2.2-6. Mobile phase A (Table 2.1-10) was

freshly prepared and filtered with a nylon membrane (47 mm diameter, 0.45 UM pore size).

Table 2.2-6. Solvent gradient on the Polaris 5 C18 column for nucleoside analysis.

Time (min) Mobile phase A (%) Mobile phase B (%) Flow rate  Max. pressure

0.0 95 5 0.8 mL min'* 400 bar
2.0 95 5
5.5 85 15
9.5 15 85
11.0 15 85
11.1 95 5
20.0 95 5

The nucleotide analysis was performed as described by Straube et al. (2021). Generally, 100
mg of freshly weighed seedlings, one 7-mm bead, and five 5-mm beads were collected in a 2
mL tube. The samples were rapidly frozen in liquid nitrogen and ground at 20 Hz for 4 min
with a bead-mill MM400 (Retsch). A 1 mL aliquot of 15% TCA containing ISTDs (1.4 nmol
mL?* *N5-AMP, 2.7 nmol mL* °N5-GMP, 1.2 nmol mL* *N2-UMP, 4 nmol mL* **N4-IMP,
10 nmol mL*ATP and GTP [ribose-3°, 4°, 5°, 5°°-D4], 10 nmol mL™* CTP and UTP [5-D1,
ribose-3’, 4°, 5°, 5°-D4], Cambridge Isotope Laboratories) was added to the plant powder and
ground again with a mill MM400 at 20 Hz for 2 min. The samples were centrifuged at 30,000g,
4°C for 30 min, and the supernatant (approx. 1 mL) was transferred to 1 mL of DCM/TOA
(78/22) solution. The samples were vortexed for 12 s and centrifuged at 5,000g and 4°C for 5
min. The supernatant was mixed with 1 mL H>O with 0.5% (v/v) acetic acid and passed through
a Strata X-AW cartridge that was previously successively equilibrated with 1 mL of methanol,
1 mL of formic acid/methanol/H20 (2/25/73), and 1 mL of 10 mM ammonium acetate pH 4.5.
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After washing with 1 mL of 5 mM ammonium acetate pH 4.5 and 1 mL of methanol, the
nucleotides binding to the column were eluted two times with 0.5 mL of ammonia/methanol
(20/80). Subsequently, the sample was dried in a vacuum until no liquid was obtained. Before
loading, the sample was completely re-suspended in 50 uL of 5 mM ammonium acetate pH
9.5/acetonitrile (96/4), and 10 pL of the sample was injected into the LC-MS. A Hypercarb
column (50 x 4.6 mm, particle size 5 um, Thermo Scientific) was employed for nucleotide
separation at 30°C. The solvent gradient was performed as shown in Table 2.2-7. Mobile phase
A (Table 2.1-11) was freshly made and filtered with a nylon membrane (47 mm diameter, 0.45
MM pore size).

Table 2.2-7. Solvent gradient on the Hypercarb column for nucleotide analysis.

Time (min) Mobile phase A (%) Mobile phase B (%) Flow rate  Max. pressure

0.0 96 4 0.60 mlL min- 400 bar
10.0 70 30

10.1 0 100

115 0 100

11.6 96 4

20.0 96 4

2.2.6 Bioinformatic analysis

The protein sequences used for bioinformatic analysis were obtained from the Phytozome and
NCBI databases. MUSCLE was employed to carry out the Multiple Sequence Alignment.
Phylogenetic analysis was performed by Molecular Evolutionary Genetics Analysis X (MEGA

X) software using maximum likelihood estimation with 1000 iterations.
2.2.7 Statistical analysis

In this work, statistical analyses between two datasets were performed by GraphPad Prism 4
software using unpaired t tests. *, **, *** and **** |ndicate significant differences at P < 0.05,
P <0.01, P <0.001, and P < 0.0001, respectively. For multiple datasets, the statistical analyses
were carried out as described by Heinemann et al. (2021). R software coupled with RStudio
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and CRAN packages Multcomp and Sandwich were used to perform two-sided Tukey’s
comparisons. Moreover, the heteroscedasticity of the dataset was considered by the sandwich
variance estimator. Different letters represent significant differences at P < 0.05.
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3 Results

This chapter comprises three sections. The first section describes the in vitro characterization
of PfkB kinases, leading to the focus on PINK and K6-2. The second section deals with the

identification of PINK, while the third section describes how the function of K6-2 was analyzed.

3.1 Invitro biochemical analyses of PfkB kinases

The PfkB kinases ADK1 [At3g09820], ADK2 [At5g03300], NARAS [At4g27600], kinase 6-1
(K6-1) [At5g43910], kinase 6-2 (K6-2) [At4g28706], kinase 9 (K9) [At1g19600], and PINK
[At1g06730], (Figure 5) were studied here. Even though ADK1 and ADK2 were characterized
as adenosine kinases, they may have other previously undiscovered functions. NARAS5 was
published as being involved in chloroplast protein accumulation in Arabidopsis, but the
biological function is still unknown. Nothing is known about the biochemical and physiological
functions of K6-1, K6-2, K9 and PINK. To identify potential substrates, first a biochemical
analysis of purified PfkB kinases was conducted.

3.1.1 Cloning, expression, and protein purification of PfkB kinases

To investigate the in vitro enzymatic activity, cONAs of Arabidopsis PfkB kinases were cloned
into binary vectors and then transiently expressed in N. benthamiana leaves. N-terminally
Strepll-tagged ADK1 (construct H732, Table 2.1-20), N-terminally Strepll-tagged ADK2
(construct H735, Table 2.1-20), C-terminally HA-Strepll-tagged NARAS (construct H723,
Table 2.1-20), C-terminally HA-Strepll-tagged K6-1 (construct H728, Table 2.1-20), C-
terminally HA-Strepll-tagged K6-2 (construct H731, Table 2.1-20), C-terminally HA-Strepll-
tagged K9 (construct H257, Table 2.1-20), and C-terminally HA-Strepll-tagged PINK
(construct H338, Table 2.1-20) were purified by Strep affinity chromatography as described in
section 2.2.4.3.

After transient expression in N. benthamiana, the enzymes were purified, and the purification
process was monitored by Coomassie staining and immunoblot after SDS polyacrylamide gel
electrophoresis. The following fractions were analyzed: clarified crude extract, extract after
incubation with affinity resin, fifth washing solution, elution, and boil off (Figure 6). ADKs
(ADK1 and ADK?2), K6-1, K6-2, K9 and PINK were successfully obtained with molecular

weights in agreement with theoretical ones, 38.0 kDa for ADKs, 40 kDa for K6-1, 43.5 kDa for
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K6-2, 37.5 kDa for K9, and 55.4 kDa for PINK. However, NARA5S was barely observed by
immunoblot neither in the clarified crude extract nor in the elution fraction, indicating that it
was not well expressed, and was also difficult to enrich by purification. Moreover, on
immunoblots for ADKs and K6-1, several bands in the higher molecular weight range were
observed. When a protein is strongly expressed as in the case of the ADKSs, such bands have
been observed to be dimers or higher multimers of the protein. Alternatively, such bands could

represent high molecular weight interaction partners that were co-purified.
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Figure 6. Affinity purification of Arabidopsis PfkB kinases.

Coomassie staining and immunoblot of protein fractions from Strep-tactin affinity
purification. (A) C-terminally HA-Strepll-tagged K6-1. (B) C-terminally HA-StreplI-
tagged K6-2. (C) C-terminally HA-Strepll-tagged K9. (D) C-terminally HA-StreplI-
tagged PINK. (E) N-terminally Strepll-tagged ADKZ1. (F) N-terminally Strepll-tagged
ADK2. (G) C-terminally HA-Strepll-tagged NARAS. Marker, prestained protein
standard; Crude, crude extract of N. benthamiana leaves; Unbound, extract after
contact with Strep-tactin; 5th wash, fifth washing solution; elution, affinity-eluted
protein; boil off, affinity matrix boiled with SDS buffer after elution.
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3.1.2 Kinase activity screen of PfkB kinases

Putative substrate candidates (Table 2.1-21) were screened in a kinase assay and the reaction
was analyzed by reverse phase HPLC with the ion-pairing reagent in the running buffer (section
2.2.4.7). The kinase activity of PfkB kinases from Arabidopsis was determined by the
conversion of ATP to ADP, as the two compounds exhibited a stable retention time (R, X-axis)
and could be easily separated. The retention time for ADP was approximately 8.3 min compared
to 9 min for ATP. The phosphorylation product was another indicator for kinase activity,

because this could usually be resolved in the HPLC.

Adenosine kinase 1 (ADK1) and adenosine kinase 2 (ADK2) share the same substrates in vitro.
In addition to adenosine, they showed kinase activity with AICAr, uridine, inosine, 2’-
deoxyadenosine, and N®-methyladenosine (Figure 7 and Figure 8). It is not a surprise that they
can phosphorylate AICAr because ADKs (ADK1 and ADK2) are proposed to be AICAr kinases
in yeast (Daignan-Fornier and Pinson, 2012). In yeast, AICAr was demonstrated to selectively
stimulate transcription factor interaction (Rébora et al., 2005; Pinson et al., 2009). However,
for plants, such functions have not been shown. In addition, the activities of ADKSs, including
inosine, uridine, 2’-deoxyadenosine (dA), and N°-methyladenosine (m®A), suggests that

adenosine kinases may be involved in the salvage of these nucleosides.

The kinase K6-2 mediated the phosphorylation of adenosine, AICAr, uridine, inosine,
guanosine, and m°A to form AMP, AICAR, UMP, IMP, GMP, and m®AMP in vitro (Figure 9),
while another kinase, PINK, was able to phosphorylate AICAr, inosine, and uridine in vitro
(Figure 10). Unfortunately, of the seven PfkB kinases in Arabidopsis, no activity was found for
the substrate candidates of NARA5, K6-1, and K9.
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Figure 7. HPLC analyses of the kinase activity screen for ADK1.

Kinase assay for ADK1 after 0 min [red curve] and 50 min [blue curve] reaction time,
analyzed by HPCL at 260 nm with a 360 nm reference. (A) Absorption of the
adenosine-participating kinase assay solutions at 0 min and 50 min. (B) to (F) same as
(A) but with different substrates for (B) AICAr, (C) uridine, (D) inosine, (E) 2’-
deoxyadenosine, and (F) Né-methyladenosine.
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Figure 8. HPL.C analyses of the kinase activity screen for ADK2.

The ADK2 mediated kinase assay solutions with different reaction times (0 min [red
curve], 50 min [blue curve]) were analyzed by HPCL at 260 nm with a 360 nm
reference. (A) Absorption of the adenosine-participating kinase assay solutions. (B) to
(F) Same as (A) but with different substrates for (B) AICAr, (C) uridine, (D) inosine,
(E) 2’-deoxyadenosine, and (F) N®-methyladenosine.

45



RESULTS

A K6-2 + adenosine (200 M) B K6-2 + AICAr (200 pM)
DADI: Sig=260 Ref=360 ——0 min DADI: Sig=260 Ref=360 ——0 min
adenosine — 50 min i — —— 50 min

mAU—
500 - 375

ATP

300 -
225
150
754

0 4 8 12 min 0 4 8 12 min

C K6-2 + uridine (200 uM) D K6-2 + inosine (200 uM)
DADI: Sig=260 Ref=360 —— 0 min DADI: Sig=260 Ref=360 ——0 min
mAU uridine A —— 50 min mAU ATP —— 50 min
250 250 - -
1 mosine
200 200
150 150 -
1 ADP ]
100 - 100
50 50
s et B e Uil M :
0 4 8 12 min 0 4 8 12 min
E K6-2 + guanosine (200 pM) F K6-2 + N6-methyladenosine (m°A, 200 pM)
DADI: Sig=260 Ref=360 e ) RN DADI: Sig=260 Ref=360 s Fitel
mAU- — 50 min mAUS —— 50 min
AnosSine ATP 1
250 - guanosine 750 _ "
] ] m°A
200 ADP 600 -
150 450 4 <
GMP, ] S
100 300 ™
50 4 150 - & w
0 A 04
. —— 1 - -
0 4 8 12 min 0 4 8 12 min

Figure 9. HPL.C analyses of the kinase activity screen for K6-2.

K6-2 mediated kinase assay solutions of different reaction times (0 min [red curve],
50 min [blue curve]) were analyzed by HPCL at 260 nm with a 360 nm reference. The
substrates are (A) adenosine, (B) AICAr, (C) uridine, (D) inosine, (E) guanosine, and
(F) meA.
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Figure 10. HPLC analyses of the kinase activity screen for PINK.

PINK catalyzed kinase assay solutions of different reaction times (O min [red curves],
50 min [blue curves]) were analysed by HPCL at 260 nm with a 360 nm reference.
The substrates shown are (A) inosine, (B) AICAr, (C) guanosine, and (D) uridine.

3.1.3 Summary of in vitro characterization of PfkB kinases

Of the seven PfkB kinases studied in the substrate screen, kinase activity was observed for

adenosine, AICAr, uridine, inosine, 2’-deoxyadenosine, and N®-methyladenosine with ADK1
and ADK?2 in vitro. However, it has already been shown that the ADKs (ADK1 and ADK?2)
phosphorylate adenosine in vivo (Moffatt et al., 2002; Schoor et al., 2011). We decided to focus

on the other uncharacterized kinases and therefore not to carry out further research on the ADKs.

Additionally, NARAS5, K6-1, and K9 were also excluded from further studies, as they had no

activity with any of the substrate candidates in vitro.

For the uncharacterized kinases PINK and K6-2, nucleoside kinase activity was detected with

certain substrates in our screen, which triggered our interest in these kinases. Thus, we focused

further analyses on these genes / proteins.
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3.2 Functional analyses of PINK

Through in vitro activity screening, PINK was shown to phosphorylate AICAr, inosine, and
uridine (Figure 10). Inosine and uridine are intermediates of purine and pyrimidine metabolism,
but it is unknown if AICAr has a function in plants. AIACr is only known as the
dephosphorylated version of an intermediate of purine de novo biosynthesis. Therefore, it would
be interesting to assess if PINK has a biological role as AICAr kinase in Arabidopsis. In addition,
investigating whether PINK is an inosine or uridine kinase in vivo would be interesting, as this

discovery would refine the current model of nucleotide metabolism.
3.2.1 Bioinformatic analysis of PINK

PINK was predicted by InterPoScan to have a domain of carbohydrate kinase PfkB (IPR011611)
(from 122 aa to 404 aa) and be within the ribokinase-like superfamily (IPR029056). To evaluate
the conservation of PINK in plants, a phylogenetic tree (Figure 11) based on the protein
sequences of certain PfkB kinases from Arabidopsis thaliana, Phaseolus vulgaris, Solanum
lycopersicum, Oryza sativa, Sorghum bicolor, and algae Chlamydomonas reinhardtii was
constructed (by Claus-Peter Witte) using the MEGA X software. The amino acid sequences

were obtained from the Phytozome database and aligned by MUSCLE.

As shown in Figure 11, PINK is present in monocots (Oryza sativa, Sorghum bicolor), dicots
(Arabidopsis thaliana, Phaseolus vulgaris, and Solanum lycopersicum), and the single-cell
green algae Chlamydomonas reinhardtii, as are the other enzymes of the PfkB kinase family
displayed here. PINK sequences of the dicotyledons are more closely related and slightly more
distanced from the sequences of the monocyledons, which is not surprisingly also observed in
the clade for ADK, PUKI, and RBSK. Overall, the tree shows that PINK is distinct from other
PfkB kinases with known nucleoside or ribose substrate, indicating that PINK has a different

and conserved function in plants.
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adenosine kinase ADK

= pseudouridine kinase
= PUKI

Figure 11. Phylogenetic analysis of PINK and functionally related PfkB kinases.

The tree was drawn in MEGA X based on the maximum likelihood method, and the
tree with the highest log likelihood (-25233.68) is shown. Only bootstrap values above
80 (1000 iterations) are shown. Ara_tha, Arabidopsis thaliana. Pha_vul, Phaseolus
vulgaris. Sol_lyc, Solanum lycopersicum. Ory_sat, Oryza sativa. Sor_bic, Sorghum
bicolor. Chl_rei, Chlamydomonas reinhardtii.

3.2.2 Subcellular localization of PINK

To investigate the subcellular localization of PINK, a transient expression method in N.
benthamiana leaves was used (section 2.2.4.2). For this purpose, the cDNA of PINK was cloned
into a binary vector (V36; Table 2.1-19), leading to the construct H339 which expresses a C-
terminally YFP tagged PINK fusion protein (Table 2.1-20). Three days after infiltration with
H339-carrying Agrobacteria, the leaves of N. benthamiana were collected and analyzed by
confocal fluorescence microscopy. Images of three channels (YFP, autofluorescence of
chloroplast, and brightfield) were captured (Figure 12).
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PINK-YFP chloroplast brightfield overlay

Figure 12. Subcellular localization of PINK.

Confocal fluorescence microscopy images of N. benthamiana leaves that had
transiently expressed PINK-YFP for three days. (A) YPF. (B) Autofluorescence of
chloroplasts. (C) Brightfield. (D) Overlay of the three channels. Scale bars = 10 um.

PINK-YFP (Figure 12 A) and chloroplast autofluorescence (Figure 12 B) were overlapping
(Figure 12 D), suggesting that PNIK is localized in the chloroplast.

3.2.3 Enzyme kinetics of PINK

To further investigate the properties of PINK for the candidate substrates (AICAr, inosine, and
uridine), enzyme kinetic analyses (Figure 13) were performed. Initial velocities at various
substrate concentrations were determined (as described in section 2.2.4.8) and the data fitted

with the Michaelis-Menten equation and a Hanes plot generated.
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Figure 13. Kinetic analysis of PINK.

Determination of the kinetic constants of PINK for (A) AICAr, (B) inosine, and (C)
uridine by fitting data with the Michaelis-Menten equation (red curve) and by Hanes
plot (S/V, blue line). S, substrate concentration; V, enzymatic velocity. Error bars are
SD (n = 3 independent enzymatic reactions).

Table 3.2-1. Kinetic constants for AICAr, inosine, and uridine of PINK.

Enzymatic Reaction Km (uM) Keat (s1) Keat / Km (uM s1)
PINK, AICAr 12.83 £0.79 0.153 £ 0.002 0.0119
PINK, inosine 38.69 £ 2.81 0.102 £ 0.002 0.0026
PINK, uridine 120.30 + 18.53 0.054 + 0.001 0.0004

Errors are SD (n = 3 independent enzymatic reactions).

PINK has the lowest Km for AICAr, followed by inosine, and the highest for uridine (Table
3.2-1). Moreover, it also shows the highest catalytic efficiency of 0.0119 uM™* s for AICAr,
while the next best is 0.0026 uM™* s for inosine and the lowest is 0.0004 uM* st for uridine
(Table 3.2-1), showing that PINK is most active with AICAr, followed by inosine, and is less

active with uridine in vitro.
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3.2.4 Characterization of PINK variants

To further study the in vivo function of PINK, several Arabidopsis thaliana lines with varying
PINK expressions were generated. Homozygotes of the wild type (wt) and PINK T-DNA
insertion null-mutant (pink) were isolated from a segregating mutant population obtained from
the Salk T-DNA line collection (Figure 14 B). In addition, knockout mutants of nsh1 and hgprt
as described by Baccolini and Witte (2019) were verified, and double mutants of pink nshl and
pink hgprt were generated by crossing (Figure 14 B). Complementation and overexpression
lines were generated in pink background (pink::C), pink hgprt background (pink hgprt::C), and
pink nshl background (pink nshl::C). A PINK-HA-Strepll expressing transgene as described
in section 2.2.1.3 was introduced in these lines, selected by BASTA, and its expression assessed
using immunoblot (Figure 14 C).

The PINK gene consists of 2947 base pairs (bps), including a coding region of 1476 base pairs
which encode 488 amino acids. In addition, the primer P868 was designed in exon 3, while
P869 was designed in exon 5. The T-DNA was inserted in the last exon (ES5, Figure 14 A). In
addition to PCR, reverse transcription-PCR (RT-PCR) was employed to assess the expression
of the intact mMRNA of PINK (Figure 14 B).
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Figure 14. Characterization of PINK variants.

(A) Scheme of the Atlg06730 locus and T-DNA insertion site (triangle) in pink
(SALKseq_040950.1). The brown boxes represent the exons, while the grey boxes
represent the introns. Note that the E1 shown in this figure begins with the start codon,
while the E5 ends with the last stop codon of the coding sequence. The positions of
primers P868, P869, and N61 are illustrated. (B) PCR and RT-PCR characterization
of segregating homozygous wt, pink, nshl, hgprt, pink nshl, and pink hgprt. (C)
Immunoblot blot analysis of 10-day-old seedlings of wt, pink, pink::C, pink hgprt::C,
and pink nshl::C. An antibody against the Strepll tag was used for detection.

3.2.5 Antibody preparation of PINK

An anti-PINK antibody was generated (immunoGlobe, Germany) to further study PINK in
Arabidopsis thaliana. For this, inclusion bodies of PINK expressed in E. coli were purified
(Figure 15 A) and injected into rabbits for antibody production. The resulting polyclonal
antibody was able to detect a minimum of 5 ng of affinity purified PINK-HA-Strepll on
immunoblots (Figure 15 B). Because PINK has a similar size as ribulose-1,5-bisphosphate
carboxylase/oxygenase (RUBISCO), it is problematic to detect PINK in the crude extracts from
Arabidopsis thaliana since RUBISCO is highly abundant and creates an interfering background
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(Figure 15 B). PINK could not be detected in the wild type but only in the crude extracts of the

overexpression line pink::C (Figure 15 B).
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Figure 15. Inclusion body characterization and detection of PINK with antibodies.

(A) Coomassie staining after SDS-PAGE of diluted PINK inclusion body. 5, 5-fold
diluted preparation; 50, 50-fold diluted preparation. (B) Immunoblot of crude extracts
of 10-day seedlings of wild type, pink, and pink::C. Gradient amounts of PINK-HA-
Strepll affinity purified from N. benthamiana leaves with 3-day transient expression
are shown in the four lanes on the right.
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3.2.6 Phenotype of the PINK NSH1 double mutant

The physiological performances of PINK mutants were assessed in the context of the NSH1
mutant. Twenty-one-day-old seedlings of pink nshl showed retarded development compared
with that of wild type, pink, and nshl, and this phenotype could be compensated in the
complementation and overexpression line (pink nshl::C; Figure 16 A). The leaf area was
quantified with the ImageJ software. The absence of PINK in the NSH1 background leads to a
significantly smaller leaf area and this phenotype is complemented in pink nshl::C (Figure 16
B).
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Figure 16. Phenotype of 21-day-old seedlings of PINK variants.

(A) Images of 21-day-old wild type, pink, nsh1, pink nshl, and pink nsh1::C seedlings.
Scale bars = 1 cm. (B) The total leaf area of 21-day-old seedlings of PINK variants,
which are shown in (A). Error bars are SD (n = 3 biological replicates). Two-sided
Tukey's pairwise comparisons were performed for statistical analysis. Different letters
indicate significant differences at P < 0.05.

It is known that the NSH1 and NSH2 complex can hydrolyze inosine and xanthosine, while
NSH1 alone degrades uridine. (Baccolini and Witte, 2019). The phenotype observed in 21-day-
old seedlings of pink nshl (Figure 16 A) indicates that PINK may share at least one substrate
with NSH1 in Arabidopsis. Moreover, no phenotype was observed for the PINK single mutant,
suggesting that the PINK substrate does not accumulate in pink maybe due to the presence of
NSH1 and NSH2 complex. To test this hypothesis, to determine potential in-vivo substrates,
and to investigate the biological function of PINK, metabolite analyses of PINK variants were
performed.
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3.2.7 Metabolite analysis of PINK variants

3.2.7.1 Metabolite analysis of seedlings varying in PINK expression

First, metabolite analysis of 10-day-old wild type and pink seedlings was performed under
different light conditions to investigate the in vivo function of PINK. The reason seedlings were
studied under different light conditions was that the analysis of publically available
transcriptome data by Genevestigator indicated that purine de novo synthesis may be

upregulated transcriptionally by light.
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Figure 17. Metabolite analysis of the PINK mutant under different light
conditions.

ATP, GTP, IMP, and inosine contents in 10-day-old wild type and pink seedlings
grown under long-day conditions (16 h light). Error bars are SD (n = 3 biological
replicates, i.e, several seedlings per replicate from different growth plates). An
unpaired t test was used for statistical analysis in each treatment group. * and **
indicate significant differences at p < 0.05 and p < 0.01, respectively. 0 h light,
seedlings were harvested at the end of the night, right before the onset of light; 3 h
light, seedlings were harvested 3 hours after the end of the night; 3 h dark, seedlings
were harvested 3 hours after the end of the normal night, but the night was prolonged.
FW, fresh weight.

AICAr, inosine, and uridine are the substrates of PINK in vitro (Figure 13), but none of them
accumulated in the PINK mutant (Figure A-3 C and Figure 17). Interestingly, there was a
significant decrease of IMP in pink at 3 h of light whereas there was no difference before the
onset of light or only a subtle difference at 3 h of prolonged darkness. This results indicate that

PINK responds to light and may act as an inosine kinase in vivo even though inosine
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accumulation was not observed in pink, probably because the accumulation of inosine was

prevented by its degradation, catalyzed by the NSH1/NSH2 complex.
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Figure 18. Metabolite analysis of PINK variants with different duration of
light.

(A) IMP, inosine, and xanthosine as well as (B) ATP and GTP contents in 10-day-old
seedlings of wild type, pink, and pink::C. 0 h light, the seedlings were harvested at the
end of the night; 3 h light, the seedlings were harvested after 3 hours of light; 9 h light,
the seedlings were harvested 9 hours after the end of the night. Error bars are SD (n =
3 biological replicates). The detection limit for IMP in plant matrix was 0.2 nmol g*
FW. For statistical analysis, two-sided Tukey's pairwise comparisons were performed
separately for each time point. Different letters indicate significant differences at p <
0.05.

To further investigate how PINK responds to light, the metabolite content of seedlings that
varied in PINK expression was analyzed at different times during the day. The seedlings were
harvested immediately before the onset of light (0 h light), at 3 hours after the end of the night
(3 h light), and 9 hours after the end of the night (9 h light). There were obvious increases in
the content of IMP, inosine, and xanthosine between the end of the night and 3 hours of light
(Figure 18 A), indicating that de novo purine biosynthesis is stimulated from dark to light as

IMP is the product of purine biosynthesis. However, with prolonged light (9 hours), the amounts
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of IMP and inosine were decreased compared with that of 3 hours of light (Figure 18 A),

suggesting that the purine biosynthesis is stronger induced shortly after the onset of light.

At 3 hours of light, the PINK mutant had less IMP in tendency compared to the wild type
(Figure 18 A), which is consistent with the data shown in Figure 17, suggesting that PINK may
be an inosine kinase in vivo. Curiously, instead of being complemented, the amount of IMP
became even lower in the complementation and overexpression line (pink::C) compared to that
of the PINK mutant (Figure 18 A), indicating that there are additional ways to regulate the IMP
content in plants in addition to the inosine salvage mediated by PINK. Therefore, the hypothesis
was born that plastid IMP formation catalyzed by PINK is involved in the feedback inhibition
of purine de novo biosynthesis in plants, which leads to less total IMP. There is evidence
published by Reynolds et al. (1984) demonstrating that IMP directly inhibits the activity of 5-
phosphoribosylpyrophosphate amidotransferase (PRAT, also known as ATase; Figure 2)

purified from soybean nodules, which is the first enzyme in purine biosynthesis.

The working hypothesis was that inosine is the substrate of PINK in vivo. Consistently, at 3
hours of light, a reduction in inosine was observed in pink::C, and a decrease in IMP was
obtained in pink (Figure 18 A), supporting the hypothesis that PINK acts as an inosine kinase

in vivo.

Surprisingly, at 3 hours of light, the amount of xanthosine was significantly increased in pink
which was complemented by the transgene in pink::C (Figure 18 A). It is interesting because
PINK cannot phosphorylate xanthosine (Figure 10 C) which is the first common intermediate
in the purine degradation pathway in vivo. Thus, the amount of xanthosine might represent the
flux through purine catabolism. Additionally, ATP and GTP did not accumulate in the PINK
mutant, and flux might be increased as a result of stronger de novo purine synthesis in pink

background.

To summarize the above results. After the onset of light, purine biosynthesis is upregulated and
PINK becomes activated compared to the end of the dark period (Figure 17 and Figure 18 A).
At this time, PINK acts as an inosine kinase in vivo, which is supported by the data of IMP
decrease in the PINK mutant (Figure 17 and Figure 18 A) and inosine decrease in the
complementation and overexpression line (pink::C) (Figure 18 A). To explain the diminished
IMP content in pink::C, it was hypothesized that PINK may be involved in the negative
feedback inhibition of de novo purine biosynthesis by regulating the amount of plastid IMP,
which results in less total IMP.
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3.2.7.2 Metabolite analysis of seedlings varying in PINK expression in the NSH1 background

To verify the hypothesis proposed in the last section, metabolic analyses of seedlings with

different PINK expression in the NSH1 background were performed.
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Figure 19. Metabolite analysis of seedlings varying in PINK expression in

the NSH1 background.

Metabolite analyses in 10-day-old seedlings of wild type, pink, nshl, pink nshl, and
pink nshl::C. All seedlings were harvested 3 hours after the onset of light. Error bars
are SD (n =3 biological replicates). For statistical analysis, two-sided Tukey's pairwise
comparisons were performed. Different letters indicate significant differences at p <

0.05.

The absence of PINK in the NSH1 mutant led to an accumulation of inosine compared with that

of nshl, which can be compensated in the complementation and overexpression line (Figure 19

A). This result potentially explains why no inosine accumulation was observed in the PINK
mutant (Figure 17 and Figure 18 A), as the complex of NSH1 and NSH2 degraded it. More

importantly, it demonstrates that PINK is catalyzing inosine salvage in vivo.

Interestingly, the IMP content decreased in the NSH1 mutant (Figure 18 A) indicating that there

might be additional mechanisms influencing IMP content because in a straightforward model,
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the amount of IMP should increase when inosine cannot be degraded in the absence of a
functional NSH1-NSH2 complex.

Moreover, xanthosine strongly accumulated in nsh1, which was at hundreds of nmol g* Fw!
in contrast to the single digits of nmol g™* FW in wild type and pink (Figure 19 A). Even so,
the absence of PINK in the NSH1 background still led to xanthosine accumulation (Figure 19
A), suggesting the hypothesis that PINK should act as a regulator of de novo purine biosynthesis
because a lack of PINK leads to an accumulation of xanthosine, which could reflect the influx
from purine synthesis to catabolism. Additionally, compared to nshl, pink nshl and pink
nshl::C showed the same tendency of decreased IMP concentrations (Figure 19 A), which
were observed previously (Figure 17 and Figure 18 A), indicating that PINK is not only
involved in the inosine salvage but also should be involved in the feedback regulation of purine

synthesis.

In addition to inosine and xanthosine, pink nshl also showed a significant increase in uridine
compared to that of nsh1, which could be complemented by the PINK transgene in pink nsh1::C
(Figure 19 C). The data suggest that PINK salvages uridine in the NSH1 background. However,
there was no difference in uridine or UMP content between pink and wild type, leading us to
conclude that PINK should not be a uridine kinase in the wild type background but can
phosphorylate uridine under certain conditions, for example when plants accumulate uridine in
the NSH1 background.

Besides uridine, UTP accumulated in pink nshl compared to nshl, but this effect was not
complemented in pink nshl::C (Figure 19 C). For the accumulation in pink nshl, possibility is
that the absence of PINK might lead to a decrease in chloroplast UMP, resulting in the
accumulation of total UTP because the chloroplast UMP acts as a negative regulator of
pyrimidine de novo synthesis (Bellin et al., 2021). In pink nsh1::C, the increases of UMP and

UTP could be a result of the enhanced uridine salvage activity.

In this section, evidence is provided that (i) PINK is an inosine kinase in vivo, and that the
presence of the NSH1/NSH2 complex is the reason why no inosine accumulation was observed
in pink, (ii) PINK may be involved in the regulation of purine biosynthesis and influence the

size of the purine catabolism pool and (iii) PINK may contribute to pyrimidine homeostasis.
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3.2.7.3 Metabolite analysis of seedlings varying in PINK expression in the HGPRT
background and upon XDH inhibition via an application of external allopurinol

The idea behind this experiment was to investigate the amount of hypoxanthine in pink hgprt
seedlings in which XDH was chemically inhibited; and hypoxanthine could neither be salvaged
nor degraded. If an accumulation of hypoxanthine was observed in pink hgprt, the hypothesis

that PINK acts as the inosine kinase could be further supported.
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Figure 20. Metabolite analysis of seedlings varying in PINK expression in
the HGPRT mutant background and upon XDH inhibition during the day.

Xanthine and hypoxanthine contents in 10-day-old seedlings of wild type, pink, hgprt,
pink hgprt, and pink hgprt::C before allopurinol treatment, and 3 h and 9 h after
allopurinol treatment for XDH inhibition. The seedlings were harvested at the
beginning of the day for the samples without allopurinol application, and seedlings
treated with allopurinol and sampled 3 h and 9 h later during the day. Error bars are
SD (n = 3 biological replicates). The detection limit for xanthine in plant matrix was
1.8 nmol g FW. For statistical analysis, two-sided Tukey's pairwise comparisons
were performed separately for each time point. Different letters indicate significant
differences at p < 0.05.

Without the allopurinol treatment, the amount of xanthine and hypoxanthine showed no
difference between wild type, pink, hgprt, pink hgprt, and pink hgprt::C (Figure 20) due to the
activity of xanthine dehydrogenase (XDH; Figure 2), which efficiently oxidizes these

compounds. However, after blocking XDH activity with allopurinol, pink hgprt showed more
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accumulation of hypoxanthine than hgprt (Figure 20). This indicates that the extra
hypoxanthine is derived from the degradation of inosine that has not been salvaged in the
absence of PINK, verifying the function of PINK as the inosine kinase in vivo.

3.2.7.4 Metabolite analysis of seedlings with cold treatment of PINK variants

Additionally, from the published transcriptome data analyzed by Genevestigator, it was found
that purine synthesis genes were induced under cold stress. Thus, to further investigate the
physiological role of PINK, we performed a metabolic analysis of PINK variants under cold
stress.
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Figure 21. Metabolite analysis of wild type seedlings with cold treatment.

(A) ATP, GTP, IMP, and inosine contents of 10-day-old wild type seedlings exposed
to 10°C for different times. Two-sided Tukey's pairwise comparisons were performed
for the statistical analyses. Different letters represent significant differences at P < 0.05.
(B) Nucleotide and nucleoside contents in wild type seedlings grown under normal
long-day conditions up to Day 7 and then either left growing under these conditions
for three days (orange data points) or exposed to cold (16 h light period, 10°C
throughout; blue data points). For statistical analysis at each time point, an unpaired t
test was used. Statistical differences at p < 0.05, p < 0.01 and p < 0.001 are indicated
by *, ** and ***, respectively. For IMP and inosine, p values from statistical analyses
are indicated in the graph. All plants were harvested 3 hours after daybreak. Error bars
are SD (n = 3 biological replicates). FW, fresh weight.
To explore the appropriate timing for the cold treatment, metabolite analysis of wild type

seedlings with short and long-term cold treatments (10°C) was performed. After 24 hours of
cold treatment, 10-day-old seedlings showed a significant increase in purine nucleotides such

as ATP and GTP compared to that of seedlings grown under normal long-day conditions, and
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the difference remained stable at 24 hours, 48 hours and 72 hours (Figure 21 B), suggesting that
the cold treatment enhanced purine synthesis and that the enhancement stabilized after 24 hours
of cold treatment. Even though the increase in IMP and inosine were not statistically significant,
their concentration also increased in tendency and the P values were close to the critical value
of significance (0.05) (Figure 21 B). In addition to purines, pyrimidine nucleotides such as UMP,
UTP, CMP, and CTP also responded to cold stress and increased after the seedlings were
exposed to 10°C for 48 hours (Figure 21 B and Figure A-5 B).

PINK may play a role of purine homeostasis when plants begin sensing cold and are at the stage
in which purine content is increasing. Therefore, we quantified the nucleotide content of wild
type seedlings during short-term cold treatment to determine the timing of the purine increase.
The concentrations of IMP and inosine strongly increased 3 hours after transfer to cold
conditions (Figure 21 A), whereas the concentrations of ATP and GTP only increased gradually;
in this dataset, ADP and AMP reached statistical significance (Figure A-5 A), while ATP and
GTP did not. Then the nucleotide content of wild type, pink and pink::C was compared without
cold stress, with 1 hour of cold stress, and with 3 hours of cold stress — all harvested 3 hours
after the end of the night.
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Figure 22. Metabolite analysis in seedlings of PINK variants after short-
term cold exposure.

ATP, GTP, IMP, and inosine contents of 10-day-old seedlings of wilt type, pink, and
pink::C without or during 3 hours of cold treatment (10°C). All plants were harvested
3 hours after daybreak. Error bars are SD (n = 3 biological replicates). For statistical
analysis at each time point, two-sided Tukey's pairwise comparisons were used.
Different letters represent significant differences at p < 0.05.
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As observed before (Figure 17, Figure 18 A, and Figure 19 A), the IMP concentration was
lower in pink background and was even more reduced in pink::C without cold exposure after 3
hours in the light. When seedlings were exposed to cold for 1 hour or 3 hours, the IMP content
increased, but the differences between the PINK variants vanished. The contents of ATP and
GTP were not different between the genotypes under cold stress for different times. The data
indicates that the salvage function of PINK and its probable contribution to feedback inhibition
of purine biosynthesis are of little relevance when the purine biosynthetic pathway is strongly
upregulated via cold stress. Other regulatory mechanisms seem to override the feedback
inhibition because even in pink::C, the IMP concentration matched that of the wild type after 3

hours of cold exposure.
3.2.8 Summary of PINK functional analyses

In section 3.2 it was shown that (i) AICAr is the best substrate of PINK in vitro, (ii) PINK is
localized in the chloroplast, (iii) PINK acts as the inosine but not AICAr kinase in vivo even
though it has better enzymatic efficiency for AICAr in vitro, because there was no difference
in AICAr content among PINK variants, while decreased amounts of IMP in pink and inosine
in pink::C were observed in several independent experiments, (iv) The in vivo function of PINK
as an inosine kinase was further verified via metabolite analysis in the context of pink nsh1 and
pink hgprt, (v) PINK may be involved in the feedback regulation of de novo purine synthesis
as the IMP content decreased when PINK gene is overexpressed, and the xanthosine content

accumulated in the absence of PINK, in both wild type and nsh1 background.
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3.3 Functional analyses of K6-2

3.3.1 Bioinformatic analysis of K6-2

Phylogenetic analysis based on PfkB kinase 6, adenosine kinase (ADK), ribokinase (RBSK),
pseudouridine kinase (PUKI), and plastid inosine kinase (PINK) from Arabidopsis thaliana,
Phaseolus wvulgaris, Solanum lycopersicum, Oryza sativa, Sorghum bicolor, and algae

Chlamydomonas reinhardtii was performed using MEGA X (Figure 23).

The genome of Arabidopsis encodes two proteins of the PfkB kinase 6 subunit (K6-1 and K6-
2). K6-1 and K6-2 are highly homologous, but K6-2 has a longer N-terminal sequence which
potentially is a transit peptide (Figure A-1). Although K6-1 is closely related to K6-2, it did not

exhibit any activity to the substrate screen (section 3.1.2).

Similar to PINK, K6-2 is conserved in the plant kingdom and possibly also in algae (Figure 23).
In terms of the evolutionary relationship, K6-2 in Arabidopsis is the closest to those in
Phaseolus vulgaris, and Solanum lycopersicum, which are also dicotyledons (Figure 23).
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Figure 23. Phylogenetic analysis of KINASE 6-2 and PfkB nucleoside or

ribo-kinases.

The evolutionary history was inferred by using the maximum likelihood method and
JTT matrix-based model. The tree with the highest log likelihood (-25233.68) is shown.
Bootstrap values above 80 (1000 iterations) are displayed. Ara_tha, Arabidopsis
thaliana. Pha_vul, Phaseolus vulgaris. Sol_lyc, Solanum lycopersicum. Ory_sat,
Oryza sativa. Sor_bic, Sorghum bicolor. Chl_rei, Chlamydomonas reinhardtii.
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3.3.2 Subcellular localization of K6-2

To investigate the subcellular localization of K6-2, the coding sequence of K6-2 was fused to
the binary vector V90 (Table 2.1-19) resulting in the construct H835 (Table 2.1-20) which can
be used to express a C-terminal NeonGreen tagged K6-2 fusion protein (K6-2-NeonGreen) in

Nicotiana benthamiana after Agrobacterium-mediated transformation.

Similar to PINK, K6-2 is also localized in the chloroplast, as confirmed by confocal
fluorescence microscopy (Figure 24). Combined with the result shown in Figure 9, it appears

possible that K6-2 is a plastid AICAr, inosine, or guanosine kinase.

K6-2 - NeonGreen chloroplast brightfield overlay

Figure 24. Subcellular localization of K6-2.

Confocal fluorescence microscopy images of N. benthamiana leaves that transiently
expressed C-terminal NeonGreen tagged K6-2. (A) NeonGreen. (B) Autofluorescence
of chloroplasts. (C) Brightfield. (D) Overlay of the three channels. Scale bars =10 pm.

3.3.3 Enzyme kinetics of K6-2

To determine the activity of K6-2 for AICAr, inosine, and guanosine, the coupled enzyme assay
described in section 2.2.4.8 was performed. Initial velocities were plotted against substrate
concentrations and fitted using the Michaelis-Menten equation (red curves) and the data was

plotted according to Hanes and fitted by linear regression (blue line, Figure 25).

The Michaelis constants (Km) derived from this analysis of K6-2 for each substrate, the turnover
numbers (kcat), and the catalytic efficiencies (kca/Km) are illustrated in Table 3.3-1. Please note
that the maximum concentration of guanosine tested was 3 mM and did not reach ten times K,

due to the solubility limit of guanosine. The kinetic constants of K6-2 for guanosine that are
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shown in Table 3.3-1 were estimated based on the available data and may not be as accurate as

those for AICAr and inosine.

In terms of enzyme kinetic constants, K6-2 showed the highest catalytic efficiency for AICAr
(1.036 mM* s: Table 3.3-1), followed by guanosine (0.296 mM™* s; Table 3.3-1), and the
lowest for inosine (0.084 mM™* s; Table 3.3-1). In addition, K6-2 has similar K values for
AICAr and inosine (Table 3.3-1) that are lower than those for guanosine. Compared to inosine

and guanosine, AICAr is the preferred substrate of K6-2 in vitro.
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Figure 25. Kinetic analysis of K6-2.

Determination of the kinetic constants of K6-2 for (A) AICAr, (B) inosine, and (C)
guanosine by fitting data with the Michaelis-Menten equation (red curve) and Hans
plot (S/V, blue line). S, substrate concentration; V, enzymatic velocity. Error bars are
SD (n = 3 independent enzymatic reactions).
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Table 3.3-1. Kinetic constants for AICAr, guanosine, and inosine of K6-2.

Enzymatic Reaction Km (MM) Keat (52) Keat / Km (MM s1)
K6-2, AICAr 1.058 £ 0.021 1.096 + 0.005 1.036
K6-2, guanosine 1.855+0.141 0.549 + 0.021 0.296
K6-2, inosine 1.088 £ 0.089 0.091 + 0.002 0.084

Errors are SD (n = 3 independent enzymatic reactions).

3.3.4 Characterization of the K6-2 knock-down mutant

The T-DNA insertion line SALK 050816 was ordered from the Nottingham Arabidopsis Stock
Centre (NASC). Homozygotes of the wild type (wt) and K6-2 knock-down mutant (k6-2) were
identified from a segregating mutant population by genomic PCR using primers N61, P1807,
and P1808 (Figure 26 B, left). However, intact mMRNA of K6-2 was still present in the
homozygous mutant line k6-2 (Figure 26 B, middle). This might be the case because the T-
DNA was inserted into an intron (Figure 26 A) and may be spliced out during post-
transcriptional processing of the primary transcript of in k6-2.

Although the mRNA of K6-2 was still present, its amount was lower than in the wild type
(Figure 26 B, middle). To determine the degree of knock down in k6-2, real-time quantitative
reverse transcription PCR (qRT-PCR) of seedlings of wild type and k6-2 was performed. The
result showed that the SALK 050816 allele of K6-2 is a knock-down mutant because it
produced significantly less intact mMRNA than the wild type (Figure 26 C).

In SALK 050816, other genes besides At4g28706, including At1g31800, At2g31450, and
At3g42057, also  were documented to contain a  T-DNA insertion
(https://arabidopsis.info/StockInfo?NASC _id=550816). To eliminate the potential effects of

these genes, plants were selected from the segregating k6-2 population by genomic PCR that

were wild type for the genes in question (Figure 26 B, right).

Furthermore, a K6-2-HA-Strepll complementation and overexpression line of k6-2 (k6-2::C)
was generated, selected, and confirmed by immunoblot (Figure 26 D) using anti-Strep

antibodies.
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Figure 26. Characterization of a K6-2 knock-down mutant.

(A) Scheme of the At4g28706 locus and T-DNA insertion site (triangle) in k6-2
(SALK _050816). The exons are shaded in brown while the introns are shaded in grey.
Note that the first exon begins with the start codon, while the last exon ends with the
stop codon. The positions of primers P1807, P1808, and N61 are shown. (B) PCR and
RT-PCR characterizations of homozygous k6-2 and wild type lines isolated from a
segregating population of k6-2. (C) Real-time quantitative reverse transcription PCR
(gRT-PCR) of wt and k6-2. Error bars are SD (n = 4 biological replicates). An unpaired
t test was used for statistical analysis and **** indicates the significant difference at
P < 0.0001. (D) Immunoblot blot analysis of wt, k6-2, and k6-2::C. An antibody
against the Strep-tag was used.

3.3.5 Phenotype of the K6-2 knock-down mutant

To assess the physiological performance, wild type, k6-2, and k6-2::C were cultured in parallel.
Images of 16-day-old K6-2 variants were taken. Interestingly, seedlings of the knock-down

mutant of K6-2 exhibited yellowing and deformed leaves after the four-leaf stage, and this
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phenotype was complemented in k6-2::C (Figure 27 A). Moreover, the leaf area of 16-day-old
seedlings of k6-2 was significantly decreased compared with that of the wild type. This effect

was complemented and slightly overcompensated in k6-2::C (Figure 27 B).
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Figure 27. Phenotype of 16-day-old seedlings with varying K6-2 expression.

(A) Images of 16-day-old seedlings with varying K6-2 expression. Scale bars =10 mm.
(B) Leaf area analysis of wild type, k6-2, and k6-2::C. Error bars are SD (n = 3
biological replicates). For statistical analysis, two-sided Tukey's pairwise comparisons
were performed. Different letters indicate statistical differences at p < 0.05.

3.3.6 Metabolite analysis of K6-2 variants

To investigate the biological function of K6-2 in vivo, metabolite analysis of 10-day-old
seedlings that varied in K6-2 expression was performed. IMP, inosine, and AICAr accumulated
in k6-2 (Figure 28 A) which was complemented by the transgene in k6-2::C. It is interesting
that all of the accumulated compounds are involved or closely related to de novo purine
biosynthesis. AICAr, the dephosphorylated form of an intermediate (AICAR) in purine
synthesis, is also the best substrate compared to inosine and guanosine in vitro (Table 3.3-1).
Inosine is also one of the substrates in vitro, as shown in Table 3.3-1, and the dephosphorylated
form of IMP which is a product of purine biosynthesis. The accumulation of these three
compounds (Figure 28 A) indicated that in the knock-down mutant of K6-2, purine de novo
biosynthesis was upregulated, suggesting that K6-2 is a negative regulator of purine synthesis.
Is K6-2 an AICAr or inosine Kinase in vivo? The data suggest that K6-2 is not the inosine kinase
in vivo because otherwise, a decrease of IMP content in k6-2 should have been observed,
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whereas the amount of IMP was increased. This indicates that the additional inosine should be
derived from an increased amount of IMP rather than a lack of salvage. One of the current
working hypothesis is that flux through purine biosynthesis is increased in the absence of K6-
2. Consistently, the lower expression of K6-2 in the knock-down mutants leads to the

accumulation of AICAr, which may result in the inhibition of purine de novo synthesis.

B C D
IMP GTP ATP uTP
W A200 a a a _ 80 i § &
2 1507 Z 601
Ten 1007 Mo 401
=l S
i £ 507 g 201
0- 0-
GMP AMP UMP
801 254
— b — b a a a
= ab Z604 a ab - = 20+
Ty a + 154
‘o0 % '5n40] :
_g T% = 107
g 8207 g 57 i
T T 0- 0-
guanosine adenosine uridine
a a a 97 a a a 4 4 a a
= _:LL z . 2 3
i BIE =60 =
'co ! =l en 2 .
g 2 307 g
T T 0- 0=
& O & 0 & O
\© A} ¢

Figure 28. Metabolite analysis of 10-day-old seedlings varying in K6-2
expression.

Metabolite analysis of wild type, k6-2, and k6-2::C. Error bars are SD (n = 3 biological
replicates). The detection limit for AICAr in plant matrix was 5 pmol g FW. For
statistical analysis, two-sided Tukey's pairwise comparisons were performed.
Different letters indicate statistical differences at p < 0.05. FW, fresh weight.

Moreover, the GMP content in k6-2 appeared decreased tendency compared to that in wild type
which was complemented in k6-2::C (Figure 28 B). Although this data is not yet statistically
sound it might be a first hint that K6-2 is involved in the guanosine salvage, but will require
further confirmation. The insignificant difference in the amount of GMP between wild type and
k6-2 may be due to the probably small GMP pool in the chloroplast, the organelle where K6-2
is located (Figure 24). Interestingly, GMP is another product of de novo purine synthesis and is
derived from IMP through catalysis by IMP dehydrogenase and GMP synthase in the cytosol
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(Figure 2). If flux through, purine biosynthesis is elevated in k6-2, the GMP content should
have increased instead of showing a tendency to decrease. Maybe K6-2 has a function in
guanosine salvage and its lower expression leads to a decrease in plastid GMP content, which
is involved in the feedback regulation of purine biosynthesis, as GMP inhibits the first enzyme
of de novo purine synthesis (Reynolds et al., 1984). If this model of K6-2 was correct, guanosine
accumulation should have been observed, but it was not. This may be explained by the presence
of guanosine deaminase (GSDA; Figure 2), which can convert guanosine to xanthosine,

preventing the accumulation of guanosine.

In summary, metabolites were analyzed of seedlings that varied in K6-2 expression and
obtained some evidence that (i) K6-2 should be a negative regulator of purine biosynthesis and
that (i) K6-2 is probably not an inosine kinase in vivo because of the IMP accumulation in k6-

2. Moreover, two hypotheses of K6-2 were proposed as follows:

i. K6-2 may act as the plastid AICAr kinase in vivo as its lower expression led to an
accumulation of AICAr resulting in the upregulation of purine de novo synthesis.
ii. K6-2 may play a role as the plastid guanosine kinase in Arabidopsis, downregulating

purine synthesis by influencing the plastidic GMP pool.
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4 Discussion

4.1 Characterization of PfkB kinases from Arabidopsis

The PfkB family is known as a branch of carbohydrate kinases including adenosine kinase
(ADK), pseudouridine kinase (PUKI), ribokinase (RBSK), necessary for the achievement of
RUBISCO accumulation 5 (NARADS), and several others phosphorylating sugars, nucleosides
and myoinositol substrates. Some of the PfkB kinases that have been characterized are critical
for plant development. The FLN1 mutant shows an albino phenotype while the FLN2 mutant
results in delayed greening (Gilkerson et al., 2012), the knockout mutant of NARAS exhibits
severe leaf yellowing (Ogawa et al., 2009), the absence of PUKI leads to delayed seed
germination (Chen and Witte, 2020), and loss-of-function of ADKs results in a severe
phenotype of growth retardation (Schoor et al., 2011). Even though the phosphorylation
mediated by PfkB kinases requires the participation of ATP, excessive ATP might in some
cases result in inhibition due to the binding of ATP to an allosteric site. For example, the state
of aggregation of Escherichia coli phosphofructokinase 2 (PFK2) and ATP can be shifted from
dimer to tetramer, leading to the inhibition of the enzymatic reaction (Baez et al., 2008; Cabrera
etal., 2011).

4.2 Purine de novo purine biosynthesis

Purine de novo synthesis results in the formation of IMP, AMP, and GMP and is crucial for
plant development. Of the 10 enzymes in this process, 5-phosphoribosylpyrophosphate
amidotransferase (PRAT) also known as PRPP amidotransferase (ATase) is the best-studied
one. There are three PRAT genes in Arabidopsis with different expression patterns. AtPRAT1
is only expressed in roots and flowers but not leaves, AtPRAT2 is constitutively expressed and
plays a major role in the development of Arabidopsis, and the expression of AtPRAT3 is very
low but is highest in flowers (Bassett et al., 2003; Hung et al., 2004). The T-DNA insertion
mutant AtATase2 (Atadt2) showed strong growth retardation and a chloroplast phenotype (van
der Graaff et al., 2004), indicating that the purine de novo biosynthesis is crucial for Arabidopsis
development. Moreover, PRAT can be strongly competitively inhibited by IMP and GMP in
soybean (Reynolds et al., 1984) suggesting that plants have a strategy of feedback inhibition to

regulate de novo purine biosynthesis.
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Plants turn on purine biosynthesis in the light, which is not only supported by transcriptional
data but also demonstrated in this study as purine contents such as IMP, inosine, and xanthosine
are elevated in the early of the day (Figure 18 A). On the contrary, purine synthesis is turned
off at night maybe because purine synthesis is energy consuming (Zrenner et al., 2006). During
the night, plants consume starch accumulated during the day by photosynthesis to fuel their
energetic requirements, and 90% of the starch is depleted by the end of the night (Usadel et al.,
2008). When the night is prolonged, as in one of the experiments shown here (Figure 17), the
metabolic changes indicating active purine biosynthesis that occur in the light are not observed,
showing that it is the light which stimulates purine biosynthesis. Biosynthetic pathways do not
only require energy but also carbon and in the case of nucleotide biosynthesis also nitrogen
resources. These are more available during the day, which may be an additional reason for the

stimulation of purine biosynthesis by light.

In addition, purine biosynthesis can also be upregulated under cold stress. The transcript of the
first enzyme (PRAT) of purine synthesis is strongly increased (Klepikova et al., 2019) and the
ATP content accumulates in rape and wheat leaves (Sobczyk and Kacperska-Palacz, 1978;
Perras and Sarhan, 1984), indicating that the synthesis of purine nucleotides in plants should be
enhanced under cold stress. Therefore, we monitored the purine contents of Arabidopsis
seedlings at different times during cold treatment (10°C). The data demonstrate that purine
synthesis is enhanced at the early stage (within 3 hours) of cold stress (Figure 21) leading later
to more ATP and GTP. By contrast, purine catabolism is downregulated in Arabidopsis under
cold stress (Figure A-6). Plants may use this strategy to produce more energy substances such
as ATP in response to cold stress. Because more energy is required for plants to acclimate to
the low temperature, for example, the activity of glucokinase (GlcK) in Arabidopsis is
significantly increased under cold stress, requiring more ATP for central carbohydrate

interconversions (Ndagele et al., 2011).

4.3 Functional analysis of PINK

4.3.1 PINK is an inosine kinase and should be involved in the feedback regulation of

purine biosynthesis

Nucleosides are salvaged to monophosphates by various kinases, such as adenosine kinases
(ADKSs), pseudouridine kinase (PUKI), and uridine cytidine kinases (UCKs) (Moffatt et al.,
2002; Chen and Thelen, 2011; Ohler et al., 2019; Chen and Witte, 2020). In addition, it has
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been speculated for a long time that plants may have a guanosine and inosine kinase (IGK)
because the externally supplied radioactive guanosine and inosine was found in their salvage
products (Ashihara et al., 2018), and an IGK was found in Escherichia coli. IGK from E. coli
has a similar turnover number for guanosine and inosine but of Km for guanosine of 6.1 uM
and 2100 uM for inosine (Mori et al., 1995; Wang et al., 2020). As the Km value for guanosine
of Escherichia coli IGK is much lower than that for inosine, it acts more likely as a guanosine
kinase instead of guanosine/inosine kinase in vivo, indicating that in Arabidopsis, there is may

be more than one enzyme involved in the salvage of inosine and guanosine.

As the substrate of PINK, inosine is not a major intermediate of purine metabolism in
Arabidopsis (Baccolini and Witte, 2019). The source of inosine remains unclear, but may arise
from IMP dephosphorylation, transfer RNA turnover, spontaneous deamination of adenosine,
and vacuolar RNA degradation. So far, no toxic effects of inosine accumulation in plants have
been found. Nevertheless, inosine is involved in the regulation of target of rapamycin (TOR)
which is controlling autophagy. The TOR protein complex can negatively control autophagy in
Arabidopsis (Liu and Bassham, 2010; Pu et al., 2017) and is regulated by the purine nucleotide
level (Kazibwe et al., 2020). Furthermore, external inosine feeding rescues the constitutive
autophagic phenotype mediated by TOR in Arabidopsis caused by impaired rRNA turnover
(Kazibwe et al., 2020). Thus, PINK may also be involved in the regulation of autophagy by
TOR signaling. If external inosine feeding could prevent the autophagic phenotype due to
defective rRNA degradation in pink background, it would indicate that inosine directly
regulates TOR. If not, it would provide evidence that the IMP salvaged by PINK may be one
of the upstream signals of TOR.

In this study, some evidence has been shown that PINK might be involved in the feedback
regulation of purine de novo synthesis by affecting the plastid IMP pool, as the absence of PINK
leads to xanthosine accumulation while overexpression of PINK reduces IMP content in both
wild type and nshl background (Figure 18 A, Figure 19 A, and Figure 22). Theoretically,
metabolic flux analysis of purine nucleotide biosynthesis could be performed to validate this
hypothesis. In particular, labelled >N can be used to replace the normal N source followed by
quantitative analysis of *°N labelled purine metabolites. If purine metabolites would be more
rapidly labelled in the PINK mutant compared to wild type, this would indicate higher flux
through the pathway and the hypothesis could be further verified. In addition, metabolite
analysis in subcellular fractions could also be done to quantify the plastid and cytosolic IMP

pools, respectively. If the plastid IMP pool was larger while cytosolic one was smaller in the
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absence of PINK, this would provide direct evidence that PINK participates in the feedback
regulation of de novo purine synthesis via moderating the plastid IMP pool. However, neither
of these techniques are currently established in our laboratory.

Xanthosine is a central molecule in purine nucleotide catabolism; it can be dephosphorylated
from xanthosine monophosphate (XMP) and deaminated from guanosine under the catalysis of
XMP phosphatase (XMPP) and guanosine deaminase (GSDA), respectively (Dahncke and
Witte, 2013; Heinemann et al., 2021). It is not salvaged to XMP in Arabidopsis (Yinetal., 2014)
but degraded to xanthine by the complex of NSH1 and NSH2 (Baccolini and Witte, 2019),
making it possible for xanthosine to act as a marker of the flux through the purine catabolism
in Arabidopsis. In this study, one of the pieces of evidence provided for enhanced purine
biosynthesis is estimated from the increased xanthosine content, because Arabidopsis does not
accumulate purine nucleoside triphosphate (Figure 17 B, Figure 18 B, and Figure 19 B) in pink
or nshl background. Under normal long-day conditions, changes in purine biosynthesis lead to
alterations in flux through the catabolic pathway rather than in the content of ATP or GTP.
Even though xanthosine accumulated strongly to 390-fold above wild type level in the NSH1
mutant due to the block of its degradation, 240 nmol g* FW more xanthosine was observed in
the PINK NSH1 double mutant, which even exceeded the combined pool size of ATP and GTP
(Figure 19). The result provides strong evidence that the increased flux into the purine
degradation pathway led by the absence of PINK is most likely a result of upregulated purine
de novo biosynthesis, since PINK shows no activity to xanthosine at all (Figure 10 C). In
addition, the growth retardation phenotype observed in the PINK NSH1 double mutant (Figure
16) may be a result of xanthosine accumulation, as the accumulation of some nucleosides can
result in physiological phenotypes, for instance, increased guanosine in the GSDA mutant leads
to a dark stress phenotype (Schroeder et al., 2018) and the accumulation of pseudouridine in
the PUKI mutant causes delayed germination (Chen and Witte, 2020).

To facilitate the further study of PINK, a polyclonal anti-PINK antibody was generated with a
good but not very high detection sensitivity (Figure 15 B). However, PINK can only be detected
in pink::C but not in the wild type on immunoblots (Figure 15 B), indicating that PINK is rather
low abundant in Arabidopsis. Additionally, the metabolic phenotype between wild type, pink,
and pink::C can be only observed at the early phase of light (at 3 hours of light) and vanished
at the end of the night or the longer light time (9 hours of light) during the normal long-day
conditions (Figure 18 A), suggesting the function of PINK is only needed by Arabidopsis at the
early phase of light, a period when purine biosynthesis is higher (Figure 17 and Figure 18).
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Moreover, there is no drastic transcriptional changes observed for PINK. Therefore, it can be
concluded that PINK is likely encoded by a housekeeping gene dampening the sudden increase
of purine metabolic flux due to purine de novo biosynthesis at the early stage of light.

4.3.2 PINK under cold stress

Plants have evolved a range of mechanisms to tolerate environmental stresses such as low
temperature. The plasma membrane is the primary target of cold stress, resulting in the
qualitative and quantitative modifications in its lipid component (Uemura et al., 1995), which
can further lead to oxidative damage, cytoskeleton breaking, and disruption of photosynthetic
signaling (Sharma et al., 2005). In addition, the data indicates that the purine biosynthesis is
also stimulated at low temperature in Arabidopsis (Figure 21), and it was thought that the
metabolic effect of PINK may be enhanced under this condition.

To further investigate the physiological function of PINK, metabolite quantitative analysis of
wild type, pink, and pink::C is performed under short-term cold stress. However, the metabolic
role of PINK seems not important anymore when purine biosynthesis is presumably strongly
induced, since the original molecular phenotype, the altered IMP and inosine content in pink
and pink::C, disappears under cold stress (Figure 22). The feedback inhibition of purine
synthesis is probably overlaid by some cold-induced mechanisms, and the salvage function of

PINK is no longer influencing the purine nucleotide homeostasis under cold stress.
4.3.3 PINK in pyrimidine homeostasis

The absence of NSH1 leads to uridine accumulation, since NSH1 is not only crucial for the
purine degradation pathway but also involved in pyrimidine catabolism catalyzing uridine to
uracil (Jung et al., 2009; Riegler et al., 2011). Interestingly, even more uridine accumulates in
the absence of PINK in nsh1 background (Figure 19 C), suggesting that PINK may be involved
in uridine salvage in vivo as it phosphorylates uridine to UMP in vitro (Figure 10 and Figure
13). However, between wild type and pink, no effect on uridylates is observed putting into
question an in vivo function of PINK as uridine kinase (Figure A-3 B and Figure A-4 B). It is
possible that PINK does not play a role as a uridine kinase unless the uridine concentration is

increased, such as in nsh1 background, which does not happen in the wild type.

In addition to uridine, UTP also over-accumulated in pink nshl but did not return to the level
found in the NSH1 single mutant when PINK was overexpressed in pink nshl (Figure 19 C).

However, the increased UTP content observed in pink nshl and pink nsh1::C may be from
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different pathways. In pink nshl, the accumulation of UTP may be a result of upregulated

pyrimidine biosynthesis, because the absence of PINK probably leads to a decreased plastid

UMP content which has been shown negatively regulates the first two enzymes of pyrimidine

de novo synthesis (Bellin et al., 2021). Nevertheless, the elevated UTP content in pink nshl::C

is likely due to the enhanced uridine salvage.

To further verify whether PINK is involved in pyrimidine homeostasis in Arabidopsis,

metabolic analysis could be performed in the context of impaired pyrimidine degradation

independent of the NSH1 background, in particular, in the dihydropyrimidine hydrolase (DPYH)

or S-ureidopropionase ($-UP) background. The accumulation of dihydrouracil in the PINK

DPYH double mutant and more ureidopropionate in the PINK S-UP mutant would be expected

if PINK was a negative regulator of pyrimidine biosynthesis by controlling the plastid UMP

pool.
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Figure 29. Model of inosine salvage by PINK in the context of purine
metabolism.

The source of inosine has not been elucidated; it may arise from the turnover of t-RNA,
in which inosine occurs or from non-enzymatic adenosine deamination in RNA in
general. Moreover, inosine may also be made in plastids from IMP mediated by a
putative plastid IMP phosphatase (IMPP ?), which not necessarily is specific for IMP.
A putative IMP transporter (IMPT ?) and a putative plastid nucleoside transporter
(NT ?) are shown.

4.4 Functional analysis of K6-2

4.4.1 KBG6-2is a negative regulator of purine nucleotide synthesis

K6-2 phosphorylates AICAv, inosine, guanosine, uridine, adenosine, and N°-methyladenosine
in vitro (Figure 9), showing a preference for AICAr, guanosine, and inosine (Figure A-7). The
low expression of the enzyme in the K6-2 mutant leads to the accumulation of IMP, AICAr and
inosine (Figure 28). IMP is a product of purine biosynthesis while AICAr is the
dephosphorylation form of AICAR which is an intermediate of purine de novo synthesis, and
inosine could be dephosphorylated from IMP, providing strong evidence that lower expression
of K6-2 leads to enhanced purine biosynthesis. To maximize the molecular phenotype,
metabolite analysis of the K6-2 knock-down mutant could be performed in a follow-up study
under different light conditions, as the purine biosynthesis is turned on at the early phase of
light (Figure 18 A). In particular, the effects of purine contents (AICAr, inosine, and IMP) in
k6-2 would be bigger at 3 h of light than that at the end of the night or 9 h of light if K6-2
negatively regulated purine synthesis. Moreover, metabolic analysis of K6-2 variants can also
be carried out in the context of impaired purine catabolism, for example in the NSH1
background. It could provide another line of evidence for the suggested negative regulation of
purine synthesis by K6-2, if purine compounds over-accumulated in a K6-2 NSH1 double
mutant. Additionally, it is also interesting to perform quantitative metabolite analysis of K6-2
variants in pink background to explore whether their biological functions overlap since both are
located in the chloroplast (Figure 12 and Figure 24) and may be involved in the local control of
purine de novo synthesis. Last but not least, the products of purine nucleotide degradation, such
as xanthosine, hypoxanthine and xanthine, could also be quantified in the future work, because

upregulated purine synthesis should also result in increased pools of such purine catabolites.
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4.4.2 K6-2 may be an AICAr kinase in Arabidopsis

If K6-2 is an AICAr kinase in vivo, the upregulated purine synthesis in k6-2 could be a result
of either AICAr accumulation or AICA ribonucleotide (AICAR) decrease. AICAr might serve
as a signal stimulating purine biosynthesis, or the potentially reduced level of AICAR in k6-2
might have a stimulating effect on purine biosynthesis. Investigating these hypotheses is
challenging since the elevation of the AICAr concentration in k6-2 can also originate from
stimulated purine de novo synthesis and AICAR is not detectable in Arabidopsis with our
current LC-MS technique. For further study, the LC-MS technology should be optimized to
measure AICAR in plant matrix, for example, by finding the optimal mobile phase gradient or

energy source conditions for the detection of this compound.
4.4.3 KB6-2 is more likely a guanosine kinase

The tendency of decreased GMP content in k6-2 and increased amount of GMP and GTP in k6-
2::C (Figure 28), provides a hint that K6-2 might be a guanosine kinase in Arabidopsis even
though there is no guanosine accumulation in k6-2 (Figure 28). The lack of guanosine
accumulation could be explained by active guanosine degradation mediated by guanosine
deaminase (GSDA, Figure 29). In addition, the apparently enhanced purine de novo synthesis
in k6-2 background might be a result of a decreased plastid GMP pool size, because GMP has
been reported to be a feedback inhibitor of PRAT (the first enzyme involved in purine
biosynthesis) in different species, such as human (Holmes et al., 1973), E. coli (Messenger and
Zalkin, 1979), and soybean (Reynolds et al., 1984).

GSDA is responsible for the deamination of guanosine to xanthosine, and the absence of GSDA
leads to the guanosine accumulation in Arabidopsis (Dahncke and Witte, 2013). Straube et al.
(2021) have shown that in addition to guanosine, GMP, GTP, and ATP contents also rise in the
GSDA mutant as a side effect of the increased guanosine pool. By contrast, the IMP content is
significantly reduced in gsda, which has been interpreted as a consequence of AMP deaminase
(AMPD, Figure 29) inhibition by increased concentrations of GMP. However, the drastic IMP
decrease in gsda shown by Straube et al. (2021) could also be influenced by the reduced de
novo purine synthesis, which may be a result of the upregulated plastid GMP pool potentially
produced by K6-2.

To assess this model, the K6-2 GSDA double mutant should be generated and metabolically
analyzed in future work. If there was more guanosine in k6-2 gsda than in gsda, K6-2 will be

identified as a guanosine kinase in vivo. Other purine metabolites may also vary in these genetic
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backgrounds, for example, there would be more IMP in k6-2 gsda than in gsda, because the
feedback inhibition of purine biosynthesis potentially influenced by K6-2 controlled plastid
GMP pool should be downregulated in k6-2 gsda if this hypothesis was correct. Metabolite
analysis can also be performed in K6-2 variants with external guanosine feeding. After feeding
guanine, fewer products of de novo purine synthesis, such as IMP, would be expected if this

model was true.

4.5 Conclusion

Nucleotide metabolism plays an important role in plants, because next to amino acids, sugars
and lipids, nucleotides form the fourth major class of central metabolites. PfkB kinases from
Arabidopsis with potential nucleoside kinase activity have been characterized in this study,
leading to the identification of a plastid inosine kinase (PINK). PINK is validated as involved
in inosine salvage through different lines of evidence. Evidence has been provided suggesting
that PINK acts as a negative inhibitor of purine de novo biosynthesis. In addition, PINK

possibly contributes to pyrimidine homeostasis by influencing the plastidic UMP pool.

Another member of the PfkB family, kinase 6-2 (K6-2), has been partially characterized in this
work. As PINK, it also may be a negative regulator of purine biosynthesis residing in plastids.

However, to fully explore the biological function of K6-2 in vivo, further analyses are needed.
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APPENDIX

Appendix of Figures

Figure A-1. Multiple protein sequence alignment of PfkB kinases.

Protein sequences for ADKs, PUKI, RBSK, PINK, and KINASE 6 from Arabidopsis
thaliana, Phaseolus vulgaris, Solanum lycopersicum, Oryza sativa, Sorghum bicolor,
and the algae Chlamydomonas reinhardtii were obtained from the Phytozome database.
Subsequently, the alignment was obtained using the online tool Muscle (EBI) and the
light (dark) blue indicates the similar (identical) amino acid. The conservation, quality,
consensus, and occupancy can be found beneath the aligned sequences. The names of
the protein being analysed are listed on the left and the Arabic numerals represent the
sequential position of the amino acids.
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Pha_wi_ADEI/I-34]
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Sor_bic_ADK1-344
Ara_ADXI/1-344
Ara_ADX2/1-345
Sol_Ive_ADKI/-340
Sol_lve_ADK3/1-339
CRI_rhe_PINKI-474
_sar_PINE/I-470
Sor_bic_PINE/I-481
Ara_PINK/I-488
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On_sat_Kb6-2/1-364
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Sor_bic_K6-2/1-470
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Sol_he_K6-2/1-409
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APPENDIX

CRI_rhs_ADKI-346 165 TGFFITWEPAS IEFHVAKHCAENDE I VAMNLEAPFIVOQVPR.- - - - - - - - - - - FEEVLMDEMPYIDFLFGHEI EAAAL A 230
Fha_wwl_ADKII-341 164 AGFFLTVSPDS ILLVAEHAAANKKLFSMNLEAPFICEL FRERLEEALPY¥TDFVFGHETEAKTFS 227
Fha_wwl_ADKII-341 164 SGFFLTVSPDS IQLVAEHAAANSKTFMMNLEAPFICEF FEDALVEVLPY¥MDYVFGHNETEARTFS 227
Ory_sat_ADKI/I-341 164 AGFFLTWSPDS I0LVAEHAAANNEVF LMNLEAPFICEF - - FRDAQEEVLPFVDYIFGHETEARIFA- - - - 227
Sor_bic_ADKI/I-342 165 AGFFLTVS PDS 1L VAEHAAANNEVF LMHLSAPFICEF - - FEDAQEKEVLPYADYIFGHNETEAKIFA- - - - 228
st ADK2I-344 167 AGFFLTVWSPDS IQLVAEHAAATNEVFMMNLEAPFICEF - - FRDAQEEALPYADYIFGHETEARTFA- - - - 230
Sor_bic_ADENI-344 167 AGFFLTVS PDS I QL VAEHAAATNEVFMMILEAPFICEV- - - - - - - - - - - - - FREDAQEEALPYVDYIFGHNETEARTFA 230
Ara_ADKII-334 167 AGFFLTVWSPES IQLVEEHAAANNEVF TMHNLEAPFICEF FEDVQEKECLPY¥MDYIFGHNETEARTFS 230
Ara_ADK2i1-345 168 AGFFLTVWSPES I0LVS EHAAANNKEVF TMHNLEAPFICEF - - FEDVQEEFLPYMDFVFGHETEARTFS - - - - 231
Sol_hve_ADKI/I-340 164 AGFFLTVSPES IQLVAEHAAANNKIFEMNLEAPFICEF - - FEDPQEEALPYMDFVFGHETEARTFS - - - - 227
Sol_hve_ADK2/1-330 163 AGFFLTVWSPES I0LVAEHAAAKNEVFSMNLEAPFICEF FEDQQEEVLPY¥MDFVFGHNETEARTFS - - - - 226
_PINEIT-474 M43 NGFIFDELPLOAVOACVLDATSOGA AIFFDPGPRCOTMLEGP - - RRAALDLLLDLE CYVNMLMTEEEAHVVET - - - - 310
v_saf_PINEI-470 227 NGYAFDELFPDVISSAIDCAIDAGT - AVFFDPGPRGESLLHGTLDEQRALEHS LRELEDVLLLTSDEAESLT - - - - 206
Sor_bic_PINK/I-481 239 NGYAFDEFFPDVIASSIDCAIDSGT - AVFFDPGPRGESLLHGTLDEQRALEHALRFSDVLLLTSDEAESLT - - - - 308
Ara_PINET-488 42 NGYDFDDFSPEFIMSTIDYAAKVGT - AIFFDPGPRGESLSEKGTPDERRALAHFLEMSDVLLLTS EEVEALT- - - - 311
Fha_vwi_PINKI-470 228 NEYGFDELSPGAILS AMEYAVEVGT - SIFFDPGPRGEELS TGS PDEQRALNQLLEMSDVLLLTSDEAESLA- - - - 297
Sol_hve_PINET-476 234 NGYDFDELSPELLESALECAVESGT - SIFFDPGPRGRSLIAGRPEEQRTIGELLTMSEVLLLTS EEAASLT- - - - 303
161 DGRLTEA - - -REARREGI - LEPGLOQOLLAEADFVVTSAHFPOQDWT- - - - 214

-2 185 DEYSDEM -EQADQMETI - TREELGGLLS LASYIVCHGEFPEEWT- - - - 240

Am _K61/1-367 151 NGRS REA -QEAHSENI - KRTGLDELIDLADYAICSTHNFPRQEWT - - - - 204
Ara_K6-2/1-340 187 DVELHET -KEEAS REEI - KREDGLDDLLPFADY¥WVCPENFPQTWT - - - - 240
Sor_bic_K6-2/1-470 255 DVELHDT -EEASQREI - KREGLDELLNFAS¥WVCTAKFPQAWT - - - - 308
o r_K6-1/1-308 183 DVELHET -EEASQREL - KERDGLDELLNFAS¥WVCSAKFPOAWT - - - - 236
Sor_bic_K6-1/]-365 150 DVELHET - - -EEASREEI - KREGLDELLNFAT¥WVCSAKFPQAWT - - - - 203
Sol_hve_K6-1/1-408 178 DGVLQETELLSALVVA- REAHRENI - KRERVDDLLNLAT¥WVCSARFPQVIWT - - - - 235
Sol_he_K6-2/1-409 193 DGRLHET- - - - AAIVA- EEANRERGI - KREGLDYLLNFAS¥WVCSTEFPQEWT - - - - 246
FPha_vui_Ko-1/1-362 146 DGELHET ALVVA-HEAVEENI - LEEGLDDLLELADYWVVCAAQFPQAWT - - - - 199
FPha_wwl_K6-2/1-307 185 DERLPDT ALVVA- QEAVEENT - PREGLDDLLELADYVVCSAKFPEAWT- - - - 238
Cry_sat_PUKIT-421 178 DANLS PD SLEAACKIAHESGV- EGSRIAPIAKFITY¥TSPNEIEL VAMA - - - - 234
Sor_bic_PUKII-418 174 DANLPPE SLEAACITAYESEW- KESRRIAPVAEVITCTSPNEIEL VAMA - - - - 230
Ara_PUEDI-3T8 135 DANLSSL- - - -ALEAS CKLAAESS NV KESQRIASTAKYVTINS PNODEL I AMA 191
FPha_wi_PUKIT-414 167 DANMSHP - - - - SLEAACKMATDMEC KSsRRISFIVEYVTFASPNEDEL I AMA 23
Sol_lve_PUKIT-412 164 DANLTS S SLEAS COLAAQFNT - KESRRVASVVQ¥VTFASPHNED EL VAMA - 220

Chl_rhe_PUKIT-374 185 EANLE EG ALEYVCRTAAAARN- EAARLARSLPYATFWVS PNAGELMSMADEV’R.R.QAELPLLPR.PQLPDDSPAPPGS 268
CRI_rhe_RBSKT-310 139 QREIPEP VHVEVAKELAAAAGNH- EGPIDPTILPCLALLSEPHNETELARLT - 104
Ory_sat_RBIKT-367 194 QREIPDW- - - - VHVOQVAQAAKGAGW DAPVPGELLSLVDIFSPHNETELARLT 249
Sor_bic_RBIKT-364 191 QREIPDW- - - - VHAQAAQAAKSAGW DAPVPGELLSLVDIFSPHNETELARLT 246
Pha_vwi_RESK/I-361 191 QREIPDY VNAQVAQAARNAGY- DGPFPPQLLNFVDILEPNETELARIT - - - 246
Sol_lve_RBSXI-376 206 QREIPDF VHIQVAKAARNAGW- DEPIPLELLECVEIFSPHETELARIT: - - - 261
Ara_RBSE(1-379 208 QREIPDES - - - - INIQVAEAVEEAGW DTPIPHNELLDS IDILSPHETELSELT 263
Conservation . . I I I - I . l
4332131----56356-42+23337 2423531472655654554358227 77 7cccccccmcama - < -
Quiality 'II I.I- II --I.-
Consensus

DGFLLDVSPDSALL VAEHAAAN+EVF+MNLSAPVIFDAGPERKS LLHGT PDERDALEELLPYADY VS PNETEAQAWIDEVERQAGLPLLPRPQLPDDSPAPPGS

Dccupancy - .

ChI_rhe_ADE/-346
Pha_wi_ADEI/1-34]
Pha_wI_ADENI-34]
Cry_sat_ADKI/I-341
Sa: bic_ADKI/1-342
at_ADK2/I-344
Sa:_hc_ADK’H -344
Ara_ADKI/1-344

Ara_ADI2/1-395

Sol Jyve_ADKI/1-340
Sol_lve_ADK3/1-339

AKEMS RMPEANGCRPRVVY
ALEISQWPEVSGTHERITW
--ALEISELPEASGTHERITW
--ALEKISQLPLASGEQERIAWV

-ALKEISQLPLAS GEQERIAW
ALEISQLPEAS GAHERITW
AWEISQLPEASGTHERITW
--AIEMSQLPEASGTYERTTW
--ATEISQLPEATGTYERTTWV
--ALEISQWPEASGHERITVI
.- - -ALKEISQWPEASGTRERITWV
- AR.PNARAQ\?NVVKMGANGAVL CTH-

Chi_rhe_PINE/I-374 347
Cny_sat_PINE/I-470 - S - - -ER-GIRTEWUVIEMGSEGS IMV- - - - - - 330
Sor_bic_PINK/I-481 - S - ¥ - -KE- GVETEQVVIEMGSEGS IMI - - - - - - 342
Ara_PINEI-488 B .- - -GEGTEWWIVEMGPEGEILY- - - - - - EEC - .- 345
Fha_wwl_PINKI-470 -GIRTEWVWIVEMGSEEGSILI- - - - - - R .- 331

Sol_hve_PINET-476 -GVCTEWVIVEMGPEGS ILI

- 33

CRI_rhe_K6/0-484 -LPEARWVITTLGTRGS VLLERPPPPAGTGGGS GEGS G‘NGS 269
Cry_sai_K6-3/1-364 -YPRACFAVVTLGENG CMMLER - 276
Ara_K6-1/1-365 -LPELEFVIMTLGEHGCVMLER- - - - 240
Ara_K6-2/1-340 -LPELEFVIVT: GEHGCLMVQR- - - - 276
Sor_bic_K6-2/1-470 -LPNIKEFVIVILGEEGCLMLER- - - - 344
ar_K6-1/1-308 -LPNIKFIIVTILGEEGCLMLER- - - - 7
Sor_bic_K6-1/]-365 -LPEIEFVIVTILGEEGCLMLER- - - - 239
Sol_hve_K6-1/1-408 -LPNIKEFVIVILGED GCMMLER 271
Sol_lve_K&-2/1-400 -LPEVEFWIVTLGEDGCIMLOR 282
FPha_wwi_K6-1/1-362 -LENIKFVIVTILGEDGCIMLER- - - - 235
FPha_wwl_K6-2/1-307 -LPNIKFVIVTILGEDGCIMLDER- - - - R --- 274
Cry_sat_PUKIT-421 -EEGIKFLLVTLGENGVFVC- - - - - - R .- 202
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Figure A-2. Expression overviews of pink and k6-2 in Arabidopsis.

Expression overviews of (A) pink and (B) k6-2 were obtained from Arabidopsis eFP
Browser 2.0. From yellow to red, sequentially representing higher gene expression
(indicated).
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Figure A-3. Metabolite analysis in seedlings of the PINK mutant under

different light conditions.

(A) Purine, (B) pyrimidine, and (C) AICAr contents in 10-day-old seedlings of wild
type and pink. Error bars are SD (n = 3 biological replicates). An unpaired t test was
used for statistical analysis in each treatment group. 0 h light, the seedlings were
harvested at the end of the night; 3 h light, the seedlings were harvested 3 h after the
end of the night; 3 h dark, the seedlings were harvested 3 h after the end of the normal
night, but the night was prolonged and these seedlings were not exposed to light. FW,

fresh weight.
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Figure A-4. Metabolite analysis in seedlings of PINK variants with different
durations of light.

(A) Purine, (B) pyrimidine, and (C) hypoxanthine contents in 10-day-old seedlings of
wild type, pink, and pink::C. 0 h light, the seedlings were harvested at the end of the
night, right before the onset of light; 3 h light, the seedlings were harvested 3 h after
the end of the night; 9 h light, the seedlings were harvested 9 h after the end of the
night. Error bars are SD (n = 3 biological replicates). The detection limit for
hypoxanthine in plant matrix was 0.1 nmol g FW. Two-sided Tukey's pairwise
comparisons were performed separately for each time point for statistical analyses.
Different letters indicate significant differences at p < 0.05.
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Figure A-5. Metabolite analysis of Arabidopsis wild type seedlings

with cold treatment.

(A) Metabolic contents of 10-day-old wild type seedlings exposed to 10°C for different
times. Two-sided Tukey's pairwise comparisons were performed for the statistical
analyses. Different letters represent the significant differences at P < 0.05. (B)
Nucleotide and nucleoside content in wild type seedlings grown at normal long-day
condition up to day 7 and then either left growing under these conditions for three days
(orange data points) or exposed to cold (16 h light period, 10°C throughout; blue data
points). For statistical analysis at each time point, an unpaired t test was used.
Statistical differences at p < 0.05, p < 0.01 and p < 0.001 are indicated by *, ** and

*** respectively.
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Figure A-6. Metabolite analysis in seedlings of PINK variants with short-

term cold exposure.
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Metabolic contents of 10-day-old seedlings of wild type, pink, and pink::C without or
during 3 hours of cold treatment(10°C). All plants were harvested 3 hours after the
onset of light. Error bars are SD (n = 3 biological replicates). For statistical analysis at
each time point, two-sided Tukey's pairwise comparisons were used. Different letters
represent statistical differences at p < 0.05.
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Figure A-7. Specific activity of K6-2.

Specific activity of K6-2 for guanosine, inosine, AICAr, uridine, adenosine, and N°-
methyladenosine. The results are derived from the HPLC analysis (Figure 9) and
calculated by ADP formation after 50 min reaction (velocity rates maybe not linear).
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Appendix of Tables

Table A-1. Accession numbers used for bioinformatic analysis.

Species

Protein

Accession number

Arabidopsis thaliana

Phaseolus vulgaris

Solanum lycopersicum

Oryza sativa

Sorghum bicolor

ADK1
ADK?2
PUKI
RBSK
PINK
Kinase 6-1
Kinase 6-2

ADK1
ADK?2
PUKI
RBSK
PINK
Kinase 6-1
Kinase 6-2

ADK1
ADK?2
PUKI
RBSK
PINK
Kinase 6-1
Kinase 6-2

ADK1
ADK2
PUKI
RBSK
PINK
Kinase 6-1
Kinase 6-2

ADK1
ADK?2
PUKI

102

At3¢09820.1
At5g03300.1
At1g49350.1
At1g17160.1
At1g06730.1
AT5G43910.2
At4g28706.1

Phvul.001G178000.1
Phvul.007G150300.1
Phvul.007G233200.1
Phvul.005G070000.1
Phvul.007G178600.1
Phvul.001G167800.1
Phvul.007G154800.1

Solyc09g007940.2.1
Solyc10g086190.1.1
Solyc019109450.2.1
Solyc079062070.2.1
Solyc09g066130.2.1
Solyc08g078370.2.1
Solyc09g064240.2.1

LOC_0s02g41590.1
LOC_0s04g43750.1
LOC_0s05g09370.1
LOC_0s01g47550.1
LOC_0s05g09370.1
LOC_0s08g45180.1
LOC_0s10g32830.1

Sobic.004G220000.1
Sobic.006G148700.1
Sobic.009G112300.1
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RBSK Sobic.003g248300.1
PINK Sobic.001G494500.2
Kinase 6-1 Sobic.007g161800.1
Kinase 6-2 Sobic.007g211800.1
Chlamydomonas reinhardtii ADK Cre03.9204601.11.1
PUKI Crel7.g701100.t1.2
RBSK Crel10.g424500.t1.2
PINK Cre09.9g387050.t1.2
Kinase 6 Cre01.9045640.11.2
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