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Abstract

Detecting and quantifying low-abundance (deoxy)ribonucleotides and (deoxy)ribonucleosides in plants remains
difficult; this is a major roadblock for the investigation of plant nucleotide (NT) metabolism. Here, we present a method
that overcomes this limitation, allowing the detection of all deoxy- and ribonucleotides as well as the corresponding
nucleosides from the same plant sample. The method is characterized by high sensitivity and robustness enabling
the reproducible detection and absolute quantification of these metabolites even if they are of low abundance. Employing
the new method, we analyzed Arabidopsis thaliana null mutants of CYTIDINE DEAMINASE, GUANOSINE DEAMINASE,
and NUCLEOSIDE HYDROLASE 1, demonstrating that the deoxyribonucleotide (ANT) metabolism is intricately interwoven
with the catabolism of ribonucleosides (rNs). In addition, we discovered a function of rN catabolic enzymes in the
degradation of deoxyribonucleosides in vivo. We also determined the concentrations of dNTs in several mono- and
dicotyledonous plants, a bryophyte, and three algae, revealing a correlation of GC to AT dNT ratios with genomic GC
contents. This suggests a link between the genome and the metabolome previously discussed but not experimentally
addressed. Together, these findings demonstrate the potential of this new method to provide insight into plant
NT metabolism.

Introduction

Metabolomics of nucleotides (NTs) and nucleosides (Ns)
in plants is a notably understudied area, in part is due to
technical challenges concerning sample preparation and
chromatographic separation. In particular, research on
deoxyribonucleotide (dNT) and deoxyribonucleoside (dN)

metabolism would greatly benefit from methods allowing
the comprehensive quantification of these metabolite classes
in plant samples.

Several enzymes of plant dNT metabolism have been
functionally characterized in Arabidopsis thaliana, but a di-
rect impact of loss-of-function mutants on the dNT pools
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was hitherto only proven in one case with a PCR-based ap-
proach that allows only relative quantification of dNT tri-
phosphates (dNTPs) in vivo (Wang and Liu, 2006; Garton
et al, 2007; Yoo et al, 2009). Severe phenotypes like aber-
rant leaf morphology, growth inhibition, white spots in
leaves, and reduced seed vyield result from mutation of plant
dNT metabolism genes (Wang and Liu, 2006; Garton et al,,
2007; Dubois et al, 2011; Pedroza-Garcia et al, 2015, 2019;
Le Ret et al, 2018). Although not shown, these mutations
likely cause altered cellular dNT concentrations, which in
turn are probably often the reason for the phenotypic alter-
ations. Changes of NT quantities affecting DNA and RNA
replication were observed in similar mutants of non-plant
organisms (Nick McElhinny et al, 2010a, 2010b; Gon et al,
2011; Kumar et al, 2011). Furthermore, the catalytic func-
tion of plant dN kinases could so far only be validated
in vitro (Stasolla et al, 2003; Clausen et al, 2012; Pedroza-
Garcia et al, 2015; Le Ret et al, 2018; Pedroza-Garcia et al,,
2019), because possible changes of dN concentrations in the
corresponding mutants cannot be assessed with current
methods (Pedroza-Garcia et al, 2015, 2019; Le Ret et al,
2018). The inability to detect dNs is also the reason why the
metabolic fate of dNs is currently unknown in plants. dNs
might be degraded by the same enzymes that also catabo-
lize ribonucleosides (rNs), because at least some of these
enzymes were shown to catabolize both types of substrates
in vitro (Dahncke and Witte, 2013; Chen et al., 2016).

In contrast to ribonucleotides (rNTs), dNTs, and dNs, the
detection and quantification of rNs and their degradation
products is less challenging this spurred a comprehensive
characterization of the rN degradation pathways in vivo
(Baccolini and Witte, 2019; Witte and Herde, 2020). The ca-
tabolism of rNs is integrated into a complex network includ-
ing the de novo biosynthesis of rNTs and the salvage
(recycling) of rNs and nucleobases ultimately giving rise to
ratios and amounts of rNTs suitable for all downstream pro-
cesses (Zrenner et al, 2006; Ashihara et al,, 2020; Witte and
Herde, 2020).

Unlike most animals, plants are able to fully catabolize pu-
rine and pyrimidine rNs including the nucleobases, using the
released nitrogen for amino acid biosynthesis (Werner et al,
2010; Werner and Witte, 2011; Ashihara et al, 2020; Witte
and Herde, 2020). Three key enzymes participate in the ini-
tial steps of rN catabolism: cytidine deaminase (CDA;
Vincenzetti et al. 1999; Kafer and Thornburg, 2000; Chen
et al, 2016; Witte and Herde, 2020), guanosine deaminase
(GSDA; Dahncke and Witte, 2013; Witte and Herde, 2020),
and nucleoside hydrolase 1 (NSH7; Jung et al, 2009, 2011;
Baccolini and Witte, 2019; Witte and Herde, 2020). CDA was
shown to deaminate cytidine and deoxycytidine in vitro and
mutants of CDA accumulate cytidine in vivo (Chen et al,
2016). GSDA deaminates guanosine and deoxyguanosine
in vitro and the mutants accumulate guanosine in vivo
(Dahncke and Witte, 2013; Baccolini and Witte, 2019), while
NSH1 participates in the hydrolysis of uridine, xanthosine,
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and inosine in vitro and in vivo (Jung et al, 2009; Riegler
et al,, 2011; Baccolini and Witte, 2019).

Mutants of GSDA, CDA, and NSH1 show phenotypical ab-
normalities (Jung et al, 2011; Dahncke and Witte, 2013;
Chen et al, 2016; Baccolini and Witte, 2019) during germina-
tion, development, and dark stress. The abnormal pheno-
types are thought to result from the accumulation and
toxicity of rNs or the lack of degradation-derived metabo-
lites (Stasolla et al, 2003; Schroeder et al, 2018; Baccolini
and Witte, 2019). So far, only metabolomic data for rNs and
their degradation products have been obtained in gsda, cda,
and nsh1 mutants, whereas rNT, dNT, and dN pools have
not been investigated due to technical limitations. However,
it would be interesting to quantify dNs in these mutants to
clarify whether the corresponding enzymes are indeed in-
volved in dN degradation in vivo. The substantial accumula-
tion of rNs (and perhaps also dNs) in these mutants might
also result in altered concentrations of rNTs and dNTs be-
cause plants possess kinases for the salvage of rNs and dNs
(Witte and Herde, 2020).

The primary metabolome comprises four main classes of
metabolites: the amino acids, the carbohydrates, the lipids,
and the NTs. While the first three classes are routinely char-
acterized comprehensively in plant metabolome studies us-
ing well-established methods (Salem et al, 2020), this does
not apply to NTs and NT-derived metabolites, which are of-
ten not analyzed at all or are highly underrepresented.
A main reason lies in the lack of suitable methods for a
comprehensive analysis of NTs in plant samples with mod-
ern mass spectrometry (MS) techniques. So far, NT analysis
in plants (see literature survey summarized in Supplemental
Table S1) have employed either liquid chromatography (LC)
combined with photometric detection (Meyer and Wagner,
1985; Dutta et al, 1991; Katahira and Ashihara, 2006), a po-
lymerase assay (Castroviejo et al, 1979; Feller et al, 1980;
Wang and Liu, 2006; Garton et al.,, 2007), or thin-layer chro-
matography (TLC, Nygaard, 1972). These methods suffer
from different drawbacks, for example, low sensitivity (pho-
tometric detection), relative quantification of only dNTPs
(polymerase), or the need for radiolabelled starting material
(TLC). Some metabolome studies quantified rNTs but not
dNTs employing ion-exchange chromatography—MS or
LC-MS (Rolletschek et al., 2011; Souza et al,, 2015); however,
recovery rates of these methods were not reported. To im-
prove dNT detection, some protocols remove rNTs by a
periodate treatment (Dutta et al, 1991) that likely also
affects dNT species such as dGTP, which reacts with dicar-
bonyl compounds resulting from the addition of periodate
(Tanaka et al, 1984; Henneré et al, 2003). Focused rN ex-
traction methods from plant material also exist (Kopecna
et al, 2013) but these are not suitable for NT species.
Ideally, a method coupling LC with modern MS would be
needed.

Plant samples are particularly challenging for metabolo-
mics employing LC—MS because plants contain a plethora
of metabolites making extracts (the matrix) very complex.
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In fact, we previously quantified dNTPs in embryos of
Drosophila melanogaster (Liu et al, 2019), but that same
method failed to work for Arabidopsis tissues. So-called ma-
trix effects can cause ion suppression greatly reducing the
sensitivity of detection in the MS, which for dNTs is critical
as they are not abundant in plant cells. Studies in human
cells suggest that solid phase extraction (SPE), either
employing a silica or an anion exchange resin, is uniquely
suited to enrich NTs and reduce matrix effects for sensitive
detection (Cohen et al,, 2009; Pabst et al., 2010; Kong et al,
2018). Additionally, it has been pointed out that efficient
quenching of enzymatic activities is essential to stabilize
plant extracts, because they contain phosphatases displaying
residual activity in mixed aqueous and organic solutions
(Ullrich and Calvin, 1962; Bieleski, 1964; lkuma and Tetley,
1976).

The LC of charged metabolites as front end for an MS an-
alyzer is also not as straightforward as for moderately polar
or hydrophobic compounds. For the LC-MS detection of
NTs, various LC column materials have been used such as
porous graphitized carbon in reverse-phase mode (Cohen
et al, 2009) and resins carrying zwitterionic functional
groups for hydrophilic interaction chromatography (Kong
et al, 2018). A common problem with these chromatogra-
phies is that retention times can be unstable varying up to
several minutes (Pabst et al, 2010). With the porous graphi-
tized carbon stationary phase, this variation in chromato-
graphic behavior is aggravated when crude plant extracts
are used (our own observation) and might depend on the
redox status of the column resin (Pabst et al, 2010). Taken
together, these issues suggest that the detection and quanti-
fication of NTs in plant samples will require the develop-
ment of a specially adapted protocol considering that
methods of sample preparation and chromatography might
interact to some extent.

In this study, we have established a sensitive and robust
analytical method to simultaneously determine absolute
concentrations of a comprehensive set of NTs and Ns in
plants. The method works for a wide range of plant species
including a moss (Physcomitrium [Physcomitrella] patens)
and three algae (Chlamydomonas reinhardtii, Mougeotia
scalaris, and Volvox carteri). We used the new protocol to
analyze three Arabidopsis loss-of-function mutants in nucle-
oside catabolism lacking CDA, GSDA, and NSH1, respec-
tively. We discovered that all three mutants harbor highly
unbalanced rNTP and dNTP pools and we present evidence
that CDA and NSH1 are not only required for rN but also
for dN degradation in vivo.

Results

Optimization of sample preparation

The complex matrix of plant extracts notably complicates
MS (Bieleski, 1964; Bieleski and Young, 1963; Nieman et al,
1978) preventing for example the straightforward detection
of dNTs, which can be readily detected in non-plant samples
(Kuskovsky et al., 2019). Additionally, plant samples must be
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efficiently quenched for NT analysis because plants possess
stable phosphatases (Bieleski, 1964; lkuma and Tetley, 1976)
that are resistant to harsh conditions like organic solvents.
A method (Figure 1) addressing these challenges was devised
comprising tissue rupture and acid quenching, liquid/liquid
extraction (LLE), weak anion SPE, and LC coupled to MS
(LC=MS).

We evaluated different methods for sample preparation.
In Table 1, we present the main findings of the optimization
while the full detail of tested methods is shown in
Supplemental Tables S2, S3. Consistent with previous stud-
ies, the NT triphosphates (NTPs) were more efficiently re-
covered upon extraction with strong acids like
trichloroacetic acid (TCA) and perchloric acid (PCA) than
with the organic solvent methanol (Bieleski, 1964; Dietmair
et al, 2010) since the latter probably failed to inactivate all
NT phosphatases. In our hands, recovery with PCA
(Ashihara et al,, 1987) was not as good as with TCA presum-
ably because the PCA is removed by precipitation creating a
bulky pellet, which traps liquid making quantitative sample
recovery more difficult.

By contrast, TCA is removed by a LLE step in our method.
Such a LLE has been developed over 40 years ago for mam-
malian systems (Khym, 1975) but has lost popularity, proba-
bly because the original protocol requires environmentally
hazardous and expensive 1,1,2-trichlor-1,2,2-trifluorethan
(Freon-113). We replaced Freon-113 with dichloromethane
(DCM) and adopted the technology for plant extracts.
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Figure 1 Schematic overview of the method for the extraction and
analysis of NTs and Ns. Plant material is disrupted and quenched with
TCA, which is removed together with apolar contaminants by LLE
with DCM and TOA (A). The extract is loaded onto a weak-anion ex-
change SPE cartridge, the flow-through contains (deoxy)nucleosides
for analysis. Subsequently, contaminants are depleted by washing
with methanol (MeOH) and ammonium acetate (NH,4Ac), resulting in
elution of (deoxy)ribonucleotides with MeOH and ammonia (NH3; B).
Isolated fractions are analyzed by LC-MS using a zic-cHILIC column
(NTs and Ns) or a Hypercarb column (NTs; C).
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Table 1 Selection of tested methods and their combined effect on NT recovery

Method Quenching LLE/acid quenching Dilution Recovery (%) dTTP Recovery (%) ATP Recovery (%) dTMP
3 80/20 MeOH/10 mM - - 10.2 103 107.8
NH,Ac pH 4.5 (v/v)
7 6% PCA 20% KOH - 92.3 61.6 26.8
8 15% TCA DCM/TOA - 89.6 92.7 449
(78/22 vIv)
9 15% TCA DCM/TOA 1mL 87.8 90.0 88.4
(78/22 v/v) water
Apart from removing the TCA in an elegant way resulting  Table 2 Relative recovery of Ns, NMPs, and NTPs
in little sample loss, the LLE additionally eliminates apolar Relative recovery (%)
metabolites from the extract. This is advantageous because
it reduces the complexity of the matrix likely contributing NTPs NMPs Ns
to the improved NT recovery in comparison to the PCA dATP 1002
method. An additional boost of recovery for NT monophos- 15N
) L . dctp 104.0 dcmp 113.1
phates (NMPs) was achieved by diluting the sample with 15N 13C, 15N
water prior to application to the SPE (Tables 1, 2). The dilu- dGTP 646
tion results in a reduced salt concentration in the sample 13C, 15N
fostering the binding of the NMPs to the anion-exchange dTTP 87.8 dTMP 884  Deoxythymidine  94.8
matrix of the SPE. One can envisage that by fine-tuning the 13G, 15N 13G, 15N 13G 15N
L. . . ATP 90.0 AMP 90.2 Adenosine 826

salt load of the sample, it will be possible to select against oH 15N 13C
NMPs and other less-strongly bound ionic compounds. Such CTP 1025 CMP 755 Cytidine 963
a reduction of matrix complexity could be advantageous 2H 13C, 15N 15N
when for example only the NTPs are in the analytical focus. GTP 412 GMP 858 Guanosine 864

Interestingly, in the flow-through of the SPE loading step, Sip 910 J,‘U\\'P 1035 U:;'i\‘ne 826
we were able to detect deoxy- and rNs (dNs). Therefore, we 2H 15N 15N
included Ns in the evaluation of the final method (Table 2) Inosine 96.4
determining the recovery rate of NMPs and NTPs in the elu- 15N

ate as well as Ns in the flow-through. Recovery rates for
NTPs ranged from 41.2% to 104.0%, for NMPs from 85.8%
to 113%, and for Ns from 82.6% to 96.4% (Table 2).
Dinucleotides were not assessed because we reasoned that
they will co-elute with NMPs and NTPs. This was later con-
firmed for ADP. In summary, the data show that the new
method allows the simultaneous extraction and preparation
for MS detection of NTs and Ns from the same plant
sample.

Comparison of chromatography methods and
method validation

The chromatography method has a substantial impact on
the sensitivity of the MS analysis because analytes and ma-
trix are differentially separated and focused by distinct chro-
matographic techniques. lon chromatography and capillary
electrophoresis as well as hydrophilic interaction chromatog-
raphy (HILIC) and porous graphitized carbon (PGC) chroma-
tography have been used as front ends for NT analysis by
MS (Ashihara et al, 1987; Riondet et al, 2005; Pabst et al,
2010; Kong et al,, 2018). We used a zic-cHILIC (Merck) for
HILIC (in the following called the cHILIC method) and a
Hypercarb column (Thermo) for PGC chromatography (in
the following called the Hypercarb method) and optimized
the respective chromatographic and MS parameters (see the
“Materials and methods” section, Supplemental Figures S1-
S3, and Supplemental Tables S4-S6). Using the Hypercarb

method, a lower limit of quantitation (LLOQ) of 0.1 pmol
on column for NTs was determined, which was 5-50 times
lower than the 0.5-5 pmol LLOQ on column measured by
the cHILIC method (Table 3). For Ns, the LLOQ was
0.1 pmol on column (Table 4). These sensitivities are similar
or even better than those previously described for the analy-
sis of NTPs from mammalian cells (Kong et al., 2018). Thus,
the sensitivity of our method is sufficient to allow for the
first time the detection and quantification of dNTs in plant
material by MS.

The quantification of isotope standards (ISTDs) spiked
into matrix derived from SPE and resolved either by the
Hypercarb or cHILIC method showed that standard amount
and detector signal correlated with good linearity resulting
in R? values equal or higher than 0.96 for all tested substan-
ces (Tables 3, 4). Different physiological conditions leading
to changing NT or nucleoside concentrations can therefore
be investigated.

Intra- and inter-day precision was evaluated for all used
chromatography methods and three different concentrations
of ISTDs in plant matrix (Supplemental Tables S7, S8). In
general, the coefficient of variation (CV%) was higher for the
cHILIC than for the Hypercarb method and inter-day varia-
tion was higher than intra-day variation. The values ranged
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Table 3 Calibration range, coefficient of determination (R%), and LLOQ for NTPs using the Hypercarb or the cHILIC method

Calibration range (pmol) R* Hypercarb Hypercarb LLOQ (pmol) R* cHILIC cHILIC LLOQ (pmol)

dATP 2.5-80 0.96 0.1 0.99 1

dCcTP 0.98 0.1 0.99 1

dGTP 0.99 0.1 0.97

dTTP 0.99 0.1 0.98 0.5

ATP 25-800 0.99 0.1 0.98 1

cTP 0.96 0.1 0.98 1

GTP 0.99 0.1 0.99 5

uTP 0.99 0.1 0.98 1

Table 4 Calibration range, coefficient of determination (Rz), and
LLOQ for Ns using the cHILIC method

Calibration range R? cHILIC cHILIC LLOQ

(nmol) (pmol)
Deoxythymidine 0.125-2 0.99 0.1
Adenosine 0.99 0.1
Cytosine 0.99 0.1
Guanosine 0.99 0.1
Inosine 0.99 0.1
Uridine 0.99 0.1

from 11% to 31% and are in good agreement with the varia-
tions determined for other SPE-based methods for NT analy-
sis in non-plant organisms (Kong et al, 2018; Cohen et al,
2009).

In order to assess the effectiveness of the SPE method, we
compared the matrix effect factor (MEF) of matrix obtained
from the LLE step (before SPE) with the MEF of matrix
obtained from the complete method (after SPE). The higher
the MEF, the greater is the signal suppression by the respec-
tive matrix (see the “Materials and methods” section).
Additionally, the comparison was made for both chromato-
graphic techniques used, i.e. depending on whether the sam-
ple was separated via the Hypercarb or cHILIC method.
Irrespective of the chromatography method, the SPE low-
ered the MEFs substantially and enabled the detection of
several standards that were undetectable without SPE
(Supplemental Tables S9, S10). Interestingly, the MEFs were
generally lower when the samples were analyzed with the
cHILIC method, showing that not only sample preparation
but also the type of chromatography is important. For Ns,
which are not retained by the SPE, the removal of charged
metabolites from the matrix by the SPE nevertheless re-
duced the MEFs (Supplemental Table $S10). The matrix after
SPE even exerted a positive effect on sensitivity compared
with buffer for some analytes (cytidine, inosine and uridine).
Such ion enhancement effects have been reported previ-
ously (Zhou et al.,, 2017).

The robustness of the presented method, reflected in the
LLOQs, variations, and MEFs, is equal to published SPE pro-
tocols for NT analysis of other organisms (Harmenberg
et al, 1987; Cohen et al, 2009; Guo et al, 2013; Kong et al,,
2018). Remarkably, for Ns, the method has a superior recov-
ery and a similar MEF compared with SPE methods focusing
exclusively on N analysis (Sawert et al, 1987 Farrow and

Emery, 2012; Kopecna et al, 2013). Until now, the parallel
quantification of Ns and NTs from plant samples was not
possible—this robust method now allows this analysis and
thus opens up new possibilities to investigate the NT me-
tabolism of plants in greater depth.

For metabolite analysis, many laboratories have access to
an LC system coupled with a photometric detector, whereas
a MS detector is less common. Thus, it would be desirable
that our sample preparation method also improves the pho-
tometric detection of NTs. After treating the samples with
LLE alone, we were unable to detect any signals for NTs in
the UV trace (at 254 nm) using the cHILIC method, but af-
ter SPE several peaks were detected (Supplemental Figure
S4). For proof-of-concept, we showed that MS signals for
the rNTs ATP, UTP, CTP, and GTP were associated with
four of the photometric peaks. This demonstrates that the
sample preparation via LLE and SPE improves NT detection
also when a photometric detector is employed. However, in
this case, it is recommendable to use other (non-MS-com-
patible) chromatographic separation techniques with in-
creased resolution for NTs (see eg. Meyer and Wagner,
1985). Our sample preparation method requires little plant
material and allows inter alia the quantification of CTP and
GTP in Arabidopsis leaves even without MS, which before
has been difficult (Ashihara et al., 2020). Therefore, it might
generally increase the sensitivity for NTs independent of the
chosen detection method. Nonetheless, the analysis of less
abundant NTs with photometric detection, for example
dNTPs, would require significant upscaling.

dNTP pools in different plants are variable and
correlate with the genomic GC content

We first applied the new method for the detection of NTs
in the model plant A. thaliana. From as little as 100 mg of
fresh material of either 7-day-old seedlings grown in liquid
culture or leaves of 33-day-old plants grown on soil, not
only all canonical rNTPs but also all of their ANTP counter-
parts were robustly detected (Figure 2, A and B). The con-
centrations of the rNTPs were in the nmol g~' range, while
dNTPs were 100- to 1000-fold less concentrated (Table 5).
Data on the NTP contents in plants are scarce (Ashihara
et al, 2020; Witte and Herde, 2020; Supplemental Table S1).
However, our results on dNTPs are overall consistent with
those from a previous study using radiolabelled plant cells
and TLC (Nygaard, 1972). Because ATP and UTP are needed
in higher amounts as energy carriers and for cell wall
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Figure 2 Cellular concentrations and absolute amounts of rNTs and dNTs in Arabidopsis leaves and seedlings. rNTs (rNTPs; A) and dNTs (dNTPs;
B) were quantified in 7-day-old seedlings (unhatched bars) and 33-day-old rosette leaves (hatched bars). Each biological replicate represents a
pool of several seedlings (A) or two leaves (B) which met the criteria outlined in the “Materials and methods” section from one individual plant.
For seedlings, every replicate is a pool of seedlings grown together in one flask. Replicates were grown in parallel under identical conditions.
Concentration of rNTPs (C) and dNTPs (D) in NT containing compartments of 33-day-old leaves. The concentration was calculated with the
assumptions and formulas given in the “Materials and methods” section. Error bars indicate standard deviations (s) for n = 3 biological replicates
(A and B) or n = 6 biological replicates (C and D). * means P < 0.05 and was determined using a two-way ANOVA with Sidak’s post test.

Table 5 Ratios of INTP/dNTP in 7- and 33-day-old Arabidopsis plants

ATP/dATP CTP/dCTP GTP/dGTP UTP/dTTP
7 day 945 268 250 574
33 day 528 189 313 166

synthesis, respectively, the ratio of ATP/dATP and UTP/
dTTP is higher than for CTP/dCTP and GTP/dGTP in seed-
lings (Table 5).

Interestingly, the dTTP and the dATP pools are increased
and the UTP pool is decreased in older plants in comparison
to seedlings (Figure 2, A and B). This may seem counterintu-
itive because one might expect more dNTPs in young grow-
ing tissue undergoing frequent cell divisions, but older
tissues might require dNTPs for endoreduplication or for
DNA damage repair. However, one needs to bear in mind
that the growing conditions of the seedlings and the older
plants were quite distinct, which may also account for the
differences.

The immediate concentration of metabolites in a cell or
cellular compartment influences enzyme activities or

regulatory processes. It is therefore interesting to estimate
the cellular concentrations of NTs. We used the cell and cell
compartment volumes reported by Koffler et al. (2013) for
leaves of 33-day-old plants. Based on the simplifying
assumptions that NTs are equally distributed in the nucleus,
cytoplasm, chloroplasts, and mitochondria, and largely ab-
sent from other cellular compartments, the average rNTP
concentrations ranged from 100 to 750 WM whereas the
concentrations of dNTPs were between 0.5 and 1.6 pM
(Figure 2, C and D).

To ensure that the quenching in our method is suitable
to preserve the phosphorylation status of the NTs, the
adenylates (AMP, ADP, and ATP) in 33-day-old A. thaliana
leaves were quantified (Table 6). The ratio of ATP/ADP was
15.2, while the ATP/AMP ratio was notably higher, resulting
in an adenylate energy charge (AEC) of 0.97. We conclude
that the phosphorylation status of these metabolites was
maintained during the extraction, which is in line with the
high recovery rates for these metabolites (Table 2). The ra-
tios and the AEC are also consistent with results from other
studies (Stitt et al, 1982; Guérard et al,, 2011), although the
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Table 6 Absolute amounts of AMP, ADP, and ATP from 33-day-old
Arabidopsis plants grown under long day conditions

Metabolite nmol g™' FW?
AMP 0.4+0.04
ADP 7.6+22
ATP 115.6+7.8
Ratios

ATP/ADP ratio 15.2
ATP/AMP ratio 286.4
AEC® 0.97+0.01

n = 6 biological replicates, where every replicate represents the oldest leaves of a
different plant.
bAEC is defined as (ATP + 1/2ADP)/(ATP + ADP + AMP).

ATP/ADP and ATP/AMP ratio in 33 day-old-plants is higher
than in other studies for unknown (Stitt et al, 1982; Savitch
et al, 2001; Carrari et al, 2005). Additionally, the data show
that also ADP as an example for the dinucleotides is co-
eluted with the NMPs and NTPs from the SPE and can be
quantified with this method.

We also identified NTs using an Orbitrap mass analyzer
coupled to the Hypercarb chromatography providing exact
masses for precursor and product ions as well as isotope
patterns as additional evidence for the correct identification
of the metabolites. In samples of 7-day-old seedlings, we
identified all canonical NTPs with high confidence by MS/
MS (Supplemental Table S11) except dGTP and dCTP for
which the detection was not sensitive enough. Several NTPs
were also detected in full MS mode suggesting that the sam-
ples provided by our method are in principle suitable to
perform non-targeted analysis.

Plant species differ greatly in their metabolite composition
in part due to variation in secondary metabolism. We
wanted to assess if our method established in Arabidopsis is
suitable for dNTP quantification in samples from diverse
plant backgrounds. We extracted dNTPs from 11 different
species encompassing monocotyledons, dicotyledons, a bryo-
phyte, and three algae. In all tested species, the sensitivity
was sufficient to detect and quantify dNTPs (Supplemental
Figure S5) proving that our method is generally suitable for
NT analysis of plants.

Because in DNA G pairs with C and A pairs with T, one
might assume that the ratios of the corresponding dNTPs,
i.e. the dGTP/dCTP and the dATP/dTTP ratios, are (i) close
to unity and (ii) similar in different plants. Consistent with
this concept, the dGTP/dCTP ratios were similar in the in-
vestigated species (with the exception of C. reinhardtii) but
were general slightly lower than one, however the dATP/
dTTP ratios were more variable, with Avena sativa, Oryza
sativa, and Solanum lycopersicum containing notably more
dATP than dTTP and P. patens having more dTTP than
dATP (Supplemental Figure S5 and Figure 3). We addition-
ally asked whether species with a high GC content in the
DNA also have proportionally more dGTP and dCTP in their
dNTP pool (GC content in dNTPs). Our results show that
there is a moderate to strong positive correlation between
these two parameters with a R> value of 0.67 (Figure 4)
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suggesting a link between the genome composition and the
dNTP metabolome.

CDA and NSH1 metabolize dNs in vivo

The role of several enzymes in rN degradation is already well
established, but to date it remains unclear whether dNs are
also substrates of these enzymes in vivo, probably because
these compounds are rather difficult to detect and quantify.
We chose to investigate null mutants of genes encoding
CDA (Vincenzetti et al. 1999; Faivre-Nitschke et al, 1999;
Kafer and Thornburg 2000; Chen et al, 2016), GSDA
(Dahncke and Witte, 2013; Baccolini and Witte, 2019), and
NSH1 (Jung et al, 2009, 2011; Riegler et al, 2011) to address
this issue with our newly established method. GSDA deami-
nates the purine nucleoside guanosine to xanthosine and
CDA deaminates the pyrimidine nucleoside cytidine to uri-
dine. NSH1 hydrolyzes the glycosidic bond of uridine gener-
ating uracil and ribose and is as well an essential
component of a nucleoside hydrolase complex required for
the hydrolysis of xanthosine to xanthine and ribose
(Figure 5).

In seeds and seedlings of the Arabidopsis wild type, all rNs
including the low abundant inosine but also deoxyadenosine
in seeds and deoxythymidine in seedlings were reliably
detected (Supplemental Figure S6 and Figure 6). Relative
and absolute abundances of rNs in the GSDA, CDA, and
NSH1 loss-of-function mutants and in wild-type plants
(Supplemental Figure S6) were consistent with concentra-
tions reported in previous studies using a different extrac-
tion approach (Chen et al, 2016; Baccolini and Witte, 2019).
In all mutants the abundance of adenosine, a metabolite
not investigated previously in the context of these mutants,
was elevated in seedlings (but not in seeds) compared with
the wild type. With respect to the dNs, seeds contained a
pool of deoxyadenosine that was not affected by any of the
investigated mutations (Figure 6). By contrast, seeds of the
nsh1 and cda mutants showed an accumulation of deoxy-
thymidine not observed in the Col-0 or gsda backgrounds
(Figure 6, A). In seedlings, deoxythymidine additionally accu-
mulated in the GSDA mutant, but was also detected at a
lower level in Col-0 (Figure 6, B). However, in both tissues,
the nsh1 mutant accumulated by far the most deoxythymi-
dine, suggesting that NSH1 is directly involved in the turn-
over of this metabolite. High concentrations of guanosine
and cytidine occurring in the gsda and cda mutants, respec-
tively (Supplemental Figure S3), are probably inhibiting
NSHT1 partially (Witte and Herde, 2020), leading to the inter-
mediate deoxythymidine build-up observed in these back-
grounds.  Furthermore,  deoxycytidine  accumulated
exclusively in the cda mutant (Figure 6) providing evidence
for a role of CDA in the catabolism of this dN.

In summary, we provide evidence that NSH1 is involved
in deoxythymidine hydrolysis and that CDA is responsible
for deoxycytidine deamination in vivo, consistent with the
ability of CDA to deaminate this dN in vitro (Chen et al,
2016). GSDA deaminates deoxyguanosine in vitro (Dahncke
and Witte, 2013), but intriguingly deoxyguanosine was not
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Figure 3 A/T and G/C ratios of dNTs (dANTPs) in different plant species. Ratios of ANTPs in A. officinalis, A. sativa, A. thaliana, C. reinhardtii, H. vul-
gare, M. scalaris, O. sativa, P. (P.) patens, P. vulgaris, S. lycopersicum, T. aestivum, V. carteri, and Z. mays. (A) Ratio of dATP to dTTP. (B) Ratio of
dGTP to dCTP. Error bars indicate standard deviation (so) for n = 3 biological replicates with each replicate representing a pool of several plants/

seedlings all grown in parallel under the same environmental conditions.
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Figure 4 Regression analysis of the GC content in dNTPs and DNA.
The GC content in the dNTPs (y-axis) is plotted against the genomic
GC content (x-axis) and the Pearson correlation coefficient and the
corresponding P value of a linear regression are calculated. Every white
circle represents the average of three measurements. The green circle
comprise all dicotyledonous species (A. thaliana, P. vulgaris, S. lycoper-
sicum) and the bryophyte (P. patens), the orange circle encompasses
the monocotyledonous species (A. officinalis, A. sativa, H. vulgare, O.
sativa, T. aestivum, and Z. mays) and the purple circle alga (C. rein-
hardtii, M. scalaris, and V. carteri). * indicates an estimate of genomic
GC content by extrapolation from known codon DNA sequences (R*
without this datapoint is 0.73).

detectable in any of the analyzed genotypes (data not
shown), although high concentrations of guanosine were
detected in gsda seeds and seedlings (Supplemental Figure
S6). Maybe for deoxyguanosine there is an additional meta-
bolic escape route which is currently unknown.

CDA, GSDA, and NSH1 influence dNT and rNT
pools

It is widely accepted that NT metabolism can be manipu-
lated by the supply of extracellular Ns and nucleoside

NoPKO) t (PO
—
([ANMK) 1 (_RNR D 1 ()NMK
(dNK, TK)T l (5'Nucleotidases) T l( NKs )
(deoxy) (deoxy)
cytidine guanosine
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(deoxy)ribose
and
nucleobase

Figure 5 Scheme of nucleoside and NT metabolism. The (deoxy)nu-
cleoside catabolism is highlighted with a gray background. NK, deoxy-
nucleoside kinase; TK, thymidine kinase; rNK, ribonucleoside kinases;
(d)NMK, (deoxy)nucleoside monophosphate kinases; and NDPK, nu-
cleoside diphosphate kinases.

analogs, a concept exploited in chemotherapy (Galmarini
et al, 2003; Robak and Robak, 2013). It is also established in
plants that extracellular Ns can be taken up and interfere
with plant metabolism (Traub et al, 2007; Chen et al, 2016;
Ashihara et al,, 2020). In plants, little is known about the im-
pact of imbalanced intracellular N pools on the abundance
of NTs. Therefore, we analyzed the NTs in the cda, gsda,
and nsh1 mutants, which have altered N pools. In seeds and
seedlings lacking CDA and GSDA, the amounts of CTP and
GTP are increased, respectively (Figure 7). Consistent with a
previous study (Riegler et al, 2011), plants lacking NSH1
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Figure 6 Absolute quantification of dNs in mutants impaired in the catabolism of rNs. Concentrations of dNs in seeds (A) and in 7-day-old seed-
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accumulate more UMP and UTP compared with the wild-
type (Figures 7, 8).

In general, the effects on NTP levels are also reflected by
the respective NMPs (Figure 8). The accumulation of these
NTs is probably a direct consequence of the increased pool
sizes of the corresponding Ns (cytidine, guanosine, and uri-
dine) in these mutants (Supplemental Figure S6), because
the substrate availability for nucleoside and NT kinases (see
scheme in Figure 5) is increased. However, some changes in
the NT pools of the mutants cannot be explained by direct
effects. The decrease of IMP concentrations in plants lacking
GSDA or NSH1 (Figure 8, B) for example is puzzling because
both contain much more inosine than the wild type
(Supplemental Figure 3, B). Seeds and seedlings lacking
GSDA have an increased content of ADP and ATP resulting
in a higher AEC as well as more UMP and UTP. In gsda
seedlings, there is also more CTP (Figures 7, 8). Thus, in
seedlings, all measured NTP pools are strongly increased in
the gsda background (Figure 7). The indirect changes in the
cda and nsh1 backgrounds are more subtle and are often
similar. In seedlings, both mutants contain for example

more GTP and ATP but in tendency less AMP than the wild
type resulting in a higher AEC.

Except for the increased UTP level in cda seeds, all effects
are more pronounced or even exclusively observed in seed-
lings compared with seeds. This also holds true for the Ns
where for example adenosine only accumulates in mutant
seedlings, but not in seeds (Supplemental Figure S6). As
would be expected, these observations suggest that the flux
through the NT metabolism is generally higher in growing
seedlings compared with dormant seeds. Consistently, seeds
harbor 5-10 times less rNTPs (and no detectable amounts
of dNTPs), store adenylates mainly as AMP, display a lower
ATP/ADP ratio, and have a lower AEC compared with seed-
lings which is in accordance with the literature (Raveneau
et al, 2017; Figure 7).

Intriguingly, plants lacking enzymes of rN catabolism are
not only impaired in the degradation of Ns (Figure 6 and
Supplemental Figure S6) but also have elevated concentra-
tions of dNTs, the substrates for DNA synthesis (Figure 9).
The CDA mutant contains more dCTP similar to a human
cancer cell line with reduced CDA activity (Chabosseau
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Figure 7 Comparison of the AEC, the ATP/ADP ratio, and the rNT concentrations between seeds and seedlings. Concentrations of rNTs, as well
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was performed using one-way ANOVA with Tukey’s post hoc test. Different letters indicate P < 0.05. FW, fresh weight.

et al, 2011). The high dCTP concentration may be a conse-
quence of the high CTP concentration in cda seedlings.
Interestingly, gsda seedlings accumulated the highest
amounts of dGTP and dATP and also contained more dCTP
and dTTP than the wild type. It seems as if the strongly ele-
vated concentrations of ATP, GTP, and CTP in this mutant
are mirrored in the corresponding dNTPs indicating that the

pool sizes of these metabolites are directly linked. This also
holds true for the higher dATP and dGTP concentrations
mirroring the enlarged ATP and GTP pools in the cda and
nsh1 seedlings. In none of the mutants, deoxyguanosine was
detected and deoxyadenosine concentrations were the same
as in the wild type, whereas deoxycytidine was only found
in cda background. It appears that the dN pool sizes of A,
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Figure 8 Absolute quantification of NMPs in seeds and seedlings of wild type and mutant plants impaired in nucleoside catabolism.
Concentrations of NMPs in seeds (A) and in 7-day-old seedlings (B) of A. thaliana wild type, as well as mutants in the degradation of purine and
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using one-way ANOVA with Tukey'’s post hoc test. Different letters indicate P < 0.05. nd, not detected. FW, fresh weight.

G, and C do not influence the corresponding dNTP
amounts. By contrast, the deoxythymidine content seems to
have a stronger influence on the dTTP pool size than the
UTP concentration. Seedlings of the cda and the gsda
mutants both have more deoxythymidine (Figure 6), more
dTMP (Figure 8), and correspondingly more dTTP (Figure 9)
than the wild type, but the UTP amounts are only elevated
in the gsda and not in the cda background. However, the

deoxythymidine and dTMP pools are largest in the NSH1
mutant, but the dTTP concentration is only moderately in-
creased, less than in gsda and cda seedlings. Although this
seems contradictory, one needs to consider that uridine as
well as deoxyuridine stemming from deoxycytidine deamina-
tion cannot be metabolized in nsh1 background (uridine
and resulting UMP accumulation are shown in
Supplemental Figure S6 and Figure 8). The accumulation of
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Figure 9 Absolute quantification of deoxynucleotide triphosphates in
wild type and mutant seedlings impaired in nucleoside catabolism.
Concentrations of dNTPs in 7-day-old seedlings of A. thaliana wild
type, as well as mutants in the degradation of purine and pyrimidine
Ns (gsda, guanosin deaminase). Error bars are s, n = 3 biological repli-
cates, for seedlings, three pools of seedlings from three independent
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these compounds may partially inhibit the thymidine kin-
ases and maybe also thymidylate kinases known to be re-
sponsible for deoxythymidine (Clausen et al, 2012) and
dTMP phosphorylation, respectively.

GSDA, CDA, and NSH1 were previously only considered
to be involved in rN catabolism, but with our new method
we can now show that they also play a role in dN degrada-
tion. By characterizing these mutants more in depth, we
obtained a glimpse of the interconnection of deoxy- and
rNT metabolism in plants. The data suggest that the ATP,
GTP, and CTP pool sizes influence the amounts of dATP,
dGTP, and dCTP, whereas the dTTP concentration seems to
be more connected to the deoxythimidine than the UTP
pool.

Discussion

A complex interplay of de novo synthesis, degradation, and
salvage of rNTPs and dNTPs ensures that appropriate quan-
tities of NTs are available for RNA and DNA synthesis as
well as for signaling and energy metabolism (Zrenner et al,,
2006; Witte and Herde, 2020). The fidelity of transcription
and DNA replication is affected by altered ratios or changed
total amounts of dNTPs (Nick McElhinny et al, 2010a,
2010b; Gon et al, 2011; Kumar et al, 2011; Buckland et al,
2014) emphasizing the importance of accurately balancing
synthesis, degradation, and salvage of NTs and Ns. To gain a
more comprehensive insight into these processes, a method
allowing the parallel quantification of NTs and their
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respective Ns from one sample is a prerequisite. For the
analysis of plants, such a method has not been available so
far. Here, we fill this gap showing that the developed proto-
col is suitable for the analysis of NTs and Ns not only in
seedlings and fully grown plants of Arabidopsis but also in a
wide phylogenetic range of plants and even algae (Figure 2
and Supplemental Figure S5).

We found that the dGTP/dCTP ratios were quite similar
between plant species, whereas the dATP/dTTP ratios
(Figure 3) and the absolute contents of the dNTPs
(Supplemental Figure S5) were more variable. Although
clearly more evidence is needed, it is tempting to speculate
that dNTPs produced in excess of their stoichiometric re-
quirement in some plants might have an additional role in
the respective species. The variation in dTTP contents for
example might be related to the synthesis of dTDP-sugars
and enzymes synthesizing dTDP-sugars are known to exist
in plants (Neufeld, 1962; Frydman et al, 1963; Katan and
Avigad, 1966).

Our data suggest that genome GC contents and the sum
of dGTP and dCTP concentrations relative to all dNTPs are
correlated (Figure 4). A dNTP-dependent evolution of the
genomic GC content has been proposed (Vetsigian and
Goldenfeld, 2008; Greilhuber et al,, 2012; Smarda et al,, 2014)
which may be an example of metabolism-driven evolution
(de Lorenzo, 2014), but actually it is unknown if the dNTP
abundances influence the DNA composition or vice versa.
Certainly, more plant species need to be analyzed to test
the validity of this correlation.

By analyzing well-characterized mutants of Arabidopsis
impaired in rN catabolism (nsh1, cda, and gsda) with the
new method, we obtained novel insights especially regarding
the involvement of the corresponding enzymes in dN and
dNT metabolism (Figures 6-9 and Supplemental Figure S6).
We demonstrate that CDA and NSH1 partake in the catabo-
lism of dNs in vivo (Supplemental Figure S3), showing that
the known ability of CDA to deaminate deoxycytidine
in vitro (Chen et al, 2016) is of relevance in the plant.
Deoxythymidine accumulates in nsh1 background suggesting
that it is a NSH1 substrate in vivo, but so far this has not
been investigated with the isolated enzyme in vitro.

The accumulation of dNs in seedlings of wild type and
mutant plants indicates that even in this actively growing
tissue some DNA or dNT degradation occurs (Figure 6).
One needs to bear in mind that the dN accumulation in
the mutants was observed despite the ability of the cells to
salvage dNs. Salvage can strongly reduce accumulation as
was shown for hypoxanthine which only accumulated when
degradation and salvage were mutated (Baccolini and Witte,
2019). It is therefore possible that the flux through the dNs
is much higher than one would assume from the relatively
moderate levels of accumulation in the catabolic mutants.
The origin of the dNs is currently unclear. They might be
derived from DNA repair or from programmed cell death
resulting in DNA degradation and release of dNMPs.
Programmed cell death is a widespread process associated
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with many aspects of plant development such as endo-
sperm degradation, tracheary element differentiation, senes-
cence, or microbial interactions (Aoyagi et al, 1998;
Sakamoto and Takami, 2014). It was even suggested that
plants store NTs and phosphate for embryogenesis and ger-
mination in the DNA synthesized by endoreduplication
within the endosperm (Wang et al, 1998; Leiva-Neto et al,,
2004; Lee et al,, 2009). Another putative source of dNs might
be the continuous house-keeping dephosphorylation of NTs.
It was previously hypothesized that the phosphorylation sta-
tus especially of dNTs may be constantly changed to control
dNTP quantity and to improve their quality, i.e. to ensure
that the dNTP pools only contain dNTs with canonical
bases (Rampazzo et al, 2010; Leija et al, 2016). Because nu-
cleoside and NT kinases best recognize their canonical tar-
gets, they may serve to purify the dNT pools if the pools are
simultaneously subject to continuous dephosphorylation
(Chen et al, 2018; Chen and Witte, 2020). It follows from
this idea that dN salvage must be an essential process, be-
cause without it the dNTP pools would be depleted. In
agreement with this concept, salvage by thymidine kinase 1a
and 1b (Pedroza-Garcia et al., 2015, 2019; Xu et al,, 2015; Le
Ret et al., 2018) is crucial for plant development since plants
lacking functional copies of both corresponding genes have
etiolated seedlings that need carbohydrate supplementation
for survival (Xu et al, 2015).

There is no doubt that salvage of deoxythymidine is im-
portant, but here we provide evidence that plants also de-
grade this compound employing NSH1. This raises the
question of how degradation and salvage are coordinated.
Partially this might be achieved by spatial separation of both
processes because at least Tk1b is located in the mitochon-
dria and the chloroplasts whereas NSH1 and Tk1a are found
in the cytosol (Jung et al, 2009; Xu et al, 2015), suggesting a
preference for salvage in the organelles and a competition of
both processes in the cytosol.

Intriguingly, compromising N catabolism leads not only to
N accumulation but results in increased and imbalanced NT
pools (Figures 7-9). The N and NT pools are interconnected
by kinases (Ashihara et al, 2020; Witte and Herde, 2020;
Figure 5), thus the most straightforward way to explain the
increases in rNTP abundances is the higher availability of rN
substrates for these enzymes. By contrast, higher amounts of
dNTPs in the mutants are in most cases probably not a re-
sult of phosphorylation of dNs, because their pool sizes are
often not increased except for deoxythymidine. Instead in-
creased dNTP levels might result from greater reduction of
rN diphosphates by rNT reductase (RNR; Nordlund and
Reichard, 2006).

The current literature on plant NT metabolism suggests a
temporal or spatial separation of synthesis, salvage, and deg-
radation to avoid futile cycles (Ashihara et al, 2020; Witte
and Herde, 2020). However, the concomitant occurrence in
the catabolic mutants of increased amounts of Ns and of
NTs, indicative of salvage and biosynthetic processes, sug-
gests that a seedling can realize all these processes
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simultaneously. The enzymes for synthesis, degradation, and
salvage might all be present in the same metabolic space
but the flux through the respective pathways might be coor-
dinated by the regulation of key enzymes. Being able to de-
tect and quantify Ns and NTs is a prerequisite to investigate
such hypotheses for example by using metabolic flux analy-
sis and conditional mutants.

In the gsda mutant not only the direct substrate (guano-
sine) and its phosphorylated counterpart (GTP) accumulate
but also ATP suggesting a crosstalk between these metabo-
lites. It has been shown biochemically that GTP severely
inhibits the activity of plant AMP deaminase, an enzyme
that is involved in the regulation of guanylate synthesis, ade-
nylate catabolism, and AEC regulation (Yabuki and Ashihara,
1991; Sabina et al, 2007; Witte and Herde, 2020). Sabina
et al. (2007) could not detect an effect on GTP pools when
feeding AMP deaminase inhibitors, but detected a two-five-
fold increase of all adenylates, similar to the effects we ob-
served in the GSDA mutant. This suggests that GTP accu-
mulation in the gsda background (Figure 7) inhibits AMP
deaminase in vivo, thereby raising ATP levels. Because IMP is
the product of AMP deaminase, the inhibition of this en-
zyme might reduce IMP concentrations. That is precisely
what we observed in the gsda seeds and seedlings (Figure 8).
UTP and CTP levels were also raised in gsda plants probably
to balance the elevated ATP and GTP concentrations. How
pyrimidine and purine NT concentrations are kept in bal-
ance is currently unknown, but with our new method this
interesting question could be further investigated.

Several phenotypes have been described for gsda, nshi,
and cda mutants such as delayed germination, compromised
growth, and reduced recovery from dark treatment along
with chlorosis (Chen et al, 2016; Schroeder et al, 2018;
Baccolini and Witte, 2019). It has been suggested that these
phenotypes are directly caused by the accumulation of rNs
(Schroeder et al, 2018). However, here we show that NT
pools are also disturbed in these mutants, which is known
or is easily conceivable to cause detrimental effects. An in-
crease in rNTP pool sizes for example leads to the undesired
incorporation of rNTPs into human mtDNA (Nick
McElhinny et al,, 2010a, 2010b; Berglund et al., 2017). An ele-
vated GTP concentration as observed in gsda seedlings
might interfere with signaling processes in plants, in which
GTP plays an important role (Assmann, 2002; Johnston
et al, 2007). The biosynthesis of dNTPs by RNR will be dis-
turbed by changed NTP pool sizes because RNR is stimu-
lated by ATP and inhibited by dATP. Such pool size changes
are known to lead to mutations and even to apoptosis in
non-plant organisms (Kumar et al, 2011). Also in
Arabidopsis, a mutant lacking a subunit of the RNR has dis-
turbed ANTP levels and displays severe defects like sensitivity
to UV-C light, DNA damage, developmental abnormalities,
and cell death (Wang and Liu, 2006). Furthermore, it was
shown that feeding deoxyadenosine to bean roots results in
chromosomal breakage which was suggested to be a result
of an increased dATP pool (Odmark and Kihlman, 1965).
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In summary, it appears possible that the phenotypic altera-
tions observed in the N catabolic mutants are at least par-
tially caused by changed rNTP and dNTP pool sizes. It
would be interesting to use these mutants to study the con-
sequences of altered NT levels on transcriptional fidelity,
DNA mutation rates, effects on the target of rapamycin
(TOR) complex, and the involvement of dATP or ATP in
plant immune signaling (Burdett et al, 2019; Nizam et al,
2019; Kazibwe et al., 2020).

NTs and Ns are not only involved in RNA and DNA me-
tabolism but also play diverse roles for example in develop-
mental processes and in plant pathogen interactions. The
recently described venosa4 mutant for example shows severe
defects in chloroplast development and has a defect in an
enzyme, which is likely involved in the dephosphorylation of
dNTPs (Xu et al, 2020). In plant metabolome studies, NTs
and Ns are strongly underrepresented hampering the discov-
ery of novel functions for this major class of plant metabo-
lites. The method described here will allow routine NT
analysis to be performed in research focused on NT metabo-
lism as well as in broad plant metabolomics surveys used in
many plant research disciplines with the prospect of reveal-
ing so far unknown connections between the NT metabo-
lome and other biological processes.

Materials and methods

Chemicals

Water, acetonitrile, methanol, ammonium acetate (all LC-
MS grade), ethylenediaminetetraacetic acid (EDTA), and
magnesium chloride were purchased from AppliChem. PCA
and DCM were obtained from Carl Roth. 2-
Deoxyadenosine, 2'-deoxycytidine, 2'-deoxyguanosine, TCA,
and trioctylamine (TOA) were purchased from Sigma-
Aldrich. Twenty-five percent of ammonia solution and acetic
acid (both LC-MS grade) were purchased from Merck. All
ISTDs were from Eurisotope. The Strata-X-AW SPE car-
tridges, 30 mg, 33 um were bought from Phenomenex.

Preparation of standard solutions

If not stated otherwise, all standards were measured in the
matrix obtained after SPE. All stock solutions were stored at
-80°C and dilutions were prepared fresh before analysis.

Plant culture

Arabidopsis thaliana plants were grown as previously stated
in Niehaus et al. (2020) with slight modifications. Seeds were
surface sterilized and cultivated in liquid culture (1.5 mM
MgSO, x 7H,0, 1.25 mM KH,PO, 3 mM CaCl,, 187 mM
KNO,, 0.1 mM FeSO, x 7H,0, 0.1 mM Na,EDTA x 2H,0,
0.13 MM MnSO, X H,0, 0.1 mM H;BOs, 30 pM ZnSO, X
7H,0, 1 uM Na,MoO,4 X 2H,0, 0.1 pM CuSO,4 x 5H,0, 0.1
UM NiCl, x 6H,0, 0.125% [w/v] MES, pH 5.7 adjusted with
KOH) in a shaker (New Brunswick Innova 42, Eppendorf)
with six Sylvania e15t8 tubular fluorescent lamps emitting a
photon flux of 45 pmol s™' m™ at 22°C in 100 mL flasks
under sterile conditions (10 mg seeds per flask). The shaker
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was set to 80 rpm. The seedlings were harvested after 7
days. For the 33-day-old plants, Arabidopsis seeds were
sown on soil and grown under long-day conditions (Binder
KBFW 720 with Osram Lumilux lights,16-h light/8-h dark-
ness, 22°C day, 20°C night, 100 pmol s™' m™? light, and 70%
humidity).

T-DNA insertion mutants were obtained from our in-
house collection. Their characterization is described in
Dahncke and Witte (2013; gsda-2, GK432D08), Chen et al.
(2016; cda-2, SALK036597), and Baccolini and Witte (2019;
nsh1-1, SALK083120). The genotypes of all mutant lines
were confirmed by PCR as described previously (Dahncke
and Witte, 2013; Chen et al, 2016). A uniform seed batch
was obtained from mutant and wild-type plants grown in
parallel in a randomized fashion. The seeds were analyzed 2
weeks post-harvest. For the comparison of mutant seedlings,
plants were grown in liquid culture as described above un-
der constant light.

Seeds of asparagus (Asparagus officinalis cv. Ramires), bar-
ley (Hordeum vulgare cv. Golden Promise), common bean
(Phaseolus vulgaris cv. Black Jamapa), oat (A. sativa cv.
Fleuron), rice (O. sativa cv. Nipponbare), and wheat
(Triticum aestivum cv. Thatcher) were surface sterilized and
cultivated between sheets of filter paper placed in a con-
tainer filled with some distilled water (Kirchner et al, 2018)
and grown in a growth cabinet (Binder KBFW 720 with
Osram Lumilux lights) at 22°C, 100 pmol s™' m™ light, and
70% humidity. Whole seedlings were collected 7 days after
germination (dag) for all species except A. officinalis and O.
sativa which needed 14 dag to accumulate enough biomass.

The moss Physcomitrium (Physcomitrella) patens, strain
Grandsen 2004 (Kamisugi et al, 2008), was cultivated on
Knoop medium (250 mg L™ KH,PO,, 250 mg L~' KCl, 250
mg L™' MgSO, x 7H,0, 1 g L' Ca(NO3), 125 mg L™
FeSO, x 7H,0, pH 5.8, and 1.2% [w/v] agar) in a climate
chamber under long-day conditions (16-h light/8-h darkness,
22°C day, 20°C night, 100 umol s™' m™ light, and 70% hu-
midity). Plants were transferred to new plates every 4 weeks
during cultivation. Plant material was collected 7 days after
transferring to new plates.

Tomato plants (S. lycopersicum cv. Micro-Tom) were sur-
face sterilized and transferred to germination medium (0.5
X Murashige and Skoog, 10 g L' sucrose, and 8 g L'
phyto-agar). The seeds were placed in darkness at room
temperature and moved to long-day conditions after 4 days
(16-h light/8-h darkness, 22°C day, 20°C night, 100 pmol s~
m~ light, and 70% humidity). Seedlings were harvested 7
dag. Maize (Zea mays cv. Rafinio) was grown hydroponically
between two plates in tap water wetted foam under long-
day conditions (16-h light/8-h darkness, 22°C day, 20°C
night, 100 umol s' m~2 light, and 70% humidity) and har-
vested 7 dag. C. reinhardtii was cultivated for 7 days under
the same conditions as the Arabidopsis seeds in liquid cul-
ture. Volvox carteri was cultivated for 7 days in Fernbach
flasks (28°C, 16-h light/8-h dark and 100 pmol s™' m™
light), as described in Klein et al. (2017). Mougeotia scalaris
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strain SAG 164.80 was cultivated for 7 days (22-25°C, 16-h
light/8-h dark, and 46 pmol s™' m™ light), as described in
Regensdorff et al. (2018).

All plant and algae material was collected in the middle of
the respective light period. Genomic GC-content of respec-
tive plant and algae species was acquired from the National
Center for Biotechnology Information (NCBI, https://www.
ncbi.nlm.nih.gov) or in the case of M. scalaris from
Regensdorff et al. (2018).

Chromatography and MS parameters

An Agilent 1290 Infinity Il LC System coupled with an
Agilent 6470 triple quadrupole mass spectrometer was used.
Chromatographic separations employed either a 150 x 2.1
mm zic-cHILIC column with 3-um particle size (Merck) or a
50 x 4.6 mm Hypercarb column with 5-um particle size
(Thermo scientific). The zic-cHILIC column was operated at
a flowrate of 02 mL min~' and a temperature of 35°C.
Mobile phase A was 90% 10 mM ammonium acetate pH 7.7
with 10% acetonitrile and mobile phase B was 10% 2.5 mM
ammonium acetate pH 7.7 with 90% acetonitrile. In the fol-
lowing, we refer to chromatographies employing the zic-
cHILIC column as cHILIC method. Depending on the analy-
tes, different gradients were used (Tables 7, 8). The
Hypercarb column was operated at a flow rate of 0.6 mL
min~" and a column temperature of 30°C. Mobile phase A
was 5 mM ammonium acetate pH 9.5 and mobile phase B
was acetonitrile (for the gradient see Table 9). In the follow-
ing, we refer to the chromatography using the Hypercarb

Table 7 Gradient for NT chromatography on the zic-cHILIC column

Time (min) Mobile phase A (%) Mobile phase B (%)
0.0 20.0 80.0
7.0 20.0 80.0
12.0 40.0 60.0
17.0 40.0 60.0
19.0 20.0 80.0
23.0 20.0 80.0

Table 8 Gradient for nucleoside chromatography on the zic-cHILIC
column

Time (min) Mobile phase A (%) Mobile phase B (%)
0.0 10.0 90.0
7.0 10.0 90.0
12.0 40.0 60.0
17.0 40.0 60.0
19.0 10.0 90.0
23.0 10.0 90.0

Table 9 Gradient for NT chromatography on the Hypercarb column

Time (min) Mobile phase A (%) Mobile phase B (%)
0.0 96.0 4.0
10.0 70.0 30.0
10.10 0.0 100.0
11.50 0.0 100.0
11.60 96.0 4.0
20.0 96.0 4.0
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column as the Hypercarb method. The injection volume
was 10 pL and analysis was carried out in positive mode for
both methods employing the multiple-reaction-monitoring
(MRM) mode. Transitions (precursor ions and product ions)
as well as collision energies and fragmentor energies are
listed in Supplemental Tables S4-S6. The in-source parame-
ters for the cHILIC method were optimized according to
Kong et al. (2018) as a starting point. The following adjust-
ments to fit the plant matrix were made: gas temperature
290°C, gas flow 13 L min~", nebulizer pressure 25 psi, sheath
gas temperature 320°C, sheath gas flow 11 L min~", capillary
voltage 2,500 V, and nozzle voltage 2,000 V. The optimized
in-source parameters for the Hypercarb method were: gas
temperature 250°C, gas flow 12 L min~", nebulizer pressure
20 psi, sheath gas temperature 395°C, sheath gas flow 12 L
min~", capillary voltage 3,000 V, and nozzle voltage 500 V.
For the determination of exact masses, samples were sepa-
rated with a Vanquish LC (Thermo Fisher) by the Hypercarb
method. The metabolites were analyzed with an Orbitrap Q
Exactive Plus mass spectrometer (Thermo Fisher) at a reso-
lution of 70,000 when operated in full MS mode or 17,500
for detection of product ions in PRM (parallel reaction mon-
itoring) mode with 35-V normalized collision energy or
140,000 using single-ion monitoring (SIM) in the positive po-
larity mode. Automatic gain control (AGC) target and maxi-
mum injection time were set to 3e° and 200 ms,
respectively. The heated ESI (electrospray-ionization) source
was operated at 0-eV collision-induced dissociation (CID),
sheath gas flow 45, auxiliary gas flow 10, sweep gas flow 2,
spray voltage 3.5 kV, capillary temperature 250°C, S-lens RF
level 450, and aux gas heater 400°C. All reported values
were obtained with the Freestyle software (ver. 1.5, Thermo
Fisher). For UV detection, samples were prepared as de-
scribed in the respective section and identical to the proce-
dure described for the analysis of the MEF. The detector was
a VF-D40-A variable wavelength detector set to 254 nm.
Identity of peaks was confirmed by MS as described before
with an orbitrap mass analyzer in full MS mode.

Sample preparation and SPE

Plant samples were harvested, briefly washed in tap water,
and dried thoroughly with a paper towel. Approximately
100-mg plant material was weighed into a 2-mL safe-lock
centrifuge-vial and frozen in liquid nitrogen together with
five 5-mm steel beads (one 7-mm steel bead and five 5-mm
steel beads in case of seeds). The exact sample weight was
noted and used for calculating analyte concentrations. The
tissue was disrupted using a MM 400 beadmill (Retsch,
Germany) at 28 Hz for 2.30 min. Onto the frozen powder, 1
mL of ice-cold 15% TCA solution was added including the
respective isotope standards. The samples were briefly vor-
texed, ground once more at 28 Hz for 2.30 min, and then
centrifuged for 10 min at 4°C at 40,000 x g. To the super-
natant 1 mL 78/22 DCM/TOA was added. Samples were
vortexed for 12 s and centrifuged for 2 min at 4°C and
5000 x g The upper phase from each sample was trans-
ferred to a new tube and 1 mL water as well as 5 pL 0.5%
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acetic acid were added. This mixture was applied to a 30
mg/1 mL Strata X-AW cartridge that had been equilibrated
sequentially with 1 mL methanol, 1 mL 2/25/73 formic acid/
methanol/H,O, and 1 mL 10 mM ammonium acetate pH
4.5. The sample solution was allowed to enter the cartridge
for 2 min without suction and then percolated through the
solid phase at a flowrate of about 1 mL min~' using a vac-
uum manifold. The flow-through containing the nucleoside
fraction was collected and evaporated in an Alpha 1-2
LDplus freeze dryer (Christ, Germany). The SPE cartridge
was washed with 1 mL 1-mM ammonium acetate pH 4.5
and 1 mL methanol, dried shortly, and eluted two times
with 0.5 mL 20/80 ammonia/methanol. The eluate was dried
in a vacuum concentrator until no liquid was left. For the
cHILIC method, the samples were reconstituted in 50 pL 30/
9/1 acetonitrile/water/100 mM ammonium acetate pH 7.7.
For the Hypercarb method, the samples were reconstituted
in 50 pL 95/5 of 5-mM ammonium acetate (pH 9.5)/
acetonitrile.

Method validation

We analyzed the developed method in terms of linearity,
precision, LLOQ, relative recovery, and matrix effects. For
calibration curves, peak area sums of ISTDs were plotted
against their concentration. Concentrations were chosen in
a range relevant in biological samples. Intra-day precision
was calculated using the peak area sums of different concen-
trations of ISTDs in SPE-matrix, injecting the same sample
three times a day. The inter-day precision was calculated
using the peak area sums of different concentrations of
ISTDs in SPE-matrix that have been injected on 3 days con-
secutively. Samples were stored at 4°C. The LLOQ was de-
fined as the lowest concentrated standard with acceptable
peak shape. The relative recovery was calculated as follow-

ing:

area of isotope standard added to extraction buffer < 100

area of isotope standard added after SPE
= relative recovery (%).

The matrix effect was determined by comparing ISTDs
with the same concentration separated either by the cHILIC
method or the Hypercarb method in (i) matrix after extract-
ing the TCA with the DCM/TOA, (ii) in matrix after the SPE
procedure, and (iii) in pure buffer (for the cHILIC method
30/9/1 acetonitrile/water/100 mM ammonium acetate pH
7.7 and for the Hypercarb method 95/5 of 5-mM ammo-
nium acetate [pH 9.5]/acetonitrile). The MEF was calculated
according to Zhou et al. (2017):

average area ISTD in buffer — average area of ISTD in matrix % 100

average area of ISTD in buffer
= MEF.

Quantification of metabolites
The amount of metabolites in plant samples was calculated
either by the isotope dilution technique or with external
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calibration curves in SPE-matrix. ISTDs were added to the
extraction buffer prior to extraction. Only calibration curves
with a coefficient of determination (R*) > 099 were
accepted.

Calculation of concentrations of metabolites in
plant cell compartments

To determine the concentrations of rNTPs and dNTPs per
unit NT-containing cell volume, we used the calculations of
Koffler et al. (2013). They determined the total volume of
the mesophyll cells in four sections of an Arabidopsis leaf
and the volumes of the individual subcellular compartments
in these sections. We grew plants until the leaves met the
morphological criteria stated by Koffler and colleagues, i.e.
to a size of approximately 1.5 X 3.0 cm, and then extracted
them. We determined an average (i.e. not in sections but
for the whole) leaf mesophyll volume per unit total fresh
weight (AMV) of 6000 pL g™' fresh weight. We assumed
that the nucleus, the cytoplasm, the mitochondria, and the
plastids contain NTs (these are NT-containing compart-
ments, NCC), whereas other cell compartments are likely de-
void of relevant concentrations of NTs. An average of the
percentile volumes of the compartments was calculated.
Together, the NCCs accounted for 26.86% of the total meso-
phyll volume. We then calculated the concentrations of
dNTPs and rNTPs in the NCC (Y in the formula), while X is
the amount of metabolite in pmol g™' fresh weight that was
measured:

X |pmel
g 100%
X =Y [uM].
AVM [&'} 26.86%
g

Statistical analysis

Statistical analysis was performed using Prism 8 software.
One-way analysis of variance (ANOVA) with Tukey’s post
test or two-way ANOVA with Sidak’s post test were used.
Different letters or a star indicate differences at significance
level of P < 0.5. Statistical analysis results are shown in
Supplemental File S1.

Accession numbers

Information regarding used mutants can be found in the
GenBank/EMBL data libraries under the following accession
numbers: cda (At2g19570), gsda (At5g28050), nsh1
(At2g36310).

Supplemental data

Supplemental Figure S1. Chromatograms of all analyzed
NTs by hypercarb chromatography.

Supplemental Figure S2. Chromatograms of all analyzed
NTs by cHILIC chromatography.

Supplemental Figure S3. Chromatograms of all analyzed
Ns by cHILIC chromatography.

Supplemental Figure S4. Analysis of NTs in Arabidopsis
leaves by HPLC and UV detection.
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Supplemental Figure S5. SPE enables detection of dNTPs
in several plant and algae species.

Supplemental Figure S6. SPE enables detection of rNs in
Arabidopsis seeds and seedlings.

Supplemental Table S1. Literature survey on NT analysis
in plants

Supplemental Table S2. Tested conditions for SPE
optimization

Supplemental Table S3. Relative recovery of metabolites
extracted by different methods.

Supplemental Table S4. Precursor, transitions (quantifier,
qualifier), fragmentor, collision energy and retention times
for NTP measurements

Supplemental Table S5. Precursor, transitions (quantifier,
qualifier), fragmentor energy, collision energy and retention
times for NMP measurements

Supplemental Table S6. Precursor, transitions (quantifier,
qualifier), fragmentor energy, collision energy and retention
times for nucleoside measurements

Supplemental Table S7. Intra-day variation and inter-day
variation for different concentrations of NTs seperated by
the Hypercarb or cHILIC method

Supplemental Table S8. Intra-day variation and inter-day
variation for different concentrations of Ns seperated by the
cHILIC method

Supplemental Table $9. Determination of MEF at 5- and
50-pmol dNTP and rNTP ISTDs, respectively, on column

Supplemental Table S$S10. Determination of MEF at 5-
pmol nucleoside ISTD on column

Supplemental Table S11.
Orbitrap mass spectrometer

Supplemental File S1. ANOVA tables.

NTPs analyzed with an
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