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Abstract: Nucleotides fulfill many essential functions in plants. Compared to non-plant systems,
these hydrophilic metabolites have not been adequately investigated in plants, especially the less
abundant nucleotide species such as deoxyribonucleotides and modified or damaged nucleotides.
Until recently, this was mainly due to a lack of adequate methods for in-depth analysis of nucleotides
and nucleosides in plants. In this review, we focus on the current state-of-the-art of nucleotide analysis
in plants with liquid chromatography coupled to mass spectrometry and describe recent major
advances. Tissue disruption, quenching, liquid-liquid and solid-phase extraction, chromatographic
strategies, and peculiarities of nucleotides and nucleosides in mass spectrometry are covered. We
describe how the different steps of the analytical workflow influence each other, highlight the specific
challenges of nucleotide analysis, and outline promising future developments. The metabolite matrix
of plants is particularly complex. Therefore, it is likely that nucleotide analysis methods that work
for plants can be applied to other organisms as well. Although this review focuses on plants, we
also discuss advances in nucleotide analysis from non-plant systems to provide an overview of the
analytical techniques available for this challenging class of metabolites.

Keywords: nucleotides; nucleosides; mass spectrometry; liquid chromatography; quenching; solid
phase extraction; hydrophilic interaction liquid chromatography (HILIC); plant nucleotide metabolism;
plant metabolomics

1. Introduction

Nucleotides (NTs), nucleosides (Ns), nucleobases (Nbs), and many derived com-
pounds, for example, nucleotide sugars and nucleotide-containing cofactors, are central
metabolites in all organisms (Figure 1). The metabolism of nucleotides in plants and their
physiological functions, including those beyond being building blocks of nucleic acids,
were recently reviewed [1]. For the investigation of nucleotides in plants, the availability
of methods for their comprehensive analysis and robust quantification in plant extracts
is pivotal. In this review, we summarize the state of the art for NT and N analysis in
plants and also discuss methods used in other organisms that may be applicable for plants.
Arguably, the most powerful equipment for metabolite analysis is a chromatographic
separation system coupled to an electrospray ionization (ESI) mass spectrometer (MS).
This technology is in the focus here. However, our recent study [2] also emphasized the
importance of sample preparation for comprehensive NT and N analysis; therefore, we
discuss the entire workflow of NT and N analysis in all its aspects—from sample prepara-
tion to mass spectrometry—and we comment on how the different steps of the workflow
influence each other.

The choice of analytical strategies is naturally determined by the physicochemical
properties of NTs and Ns. These are polar compounds and the phosphate group(s) of
the NTs deprotonate and carry negative charges (pKa values of about 2) [3] within a
broad range of pH values. NTs and Ns contain primary, secondary, and tertiary amines,
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which, especially under more acid conditions, can protonate and acquire a positive charge
especially under more acidic conditions [3]. Due to these characteristics, Ns and especially
NTs are better soluble in polar (aqueous) solvents.
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Figure 1. Examples of the diversity of nucleotides and structurally related metabolites in plants.
Examples are shown for a nucleotide monophosphate (2’-deoxyadenosine 5'-monophosphate), a
“fairy chemical” (2-azahypoxanthine), a nucleotide sugar (adenosine diphosphate glucose), a nu-
cleotide cofactor (1,4-dihydronicotinamide adenine dinucleotide, NAD), and a cytokinine-ribotide
(9-ribosyl-trans-zeatin 5'-monophosphate).

The concentrations of different NTs vary significantly in plant cells. For example,
ribonucleotide triphosphates are about 1000-fold more abundant than deoxyribonucleotide
triphosphates [2]. To detect nucleotides of low abundance, additional techniques for
enrichment are usually required.

We noticed that methods for nucleotide analysis that are well established in some
non-plant systems are not suitable for plants. For example, the simple workflow we applied
for the analysis of deoxyribonucleotides (dNTs) in Drosophila [4] failed to work for samples
from Arabidopsis thaliana. For the detection of low-abundance nucleotides such as dNTs in
phylogenetically diverse plant species, the development of a more complex method was
necessary [2]. We can only speculate why the analysis of plants is more complicated, but
one contributing factor may be the complexity of the plant matrix which contains a plethora
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of secondary metabolites [5]. These are probably the reason for the strong ion suppression
effects in the ESI source, called matrix effects (ME), which decrease the sensitivity and
are usually observed when analyzing plant extracts [2]. Thus, a highly sensitive method
for the analysis of the plant NT and N metabolome must include steps to separate these
from other interfering metabolites before the chromatographic step. However, if only
the more abundant ribonucleosides (rNs) and ribonucleotides (rNTs) are to be monitored,
methods for the analysis of the polar metabolome that do not require such extensive sample
preparation are sufficient [6-8]. For many years, distinct analysis methods for the NT and
N metabolome have been evaluated and improved. For a brief overview of the milestones
in plant nucleotide analysis, see Table 1. In the following sections, we discuss the workflow
for modern NT/N analysis step by step.

Table 1. Milestones in the development of a workflow for the comprehensive analysis of nucleotides, nucleosides, and

nucleobases in plants.

Year Technique Achievement Reference
Different extraction methods compared  Identification of plant-specific problems during the
1964 . . . [5]
by enzymatic assays extraction of phosphorylated metabolites
1972 Acid quenching combined with Comprehensive identification of radiolabeled [9]
thin-layer chromatography nucleotide triphosphates in plants
Establishment of a workflow that allows the proper
Acid quenching combined with quenching of enzyme activity by acidic conditions
1975 ion-exchange LC 2 coupled to a coupled with a liquid-liquid extraction removing [10]
UV P-detector the acid from the extractant, allowing for
chromatographic separation by ion-exchange LC
1991 Acid quenching combined with Analysis of ribo- and deoxyribonucleotides in plants [11]
-elimination and LC-UV by LC-UV
Graphitized carbon SPE € combined with Comprehensive analysis of ribonucleotides and
2010 porous graphitized carbon nucleotide sugars in plants utilizing porous [12]
chromatography MS 4 graphitized carbon chromatography
2011 SPE combined with liquid Simultaneous analysis of 23 nucleotides and [13]
chromatography and time-of-flight MS cofactors .
2013 SPE combined with LC-MS Comprehensive analysis of nucleosides and [14]
nucleobases
2020 SPE combined with LC-MS Comprehensive analysis of nucleotides and 2]

nucleosides

2 liquid chromatography; ? ultraviolet; © solid-phase extraction;

4 mass spectrometry.

2. Disruption of the Tissue

Because plant cells have a cell wall, efficient physical disruption is required, often
using a mortar and pestle or an oscillating mixer mill (Figure 2A). The NTs and Ns are best
quantified by the isotope dilution technique [2,15,16]. This accounts for analyte losses in
the workflow after tissue disruption, as well as the matrix effect (see later). The efficiency
of the tissue disruption itself cannot be assessed because the isotope standards are added to
the extraction buffer. Incomplete tissue disruption can, therefore, cause an underestimation
of the actual analyte concentration in vivo and result in an increased standard deviation
because the degree of disruption is usually not reproducible.

Tissue disruption mixes metabolites and enzymes from all cellular compartments,
which can result in metabolite instability, for example, because cytosolic NTs are dephos-
phorylated by vacuolar phosphatases. It is, therefore, crucial to stop all enzymatic activities
when the cellular integrity is lost. This is usually achieved by deep-freezing the sam-
ple during tissue disruption with liquid nitrogen. Alternatively, the sample may first be
freeze-dried before grinding it to a fine powder in a dry state at room temperature. In our
hands, the NT extraction with an aqueous solvent is similarly efficient for freeze-dried
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material of Arabidopsis thaliana compared to frozen fresh material (our data, unpublished),
which is consistent with data from yeast [17]. Enzymes may be reactivated when frozen or
freeze-dried samples thaw or come in contact with an aqueous extraction buffer.

sample disruption of frozen or
freeze-dried tissues

B plant powder
pelleted debris extracted
quenched and metabolites
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Figure 2. Schematic representation of a typical workflow for the analysis of nucleotides and nucleosides in plants. (A) Tissue

disruption, here symbolized by mortar and pestle, is followed by (B) quenching of the sample and extraction of the
metabolites. (C) Subsequently, non-polar and polar metabolites are separated by liquid-liquid extraction (LLE). The
fraction containing polar metabolites can be further purified to enrich for nucleotides by solid-phase extraction (SPE) with
a weak anion-exchange column. In this procedure, nucleotides are separated from nucleosides that are present in the
flow-through. Extracts containing nucleosides and nucleotides can be separately analyzed using liquid chromatography
and mass spectrometry.
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3. Quenching of the Sample

Metabolomic measurements often attempt to estimate the pool sizes of metabolites
in vivo. This is only possible if enzymatic processes that can alter metabolite concentrations
are irreversibly suppressed (quenched) during and after extraction (Figure 2B). Non-polar
metabolites are frequently extracted with mixtures of a high proportion of an organic
solvent and some water. Such extractants efficiently quench the sample by precipitation of
proteins. However, for NT extraction, organic-aqueous mixtures are problematic because it
has been noted that phosphatases, which can dephosphorylate NTs, are not fully quenched
in such solvents [5,18-20]. In addition, methanol or ethanol applied cold or boiling can lead
to the formation of methyl or ethyl phosphate, which might be derived from nucleophilic
attack of the alcohol on the anhydride bonds of the NTs [5,18,21]. Rapid boiling of the
ground sample in aqueous buffers without alcohols can be used for Ns [22], but this method
is also not suited for NT analysis [2,23]. However, if organic-aqueous mixtures or water
are to be used, phosphatases can be inhibited by sodium fluoride [12]. Nonetheless, the
effectiveness of the inhibitor should be tested.

A very efficient method for quenching is protein precipitation by addition of a strong
acid [5,9,23-25]. Frequently, perchloric acid (PCA) or trichloroacetic acid (TCA) is used. A
disadvantage of PCA is that it precipitates upon neutralization which may cause some loss
of analytes, especially in samples with high protein content [2,26]. TCA can be removed
and neutralized by liquid-liquid extraction (LLE) using a trioctylamine-containing organic
phase that is immiscible with water [10]. Drawbacks of this method are the additional
hands-on time and potential chemical alterations of metabolites when kept at extreme
pH [5]. However, swift handling and cold temperature lead to good recovery rates using
TCA coupled to an LLE. The LLE additionally removes undesired non-polar metabolites,
further reducing matrix complexity [2]. For all quenching methods, especially those using
harsh conditions (such as heat or low pH), it is mandatory to determine whether NTs and
Ns are quantitatively recovered and not chemically modified or degraded by the procedure.

4. Extraction of NTs and Ns from Plant Samples

Good solubility of the metabolites in the extraction solvent is crucial for efficient
extraction. NTs and Ns are polar and, at least in the case of NTs, also charged, requiring
a polar solvent for efficient extraction (Figure 2B). Often the extractant is aqueous [2,22],
but water/acetonitrile mixtures are in use as well [27-29]. The solubility of the analytes in
the solvent should be considered when choosing the extractant volume in relation to the
sample amount, especially when less soluble Nbs [3] are extracted. If solubility is limiting,
re-extraction of a pellet will result again in high analyte concentration in the supernatant.
The solubility is also dependent on the pH of the extractant. For the extraction of polar
metabolites, a 1:10 ratio of fresh material to solvent is recommended, whereas a ratio of
1:100 is recommended for lyophilized material [30].

Extraction and all following steps should be designed to stabilize the analytes. This is
essential for NTs, since they may lose a phosphate moiety, for example, during chromatog-
raphy [31]. One study found that acidification of the extractant can substantially improve
the stability of NTs [27]. Our recent work confirmed that, at least for the duration of the
extraction, NTs and Ns are acid-stable with good recoveries [2]. Although, more studies
have used acidic conditions for NT extraction, there are protocols for the determination of
rNTs in Nicotiana tabacum, Arabidopsis thaliana, and Solanum lycopersicum using quenching
with a high pH, which also led to excellent recoveries [32]. At high pH, NTs were reported
to be stable even when stored for 3 days at room temperature [32]. In general, frozen
nucleotide solutions are stable for a prolonged time if the acid from the quenching step is
removed or neutralized [33]. With methods that directly use clarified crude extracts for
MS analysis, extraction may result in the release of metabolites that cause ion suppression
and, thus, decrease the sensitivity in mass spectrometry (matrix effect) [27]. A further
concern is that the concentrations of NTs and Ns may be overestimated if the extraction
procedure can potentially release them from other metabolites. The most obvious example
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is the hydrolytic release of phosphate groups from nucleotide triphosphates (NTPs), re-
ducing NTP concentrations and leading to an overestimation of nucleotide diphosphates
(NDPs), nucleotide monophosphates (NMPs), or Ns. Another example is the release of
uridine diphosphate (UDP) from UDP-glucose, since the hydrolysis of this compound was
observed under mild acidic conditions and at an elevated temperature in nucleotide sugar
analysis [34].

Adding a non-polar solvent immiscible with water to the extraction will result in the
partitioning of Ns and NTs to the polar/aqueous phase and of non-polar metabolites to the
non-polar phase (Figure 2C). Separation and individual processing of both phases results
in a coarse fractionation of metabolites which is used in studies simultaneously reporting
polar and non-polar metabolites [35]. As a non-polar solvent immiscible with water, methy-
tert-butyl-ether (MTBE) is a less toxic alternative to fluorocarbons such as 1,1,2-trichlor-1,2,2-
trifluorethan used previously [10] and is, therefore, more environmentally friendly and safer
to handle [35]. Moreover, dichloromethane and water-saturated diethyl ether have been
used as less toxic alternatives [2,33]. Hexane or chloroform was employed in some studies
for the removal of phospholipids by LLE [36,37]. The addition of polyvinylpolypyrrolidone
can remove phenolic compounds that cannot be eliminated by other means and can
interfere with the detection of NTs [11,38].

The rNTs and rNs, but not their dNT and deoxyribonucleoside (dN) counterparts,
have two neighboring hydroxyl groups (cis-diol) in the sugar moiety. This feature can
be used either for the extraction of rNTs and rNs (see next chapter) or for their selective
degradation by periodate and methylamine-driven B-elimination [11,39-41]. Selective
degradation of the more abundant rNTs and rNs can enhance the detection of dNs and
dNTs by reducing the specific NT/N background. This can be explained, for example,
by less competition for binding to the resin during solid-phase extraction (next chapter)
or simply by less ion suppression in the ESI source. Selective cis-diol degradation may
also be an improvement for detecting NTs and Ns with modified sugars such as 2/-O-
methylguanosine, because these will be protected from degradation. When using the
selective degradation protocol, it has been recommended to first determine the recovery
rates of the metabolites in focus, because, even though dNTs are generally not degraded,
deoxyguanosine triphosphate (dGTP), for example, can react with periodate [42].

5. Solid-Phase Extraction

Solid-phase extraction (SPE) is a cartridge chromatographic technique where the
interplay between a solid phase of certain binding characteristics and a mobile liquid phase
for washing and elution is important to obtain the desired separation results (Figure 2C).
The advantage of using SPE is that the analytes of interest are separated from unwanted
matrix and are potentially concentrated on the resin. Both effects increase the sensitivity
for the analytes in the mass spectrometer. A disadvantage of SPE is that it is laborious to
set up. Different solid and mobile phases must usually be tested, and careful adjustment of
all parameters such as sample volume and composition of the mobile phases for loading,
washing, and elution is required.

For the analysis of NTs and Ns from plants and algae, we recently described a protocol
employing a mixed-mode SPE, which is a weak anion-exchange resin together with a
hydrophobic binding component [2]. The NTs were retained, but the uncharged Ns did
not bind to the resin and were recovered in the flow-through. Choosing the pH of the
mobile phase is important because it can influence the charge of metabolites and, therefore,
their retention on the SPE cartridge. To facilitate the choice of the pH, a database of
pKa values [43] (http://ibond.nankai.edu.cn, accessed on 18 March 2021) for a variety of
metabolites is available. On a weak ion-exchange resin, changing the mobile phase pH is
used to elute metabolites, because the pH shift causes a loss of ionization of the stationary
phase [44]. The elution in our protocol is based on this principle. The ionic strength of
the mobile phase is also an important determinant for retention on an ion-exchange SPE
cartridge. We observed that the less charged NMPs were not fully retained when a mobile
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phase of higher ionic strength was used, whereas NTPs were still bound quantitatively [2].
This result indicates that further sub-fractionation of the NT metabolome by fine-tuning
the ionic strength of the mobile phase may be possible.

Ion exchange has also been employed in other protocols for sample preparation in
NT analyses. For example, 23 NTs and cofactors from Arabidopsis thaliana samples were
isolated by a combination of cation exchange and weak anion exchange [13]. An anion-
exchange resin was also applied for magnetic dispersive solid-phase micro extraction of
NTs from medicinal plants (Anoectochilus roxburghii) in a batch procedure. The surface area
of this resin is very high potentially increasing the metabolite yield [44]. Furthermore, a
mixed-mode anion-exchange sorbent was used as stationary phase to extract Ns, Nbs, and
cytokinins from Physcomitrella patens [14].

Apart from ion exchange, other separation principles were also applied. Graphitized
carbon as a stationary phase for the SPE of polar compounds has gained popularity [45].
In particular, nucleotide sugars can be successfully extracted with this method using an
ion-pairing reagent as eluent [46-48]. Stationary phases with phenyl-boronate groups
are uniquely suited to retain sugars with a cis-diol group (see Section 4), which can be
used not only for the removal or enrichment of rNTs and rNs [49], but also for the ex-
traction of brassinosteroids from Arabidopsis thaliana [50]. A recently developed strategy
uses molecularly imprinted polymers to provide tailor-made binding sites for binding
specific metabolites to a stationary matrix [51]. By this approach, modified Ns and NTs
have been extracted from urine to serve as biomarkers [52,53]. The discovery of so-called
fairy chemicals in several plants (Arabidopsis thaliana, Oryza sativa, Solanum lycopersicum; 2-
azahypoxanthine, imidazole-4-carboxamide, and 2-aza-8-oxohypoxanthine [54,55]), which
are structurally closely related to Nbs and Ns, involved a fractionation by flash chro-
matography [56] that is based on a silica stationary phase also known from thin-layer
chromatography [57,58]. Once identified, it was shown that these metabolites can also
be enriched from a complex matrix by a combination of two different SPE procedures. A
so-called hydrophilic-lipophilic balance SPE was followed by a cation-exchange SPE that
removed undesired compounds and fractionated the fairy chemicals by using basic and
acidic eluents [59].

6. Derivatization

Chemical derivatization uses chemical agents that react with the targeted metabo-
lites and form a predictable product that is quantified instead of the original metabolite
(Figure 3). Often, the aim of derivatization is to mask the polar features of a metabolite,
which facilitates chromatographic separation and/or detection by mass spectrometry [60].
For NTs, a derivatization protocol with 8-(diazomethyl)quinoline was reported recently.
This chemical reacts with the phosphate groups of NTs, forming a product that is less polar
(Figure 3A). Such derivatives can be detected with higher sensitivity, even allowing the
quantification of rare modified NTs in mammalian cell extracts [61]. In Medicago truncatula,
this derivatization strategy was used for the sensitive detection of sugar phosphates [62].
Since the derivatization reagent is highly reactive and unstable, the success of this strategy
depends in part on the concentration of other phosphorylated metabolites that consume
the reagent and, thus, relies on the efficiency of other clean-up steps in the workflow [62].

Another useful derivatization strategy is the esterification of the hydroxyl groups
of the sugar moiety with propionic anhydride (Figure 3B), which was used to detect cy-
tokinins and NTs in Arabidopsis thaliana with high sensitivity [60]. A very similar approach
employing acetic anhydride was used to monitor cytokinins by gas chromatography [63].
Silylation, often used in the context of gas chromatography, can also foster the detection of
NTs by LC-MS [64].
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Figure 3. Examples of different derivatization strategies for nucleotides. (A) 8-(diazomethyl) quino-
line reacts with the phosphate group neutralizing a negative charge; (B) propionic anhydride is used
for the derivatization of hydroxyl groups. Both strategies reduce the polarity of the nucleotide and
facilitate chromatographic separation, which fosters a more sensitive detection by mass spectrometry.

7. Reduction in Sample Volume

The solvent is often removed to concentrate the sample or to change from a polar to a
non-polar solvent prior to the injection in a chromatographic system. If polar metabolites
have been extracted, this usually involves the evaporation of an aqueous phase, for example,
in a speed vacuum centrifuge. Because of the high boiling point of aqueous solvents,
solvent evaporation is a comparatively long procedure that exposes the sample to ambient
temperatures for an extended period of time. Degradation of labile compounds might,
therefore, be a problem, which can also be accelerated by possible pH changes during the
evaporation of the solvent.

For NT analysis, we tested freeze-drying and vacuum centrifugation of samples.
Freeze-drying has the advantage that the samples are cooled during the procedure; how-
ever, with vacuum centrifugation, which requires about 2 h at room temperature, we
also obtained satisfying recoveries of NTs [2]. Organic-aqueous mixtures such as water—
methanol for polar metabolites (used, for example, in [35]) are often incompatible with
freeze-drying equipment. Such extracts must be dried down in a nitrogen flow evaporator
or a speed vacuum centrifuge. The dried pellets are then dissolved in polar or non-polar
solvents depending on the type of chromatography that follows. The sample volume and
the composition of the injection solvent are critical for the chromatographic separation. For
an HILIC (hydrophilic interaction liquid chromatography) stationary phase, the proportion
of organic solvent in the injection solution has been optimized to ensure maximal solubility
of NTs without compromising the chromatography [31].

8. Chromatographic Separation

Sample preparation techniques such as LLE and SPE greatly reduce the complexity
of a sample. The chromatography then separates the sample analytes from each other
so that they ideally arrive at different times at the ESI source of the MS. Together, these
techniques ensure that the MS processes as few metabolites/ions as possible at any given
time. This is important because it greatly improves the sensitivity (see next section). Fur-
thermore, the unequivocal identification of analytes benefits from sample preparation and
especially chromatography. For example, naturally occurring heavy isotopes of adenosine
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monophosphate (AMP) cannot be distinguished from inosine monophosphate (IMP) with
a triple-quadrupole mass spectrometer. This is because they have nearly the same mass
(i.e., they are isobaric), and such compounds often have even identical fragmentation
patterns [65]. It is, therefore, essential that they are chromatographically separated and
reach the MS at different times.

Basic concepts of liquid chromatography were reviewed elsewhere [66]. Here, we
would like to focus on systems that are especially useful for the analysis of NTs and Ns.
The well-established reverse-phase chromatography uses non-polar stationary phases, for
example, C8 or C18 columns, which are not able to retain Ns and NTs. Modifications of
such hydrophobic stationary phases by adding polar groups—either at the silanol groups
(end-capping) or directly embedded as ligands—result in the increased retention of polar
and decreased retention of non-polar metabolites [67-69]. For the separation of Ns, for
example, the non-canonical dNs [70], such matrices have been used successfully, but the
retention of NTs is usually poor. This problem can be addressed by adding an ion-pairing
agent to the mobile phase, which promote the retention of NTs on a hydrophobic stationary
phase. However, the classical ion-pairing agents are not volatile and contaminate the source
of the MS. They are also associated with suppression of the signal [71,72]. Interestingly,
the development of volatile ion-pairing agents with favorable characteristics for mass
spectrometry recently increased the interest in reverse-phase chromatography for the
separation of charged compounds [73], and applications for NTs also exist [74].

A stationary phase, especially useful for the analysis of polar and charged metabolites,
is porous graphitized carbon (PGC). Such a matrix separates polar and charged substances
in a reverse-phase mode fully compatible with mass spectrometry. The main disadvantage
is a certain instability of retention times which may hamper the identification of com-
pounds, especially in non-targeted metabolome studies. It was reported that the redox
status of the column can interfere with retention times [12]. In our recent study, we used
PGC chromatography for NT and N analysis [2] and did not observe marked retention
time instability. Although we did not address this formally, we found that samples pro-
cessed by SPE ran more reproducibly on PGC chromatography than unprocessed samples.
Generally, thorough column equilibration seems to improve retention time stability. PGC
chromatography is a powerful tool for NT and N analysis [2], which can also separate
isobaric 3'- and 5'-nucleotide monophosphates (our data, unpublished). As mentioned
above, the chromatographic separation of isobaric NTs is very important to avoid that
metabolites of nearly identical mass are wrongly assigned and quantified, which could lead,
for example, to confounding dGTP with adenosine triphosphate (ATP) [12] or IMP with
AMP isotopes. Furthermore, several publications have shown that PCG-chromatography
is able to separate nucleotide sugars [12,46,47].

An alternative separation technique for the polar metabolome is hydrophilic interac-
tion liquid chromatography (HILIC). Many polar and charged metabolite classes such as
Ns, NTs, and amino acids can be analyzed with this stationary phase. Recently, we were
also able to separate Nbs from Arabidopsis thaliana extracts with HILIC, as well as with a
modified C18 column (our data, unpublished). Different HILIC phases and their respec-
tive potential for separating plant metabolites were excellently reviewed elsewhere [30].
The advantages of HILIC are the high tolerance to salts, the excellent reproducibility of
retention times, the even peak shape, and the stability over a wide pH range, allowing the
development of low-pH and high-pH methods [75]. While the low-pH methods are well
suited for amino acids, vitamins, and polyamines, the high-pH protocols are preferable
for carbohydrates, carbohydrate phosphates, organic acids, and NTs [76-78]. Additionally,
nucleotide sugars can be analyzed with HILIC [48,79]. Samples for HILIC must contain
a relatively high proportion of organic solvent, which is usually achieved by drying the
sample and redissolving the pellet. In this process, it is important to consider the limit of
solubility for the polar and charged analytes in a less polar solvent. A noisy baseline and
peak tailing are sometimes observed in HILIC, especially for phosphorylated and carboxy-
lated metabolites, due to their interaction with metallic surfaces. These problems can be
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addressed with deactivator additives, high-pH buffers, PEEK (polyetheretherketone)-lined
columns, and PEEK-lined instruments [75,80].

Another option for the MS-compatible chromatography of polar and charged metabo-
lites is the use of a silica-hydride stationary phase in aqueous normal-phase chromatogra-
phy. These provide a high degree of polar selectivity and are also able to retain non-polar
metabolites. With this approach, organic acids, NTs, and amino acids were successfully
analyzed [81-83], but applications in plants are still scarce. However, recently, Ns from
Asparagus officinalis extracts were successfully separated from other polar metabolites using
this technique [6].

An emerging technology for the separation and detection of charged metabolites
is capillary electrophoresis mass spectrometry (CE-MS) which is not yet widely in use.
This technology is especially advantageous for NTs when limited sample material is
available [84]. A recent study reported that the reproducibility of CE-MS among several
laboratories is very good, suggesting a high potential for this technique in the future [85].

Lastly, ion chromatography (IC) using an ion exchange stationary phase is highly
suited to separate cations and anions. Elution of bound analytes from ion exchange matrices
usually requires a rising concentration of competing ions. Phosphate is a very popular anion
classically used in anion exchange chromatography; but phosphate-based buffers are not
compatible with MS. By producing potassium hydroxide as an eluent in situ via electrolysis
and suppressing the eluent ions after the chromatographic separation, IC has become highly
reproducible and compatible with MS. However, a comprehensive analysis of the NT/N
metabolome is not straightforward with IC, because for NTs different columns and running
parameters are required than for Ns. Nonetheless, NTs from plants and other organisms
were successfully separated and comprehensively analyzed with IC-MS [7,86-88]. One
challenge is that the analytes leave the instrument in a pure aqueous solution, but ionization
in an electrospray ionization (ESI) source benefits from the presence of a polar organic
solvent because the surface tension of pure water is too high for establishing a stable ESI
spray [89]. A significant volume of organic solvent [89] or other modifiers are usually
added to the analyte stream prior to the MS with a T-liquid junction. This reduces the
chromatographic resolution and potentially decreases the sensitivity. Instead of a T-liquid
junction, a sheath liquid interface can be used to attenuate these effects. Such an interface
was employed for the analysis of sugars [90]. An alternative IC works with a weak anion
exchange column and an inverse acetate gradient that is fully compatible with MS [91].
However, the stationary phase required for this technique is less durable and, currently,
the availability of this matrix from commercial suppliers is limited.

9. Mass Spectrometry

The signal strength and, thus, the sensitivity of the measurement not only depend on
the abundance of the metabolite but also on (i) the ionization efficiency (IE) in the ESI source
(Figure 4A), (ii) the matrix effect (ME), which is the suppression of the ionization of the
target analyte by other metabolites that co-elute in the chromatography, and (iii) losses due
to undesired degradation in the source (in-source decay) or inefficient fragmentation in the
collision cell [89]. Other factors such as the ion transmission through the MS are also crucial
for sensitivity, but they depend mostly on the technical specifications of the instrument
and cannot be influenced by the operator. Polar metabolites such as NTs and Ns generally
have a poor surface activity (i.e., the tendency of an analyte to be present at the surface of
ESI droplets (Figure 4B)) and, therefore, have a lower ionization efficiency [89]. This results
in strong ion suppression of polar metabolites by co-eluting less polar compounds [92],
emphasizing the importance of selectivity in the sample preparation [93] and of resolution
in the chromatography. In our analysis of NTs and Ns, we determined the ME [94]
with isotope standards and concluded that the SPE significantly reduced the ME [2]. In
another study, the impact of the chromatography on the ME was determined, suggesting
that a separation with an HILIC stationary phase is suitable to lower the ME for polar
metabolites [95].
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Figure 4. Processes in the electrospray ionization source that result in the formation of ions or influence the sensitivity of
detection. (A) Charge separation during droplet formation and subsequent solvent evaporation results in charged analytes
which can be detected by the mass spectrometer. (B) Analytes are not evenly distributed in the droplets. Depending
on their surface activity, they locate more in the center (analytes with higher polarity; triangles) or nearer to the surface
(analytes with lower polarity; stars) of the droplet. Less polar analytes with strong surface activity have a higher ionization
efficiency than more polar analytes in the center of the droplet. (C) Decay of the analyte in the source results in signal loss.
Adenosine diphosphate (ADP) is chromatographically separated from ADP-glucose in this example, but the fragmentation
of ADP-glucose in the source results in the formation of ADP that appears to co-elute with ADP-glucose. If this is not
noted, the amount of ADP-glucose can be underestimated (D). An additional process leading to ionization is the gas phase
proton transfer that is determined by the proton affinities of the solvent, the modifiers, and the analytes. (E) The formation
of adducts with, e.g., sodium or potassium, often results in the formation of two or more species from the analyte with
different masses. Splitting the signal of the analyte usually leads to decreased sensitivity.

In general, NTs can be effectively measured in the negative and positive polarity mode,
but the tandem MS fragmentation spectra are more informative in the negative mode [96].
Depending on the pH of the solvent and the pKa of the metabolite, cations or anions are
formed in solution. Upon charge separation (Figure 4A), these are measured in the MS
in positive or negative mode, respectively [89]. Over a wide range of pH values, NTs are
anions, which suggests that a detection in negative mode is the most straightforward choice.
However, the negative mode requires a charge carrier in the solvent, especially when the
analyte concentration is low. A mixture of hexafluoroisopropanol and methanol was
used successfully as a charge carrier for the sensitive detection of oligonucleotides [97-99].
Additionally, 2,2,2-trifluoroethanol and formaldehyde were shown to reduce noise and
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increase ionization fostering a very sensitive detection of oligonucleotides [100]. One would
expect that a low pH facilitates the protonation of metabolites, thus promoting the detection
in the positive polarity mode, whereas a high pH results in deprotonation, boosting the
charge separation of preformed anions in the negative polarity mode [89]. Interestingly,
NTs are often measured at a neutral or high pH in the positive polarity mode [2,76,101,102].
This “wrong-way-round ionization” [103] also occurs for other metabolites. Ammonia,
used in many mobile phases for nucleotide analysis, is hypothesized to be a gas-phase
proton donor that facilitates ionization in the positive mode [89,103]. The gas-phase proton
affinities, crucial for effective ionization [104], were determined for NMPs and are lower for
pyrimidine NTs compared to purine NTs [105], which is consistent with our observation
that, in positive polarity mode, pyrimidine NTs are detected with less sensitivity than
purine NTs (our data, unpublished).

In addition to charge separation of preformed ions (Figure 4A) and gas-phase proton
transfer (Figure 4D), ionization by reduction and oxidation processes, as well as adduct
formation (Figure 4E), is possible. Adduct formation usually results in an altered precursor
mass and a distribution of the signal between the parent ion and its adducts. This gen-
erally reduces sensitivity and complicates the interpretation of data from non-targeted
approaches [106,107], although adduct formation can increase sensitivity for some carbohy-
drates [108]. NTs are electrostatically attracted to, e.g., sodium and potassium, and strate-
gies to attenuate the formation of cation adducts by preconditioning the chromatographic
system were shown to increase the sensitivity for the detection of oligonucleotides [106].
Moreover, the elimination of sodium originating from glassware can reduce the formation
of sodium adducts [89], and adjusting the ESI source parameters (cone voltage) might
disfavor adduct formation [107]. A significant amount of alkali metals can originate from
the sample, and their concentration may vary depending on the environmental conditions
in which the sampled plants have grown [109]. Sample preparation using an SPE approach
(e.g., with a weak anion-exchange stationary phase) can potentially reduce the abundance
of alkali metals in the matrix. This might be particularly important for HILIC, where NTs
and Ns can co-elute with alkali metal ions. Adduct formation has been demonstrated for
guanosine in HILIC [110].

Oxidation and reduction reactions in the ESI source resulting in radical formation
have been described for plant metabolites [111], but it is unknown if NTs and Ns are
affected by such processes. However, the oxidation of NTs can be provoked by an on-
line electrochemical cell prior to ESI to simulate the occurrence of damaged or modified
NTs [112].

In addition to adduct formation and potentially oxidation/reduction processes, the
fragmentation of the NTs and Ns in the ESI source (in-source decay) can result in a loss of
analyte (Figure 4C). Often, the glycosidic bond is affected [96,113], which creates the false
impression that an Nb co-elutes with the corresponding N or NT (our data, unpublished,
Figure 4C). A high nozzle voltage can foster in-source decay, but if this source parameter is
set too low, the ionization of the analyte might be reduced [89]. In-source fragmentation can
also lead to over- or underestimation of metabolite abundance, for example, when AMP,
adenosine diphosphate (ADP), and ATP are not baseline-separated in the chromatography
and source parameters are used that cause a decay of ATP to ADP or AMP within the
source [114].

In tandem mass spectrometry, single reaction monitoring (SRM) is used, in which a
precursor ion is first selected for fragmentation in the collision cell, and then the resulting
product ions are quantified [115]. The value of the collision energy voltage is an important
parameter for this process and needs to be optimized in the method development [116].
Interestingly, NTs exhibit characteristic fragmentation pathways that follow general rules
depending on the nucleotide structure [96]. This makes the occurrence of product ions for
NTs predictable, which can guide the development of an SRM assay. In addition, data on
experimentally observed product ions for NTs, including many modified NT species, can
be obtained from a public database [96] (www.msTide-db.com, accessed on 18 March 2021).
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How do different mass spectrometers compare in performance for NT analysis? Triple-
quadrupole (QqQ) instruments are traditionally considered the gold standard for the
sensitive detection and quantification of metabolites. Because the mass resolution of such
instruments is limited, they strongly rely on fragmentation patterns for the confident
identification of Ns and NTs in a plant matrix [2,7,8,14]. Alternatively, high-resolution
mass spectrometers (HRMS) provide an exact mass not only for the targeted analyte
but also for all metabolites within a specified m/z (mass to charge) window, which is
a tremendous advantage for non-targeted analyses and troubleshooting. In contrast to
QgqQ, HRMS spectra can later be reanalyzed for metabolites that were not initially in the
focus of the study. With the Orbitrap and time-of-flight (TOF) mass spectrometers, two
different instrument types for HRMS are available that show a similar performance for
plant metabolomics [117]. Both systems can be combined with a quadrupole and a collision
cell (Q-TOF and Q-Orbitrap) to select precursors and create fragment ions. For the analysis
of NTs in plants, both instrument types have been used [2,12,13]. One drawback of HRMS
is a reduced sensitivity compared to QqQ instruments [118]. In our recent study, we were
able to detect all low-abundance dNTs in plant matrices with a QqQ instrument, but with
a Q-Orbitrap some were not detectable at all or only when using the quadrupole of the
Orbitrap as a narrow mass filter focusing directly on the ion mass of the dNT in question [2].
The sensitivity of an HRMS is negatively affected by the matrix. Interestingly, this not
only depends mainly on ESI processes as for QqQ instruments, but also on the total ion
load entering the machine at any time [118]. Reducing the ion load by selective sample
preparation and good chromatographic separation is, therefore, of additional importance
for sensitivity when using HR instruments. In addition to reducing the ion load, increasing
the ion mass by derivatization of Ns and NTs might increase the sensitivity, because most
matrix components have comparatively low m/z values, and these could be excluded by
appropriate setting of the quadrupole mass filter in Q-TOF or Q-Orbitrap machines.

10. Outlook

Although the comprehensive quantification of Ns and NTs is now possible in samples
from a variety of plants and algae, many challenges still remain. While current workflows
can detect the relatively low abundant dNs and dNTs in plants [2,11], reports about
the detection of damaged or modified NTs which are probably even less abundant are
still scarce [119,120]. Since such rare NTs are more frequently observed in non-plant
systems [61,121], it is tempting to speculate that it is the complexity of the plant matrix
which hampers their detection in plants. It will be necessary to boost the sensitivity
to also detect these rare NTs, which may be achieved in part by further reducing the
complexity of the matrix, for example, by eliminating the more abundant rNTs [11,41].
Additionally, up-scaling of the sample amount in combination with enrichment techniques
and derivatization protocols might be part of a solution.

Robust sample preparation coupled with a high sensitivity of detection will improve
the analysis of N'Ts and Ns in cases where only little starting material is available, for
example, when only a certain plant tissue is investigated. It will also be feasible to analyze
plants with a particularly complex metabolome and correspondingly complex matrix (e.g.,
in Viscum album [122]).

Some rNTs and rNs but not the dNs and dNTs or the modified NTs were previously
reported in studies aiming at the description of the whole (polar) metabolome [6,7]. Cur-
rently, there is a tradeoff between the depth of NT analysis on one side and the ability to
comprehensively describe the entire metabolome on the other side. Coupling our sample
preparation protocol for NT and N analysis [2] with protocols for the simultaneous analysis
of amino acids, phytohormones, and lipids [35] may help to overcome this problem. Al-
though the sample preparation would be more time-consuming, the preparation of a single
sample may be sufficient for a more comprehensive in-depth analysis of the metabolome.
Potentially, several groups of non-polar but also polar and less abundant metabolites
such as phytohormones, (d)NTs, and (d)Ns could be quantified from such samples. An
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alternative approach uses a combination of reverse-phase and HILIC chromatography to
monitor lipids and polar metabolites in one analytical run [123].

A major drawback of LC-MS techniques is that they are unable to monitor NTs in
living cells and cannot assess NT concentrations in particular cells within complex tissues
or in subcellular compartments. For some abundant NTs such as ATP and nicotinamide
adenine dinucleotide, molecular probes were developed to monitor the in vivo concen-
trations within Arabidopsis thaliana cells and tissues [124,125]. Although such probes are
currently only available for very few metabolites and are less sensitive than LC-MS (a
concentration of ~160 uM can be detected with the ATP sensor, compared to a sensitivity
in the picomolar range for LC-MS), these techniques can complement data obtained by
LC-MS. Techniques to fractionate [126,127] or isolate subcellular compartments [128] in
combination with metabolite analysis via LC-MS may prove useful for the investigation
of the subcellular NT and N pools in plant cells. In the future, such fractionation and
isolation techniques must gain in resolution. Especially for organelle isolation techniques,
quenching strategies must be devised to effectively prevent alterations to the metabolome
during organelle preparation.
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