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Short communication
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Abstract

As part of RNA characterization, the identification of post-transcriptional modifications can
be performed using hyphenation of separation methods with mass spectrometry. To identify
RNA modifications with those methods, a first total digestion followed by a
dephosphorylation step are usually required to reduce RNA to nucleosides. Even though
effective digestion and dephosphorylation are essential to avoid further complicationsin
analysis and data interpretation, to our knowledge, no standard protocol is yet referenced in
the literature. Therefore, the aim of this work is to optimize the dephosphorylation step
using a total extract of transfer RNA (tRNA)* from B. taurus as a model and to determine and
fix two protocols, leading to complete dephosphorylation, based on time and bacterial
alkaline phosphatase (BAP)? consumptions. Capillary electrophoresis-tandem mass
spectrometry (CE-MS/MS) was used to estimate the dephosphorylation efficiency of both
protocols on many canonical and modified nucleotides. For a timesaving protocol, we
established that full dephosphorylation was obtained after a 4-hour incubation at 37 °C with
7.5 U of BAP for 1 ug of tRNA. And for a BAP-saving protocol, we established that full
dephosphorylation was obtained 3.0 U of BAP after an overnight incubation at 37 °C. Both
protocols are suitable for quantitative analyses as no loss of analytes is expected. Moreover,
they can be widely used for all other RNA classes, including messenger RNA or ribosomal

RNA.

Keywords: ribonucleic acid, modified nucleoside, modified nucleotide, protocols
Introduction

Over the past few years, RNA studies have shown a growing interest due to the huge
potential of RNA in therapeutic strategies such as diagnostic [1], treatment [2] or vaccination
[3]. Structural information, including the identification and location of post-transcriptional
modifications, is required to characterize RNA. Nowadays, more than 150 modified
nucleosides are described in the literature and referenced in databases like Modomics [4].

These modifications are found in all types of RNA and are of great interest due to their

1 tRNA : transfer RNA
2 BAP : bacterial alkaline phosphatase



involvement in the RNA structural stability [5] and many biological functions [6] but also in

several diseases [7] as diabetes [8] or cancers [9].

Many techniques have been developed to analyze RNA post-transcriptional modifications,
including separative methods such as high-performance liquid chromatography (LC) [8,10—
18] or capillary electrophoresis (CE) [19] hyphenated to tandem mass spectrometry
(MS/MS). Indeed, on one hand, these separative methods, which have complementary
selectivity, enable the characterization of several modified nucleosides including isomers
[19]. On the other hand, MS has become a powerful tool for the identification and structural
characterization of biomolecules due to its sensitivity and specificity. Using those couplings,
the identification of RNA modifications is commonly performed at the nucleosides level,
while their localization is determined at the oligonucleotides level. Both, CE and LC, could
have been used in this study. However, CE offers the possibility to study RNA at both levels,
nucleosides and oligonucleotides, with the same method [19], contrary to LC-MS, while

maintaining the advantages of isomeric separation.

In order to digest RNA into nucleosides, the protocols usually described in the literature are
based on two steps. The first one is a total digestion with nuclease P1 [10,19] or with a
combination of nuclease P1 and phosphodiesterase | [11,20], leading to nucleotides. The
second step is a dephosphorylation with bacterial alkaline phosphatase (BAP) [10,11,19-21].
Effective digestion and dephosphorylation are essential to avoid further complications in
analysis and data interpretation. In-solution, nuclease P1 seems to be quite efficient with a
reported complete digestion of DNA in less than 2 hours [22]. In 1990, Crain et al proposed a
protocol for both steps leading to full digestion and dephosphorylation [20]. In 2014, Su et
al, proposed an entire protocol, from the sample preparation to the data interpretation, for
the quantitative analysis of RNA modifications by LC-MS. The first digestion step was
performed with benzonase and phosphodiesterase |, and the dephosphorylation step with
alkaline phosphatase [18]. In 2016, Thiiring et al published a similar protocol using nuclease
P1instead of benzonase [17]. However, none of them are describing the optimization
process of the dephosphorylation step to obtain fully dephosphorylated nucleosides.
Moreover, since then, several studies used various protocols [11,19,21]. A kit is also
commercialized by New England BioLabs enabling one-step digestion and dephosphorylation

of RNA and DNA, however no information on its enzyme composition is available. Therefore,



we consider that there is no standard protocol for the dephosphorylation of nucleotides.
Moreover, to the best of our knowledge, analyte recovery rates were never discussed as no
step may implies a loss of analytes, and performance studies have not always been carried
out for each new protocol, leaving the possibility of partial dephosphorylation. Indeed, most
of the studies are using Multiple Reaction Monitoring (MRM) detection [8,11-14,16—
18,21,23] as it is really useful to increase sensitivity. However, it is not appropriate for
untargeted studies in which nucleotides are remaining in the sample due to poor

dephosphorylation or when nucleoside modifications are still unknown.

In this work, we propose to optimize the dephosphorylation step using BAP to fix the
conditions of two different protocols based on two classical imperatives: (i) economical with

reduced BAP consumption or (ii) fast with a short dephosphorylation time.

1. Materials and methods

2.1. Chemicals

The chemicals used were of analytical grade or high purity. Water was obtained using a
Direct-Q3 UV-R water purification system (Merck Millipore, Amsterdam, The Netherlands).
Nuclease P1 from Penicillium citrinum, ammonium acetate and zinc chloride (ZnCl;) were
purchased from Sigma-Aldrich (Saint Louis, MO, U.S.A.). Glacial acetic acid and Bacterial
Alkaline Phosphatase (BAP) (150 U/uL) from Escherichia coli C90 was purchased from
ThermoFisher Scientific (Marietta, OH, U.S.A.).

2.2. tRNAsample

A total extract of transfer RNA (tRNA) from eukaryotic cytosol of B. taurus was used to
perform this study. The modifications from B. taurus tRNA are numerous and well known,
making it a good model to track dephosphorylation performances. All modifications

reported in Modomics database [4] for B. taurus tRNA total extract are listed in Table 1.

Table 1. List of modifications reported in Modomics database [4] for B. taurus tRNA total
extract

Nucleoside full name Nucleosides Nucleotides
abbreviations abbreviations
Adenosine A pA
Cytidine C pC
Guanosine G pG
Uridine U pU




1-methyladenosine mlA pm!A

3-methylcytidine m3C pm3C
5-methylcytidine m>C pm>C
2'-0O-methylcytidine Cm pCm
1-methylguanosine m!G pm'G
N2-methylguanosine m?2G pm?G
7-methylguanosine m’G pm’G
2'-0-methylguanosine Gm pGm
N2,N2,2'-O-trimethylguanosine m%,G pm%,G
N6-isopentenyladenosine i°A piA
3-(3-amino-3-carboxypropyl)uridine acp3U pacp3U
Queuosine Q pQ
Galactosyl-queuosine galQ pgalQ
Mannosyl-queuosine manQ pmanQ
Pseudouridine Y pY
Dihydrouridine D pD
5-methyluridine m°U pm>U
2'-0-methyluridine Um pUm
2'-0-methylpseudouridine Ym pYm
5,2'-O-dimethyluridine m°Um pm>Um
N4-acetylcytidine ac*C paciC
5-methoxycarbonylmethyl-2-thiouridine mcm®s2U pmcm®s2U
Inosine I pl
N6-threonylcarbamoyladenosine t°A pt°A
Methoxycarbonylmethyluridine mcm®U pmcm>U
Peroxywybutosine oyW poyW
5-formyl-2'-O-methylcytidine f°Cm pf>Cm

2.3. Sample preparation

B. taurus tRNA was desalted by three successive precipitations with ammonium acetate and
ethanol. A single batch of total tRNA extract was digested with nuclease P1 following a
previously described protocol [19]. Briefly, P1 10x buffer (2 mM ZnCl2, 250 mM ammonium
acetate, pH 5.0) and tRNA extract were successively added into deionized water before
adding 0.5 U of P1 (previously prepared at 0.5 U/uL in 100 mM ammonium acetate) per ug
of tRNA. This single batch of tRNA was incubated at 37 °C for 2 hours, and then used for
different dephosphorylation conditions. Nucleotides were dephosphorylated using seven
different ratios from 0.15 to 7.5 U of BAP (previously prepared at 1.5 U/uLin 100 mM
ammonium acetate) for 1 ug of tRNA and incubated at 37 °C for two periods of time: 4 hours
and overnight. The final concentration of tRNA in each sample was 0.1 pg/uL. For each BAP
guantity and incubation time combinations, samples were prepared in triplicate and directly

analyzed. Analyses of sample triplicates were carried out on different days.



2.4. CE-MS/MS analysis

CE-MS/MS analyses were performed following a previously described method [19]. Briefly,
CE was performed on a bare-fused silica capillary (100 cm total length, 30 um i.d.) filled with
10% acetic acid as background electrolyte. Analyses were performed with 5 nL injections and
+30kV separation voltage and 2 psi pressure. A porous tip sheathless interface was used for
the CE-MS hyphenation and MS detection was performed in positive mode. MS/MS
detection was performed using data-dependent mode (theoretical precursor and product
ions used for the identification are available in Supplemental Information in Table S1). To
ensure the full dephosphorylation of a maximum of various nucleotides, dephosphorylation
efficiencies of all modifications from B. taurus tRNA were monitored. However, two
modifications reported in Table 1 (02yW and f°Cm) were withdrawn for the
dephosphorylation study due to the lack of signal of corresponding nucleotides or
nucleosides in control samples without any dephosphorylation step or with full
dephosphorylation. Therefore, the dephosphorylation of 4 canonical and 25 modified

nucleotides was monitored (Table 1).
2.5.  Verification of P1 digestion step

As some miscleavages of modified nucleosides were previously reported when using only
nuclease P1 [20], it was essential to check the performance of the P1 digestion step in our
protocols (as P1is not retrieved before the second incubation, total P1 incubation times are
2h+4 hand2h + overnight) before making any conclusion. Indeed, it is worth noting that
any difference in the digestion efficiency could have an impact on the results obtained for
the dephosphorylation step. To ensure that P1 digestion was complete, the ion currents of
dinucleotides combining each modification with all four canonical nucleotides were
extracted with a mass tolerance of £ 0.02 Da. Since none of those dinucleotides were
detected, we considered that the digestion with nuclease P1 was complete for all studied
nucleosides and nucleotides in all samples. As mentioned in the literature, only dinucleotides
have been reported after uncomplete digestion with P1 [20]. Consequently, the following
study can be focused only on the dephosphorylation step. The ion current of all nucleosides
and their corresponding nucleotide species were also extracted with a mass tolerance of +

0.02 Da.



2.6. Estimation of the dephosphorylation efficiency

The dephosphorylation efficiency was then estimated for each canonical and modified

nucleotides based on the following equation:

Areanucleoside

% ion ~ x 100 (D
dephosphorylation
Areanycieoside T AT€0nycieotide

Area,ycieoside ANd Arean,cieotide Ar€ peak areas obtained from extracted ions
electropherograms. As nucleosides and nucleotides may have various ionization efficiencies,
itisimportant to note that this dephosphorylation efficiency is only an estimation. However,
confidence in full dephosphorylation is obtained when its efficiency is estimated to 100%,

which is the main aim of this study.

For post-transcriptional modifications leading to some isomers partially or not separated by
CE, the sum of their areas was used and a common dephosphorylation efficiency was
calculated. This is the case of m3C, m>C and Cm, as well as galQ and manQ, m'G and m?G, or

Uand Y (Table S2 in supplemental information).
3. Results and discussion

An example of uncomplete dephosphorylation CE-MS/MS analysis is presented in Fig. 1, and
the influence of the dephosphorylation efficiency on the analysis is illustrated by the
electropherograms in Fig. 2. Full overall dephosphorylation was obtained for 7.5 U of BAP for
1 pg of RNA incubated at 37 °C for 4 hours (Fig. 2B) and for 3.0 U of BAP for 1 ug of RNA
incubated overnight at 37 °C (Fig. 2C). Among these protocols enabling full
dephosphorylation of nucleotides, the first one with a 4-hour incubation fits with the
protocol developed in our laboratory and described by Lechner et al [19], and the overnight
protocol is a new combination of incubation time and amount of BAP compared to the

literature.

The full dephosphorylation enabled the reduction of CE analysis time (Fig. 2B and Fig. 2C)
due to late migration of many nucleotides negatively charged. For instance, the migration
time of pU was around 27 min (Fig. 2A), thus increasing the analysis time that is around 17
min obtained with full dephosphorylation (Fig. 2B and Fig. 2C). Furthermore, it prevents the

potential ion suppression caused by the comigration of some nucleotides with nucleosides.



To illustrate this point, all nucleosides and nucleotides have been annotated in Fig. 1, and
canonical nucleosides and nucleotides have been annotated in Fig. 2, particularly showing
the peak overlapping of U, D, m®U/Um/Ym, m>Um, pm3C/pm>C/pCm, pA; pC, and other
species at around 17 min (Fig. 2A). As U and other modified nucleosides are neutral,
ionization competition with co-migrating nucleotides can have a huge impact on their
detection. Indeed, ion suppression phenomenon can lead to a loss of sensitivity, particularly
for low concentrated compounds, which is often the case of modified nucleosides. In turn,
low peak intensities can lead to a failure of the automatic MS/MS fragmentation process in
data-dependent mode resulting in a loss of characterization for some nucleosides. Finally,
with uncompleted dephosphorylation, the occurrence of each modification is split between
both nucleoside and nucleotide species (Fig. 1 and Fig. 2A). Full dephosphorylation is
therefore essential for quantification studies avoiding the underestimation or
overestimation of RNA modifications. Our protocols should be well suited for relative
guantitation analysis as well as absolute quantitation studies with the use of internal
standards. Indeed, no step in the sample treatment that could cause analyte loss, such as

post-digestion desalting, is required.

Fig. 3 represents the dephosphorylation efficiency for 29 nucleosides for 4-hour and
overnight incubations carried out with seven increasing quantities of BAP (0.15 to 7.5 U) for
1 pg of tRNA. The results for each condition correspond to average dephosphorylation
efficiencies obtained from triplicates. Full dephosphorylation was considered for efficiencies
equal or higher than 98 %. All standard errors were below + 19% for uncompleted
dephosphorylations and below + 3% for full dephosphorylations (Tables S3 and S4 in
supplemental information). As analyses of sample triplicates were carried out on different

days, this shows that the estimated day-to-day variability is relatively low.

For a given incubation time, the minimum quantity of BAP needed to obtain full
dephosphorylation is not the same for all modifications. For instance, many modifications
including m'G, m?G, Gm, acp3U and ac*C are fully dephosphorylated with 4.5 U of BAP after
a 4-hour incubation at 37°C, whereas dephosphorylation efficiencies of m’G, Q, manQ and

galQ do not exceed 81 % for the same BAP quantity and incubation time (Fig. 23A).

Even if small differences in the dephosphorylation efficiencies could have been expected

between large and distinctive modifications, the huge gap in the dephosphorylation



efficiencies is more surprising between small-sized isomeric modifications with close
structures. For instance, no conclusion can be made regarding a potential difference in
dephosphorylation efficiencies between m'G and m?G as they are not separated by the CE.
However, the sum of m'G and m?G (annotated m'G/m?G) is already more than half
dephosphorylated with the softest condition (0.15 U of BAP for 1 ug of tRNA incubated for 4
hours at 37 °C) while m’G and Gm are barely dephosphorylated (Fig. 3A). The proportion
shift of pm’G, pm'G/pm?G and pGm between 0.15 U and 1.5 U of BAP incubated for 4 hours
at 37 °C, as well as their chemical structures, are illustrated in Fig. 4. Even if pm'G/pm?G
were after a 4-hour incubation at 37°C with 0.15 U of BAP per ug of RNA (Fig. 4A), pm7G was
the only isomer not fully dephosphorylated with 4.5 U of BAP per ug of RNA (Fig. 4E). This
proportion shift indicates that m’G has the lowest dephosphorylation rate of the four

methylated guanosine isomers.

After digestion with nuclease P1, nucleotides with 3'-OH and 5’-NMP ends are obtained [24].
Therefore, the bad dephosphorylation of m’G compared to m'G,-/m?G and Gm is quite
surprising as the residual phosphate group is linked to the ribose and not to the modified
base. Due to the positions of methylation in Gm and m’G, based on the reaction mechanism
of BAP described in Yang and coworker research [25], we rather expected Gm than the other
isomers to be the most difficult to dephosphorylate or at least to have similar
dephosphorylation efficiencies because of the light steric hindrance of the methylations.
Besides these inhomogeneous dephosphorylation rates, it is also worth noting that the first
nucleoside at the 5’-end of each tRNA sequence does not possess a phosphate group and
moreover is usually not modified. Thus, there is already a small amount of unmodified
nucleosides in the sample even without any dephosphorylation step. This could correlate to
the higher dephosphorylation efficiency of G compared to Gm and m’G displayed for the
softest condition (0.15 U of BAP for 1 ug of tRNA incubated for 4 hours at 37 °C) in Fig. 23A.

However, regarding each modification, dephosphorylation efficiencies higher than 98% were
obtained for 7.5 U of BAP for 1 ug of RNA incubated at 37 °C for 4 hours and for 3.0 U of BAP
for 1 ug of RNA incubated overnight at 37 °C.



4. Conclusion

The most remarkable feature of this study is that two equivalent protocols can be
established for the nucleotides dephosphorylation in routine for CE-MS/MS but also LC-

MS/MS analysis purposes. According to individual needs:

(i) the first one is quicker but the amount of enzyme matters (7.5 U of BAP for 1 ug of RNA
incubated at 37 °C for 4 hours),

(ii) the second one is longer but more economical in enzyme quantity (3.0 U of BAP for 1 ug

of RNA incubated overnight at 37 °C).
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Fig. 1. Multiple extracted ion electropherograms for the analysis of total tRNA extract from B.
taurus after digestion with nuclease P1 and dephosphorylation after a 4-hour incubation at
37°C with 0.75 U of BAP per ug of RNA
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Fig. 2. Multiple extracted ion electropherograms for the analysis of total tRNA extract from B.
taurus after digestion with nuclease P1 and dephosphorylation with (A) 0.75 U of BAP for 1 ug
of RNA incubated for 4 hours at 37 °C, (B) 7.5 U of BAP for 1 pg of RNA incubated for 4 hours
at 37 °C and (C) 3.0 U of BAP for 1 ug of RNA incubated for 4 hours at 37 °C. All 4 canonical
and 25 modified nucleotides and nucleosides were extracted. Full annotation of nucleoside
and nucleotides of Fig. 2A is available in Fig. 1.
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Fig. 3. Estimated dephosphorylation efficiencies for 29 nucleotides after (A) 4-hour incubation
and (B) overnight incubation at 37°C with seven quantities from 0.15 to 7.5 U of BAP for 1 pg
of RNA. Standard errors were obtained from sample triplicates. More precise data are available
in Suplemental Information (Tables S2 and S3).
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Fig. 4. Extracted ion electropherogram (m/z 378.08) for the analysis total tRNA extract from B.
taurus after digestion with nuclease P1 and dephosphorylation after a 4-hour incubation at
37°C with (A) 0.15 U of BAP per ug of RNA, (B) 0.75 U of BAP per ug of RNA, (C) 1.5 U of
BAP per pg of RNA, (D) 3.0 U of BAP per pg of RNA and (E) 4.5 U of BAP per pg of RNA. (F)
Structures of all four isomers of methylated monophosphate guanosine.
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