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BSTRACT 

-Methylated cytosine is a frequent modification in 

ukaryotic RNA and DNA influencing mRNA stabil- 
ty and gene expression. Here we show that free 5- 

ethylcytidine (5mC) and 5-methyl-2 

′ -deoxycytidine 

re generated from nucleic acid turnover in Ara- 
idopsis thaliana , and elucidate how these cytidines 

re degraded, which is unclear in eukaryotes. First 
YTIDINE DEAMINASE pr oduces 5-meth yluridine 

5mU) and thymidine which are subsequently hy- 
r olyzed b y NUCLEOSIDE HYDR OLASE 1 (NSH1) to 

hymine and ribose or deoxyribose. Interestingly, far 
ore thymine is generated from RNA than from DNA 

urnover, and most 5mU is directly released from 

NA without a 5mC intermediate, since 5-methylated 

ridine (m 

5 U) is an abundant RNA modification 

m 

5 U / U ∼1%) in Arabidopsis. We show that m 

5 U 

s introduced mainly by tRNA-SPECIFIC METHYL- 
RANSFERASE 2A and 2B. Genetic disruption of 
mU degradation in the NSH1 mutant causes m 

5 U 

o occur in mRNA and results in reduced seedling 

rowth, which is aggrav ated b y external 5mU sup- 
lementation, also leading to more m 

5 U in all RNA 

pecies. Given the similarities between pyrimidine 

atabolism in plants, mammals and other eukary- 
tes, we hypothesize that the remo v al of 5mU is 

n important function of pyrimidine degradation in 

any organisms, which in plants serves to protect 
NA from stochastic m 

5 U modification. 
m
t  
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NTRODUCTION 

f the more than 100 chemical modifications in various eu- 
aryotic RNAs, the greatest di v ersity is found in tRNAs. 
n absolute quantity, most modifications are present in 

RN As, w hich are the most abundant RNA species. These 
odifications promote the stability and translation func- 

ions of these RNAs ( 1 , 2 ). Recent technical advances have 
hown that mRNA also carries modifications such as N 

6 - 
ethyladenosine (m 

6 A) ( 3 , 4 ), N 

1 -methyladenosine ( 5 ), 5-
ethylcytidine (m 

5 C) ( 6 ), N 

4 -acetylcytidine ( 7 ) and pseu- 
ouridine ( �) ( 8 ). Specific enzymes, named ‘writer’ and 

eraser’ proteins, are required for the introduction and re- 
oval of these modifications at the mRNA le v el, respec- 

i v el y. Such mRN A modifica tions are decoded by dif ferent
reader’ proteins and influence the stability and translation 
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efficiency of their targeted transcripts ( 9 , 10 ). Upon RNA
turnover, modified nucleotides such as N 

6 -methyladenosine
monophosphate ( N 

6 -mAMP), pseudouridine monophos-
phate ( �MP) and 5-methylcytdine monophosphate, are re-
leased together with other canonical nucleotides. A con-
served N 

6 -mAMP deaminase, recently characterized in
Arabidopsis ( Arabidopsis thaliana ) and human ( Homo sapi-
ens ) cells, catalyzes the hydrolysis of N 

6 -mAMP to ino-
sine monophosphate ( 11 ), an intermediate of general purine
meta bolism ( 12 ). The cata bolism of �, the most abundant
modified nucleoside in non-coding RN A (ncRN A), has also
been described in Arabidopsis. Free � must be transported
into peroxisomes, where it is phosphorylated by a pseu-
douridine kinase to �MP, which is hydrolyzed by a peroxi-
somal �MP glycosylase into uracil and ribose-5-phosphate
( 13 , 14 ), both intermediates of canonical pyrimidine nucle-
oside catabolism. Mammals lack these enzymes and excrete
� with the urine ( 15 ), whereas other animals, such as birds,
fish and insects, have this catabolic pathway ( 13 ). Thus, in
plants and many other eukaryotes, specialized enzymes are
r equir ed for the conversion of the modified nucleotides N 

6 -
mAMP and �MP into intermediates of general nucleotide
metabolism, whereas in mammals some modified nucleo-
sides can also be disposed of by secretion. 

Unlike m 

6 A and �, m 

5 C is widely distributed not only
in ncRNAs but also in mRNAs of eukaryotic organisms
( 16–18 ). This C methylation is introduced by NOP2 / SUN
RNA METHYLTRANSFERASE FAMILY MEMBER
2 (NSUN2) in mammals ( 16 ) and by tRNA-SPECIFIC
METHYLTRANSFERASE 4B (TRM4B) in Arabidopsis
( 6 ). It was observed that m 

5 C is enriched in 3 

′ -untranslated
r egions and r egions immediately downstr eam of translation
initiation sites, where it is recognized by the reader protein
ALY / REF EXPORT FACTOR (ALYREF), which medi-
ates nuclear export of m 

5 C-methylated transcripts ( 16 , 19 ).
In Arabidopsis, mutants of TRM4B lacking RNA m 

5 C
methyltr ansfer ase activity undergo fewer cell divisions in
the root apical meristem, resulting in shorter primary roots
and increased sensitivity to oxidati v e stress ( 17 ). 5-Methyl-
2 

′ -deoxycytidine (5mdC) is a major epigenetic mark of
DNA ( 5 mC). Upon RNA turnover, 5-methylcytidine (5mC)
is released w hile DN A turnover or repair lead to the release
of 5mdC. 

In plant pyrimidine metabolism, CYTIDINE DEAM-
INASE (CDA) and NUCLEOSIDE HYDROLASE 1
(NSH1) are two important enzymes involved in nucleo-
side and nucleotide homeostasis ( 12 , 20 ). Cytidine degrada-
tion begins with its deamination by CDA to uridine ( 21 ),
which is then hydrolyzed by NSH1 to uracil and ribose
( 22 , 23 ) (Supplementary Figure S1). NSH1 also hydrolyzes
C5-methylated uridine (5mU) in vitro ( 24 ), but it is un-
known whether 5mC is a substrate of CDA. If that were the
case, the NSH1 substrate 5mU could originate from 5mC
deamina tion. Alterna ti v ely or additionally, this methylated
uridine may also be directly deri v ed from m 

5 U-modified
RNA species. Although m 

5 U has been detected in plant
tRNAs ( 25 ), little is generally known about m 

5 U in plant
RNAs. In mammals and yeast ( Sacchar om y ces cer evisiae ),
m 

5 U has been found in rRN A and tRN A ( 26 ) as well as in
mRNA ( 27 , 28 ), but its metabolic fate upon degradation of
these RNAs has not yet been investigated. There are many
similarities between plant and mammalian pyrimidine nu-
cleoside catabolism (Supplementary Figure S1). Mammals
possess a CDA that can deaminate C, dC and 5mC in vitro
( 29 ). The degradation of uridine (U), deoxyuridine (dU)
and thymidine (dT) is catalyzed by phosphorylases ( 30–32 )
and not by hydrolases as in plants, but in both organisms the
bases uracil or thymine (T) are released by these enzymes
which are further metabolized in similar ways ( 33 , 34 ) (Sup-
plementary Figure S1). 

In this study, we investigated the origin of methylated
(deoxy-)cytidines and (deoxy-)uridines in Arabidopsis and
their metabolic fate, showing that CDA and NSH1 are re-
quired for the catabolism of most but not all of these com-
pounds. Mor eover, we pr esent experimental evidence that
plant RNAs contain m 

5 U and that TRM2A and TRM2B
are the main writer enzymes for m 

5 U. We also investigated
whether NSH1 and CDA ar e r equir ed to pr otect RNA fr om
random methylation e v ents and can show that NSH1 is in-
deed involved. Phenotypic consequences of defective pyrim-
idine nucleoside degradation were also investigated. 

MATERIALS AND METHODS 

Plant material and cultivation 

Arabidopsis ( Arabidopsis thaliana ) ecotype Col-0 was
chosen as the wild type. T-DN A insertion m utants of
Arabidopsis from the SALK collection ( 35 ), the SAIL
collection ( 36 ) and the GABI-Kat collection ( 37 ) were
obtained from the Nottingham Arabidopsis Stock Centre.
Complementation lines for cda-1 and nsh1 were described
pre viously ( 21 , 38 ). Doub le mutants were obtained by
crossing cda-1 and trm4b-1 , cda-1 and cmt3-11 , cda-1
and ros1-4 , pyd1 and cda-1 , pyd1 and nsh1 , and trm2a
and nsh1 ; the pollen donor is named last in each case.
The T-DNA insertions were confirmed using the primer
pairs 448 / N0262, N261 / N61, N61 / 2616, N61 / 1426,
1197 / Cp99, N61 / Cp108, N61 / Cp111, N61 / Cp242 and
N61 / Cp237 for cda-1 , cda-2 , nsh1 , pyd1 , trm4b-1 , cmt3-
11 , ros1-4 , trm2a and trm2b lines, respecti v ely, and the
primer pairs N0261 / N0262, N0261 / N0262, 1905 / 2616,
1236 / 1426, Cp99 / Cp100, Cp108 / Cp109, Cp110 / Cp111,
Cp241 / Cp242 and Cp237 / Cp238 for the wild-type alleles
of cda-1 , cda-2 , nsh1 , pyd1 , trm4b-1 , cmt3-11 , ros1-4 , trm2a
and trm2b lines, respecti v ely (Supplementary Table S1). 

Arabidopsis and Nicotiana benthamiana plants were cul-
tivated in a controlled growth chamber (16 h light of 75
�mol / m / s at 22 

◦C and 8 h dark at 20 

◦C, 75% relati v e
humidity). For metabolic profiling and RNA extraction,
plants were grown on full nutrient soil or on Petri dishes
containing half-strength Murashige and Skoog (MS) agar.
For the 5mU and U treatments, the plants were grown on
half-strength MS medium supplied with 500 ng / ml 5mU
or 5000 ng / ml U, respecti v ely. The leaf area of seedlings
was quantified from photo gra phs employing the ImageJ (v
1.8.0) software. 

RN A e xtr action, r everse tr anscription and mRNA pr epar a-
tion 

RNA from plants was isolated using Trizol reagent
(Monad) and treated with DNase (4 × gDNA wiper Mix;
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azyme Biotech Co., Ltd), and cDNA was pr epar ed us- 
ng HiScript II Q Select RT Super Mix (Vazyme Biotech 

o., Ltd). Oligo (dT) was used for re v erse transcription. 
o measure gene-specific mRNA le v els in the mutants, 
DNAs were prepared from seedlings of each genotype. 
he polymerase chain reaction (PCR) used primer pairs 
p345 / Cp346 and Cp237 / Cp238, giving rise to a prod- 
ct of 2496 bp and 1743 bp from the wild-type alleles of 
rm2a and trm2b , respecti v ely. The primers flanked the T- 
NA insertions in each case. The sequences of primers 

sed in analyses are listed in Supplementary Table S1. Non- 
ol yadenylated RN A and mRN A were isolated from to- 
al RNA for digestion employing the PolyATract mRNA 

solation Systems III (Promega). For mRNA preparation, 
wo rounds of purification were performed. The RNA was 
uantified by a NanoDrop photometer (Thermo Scien- 
ific), and the purity and the integrity were assessed by 

 ppl ying 100 ng of RNA per sample on a bioanalyzer 
Agilent). 

rotein purification and determination of kinetic constants 

ecombinant Arabidopsis CDA and NSH1 were affinity 

urified after transient expression in N. benthamiana as de- 
cribed before ( 21 , 38 ). Purified protein was quantified using 

he Bradford reagent from Tiangen with bovine serum albu- 
in (BSA) as a standard. 
The enzymatic activity of CDA was assessed as described 

 21 ), with minor modifications. For individual r eactions, r e- 
ombinant CDA solutions were adjusted to 5 �g / ml us- 
ng elution buffer of the purification procedure. A 150 �l 
liquot of the substrate solution was incubated at 30 

◦C for 
 min. The reaction was started by adding 50 �l of enzyme 
olution. In a time course, 40 �l aliquots were added to 160 

l of water, followed by the addition of 50 �l of phenol ni-
roprusside reagent and 100 �l of hypochlorite reagent for 
olorimetric ammonia quantification ( 39 ). The absorbance 
as determined by photometric measurement at 636 nm. 
mmonium standar d curv es were generated by adding elu- 

ion buffer instead of enzyme solution to the reaction mix 

nd placing 40 �l aliquots in 160 �l of NH 4 Cl solutions of 
if ferent concentra tions prior to detection. The kinetic con- 
tants were determined for C concentrations of 0.1, 0.25, 
.5, 1, 3, 5 and 10 mM, for dC concentrations of 0.05, 0.1, 
.25, 0.5, 1, 2 and 5 mM, for 5mC concentrations of 1, 3, 
, 10, 25, 50, 100 and 200 mM, for 5mdC concentrations 
f 1, 5, 10, 25, 50 and 100 mM, and for 2 

′ - O -methylcytidine
2OmC) concentrations of 1, 5, 10, 20, 50, 100 and 200 mM. 
inetic curves were recorded in four independent repeats, 

nd kinetic constants were determined by fitting the data to 

he Michaelis–Menten equation using the GraphPad Prism 

oftware. 
Recombinant NSH1 solutions were adjusted to 57.5 

g / ml using 100 mM HEPES buffer (pH 8). For individual 
eactions, 200 �l of 20 mM uridine or 2 

′ - O -methyluridine 
2OmU) substrate solution was incubated at 30 

◦C for 5 

in. The reaction was started by adding 40 �l of NSH1 en- 
yme solution. In a time course, 60 �l aliquots were taken 

nd the reaction was terminated by heating the mixture to 

8 

◦C for 10 min. The activity was determined by quantify- 
ng uracil production over time via high performance liquid 

hromato gra py (HPLC; Agilent Infinity 1260). 

etabolite analyses 

ucleotide metabolite analyses were performed using an 

gilent 1290 HPLC system coupled to an Agilent 6460 

riple-quadrupole mass spectrometer, and other metabolites 
ere analyzed by an Agilent 1290 HPLC system coupled to 

 Sciex 6500 Qtrap mass spectrometer. Sample extraction 

as performed as described ( 20 , 38 ), with minor modifica- 
ions. The plant material was frozen in liquid nitrogen and 

round in 2 ml centrifuge vials with steel beads in a tissue 
rinder (Tissuelyser-48L, Shanghai Jingxin) at a frequency 

f 60 Hz for 5 min. For nucleoside and nucleobase measure- 
ent, 30 mg of homogenized plant material was extracted 

ith 200 �l of 0.1% formic acid and then immediately incu- 
a ted a t 95 

◦C for 10 min. After centrifuga tion a t 20 000 g for
0 min, the suspension was passed through a SyringeFilter 
Nylon / PES, 0.2 �m; Tianjin Branch billion Lung Exper- 
mental Equipment Co., Ltd) to remove any particles. For 
ucleotide analyses, plant material was extracted and sam- 
les pr epar ed as pr eviously described ( 20 ). 
For the analysis of nucleosides and nucleobases, 2 �l sam- 

les were separated on a WATERS T3 column (2.1 × 100 

m; particle size 1.8 �m) at a flow rate of 0.3 ml / min. Sol-
ent A was 0.1% formic acid and Solvent B was acetonitrile. 
he gradient was 0 min, 5% B; 0.5 min, 5% B; 3 min, 90%
; 4 min, 90% B; 4.1 min, 5% B; and 7 min, 5% B. The fol-

owing mass transitions wer e monitor ed: m / z 244.3 to 111.9 

C), m / z 258.4 to 125.9 (5mC), m / z 258.2 to 111.9 (2OmC),
 / z 228.3 to 111.9 (dC), m / z 242.3 to 125.9 (5mdC), m / z

45.3 to 133 (U), m / z 259.2 to 126.9 (5mU), m / z 259.1 to
27.1 (3-methyluridine; 3mU), m / z 259.3 to 112.9 (2OmU), 
 / z 243 to 127 (dT), m / z 111.1 to 111.1 (U) and m / z 127.9

o 110 (T). All compounds were quantified using external 
tandards added to wild-type extracts from the correspond- 
ng growth conditions as matrix. C: 0, 100, 500, 1000, 5000, 
0 000 and 50 000 ng / ml; 5mC: 0, 10, 50, 100, 500 and 2000
g / ml; 2OmC: 0, 20, 100, 200, 1000, 4000 and 10 000 ng / ml;
C: 0, 5, 25, 50, 250, 1000, 2500 and 5000 ng / ml; 5mdC: 0,
.125, 0.5, 1.25, 5 and 25 ng / ml; 5mU: 0, 10, 50, 100, 500
nd 2000 ng / ml; 2OmU: 0, 20, 100, 200, 1000, 4000 and 

0 000 ng / ml; dT: 0, 1.25, 5, 25, 50 and 100 ng / ml; uracil:
, 2.5, 12.5, 25, 125, 250 and 500 ng / ml; and thymine: 0,
.5, 12.5, 25, 125, 250 and 500 ng / ml were used as external
tandards. 

For nucleotide analyses, 10 �l samples were separated 

n a Hypercarb column (50 × 4.6 mm, particle size 5 �m, 
hermo Scientific) at a flow rate of 0.6 ml / min. Solvent 
 was 5mM NH 4 Ac (pH 9.5) and Solvent B was acetoni- 

rile. The gradient was 0 min, 4% B; 10 min, 30% B; 10.1 

in, 100% B; 11.5 min, 100% B; 11.6 min, 4% B; and 20 

in, 4% B. The following mass transitions were monitored: 
 / z 499 to 97 (5-methyl-UTP; 5mUTP) and m / z 485 to

7 (UTP). UTP was quantified against its internal stan- 
ard, while 5mUTP was quantified using external standards 
25, 50, 125, 250, 500 and 2500 ng / ml) added to the wild-
ype extracts from the corresponding growth condition as 
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Quantitative analyses of the nucleic acid modification by
LC-MS / MS 

RN A and DN A samples were fully digested into single
nucleosides as described previously ( 11 ) with minor mod-
ifications. A 800 ng aliquot of total RN A, mRN A, non-
pol yadenylated RN A or DN A was individuall y digested by
benzonase (0.4 U; Sigma-Aldrich) and phosphodiesterase
I (0.004 U; Sigma-Aldrich), and then dephosphorylated
by shrimp alkaline phosphatase (0.04 U; NEB) in 50 �l
of buffer containing 10 mM Tris–HCl, pH 7.9, 1 mM
MgCl 2 and 0.1 mg / ml BSA. After incubation at 37 

◦C for
10 h, the samples were filtered in ultr afiltr ation tubes (3
kDa cut-off; Pall), and 2 �l aliquots were analyzed by
liquid chromato gra phy–tandem mass spectrometry (LC-
MS / MS). The nucleosides were separated and identified
as described abov e. Standar d solutions of C: 1, 5, 25 50,
100, 200, 400, 2000 and 10 000 ng / ml; U: 1, 5,25 50, 100,
200, 400, 2000 and 10 000 ng / ml; 5mC: 0.1, 0.5, 0.5, 5, 10,
20, 40, 200 and 1000 ng / ml; 5mU: 0.1, 0.5, 2.5, 5 and 10
ng / ml; 2OmC: 0.1, 0.5, 2.5, 5 and 10 ng / ml; 2 

′ - O -methyl-
deoxycytidine (2OmdC): 0.5, 2.5, 12.5, 62.5, 125, 250, 500,
1000 and 2000 ng / ml ; or 5mdC: 0.5, 2.5, 12.5, 25, 50, 100,
200 and 400 ng / ml were used for quantification. The ratio
of 5mC to C, 2OmC to C, 5mdC to dC, and 5mU to U were
calculated based on the calibrated concentrations. 

The ability of eukaryotic RN A pol ymerase II to use
5mUTP as substrate was assessed using the HeLa Scribe nu-
clear extract in vitro transcription system (Promega) as de-
scribed previously ( 11 ). 5mUTP and UTP mixed in different
ratios (0:100, 1:99, 2:98, 5:95, 10:90 and 20:80) were applied.
RNA was isolated after a reaction time of 1 h and then sub-
jected to digestion. The 5mU to U ratio was determined by
LC-MS / MS as described above. 

Quantification and statistical analysis 

Data for the leaf area of seedlings from different genotypes
grown under various conditions were analyzed and plotted
with R (version 4.2.2) in combination with RStudio (ver-
sion 2022.07.02). The final figure was created with Graph-
Pad (version 9.0). Linear modeling of log-transformed data
(package ‘nlme’ version 3.1-162) and subsequent testing
for normality by visual inspection of normal plots with
simulation envelopes (package ‘hnp’ version 1.2-6) showed
normality for the log-transformed data generated for Fig-
ure 7 which were chosen for further processing. We tested
whether the analysis would benefit from an extension with
generalized least square models that account for heteroge-
neous variances. Howe v er, by calculating the lowest Akaike
information criterion (AICc; package ‘MuMIn’ version
1.47.5), we found the lowest value for the model assum-
ing equal variances which was chosen for further calcula-
tions. Confidence intervals (at 95%) and significance tests
were calculated on the model-based means with the pack-
age ‘emmeans’ (version 1.8.5) considering the ratio of geno-
types and mock-treated versus untreated seedlings. For
other figures, if a pplicable, anal ysis of variance (ANOVA)
followed by Tukey’s honestly significant difference test was
performed in R (version 4.2.2) for statistical evaluation.
Differ ent letters r epr esent differ ences at the P < 0.05 sig-

nificance le v el. 
RESULTS 

Exploration of the catabolism of methylated cytidines 

To investigate whether CDA, encoded by At2g19570, can
use 5mC and other modified cytidines as substrate, we
affinity-purified recombinant CDA fused to a C-terminal
Strep tag (CDA-Strep) transiently produced in N. benthami-
ana leaves (Supplementary Figure S2A) ( 21 ). The substrate
range of the purified CDA was assessed using C and dC
as well as eight modified (deoxy)cytidine nucleosides nat-
urally found in plant RNA or DNA. Each nucleoside was
provided at a concentration of 2 mM (Figure 1 A). Fi v e
nucleosides were good substrates for CDA: C, 5mC, 2 

′ - O -
methylcytidine (2OmC), dC and 5mdC. For human CDA
also C, 5mC and dC were good substrates in vitro ( 29 ),
while other possible in vivo substrates have not yet been
tested. For Arabidopsis CDA, it has already been shown
that dC is a substrate in vitro ( 21 ), and it has also been
noted that a mutant of CDA accumula tes dC , suggesting
that it is a substrate of CDA in vivo ( 20 ). CDA was inacti v e
with the possible in vivo substrates N 

3 -methylcytidine, N 

4 -
acetylcytidine, 5-h ydroxymeth ylcytidine, 5-formylcytidine
and 5-h ydroxymeth yl-deoxycytidine (Figure 1 A). The cat-
alytic efficiency ( k cat / K M 

) of CDA was 35.9 / mM / s for
C and 64.8 / mM / s for dC (Supplementary Figure S2B,
C; Table 1 ), similar to pr evious r esults ( 21 ). For 5mC,
2OmC and 5mdC, the catalytic efficiency of CDA was
4.4, 4.3 and 13.8 / mM / s, respecti v ely, mar kedly lower
than that for the two non-methylated substrates (Fig-
ure 1 B, C, D; Table 1 ). This difference resulted mainly
from higher K M 

values for the methylated cytidines,
indica ting tha t CDA binds these substrates less effi-
ciently than (d)C but catalyzes them well once they are
bound. 

CDA and NSH1 are required for methylated pyrimidine
degradation in vivo 

To investigate the in vivo activity of CDA with these
methylated cytidine nucleosides, we used two indepen-
dent homozygous T-DNA insertion mutants, cda-1 and
cda-2 , and a complementation line expressing C-terminal
hemagglutinin (HA) and Strep-tagged CDA in the cda-
1 background (called AtCDA + cda-1 ) reported previ-
ously ( 21 ). We quantified 5mC, 2OmC, 5mdC, C and
dC contents b y L C-MS / MS in extracts from 20-day-old
seedlings of these lines and the wild type (Col-0). Con-
tents of 5mC, 2OmC and 5mdC were ∼20, 32 and 10 times
higher, respecti v ely, in both cda lines compared with the
wild type (Figure 2 ). Contents of cytidine and dC were
∼20 and 5.8 times higher, respecti v ely, in cda than in the
wild type (Supplementary Figure S3). The accumulation
of these nucleosides was pre v ented by the AtCDA trans-
gene in the cda background (Figure 2 ; Supplementary Fig-
ure S3). These data demonstrate that CDA is r equir ed in
vivo for the catabolism of 5mC, 2OmC and 5mdC. Al-
though mammalian CDA is very probably also involved
in the degradation of methylated cytidines in vivo , its role
and the physiological consequences of altered CDA ac-
tivity in this context have so far not been investigated
( 40–42 ). 
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Figure 1. Biochemical analyses of CDA. ( A ) Enzymatic activity of CDA with different nucleosides as substrates, each at a concentration of 2 mM. Error bars 
are the SD ( n = 4 independent reactions). n.d. , not detectable. ( B ) Determination of kinetic constants for CDA with 5-methylcytidine (5mC). S, substrate 
concentra tion; V, enzyma tic velocity. The kinetic data were fitted with the Michaelis–Menten equation (red curve), or plotted as S / V over S (Hanes plot) 
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as substrate. ( D ) Same as in (B) but with 5-methyl-2 ′ -deoxycytidine (5mdC) as substrate. 

Table 1. Kinetic parameters of recombinant Arabidopsis CDA for differ- 
ent substrates 

AtCDA 

Substrate K M 

k cat k cat / K M 

(mM) ( / s) ( / mM / s) 

Cytidine 0.82 ± 0.15 29.43 ± 1.65 35 .9 
5mC 8.05 ± 0.96 35.36 ± 1.04 4 .4 
2OmC 8.34 ± 1.12 35.46 ± 1.12 4 .3 
dC 0.28 ± 0.05 18.15 ± 0.66 64 .8 
5mdC 3.92 ± 0.61 54.1 ± 1.68 13 .8 
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The deamination of cytidine by CDA produces uri- 
ine, which is an in vi vo substr ate of NSH1 ( 22 ). In vitro ,
SH1 also hydrolyzes 5mU ( 24 ), prompting us to hypoth- 

size that NSH1 might be involved in the catabolism of 
he other deamination products of CDA, i.e. 5mU, 2 

′ - O - 
ethyluridine (2OmU) and dT. To test this idea, we mea- 

ured contents of these three compounds in 20-day-old 

eedlings of Col-0, a null mutant in NSH1 ( nsh1 ) and a 

omplementation line (AtNSH1 + nsh1 ), which had been 

haracterized previously ( 38 ). Contents of 5mU and dT 

ere ∼275 and 3.3 times higher, respecti v ely, in the mutant 
eedlings than in the wild type, and the NSH1 transgene 
omplemented this molecular phenotype (Figure 3 A, B). 
n accumulation of dT in nsh1 had been noted before ( 20 ). 

n contrast, 2OmU did not accumulate in nsh1 seedlings 
nd similar amounts of this compound were measured in all 
ines (Figure 3 C). Consistent with this result, NSH1 lacked 

ctivity with 2OmU in vitro when this compound was in- 
ubated with the affinity-purified enzyme (Supplementary 

igure S4). These data show that NSH1 is r equir ed for the 
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hydrolysis of 5mU and dT in vivo , whereas 2OmU is not an
NSH1 substrate and will probably be degraded by another
so far unknown process. Although mammalian RNA also
contains m 

5 U ( 43 ), its metabolic fate after RNA degrada-
tion has not yet been investigated. 
Pyrimidine ring catabolism degrades thymine which is mainly
deriv ed fr om RNA 

NSH1 hydrolyzes 5mU and dT in the cytosol produc-
ing thymine (5-methyluracil) and either ribose or deoxyri-
bose. It has been shown that the first enzyme of pyrim-
idine ring catabolism DIHYDR OURACIL DEHYDR O-
GENASE (DPYD), also called PYRIMIDINE 1 (PYD1),
is r equir ed for uracil and thymine degradation, because
mutants lacking this enzyme were strongly compromised
in producing CO 2 from exo genousl y supplied radiolabeled
substrates ( 34 , 44 ). It was also shown in these studies that
mutants of PYD1 accumulate uracil in vivo , whereas the
content of thymine was not reported, probably because
thymine was thought to be deri v ed from DNA turnover
or repair and therefore quantitati v ely of minor impor-
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agnitude more 5mU in nsh1 seedlings than the corre- 
ponding deoxynucleoside dT, strongly suggesting that the 
hymine generated by NSH1 is deri v ed mainly from RNA 

ather than from DNA turnover (Figur e 3 ). Ther efor e, we 
ypothesized that a mutant of PYD1 would accumulate 
ubstantial amounts of thymine, far more than would be ex- 
ected from DNA turnover and repair. We used the pyd1-1 

llele ( 34 ) for this experiment and additionally crossed this 
 utant to m utants of CDA ( cda-1 ) and NSH1 ( nsh1-1 ) ( 24 ).

n 20-day-old seedlings, uracil but also thymine accumu- 
ated strongly in the PYD1 mutant (Figure 4 ). There was 
bout the same amount of thymine in pyd1 seedlings ( ∼16 

mol / g fw) as 5mU in the nsh1 background ( ∼22 nmol / g
w; Figure 3 ), supporting the idea that most thymine that 
nters catabolism is deri v ed from RNA and not from DNA. 
he thymine accumulation was suppressed by ∼30% and 

5% in the double mutants pyd1 cda and pyd1 nsh1 , respec- 
i v ely (Figure 4 A). The weaker suppression in the cda back- 
round shows that much of the 5mU hy drolyzed b y NSH1 

oes not stem from 5mC deamination but is probably di- 
ectly deri v ed from m 

5 U-containing RNA. So far, m 

5 U has 
nly been detected in plant tRNAs ( 25 ), but the high accu- 
ulation of 5mU in nsh1 indicates that other plant RNAs, 

specially the abundant rRNAs, also contain m 

5 U. 
DNA turnover and repair contribute a comparatively 

mall amount of thymine, as the CDA and NSH1 mu- 
ants accumulate far fewer 5-methylated deoxynucleosides 
5mdC and dT) than methylated nucleosides (5mC and 

mU, Figures 2 and 3 ). Nonetheless, in the pyd1 nsh1 line, 
here is more thymine than in the wild type (Figure 4 A), 
ndica ting tha t not all thymine is genera ted via nucleoside 
y drolysis b y NSH1. Some will be released b y nucleobase 
xcision repair directly from DNA without a nucleoside in- 
ermediate ( 45 ). 

rigin of 5mC, 5mdC and 5mU 

n plants, TRM4B, encoded by At2g22400, introduces a 

ethyl group into cytosine residues in RNA molecules ( 6 ). 
 mutation in TRM4B ( trm4b-1 ) ( 17 ) led to an ∼2-fold de-

rease in m 

5 C abundance in total RNA relati v e to its abun-
ance in the wild type (Figure 5 A). To investigate whether 
he CDA substrate 5mC (Figures 1 and 2 ) stems from the 
egradation of m 

5 C-containing RNA, we crossed the cda- 
 mutant to the trm4b-1 mutant and analyzed the resulting 

ines. In 20-day-old cda trm4b seedlings, ∼41% less 5mC was 
etected compared with the cda single mutant (Figure 5 B), 
emonstra ting tha t a substantial amount of 5mC origina tes 
rom m 

5 C RNA breakdown. 
CHROMOMETHYLASE3 (CMT3; AT1G69770) and 

EPRESSOR OF SILENCING1 (ROS1; AT2G36490) are 
 equir ed for the addition and r emoval, r especti v ely, of cyto-
ine methylation in plant DNA ( 46 ). Mutations in CMT3 

 cmt3-11 ) ( 47 ) or ROS1 ( ros1-4 ) ( 48 ) resulted in lower or
igher 5 mC abundance in DNA, respecti v ely (Figure 5 C). 
o test whether free 5mdC is released from the degradation 

f 5 mC-containing DNA, we crossed cda-1 to cmt3-11 and 

os1-4 . Compared with the wild type, which contains little 
ree 5mdC, cda and cmt cda as well as ros cda seedlings all 
ccum ulated significantl y more of this methylated deoxynu- 
leoside in vivo (Figure 5 D). Howe v er, compared with cda , 
e v els w ere low er by ∼26% in cmt cda and higher by ∼19%
n ros cda plants (Figure 5 D), demonstrating that 5mdC ac- 
umulating in the cda background is deri v ed from DNA 

egradation. 
CDA can generate 5mU by deamination of 5mC. How- 

 v er, the concentration of 5mU in the nsh1 line (Figure 3 A)
as 25 times higher than that of 5mC in the cda back- 
round (Figure 2 A), probably because 5mU was also di- 
 ectly r eleased from RNA degradation of m 

5 U-containing 

NA. In plants, TRM2A and TRM2B have been postu- 
ated to be m 

5 U writer enzymes due to sequence similarity 

o TRM2 from yeast ( 25 ), but it has not yet been experi-
entally addressed if TRM2A and TRM2B are actually in- 

olved in RNA modification. We observed that m 

5 U abun- 
ance in total RNA was 36% and 42% lower in 20-day-old 

rm2a and trm2b seedlings ( trm2a , SALK 085796; trm2b , 
ALK 106689; Supplementary Figure S5) while the dou- 
 le mutant e v en had a r eduction by 93% compar ed with the
ild type (Figure 5 E), showing that indeed TRM2A and 

RM2B play an important role in uridine methylation of 
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RNA. Then we raised the question of whether the NSH1
substrate 5mU is directly deri v ed from methylated RNA.
For this, we quantified 5mU in Col-0, nsh1 and nsh1 trm2a
seedlings and observed a 36% decrease of this compound
in nsh1 trm2a plants compared with the single mutant of
NSH1 (Figure 5 F). In line with the 25-fold stronger accu-
mulation of 5mU in nsh1 compared with 5mC in cda back-
ground, the da ta demonstra te tha t 5mU is deri v ed not only
from the deamination of 5mC but to a great extent directly
from the turnover of m 

5 U-containing RNA in vivo . About
1% of uridines are 5-methylated in RNA (Figure 5 E), thus
we show that m 

5 U is a fairly abundant RNA modification
in plants. 
NSH1 protects RNA from m 

5 U misincorporation 

As demonstrated abov e, se v eral modified nucleosides accu-
mulate in the cda or nsh1 background (Figures 2 and 3 ).
The highest amounts were observed for 5mC and 2OmC in
cda and 5mU in nsh1 . If such relati v ely abundant methy-
lated pyrimidine nucleosides become phosphorylated to
their corresponding triphosphates, they might represent
substrates for RN A pol ymerases, leading to random methy-
lation in newly synthesized RNA. Because RNA methyla-
tions are normally introduced at specific sites by writer pro-
teins, such random methylation could disturb RNA func-
tion. Ther efor e, the catabolism of modified nucleosides by
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DA and NSH1 might be important to protect RNA from 

isincorporation of methylated nucleotides. To assess if 
mU can be phosphorylated in vivo , we quantified the 5- 
ethyl-UTP (5mUTP) content in 20-day-old seedlings of 

he wild type, the nsh1 line and the complementation line. 
mUTP was detected in nsh1 seedlings but not in the wild 

ype or the complementation line (Figure 6 A). This shows 
hat nucleoside and nucleotide kinases are able to phospho- 
ylate 5mU to 5mUTP in vivo . Corresponding phosphory- 
ation products of 5mC or 2OmC were not detected maybe 
ecause these nucleosides are at least 10-fold less abundant 
han 5mU in the respecti v e mutants. 

To test whether 5mUTP can be a substrate of RNA 

olymer ases in vi vo , the m 

5 U / U r atios wer e measur ed in
RN A, rRN A + tRN A, and total RN A from the wild

ype, nsh1 and the complementation line. In total RNA or 
n tRNA + rRNA, the m 

5 U / U ratios were the same in all
enotypes (Figure 6 B). Howe v er, in highly purified mRNA, 
he m 

5 U / U ratio was significantly elevated in nsh1 (mean: 
.047%) compared with the wild type or the complementa- 
ion line (mean: 0.002%) (Figure 6 B). That the m 

5 U content 
f mRNA was increased in the nsh1 background indicated 

hat 5mUTP is a substrate for RN A pol ymerase II. We in-
estigated the selectivity of a eukaryotic RN A pol ymerase 
I for UTP versus 5mUTP, using an in vitro transcription 

ssay employing HeLa cell extr acts. A pre-set substr ate r a- 
io of 5mUTP to UTP was reflected in almost the same ra- 
io in the RNA product (Figure 6 C), showing that RNA 

olymerase II uses UTP and 5mUTP almost equally well. 
hus, human RN A pol ymerase II m ust be pr otected fr om
mUTP because it is not selecti v e against this modified nu- 
leotide. The same might be the case for RN A pol ymerase II 
rom Arabidopsis since we measured more m 

5 U in mRNA 
f nsh1 , w hich accum ulates some 5mUTP. Howe v er, the se-
ectivity of uridine kinases and uridine monophosphate ki- 
ases (urid yla te kinases) for non-methyla ted substra tes ap- 
ears to suppress the production of 5mUTP, because in the 
sh1 background there is far less 5mUTP (0.076 nmol / g; 
igure 6 A) than 5mU (21.5 nmol / g; Figure 3 A). Nonethe-

ess, by degrading 5mU, NSH1 pre v ents the accumulation 

f this aberrant nucleoside and of 5mUTP. Together with 

he kinases, NSH1 thereby protects the mRNA from ran- 
om incorporation of m 

5 U. A similar scenario has been 

escribed for protecting RN A and DN A from random ac- 
umulation of m 

6 A in Arabidopsis and mammalian cells 
 11 , 49 , 50 ). 

We also measured the m 

5 C / C and C m 

/ C ratios in total
N A, rRN A + tRN A and highl y purified mRN A, and the

 mC / dC ratio in DNA from the wild type, the two cda mu-
ants and the complementation line. Howe v er, we did not 
etect significant differences in these ratios for any of the 
enotypes (Supplementary Figure S6). Unlike NSH1, CDA 

oes not seem to play a role in protecting the nucleic acids. 

eedling growth is reduced in the NSH1 mutant 

o investigate the biological consequences of compromised 

ridine and 5mU degradation, we assessed the physiologi- 
al performance of the wild type, nsh1 and the complemen- 
ation line throughout their life cycles. While there were no 

ppar ent differ ences between the genotypes at later growth 

tages, many nsh1 seedlings appeared smaller than those 
f the wild type or the complementation line early in de- 
elopment (Figure 7 A). We selected 7-day-old seedlings 
days after imbibition) grown on half-strength MS medium 

o quantify this phenotype. The mean seedling size was 
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Figure 7. Growth phenotypes, metabolite profiles and m 

5 U frequencies in 7-day-old seedlings varying in NSH1 expression grown in the presence or absence 
of 5mU or U. ( A ) Col-0, nsh1 and the complementation line after 7 days of growth on standard medium (top panel) or in the presence of 0.5 �g / ml 5mU 

(middle panel) or 5 �g / ml U (bottom panel) under long-day conditions (16 h of light). Scale bar = 1 cm. ( B ) Leaf area quantification of Col-0, nsh1 and the 
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are significantly different at P < 0.05. fw, fresh weight. ( E ) m 

5 U frequencies relati v e to U in total RNA, non-polyadenylated RNA (rRNA and tRNA) 
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educed in nsh1 compared with the wild type or the com- 
lementation line (Figure 7 B, top panel). We suspected that 
he partially hampered seedling de v elopment in nsh1 might 
e caused by the misincorporation of m 

5 U into RNA (Fig- 
re 6 B). To test this hypothesis, seedlings were grown on 

alf-strength MS medium supplemented with 0.5 �g / ml 
mU or 5 �g / ml uridine. Supplementation with 5mU sup- 
ressed the growth of nsh1 ∼27% more than it suppressed 

he growth of the wild type each relati v e to the control with-
ut 5mU in the medium (Figure 7 C), whereas the 10-fold 

uantity of uridine in the medium did not lead to stronger 
rowth depression of nsh1 compared with the other geno- 
ypes relati v e to controls on media without supplements. 
onsistent with a negati v e effect on growth of 5mU, the wild 

ype and the complementation line also appeared slightly 

maller when grown on 5mU-containing media (Figure 7 B), 
ut not when grown in the presence of uridine. The 5mU 

ontent rose e xclusi v ely in nsh1 seedlings by the e xternal 
upply of this methylated nucleoside (Figure 7 D). The el- 
va ted 5mU concentra tion was reflected in an ∼10-fold 

igher m 

5 U / U ratio in mRNA (mean: 0.40%) for seedlings 
rown in the presence of 5mU relati v e to seedlings grown 

n the absence of this compound (compare Figures 6 B and 

 E). In addition, the m 

5 U / U ratios in the total RNA and
RN A + tRN A pools isolated from nsh1 seedlings grown in 
he presence of 5mU were also elevated relati v e to the ratios 
een in the wild type and the complementation line. This 
ndica tes tha t RN A pol ymerases catal yzing tRN A / rRN A
iosynthesis are also capable of using 5mUTP. Further- 
ore, all RNA species from all genotypes grown on medium 

ontaining 5mU had higher m 

5 U le v els than those grown on 

alf-strength MS medium alone (compare Figures 6 B and 

 E). Taken together, 5mU degradation by NSH1 appears 
o be a necessary house-cleaning reaction to pre v ent ran- 
om RNA methylation at C5 of uridine. The data suggest 
hat such RNA modifications negati v ely affect seedling es- 
ablishment, although other reasons, for example metabolic 
lterations in nsh1 , cannot be excluded as causes for the phe- 
otypic alterations in this mutant. 

ISCUSSION 

odified nucleosides occur naturally in RNA and DNA. 
e asked the question of how methylated (deoxy) pyrimi- 

ine nucleotides re-enter canonical nucleotide metabolism 

hen nucleic acids are degraded in A. thaliana and have 
ummarized our findings in a model (Figure 8 ). The data 

how that plant RNAs contain m 

5 U, which has also been re- 
orted for other organisms ( 2 ). Additionally, we show that 
RM2A and TRM2B ar e r equir ed for m 

5 U modifications 
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of RNA. In S. cerevisiae there is only one TRM2 gene and
the corresponding enzyme is responsible for the methyla-
tion of uridine 54 (U54) in tRNAs ( 51 ). The function of
TRM2A and TRM2B of plants has been predicted using
the homology to the yeast enzyme ( 25 ), but so far their
function in plants has not been investigated. Ther e ar e also
two TRM2 genes in humans, with TRM2A recently shown
to be responsible for the majority of m 

5 U modifications in
RN A targeting mainl y U54 of cytosolic tRN As ( 43 ), w hile
TRM2B is located in mitochondria targeting U54 of mi-
tochondrial tRNAs as well as 12S rRNA ( 26 ). Our results
show that in Arabidopsis, TRM2A and TRM2B contribute
equally to m 

5 U methylation of RNA (Figure 5 E). Together
they are responsible for most such modifications which we
speculate might also involve methylation of U54 of tR-
NAs but will probably also include rRNA targets. Upon
RNA degradation, 5mU is released and the correspond-
ing deoxynucleoside (dT) is deri v ed from DNA turnov er
and repair (Figure 8 ). Both are substrates of NSH1, which
generates thymine, a canonical nucleobase that can enter
pyrimidine ring catabolism ( 34 ), and ribose or deoxyri-
bose from these substrates. Notably, thymine is mostly de-
ri v ed from 5mU and, ther efor e, from RNA and not from
DNA degradation (Figures 3 A, B and 4 A). In mammals
and other eukaryotes, it has not yet been investigated how
5mC and 5mU from RNA degradation are metabolized, al-
though the r equir ement to dispose of these modified nu-
cleosides will probably be the same as in plants. The en-
zymatic makeup of pyrimidine nucleoside and nucleobase
catabolism in plants and mammals is very similar (Supple-
mentary Figure S1). Mammalian uridine phosphorylases
release the base from the corresponding pyrimidine nucle-
oside, which in plants is the function of NSH1. Surpris-
ingly, it has not yet been investigated if 5mU is a relevant
substrate of eukaryotic uridine phosphorylases –– either in
vitro or in vivo . It is thus possible that compromised activ-
ity of this enzyme will lead to accumulation of 5mU, which
may be of significant relevance to understand the physio-
logical consequences of uridine phosphorylase deficiency in
mammals. 

Recently, it has been reported that m 

5 C is also present in
plant RNAs ( 6 ), and it has long been known that DNA con-
tains methylated dC ( 52 ). The methylated cytidines, 5mC
and 2OmC from RNA degradation and 5mdC from DNA
br eakdown, ar e all in vi vo substr ates of CDA and are con-
verted to the respective uridines (Figures 1 and 2 ). Two of
the products, 5mU and dT, are then substrates of NSH1 and
are hydrolyzed to thymine and ribose or 2-deoxyribose, re-
specti v ely. Our data suggest that only 4% of 5mU is deri v ed
from 5mC because in nsh1 seedlings there is 25-fold more
5mU than there is 5mC in the cda background (Figures 2 A
and 3 A). Although the quantitati v e aspects of these data
should not be overinterpreted, they do show that a large
proportion of 5mU is deri v ed directl y from RN A without
a 5mC intermediate. Interestingly, 2OmC is an in vivo sub-
strate of CDA but the resulting 2OmU, which can also be
directly deri v ed from RNA, is not degraded by NSH1 ei-
ther in vitro or in vivo . This suggests that plants possess a
so far unknown enzyme for the demethylation of 2OmU.
The methylation of (deoxy)ribose at the OH-group at car-
bon 2 is widespread and found in prokaryotes and eukary-
otes ( 53 , 54 ), but enzymes that remove this methylation have
not yet been described in any organism. 

For canonical (deoxy)nucleosides, it has been shown
tha t their concentra tions impact on the amounts of (de-
o xy)nucleotides ( 20 , 55 , 56 ). Ho we v er, the kinases that con-
nect these metabolite pools are probably selective against
modified nucleosides and nucleotides, which has been ob-
served f or aden yla te kinases tha t phosphoryla te AMP far
better than N 

6 -mAMP ( 11 ). Here we show that 5mU can
be converted to 5mUTP, when the methylated nucleoside
accumulates in the nsh1 background, and that 5mUTP rep-
resents a good substrate for RN A pol ymerase II in vitro .
We assume that this is also the case in vivo , resulting in sig-
nificantly ele vated m 

5 U le v els in mRNA (Figur e 6 ; Figur e
8 , reactions occurring only in the nsh1 mutant background
are depicted by red dashed arrows). That RN A pol ymerases
can use 5-substituted UTPs is well known and can be ex-
ploited for biotechnological applications ( 57 ). Interestingly,
in vivo labeling of RNA in HeLa cells was only possible
with 5-azide-substituted UTP but not with the correspond-
ing nucleosides, suggesting that the aberrant nucleosides are
not well recognized by the kinases that convert uridine to
UTP, whereas the RNA polymerase is able to accept the
modified UTP ( 58 ). 

It is known that the mutant of NSH1 has an increased
content of se v eral n ucleosides and n ucleotides ( 20 , 22–
24 , 55 ). We observed a reduced growth performance of the
mutant at the seedling stage, which could be due to the
metabolic disturbance in this genetic background. Howe v er,
the defect in growth was specifically aggravated by culti-
vating the nsh1 plants on medium containing 5mU but not
by growing them on medium containing 10-fold more uri-
dine. Ther efor e, the nsh1 growth phenotype seems rather to
be associated with r andom m 

5 U incorpor ation into RNA,
which became more prominent upon 5mU feeding (Figure
7 ), than with other metabolic alterations. By supplementing
5mU from outside to the nsh1 mutant, we could detect ele-
vated amounts of m 

5 U in rRN A and tRN A, showing that in
principle this modified nucleoside can find its way into these
RNAs in vivo (Figure 7 D, E). Howe v er, gi v en the stochas-
tic nature of aberrant m 

5 U modification in RNA species in
nsh1 , it is at this stage impossible to demonstra te tha t the
growth phenotype is caused by RNA alterations. 

In summary we show that the function of NSH1 is not
mer ely to r ecycle nutrients but also to pr otect RNA fr om
random methylation. Such a role cannot be postulated for
CDA because CDA mutants were unchanged in terms of
RNA methylation and growth. NSH1 and CDA are re-
quired for the catabolism of se v eral methylated pyrimidine
nucleosides, but not for all modified pyrimidines that oc-
cur in vivo . For example, 2 

′ -O-methylated uridine is not a
substrate of NSH1, and N 

4 -acetylcytidine is not catabo-
lized by CDA, suggesting that there must be other currently
unknown catabolic enzymes for these compounds. Many
other modified nucleosides, such as N 

1 -methyladenosine
and 7-methylguanosine, also occur in RNA. Elucidating
the metabolism of these nucleosides will be an interest-
ing future challenge. For plants, our data highlight that
the metabolism of RNA degradation products can be criti-
cal beyond pre v enting (deoxy)nucleotide imbalance ( 20 , 42 )
or compromising nucleobase and nucleoside salvage. Since
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her e ar e many similarities in p yrimidine catabolism be- 
ween eukaryotes, this issue needs to be explored for other 
rganisms, in particular humans. 
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