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Abstract

In Trypanosoma brucei, gene expression is primarily regulated posttranscriptionally making
RNA metabolism critical. T. bruceihas an epitranscriptome containing modified RNA bases.
Yet, the identity of the enzymes catalyzing modified RNA base addition and the functions of
the enzymes and modifications remain unclear. Homology searches indicate the presence
of numerous T. brucei cytosine RNA methyltransferase homologs. One such homolog,
TbNop2 was studied in detail. TbNop2 contains the six highly conserved motifs found in
cytosine RNA methyltransferases and is evolutionarily related to the Nop2 protein family
required for rRNA modification and processing. RNAi experiments targeting ToNop2
resulted in reduced levels of TbNop2 RNA and protein, and a cessation of parasite growth.
Next generation sequencing of bisulfite-treated RNA (BS-seq) detected the presence of two
methylation sites in the large rRNA; yet TbNop2 RNA.I did not result in a significant reduction
of methylation. However, TbNop2 RNAI resulted in the retention of 28S internal transcribed
spacer RNAs, indicating a role for TbNop2 in rRNA processing.

Introduction

Trypanosoma brucei is the causative agent of African Sleeping Sickness and nagana in cattle
and wildlife. The life cycle of the parasite is complex, as it necessitates both insect and mamma-
lian hosts and requires fundamental changes in metabolism and surface protein expression

[1]. Not surprisingly, changes in gene expression accompany the complex life cycle changes. In
T. brucei, transcription occurs for clusters of genes present on the same strand which are called
polycistronic transcription units [2]. Transcriptional regulation for polycistronic transcription
units is apparently absent [2]. Thus, processes such as mRNA trans-splicing, coupled cleavage
and polyadenylation, RNA editing of mitochondrial mRNAs, and regulation of RNA stability
and translatability have been heavily investigated. Although the abundance, processing, and
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translational efficiency of T. brucei RNAs have been extensively analyzed by sequencing analy-
sis [3], less is known about the chemical modifications of T. brucei RNA that impact RNA
metabolism.

RNA sugars and bases can be chemically modified to generate a complex pool of RNA
whose totality is called the epitranscriptome [4-7]. The presence of modified bases in tRNA
has been known for many years. To date, there have been greater than 100 modified bases
identified in tRNA including N'-methyladenosine, dihydrouridine and 5-methylcytosine
(m°C) impacting several processes including codon recognition, tRNA charging and reading
frame maintenance [8-10]. Similarly, rRNA is extensively modified, and the modifications can
impact RNA processing, ribosomal assembly, and/or organismal growth [11]. Although it was
clear from past work that tRNA and rRNA are modified, the field has been moved by the dis-
covery of N®-methyladenosine demethylase FTO [12], and subsequent identification of N°-
methyladenosine in the mRNA body and cap, where the presence of the modified base impacts
virtually all aspects of mRNA metabolism [13].

One modified base that has generated a lot of attention is m>C, as it has been heavily studied
as an epigenetic mark in DNA controlling several processes including transcription and gene
silencing [14]. Yet, m°C is found in several RNA species as well [15]. Eukaryotic tRNAs con-
tain multiple m>Cs. Hotspots for m°C in eukaryotic tRNAs include the anticodon loop, the
anticodon stem, the variable region, and the acceptor stem [15]. m°C in tRNA has been linked
to numerous processes such as blocking rapid tRNA decay [16], protection against stress
induced tRNA cleavage [17], improved stability/translatability of specific codons [18], and
control of innate immunity [19]. Based on studies in yeast and humans, 28S eukaryotic rRNA
is methylated at two unique positions; one is present at the interface between the small and
large ribosomal subunits and the other site is near the peptidyl transfer center [15]. The pres-
ence of m°C in rRNA has been linked to changes in antibiotic sensitivity, ribosomal RNA pro-
cessing, ribosomal protein composition, and ribosomal assembly [11,20-22]. The discovery of
the presence of m>C in non-coding RNA stimulated the search for m”C in mRNA. The pres-
ence of m°C in eukaryotic mRNA has been reported several times as well [23-25], and it is
clustered in the 5 and 3’ UTRs. Although a defined function for m°C in mRNA is less clear, it
may impact nuclear export and translation [23,25]. Other RNA species such as long non-cod-
ing RNAs and vault RNAs contain m°C as well [15].

The enzymes that methylate RNA at cytosine residues are called CRMTs for cytosine RNA
methyltransferases [26]. CRMTs transfer the methyl group from S-adenosylmethionine to
position 5 of the pyrimidine ring. CRMTSs share numerous motifs with DNA methyltrans-
ferases including motifs necessary for S-adenosylmethionine (SAM) binding, cytosine recogni-
tion, and catalysis [27,28]. CRMTs contain two conserved cysteine residues that are necessary
for the initial attack of the cytosine ring and release from the cytosine after methylation
[29,30]. Cytosine RNA methyltransferase enzymes have been best characterized from baker’s
yeast. ScTrm4 methylates tRNA [31], while ScNop2 and ScRem1 methylate the two aforemen-
tioned rRNA sites [20,22,32]. Interestingly, ScNop2 is also required for rRNA processing, but
it is unclear if this is related to its methylation activity or is a separate function [22,32-34].
Human cells contain homologs of all the yeast enzymes; these enzymes are referred to as
NSUNSs (Noll1/Nop2/Sun RNA methyltransferase). Human cells contain additional NSUNs
compared to yeast presumably due to extra potential RNA targets not present and/or not
methylated in yeast including vaults RNAs, mitochondrial rRNA, and mRNAs [15,26].

In T. brucei, there have been several RNA modifications identified that impact RNA metab-
olism, indicating T. brucei does contain a complex epitranscriptome [35]. Examples of impor-
tant RNA modifications include base and sugar methylation of the mRNA cap4 structure [36],
spliced leader RNA pseudouridylation [37], rRNA sugar methylation [38], rRNA
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pseudouridylation [39] and adenosine methylation of VSG mRNA poly(A) tails [40]. Yet, we
are just beginning to scratch the surface on identifying modified cytosine bases in RNA [35].
Rubio et al. reported that a 3-methylcytosine residue was present in tRNA, and was required
for RNA editing via deamination [41]. With respect to m>C, our group reported on the pres-
ence and location of m°C in T. brucei tRNA using sodium bisulfite sequencing [42]. In this
work, we found m>C in the variable region at C48-C50 but not at C38 in the anticodon or anti-
codon loop. The function of m>C in T. brucei tRNA is currently unknown. In addition, it is
currently unknown if other T. brucei RNA species are modified by m>C addition and the con-
sequences of the modifications. Therefore, in this report, we searched for the presence of
CRMT enzymes and their potential targets as a strategy to uncover the function of m°C in T.
brucei RNA.

Materials and methods
Bioinformatic analyses

BLASTP searches of T. brucei TREU 927 predicted proteins present in TriTrypDB were carried
about using standard conditions (E-value cut off E<1x107) [43]. Protein alignments were gen-
erated with T-coffee [44], and modified using BoxShade. For phylogenic analysis, Mega 11
software was used [45]. Protein sequences were aligned with MUSCLE. Unrooted, neighbor-
joining trees were generated; 1000 bootstraps were performed. The partial deletion setting for
gaps was used with a cut-off of 80% site coverage. All alignment and tree member accession
numbers are provided in the Fig 1 legend.

Trypanosoma brucei culture and strain construction

T. brucei strain 29-13 and its derivates below were used [46], and cultured in SM media con-
taining 10% fetal bovine serum at 27°C with 15 pug/mL G418 and 50 pg/ml hygromycin to
maintain selection of the T7 RNA polymerase and tetracycline repressor genes [47]. To create
a C-terminally Ty-tagged version of TbNop2, strain 29-13 was transfected with a Ty-tagging
cassette obtained by PCR amplification of the pPOTv4-Ty-Blastocidin vector with primers
corresponding to the 3’ end of the TbNop2 ORF without the stop codon and the 5’ end of the
3’UTR of TbNop2 [48]. See S1 Fig for primer sequences. Resulting TbNop2-Ty cells were
selected with 20 ug/ml blasticidin and cloned by limiting dilution. To create an inducible
RNAi system against TbNop2, a 906 basepair fragment of the TbNop2 gene was amplified by
PCR (see S1 Fig for primer sequences), purified with a Qiagen PCR purification kit, digested
with Xbal and HindIII and inserted into the Xbal/HindIII sites of plasmid p2T7-177 to create
pTbNop2RNA; [49]. Notl-lineared pTbNop2RNAi was introduced into T. brucei 29-13 cells
containing Ty-tagged TbNop2 by electroporation [50] and selected using 2.5 pg/ml phleomy-
cin. Cells were cloned by limiting dilution. For growth curve analyses, parasite cultures were
grown in the absence and presence of 4 ug/mL doxycycline for 10 days at 27°C. Parasites were
enumerated with a hemocytometer (n = 3).

TbNop2 expression

TbNop2 was detected in parasite extracts via immunoblotting. A mouse anti-TY antibody was
generated at the University of Alabama Monoclonal Antibody Facility. The secondary anti-
body was an HRP-conjugated goat anti-mouse antibody (Sigma). The T. brucei p22 protein
was detected as a loading control [51]. Original blotting images are provided in S2 Fig.
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Fig 1. Structure and phylogeny of TbNop2. A) Domain structure of Tb.927.4.3840 (TbNop2). N is the N-terminal region, C is the C-
terminal region, and Roman numerals represent six highly conserved motifs found in other cytosine RNA methyltransferases and DNA
methyltransferases. The numbers are based on cytosine DNA methyltransferase domains. B) Alignment of Tb927.4.3840 (TbNop2) to
experimentally validated cytosine RNA methyltransferases. Identical amino acids are shaded black and structurally conserved amino
acids are shaded grey (>50% prevalence). Only the six most highly conserved motifs in A are shown. Asterisks represent the two
catalytic cysteines in motifs IV and VI. C) Unrooted neighbor joining tree including Tb927.4.3840 (TbNop2) and members of the four
main cytosine RNA methyltransferase subfamilies (Nop2, Fmu, Trm4, and Rem1). Bootstrapping values are indicated (1000 bootstraps).
Proteins included in the analysis include BsRsmB (Bacillus subtilis, P94464), EcCRsmB (Escherichia coli, P36929), HsNsun1/Nop2 (Homo
sapiens, P46087), HsNsun2 (Homo sapiens, Q08J23), HsNsun5 (Homo sapiens, Q96P11), ScNop2 (Saccharomyces cerevisiae, SGD:
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$000005005), ScTrm4 (Saccharomyces cerevisiae, SGD:S000000120), and ScRem1 (Saccharomyces cerevisiae, SGD:S000004967). All
identification numbers are from UniProt except for Saccharomyces cerevisiae proteins (yeastgenome.org).

https://doi.org/10.1371/journal.pone.0298521.9001

Total RNA isolation and qRT-PCR

Total RNA was isolated using Trizol. Total RNA (~0.5-1 pg) was treated with DNA-free DNase
(Life Technologies) and purified using either a Qiagen RNeasy column or Zymo Research RNA
Clean and Concentration column. All RNAs were analyzed by Bioanalysis on an RNA 6000
Nano Chip at the University of Rochester Genomics Research Center (Rochester, NY). RNA
was converted to cDNA using the New England Biolabs Protoscript kit using random primers.
qPCR was performed on the cDNA in reaction volumes of 20-30 pL. Each reaction contained
1x Sybr green master mix (Bio-Rad), 0.1 uM forward primer, 0.1 uM reverse primer, and cDNA
template. Primer sequences are provided in S1 Fig. Reaction conditions were 95°C for 10 min-
utes, 95°C for 30 seconds, 60°C for 1 minute, 72°C for 1 minute for 40 cycles. Melting curves
were performed by heating samples from 65°C to 95°C for 30 minutes. Fold-change calculations
were performed using the AACt method using B-tubulin for normalization [52]. Experiments
were performed 4 times (n = 4). One-sample t-tests were utilized to determine the significance
of the qQRT-PCR fold changes. Fold-change values for experimental genes were tested against
the value of 1, which represents no change (RNAi-on/RNAi-off).

BS-seq (Bisulfite sequencing)

Two ug of DNase-treated total RNA from two separate cultures of TbNop2-Ty RNAI cells
grown in the absence and presence of 4 pg/mL doxycycline for 2 days was spiked with 0.2 ng
of luciferase RNA (Promega), and treated with 4 cycles of sodium bisulfite using the Qiagen
EpiTect Bisulfite Kit as previously described [42,53,54]. TruSeq stranded libraries were created
at the University of Rochester Genomics Research Center (Rochester, NY). Oligo(dT) selec-
tion was not used in order to maintain high rRNA levels. Limited RNA fragmentation condi-
tions were used as bisulfite treatment cleaves RNA. Bisulfite-treated RNAs were analyzed by
next generation sequencing on a NovaSeq 6000 machine at the University of Rochester Geno-
mics Research Center (Rochester, NY). Single-end sequencing was used for 75 cycles. The
sequence files are present at the Sequence Read Archive (https://submit.ncbi.nlm.nih.gov/
subs/sra/) within BioProject ID PRINA996772. Sequences were analyzed using Galaxy [55].
Adapters were removed using Trim Galore, and sequences were reverse complemented. Map-
ping and methylation calls were performed using Bismark and MethylExtractor [56]. Reads
were mapped to the firefly luciferase coding mRNA sequence lacking the poly(A) tail to deter-
mine the deamination rate. Reads were mapped to a set of chromosome 3 T. brucei TREU 927
rRNAs (Tb927.3.3421-Tb927.3.3428) to assess rRNA methylation (S3 Fig). Internal tran-
scribed spacers were included as separate “genes”. Cytosines with less than 10-fold coverage
and cytosines from potential antisense transcription events were removed from further analy-
sis [57]. A stringent cut-off was used to call m*Cs. Cytosines were called m°C if they displayed
>50% methylation in both RNAi-off samples, and were surrounded by adjacent cytosines with
<50% methylation in both RNAi-off samples to avoid regions with poor deamination rates
[58]. Two sample T-tests were used to compare methylation levels between RNAi-off and
RNAi-on samples. All statistical tests were performed in R [59].

BS-seq confirmation experiments

For RNA methylation confirmation experiments, the Zymo Research EZ RNA methylation kit
was used according to the manufacturer’s instructions. 1 pg of total RNA was treated with
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sodium bisulfite. Approximately 10 ng of bisulfite-treated RNA was converted to cDNA using
the New England Biolabs Protoscript Kit. Random primers were used. Specific rRNA frag-
ments were amplified by PCR (see S1 Fig for primer sequences). Primers were designed in
regions outside of the putative methylation sites and their design assumed complete deamina-
tion in these regions. PCR conditions were 94°C for 2 minutes, 40 cycles of 94°C for 1 minute,
50°C for 1 minute, and 72°C for 1 minute, followed by 72°C for 10 minutes. PCR products
were cloned into the pGEM-T Easy plasmid and introduced into Escherichia coli JM109. Plas-
mids were isolated from single colonies and sequenced at Genewiz (now Aventa technologies).
10 or more plasmids were sequenced from each experiment.

Results
Cytosine RNA methyltransferase identification

To identify T. brucei putative enzymes that methylate RNA, the well characterized Saccharo-
myces cerevisiae Trm4 tRNA methyltransferase protein sequence was used in BLAST searches
of T. brucei TREU 927 predicted proteins [31]. Seven hits were obtained with E-values <1E'5.
These molecules were initially named CRMT 1-7 for cytosine RNA methyltransferases 1-7
(S1 Table). This indicates that T. brucei has multiple proteins with the potential to methylate
RNA. As a first step to examine the significance of the different CRMTs, we analyzed the previ-
ously published RNAI target sequencing (RIT-seq) data. In RIT-seq, RNAi libraries targeting
protein coding genes were grown under non-inducing conditions (RNAi-off) and inducing
conditions (RNAi-on). Genomic DNA was isolated after RNAi-induction and analyzed by
next generation sequencing to identify underrepresented genomic fragments, suggesting a loss
of fitness associated with silencing the target gene with RNAi [60]. We were drawn to the fifth
homolog identified in our bioinformatic searches, Tb927.4.3840, as Tb927.4.3840 was under-
represented in both procyclic form and bloodstream form RNAI library experiments in RNAi-
on samples. Tb927.4.3840 is the primary focus of this article.

The predicted Tb927.4.3840 protein is 65 kDa in size. The Tb927.4.3840 protein sequence
was aligned to known, experimentally validated CRMTs to determine if it contains the six
highly conserved motifs found in cytosine RNA methyltransferases [27,28]. These motifs are
also found in cytosine DNA methyltransferases. These motifs have functions in SAM binding,
attack of pyridine ring, and release of the enzyme from the pyrimidine ring. Indeed,
Tb927.4.3840 has the six highly conserved motifs found in DNA and RNA methyltransferases
including the cysteines necessary for the initial attack on the cytosine ring in motif VI and
release from the cytosine ring in motif IV (Fig 1A and 1B). This suggests that Tb927.4.3840 has
the potential to methylate nucleic acid targets. There are four main subfamilies of CRMT's
[27]. To determine the relationship between Tb927.4.3840 and CRMT subfamilies, phylogenic
analysis was used. Tb927.4.3840 is most highly related to the Nop2 subfamily containing the S.
cerevisiae Nop2 protein (ScNop2) and the human Nsun1 protein (HsNsun1) (Fig 1C). Both
ScNop2 and HsNsunl are rRNA methyltransferases that also function in rRNA processing
and ribosome assembly [22,32-34,61]. Thus, for simplicity, Tb927.4.3840 was referred to as
TbNop2.

TbNop2 tagging and RNAi

To track the presence of TbNop2, a Ty-tagged version of TbNop2 was created and expressed
from the endogenous locus in procyclic form parasites. A protein of the expected size of the
Ty-tagged protein (75kDa) was detected in total cell extracts via western blot analysis (Fig 2A).
To investigate the importance of TbNop2, RNAi was utilized. Procyclic form TbNop2-Ty par-
asites expressing TbNop2 double-stranded RNA were created, and double-stranded RNA was
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Fig 2. TbNop2 tagging and targeting with RNAi. A) Procyclic form parasites carrying an endogenous Ty-tagged TbNop2 gene were
engineered and modified by the introduction of a doxycycline-inducible TbNop2 RNAi system. TbNop2-Ty RNAi cells were grown in the
absence and presence of 4 ug/mL doxycycline for 3 days. Protein extracts were separated by SDS-PAGE on days 1-3, an analyzed via
immunoblotting with an anti-Ty antibody (top). The membrane was also probed with an antibody against the T. brucei p22 protein as a
loading control (bottom). A representative experiment is shown. B) TbNop2-Ty RNAI cells were grown in the absence of doxycycline
(RNAi-off) and split into two separate flasks. Doxycycline was added to the second flask at a final concentration of 4 ug/mL (RNAi-on).
Cell cultures were grown for ten days (and subcultured when necessary). Every two days, parasites were enumerated using a
hemocytometer and split accordingly. Each curve is the average of three separate experiments (n = 3). Error bars represent standard
deviation, and may be smaller than the symbols used.

https://doi.org/10.1371/journal.pone.0298521.9002

induced by the addition of doxycycline. The addition of doxycycline for 1-3 days clearly
reduced the levels of the Ty-tagged TbNop2 protein (Fig 2A). qRT-PCR was also utilized to
examine the effect of TbNop2 RNAi on native TbNop2 RNA levels. TbNop2 RNA levels were
reduced 5.7-fold in the presence of doxycycline for 2 days (p = 2.2x107). Overall, the results
indicate that targeting TbNop2 with RNAi reduces TbNop2 RNA and protein levels. Experi-
ments measuring parasite growth were performed by growing TbNop2-Ty RNAi parasites in
the absence (RNAi-off) and presence of doxycycline (RNAi-on) for ten days (Fig 2B). In the
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presence of doxycycline, TbNop2-Ty RNAi cells lost the ability to divide after two days, sug-
gesting an important function(s) for TbNop2. The data are consistent with the aforementioned
RIT-seq data [60].

rRNA methylation in TbNop2 RNAi parasites

TbNop2 shares the six highly conserved motifs found in DNA and RNA cytosine methyltrans-
ferases including the cysteines present in motifs IV and VI (Fig 1A and 1B). TbNop2 is also
closely related to the Nop2 protein family that methylates the large rRNA (Fig 1C). In addition,
previous localization studies indicated that TbNop2 resides in the nucleolus [62]. Thus, we
hypothesized that TbNop2 methylates rRNA as does the yeast ScNop2 and human HsNsunl
proteins. To determine if T. brucei rRNA contains m>C and if TbNop2 methylates rRNAs in
vivo, a sodium bisulfite sequencing strategy was utilized. Total RNA was isolated from
TbNop2-Ty RNAi cells grown in the absence (RNAi-off) and presence of doxycycline for two
days (RNAi-on). Total RNA was spiked with a small amount of luciferase RNA that is not
methylated to measure deamination efficiency. Total RNA was treated with sodium bisulfite
and used for library preparation in the absence to oligo(dT) selection to maintain high rRNA
levels. Bisulfite-treated RNA was then analyzed by next generating sequencing. Sequencing
reads were mapped to the firefly luciferase gene and T. brucei TREU 927 rRNA cluster includ-
ing the internal transcribed spacer (ITS) sequences to identify the position of remaining cyto-
sines (5-methycytosines or m°Cs). Using this approach, Cs are deaminated to Us and read as
Ts during DNA sequencing. Methylated Cs are not deaminated and are read as Cs during
DNA sequencing. This approach was pioneered for DNA methylation studies [63], but has
been converted to RNA methylation [53,54].

First, the firefly luciferase RNA data were analyzed. The firefly luciferase RNA, which is not
methylated, was an important negative control for the experiment. The average percentage
methylation across four samples was 3.9%, indicating the deamination rate is 96.1% (Table 1).
These findings indicate that the deamination conditions for the experiment are robust result-
ing in efficient deamination of non-methylated cytosines. Next, the TbNop2-Ty RNAi samples
were analyzed from samples grown in the absence of doxycycline (RNAi-off). 1704 total cyto-
sines with greater than 10-fold coverage were analyzed from the rRNA cluster (S2 Table). Sig-
nals for most rRNA species including the ITSs were present and robust (~500,000X coverage)
(Table 1 and S2 Table). However, little coverage was observed for M6 rRNA and ITS4, possibly
due to their small size. Only two cytosines showed strong evidence for the presence of methyla-
tion (defined as methylation level >50%, see Materials and Methods). These were sites 541
and 1324 in 28SP rRNA (Table 1). These sites are homologous to the two methylated sites in
baker’s yeast and humans highlighting the conservation of these two rRNA sites in eukaryotes

Table 1. Bisulfite sequencing analysis of T. brucei rRNA.

Luciferase deamination rate 96.1%
rRNA genes/ITSs analyzed 15
Cytosines analyzed 1704
average fold coverage® 571,909
cytosines >50% methylation™” 2
methylated targets 28SP rRNA positions 541 (98.3%) and 1324 (99.0%)

? based on TbNop2 RNAi off samples.

b see Materials and Methods for criteria.

https://doi.org/10.1371/journal.pone.0298521.t001
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[22,64]. Importantly, the homologous site to 1324 is methylated by Nop2 proteins in yeast and
human rRNAs.

We next analyzed the bisulfite sequencing dataset to determine if methylation of 28SP
rRNA sites 541 and/or 1324 was reduced in the presence of TbNop2 RNAi. The level of 285
rRNA cytosine methylation at position 541 was unchanged in the presence of TbNop2 RNAi
(0% reduction). The level of 288 rRNA cytosine methylation at position 1324 was slightly
reduced by 2.9% by TbNop2 RNAI. T-test analysis indicated the change in methylation at site
1324 was not statistically significant (p = 0.47). To further evaluate the BS-seq data, we ana-
lyzed site 1324 by bisulfite treatment of RNA followed by RT-PCR and Sanger DNA sequenc-
ing. In the absence of TbNop2 RNAI, there was 100% methylation of site 1324 (Fig 3A). This is
consistent with the high level of methylation observed in the BS-seq dataset. In the presence of
TbNop2 RNAI, the level of site 1324 methylation was slightly reduced to 92%, and this trend
was also observed in the BS-seq dataset (Fig 3B). Thus, there is not strong evidence that
TbNop2 methylates rRNA in T. brucei under the conditions tested, although we cannot rule
out a small contribution.

rRNA processing in TbNop2 RNAIi parasites

As Nop2 homologs such as ScNop2 and HsNsun1 impact processing of rRNA, we next exam-
ined rRNA levels and rRNA processing in TbNop2-Ty RNAi cells. In T brucei, the rRNA
locus is transcribed and cleaved into six fragments: 18S rRNA, 28Sa, 28SB, M1, M2, M4, and
M6 rRNA (Fig 4A). The regions connecting the stable fragments above are ITSs of which there
are seven (ITS1- ITS7) (Fig 4A). First, total RNA profiles in TbNop2-Ty RNAi-off and RNAi-
on cells were compared using RNA bioanalysis. The profiles in TbNop2-Ty RNAi-off and
RNAi-on cells were virtually identical, suggesting the lack of large changes in the levels of
abundant, steady-state RNAs such as 18S and 28S rRNA (Fig 4B and 4C). There was no evi-
dence for an increase in large precursor RNAs in the TbNop2-RNAi samples. To test for the
presence of small changes in the abundance of specific rRNAs, qRT-PCR was utilized as it is
more sensitive than RNA bioanalysis. The steady-state levels of 18S, 28Sa, 28Sp, M1, M2, and
M6 RNAs were primarily unchanged in the presence of TbNop2 RNAi (Fig 4D). The one
exception was increased levels of M4 rRNA in the presence of TbNop2 RNAi. We additionally
examined 6 of the 7 rRNA ITS regions via qRT-PCR in TbNop2 RNAi cells (Fig 4E). ITS4 was
too small to analyze via RT-PCR. Five of the six ITS regions were increased greater than
1.5-fold in the presence of TbNop2 RNAI (the exception was ITS3). Four of the 6 ITSs were
increased >1.5-fold with a p-value of <0.05 in one-sample t-tests. Thus, TbNop2 RNAi
increases the levels of rRNA precursors. The simplest interpretation is that TbNop2 is required
for rRNA processing, and this relationship has been observed for Nop2 family members
including ScNop2 [33,34] and HsNsunl1 [61].

Conclusions

Herein, we describe the properties of T. brucei CRMT homolog TbNop2. TbNop2 is homolo-
gous to other CRMTs and has the six highly conserved motifs found in cytosine RNA and
DNA methyltransferases, including the two catalytic cysteine residues (Fig 1). When RNAi
was used to reduce TbNop2 levels, TbNop2 RNA and protein levels were dramatically reduced
(Fig 2A). In addition, TbNop2 RNAi cells stopped dividing after two days of RNAi induction
with doxycycline, indicating an important role for TbNop2 in parasite growth (Fig 2B).
TbNop2 RNAI cells have increased levels of several rRNA ITS sequences, but do not display
changes in the steady-state levels of most mature rRNA species (Fig 4B-4E). Thus, the simplest
interpretation of the data is that TbNop2 is also necessary for or enhances rRNA processing. It
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Fig 3. Sodium bisulfite sequencing analysis of 28Sp rRNA site 1324. Total RNA was isolated from TbNop2-Ty RNAi
cells grown in the absence and presence of doxycycline for 2 days. RNA was treated with sodium bisulfite (converting non-
methylcytosines to uracils) and converted to cDNA. A small 285 rRNA region containing position 1324 was amplified by
PCR. Products were inserted into pGEM-T Easy plasmids and analyzed by Sanger sequencing (13 plasmids per sample).
The region containing site 1324 and three surrounding cytosines are shown: m°Cs are indicated with filled circles, where
non-m’Cs are indicated with open circles.

https://doi.org/10.1371/journal.pone.0298521.g003

is certainly possible that the growth defect observed in the TbNop2-Ty RNAI cells is due to a
lack of rRNA processing, although it is also possible that TbNop2 has multiple roles in the cell
and RNAi-based growth defect is due to some other function.

In T. brucei, there have been several rRNA processing factors identified including RNA-
binding proteins, ribonucleases, small nucleolar RNAs (snoRNAs) and their respect core pro-
teins that direct sugar methylation, base pseudouridylation, and rRNA cleavage [65]. Some of
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Fig 4. Ribosomal RNA levels and processing in TbNop2 RNAIi parasites. A) Ribosomal RNA locus in T. brucei. The locus is
transcribed generating one, long pre-rRNA. The top names refer to rRNA fragments incorporated into the ribosome. The bottom
refers to ITS sequences, which are the sites of pre-rRNA cleavage. B) and C) TbNop2-Ty RNAi cells were grown in the absence of
doxycycline (B, RNAi-off) and presence of 4 ug/mL doxycycline (C, RNAi-on) for two days. Total RNA was isolated, treated with
DNase, and analyzed on an RNA Nano 6000 chip. The X-axis is RNA size in nucleotides, and the Y-axis is fluorescence units. M is
the position of the fluorescent marker, SRNA is the size of small RNA including tRNA and small rRNA, o and B indicate the sizes
of 28Sa and 28SP rRNA, and 18S is the size of 18S rRNA. D) and E) TbNop2-Ty RNAi cells were grown in the absence of
doxycycline (RNAi-off) and presence of 4 ug/mL doxycycline (RNAi-on) for two days. Total RNA was isolated and converted to
cDNA. cDNA for steady-state rRNAs and ITS sequences were quantified using qPCR. D) represents rRNAs and E) represents ITS
sequences. B-tubulin was used as a loading control, and fold-change values were calculated as described in the Materials and
Methods (AACt method). The bars represent average fold-change for each sample and the error bars represent the standard
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deviation. The dotted vertical line is a fold-change of 1, which represents no difference between RNAi-on cells and RNAi-off cells.
Samples were analyzed by one-sample t-tests where * is p<0.05 and ** is p<0.005. The data are from 4 experiments (n = 4,
biological replicates).

https://doi.org/10.1371/journal.pone.0298521.9004

these molecules are highly conserved in other eukaryotes, yet others such as distinct snoRNAs
are specific to T. brucei and close family members. The T. brucei rRNA processing factors are
required for processing of the ~10Kb rRNA precursor into the mature 5.8S, 18S, 28Sc,, 285,
and M RNAs via ITS removal. In the TbNop2 RNAI cells, many ITSs are in greater abundance,
including the first internal cleavage site ITS1 [65]. This suggests that TbNop2 functions at an
early step in pre-rRNA processing and perhaps on the initial pre-rRNA. Thus, TbNop2 shares
arRNA processing role with ScNop2 [22,32-34] and HsNsunl [61]. Both ScNop2 and
HsNsunl are required for early processing of the large ribosomal RNA; their depletion results
in increased levels of the initial, large precursor RNA [22,33,34,61]. ScNop2 is also necessary
for conversion of the 27S rRNA to the 25S rRNA, which is downstream from the initial cleav-
age of the 35S pre-rRNA [33,34]. Yet, our data do not indicate how TbNop2 impacts ITS
sequence levels. We do not believe TbNop2 is impacting rRNA processing by directly methyl-
ating I'TS sequences, as there is little evidence for ITS methylation in our datasets (see S2
Table). However, the impact of TbNop2 could be direct via rRNA precursor binding and/or
snoRNA recruitment. For example, HsNsun1 binds to pre-rRNA, multiple snoRNAs, and
multiple snoRNA core proteins, and is required for rRNA processing via an methylation-inde-
pendent pathway [61]. It is certainly worth considering a potential relationship between
TbNop2 and T. brucei snoRNAs such as snoRNA TB11Cs3C2. This T. brucei snoRNA is
required for the early step of ITS1 cleavage, which is reduced in TbNop2 RNAI cells [66].
Alternatively, TbNop2 could have an indirect impact on rRNA processing. For example,
TbNop2-RNAI cells may be stressed due to their severe growth defect (Fig 2B), and stress can
pause rRNA processing in human cells at early stages in the process [67].

We did not observe a robust loss of cytosine RNA methylation of any rRNA species when
TbNop2 was targeted by RNAIi (Table 1 and Fig 3), although ScNop2 and HsNsunl methylate
rRNA at sites that are homologous to the T. brucei site 1324 [22,32,61]. There are several possi-
bilities for this phenomenon. First, it is possible that TbNop2 is a CRMT and methylates
rRNA, but there is no loss of RNA methylation in TbNop2 RNAi cells due to the presence of
low TbNop2 levels after RNAi (knockdown, not knockout), and/or the presence of another
CRMT with overlapping substrate specificity. Of importance, RNA was isolated on day 2 of
the RNAi experiment due to severe growth defect. This is the day before the detectable growth
defect and was designed purposely to detect early events leading to a cessation of parasite
growth. In addition, the observation of a loss of rRNA methylation may take greater than two
days as rRNA is known to be extremely stable. Interestingly, only a weak loss of rRNA methyl-
ation was observed in studies when ScNop2 was depleted [22]. Second, it is possible that
TbNop2 is a methyltransferase, but its target(s) is not rRNA and thus was not identified. We
focused specifically rRNAs based on TbNop2 nucleolar location [62] and the relationship to
the Nop2 family, yet TbNop2 could methylate RNAs not analyzed in our experiments such as
tRNAs. To our knowledge, there is no evidence for cytosine base methylation in T. brucei
mRNA, and thus we did not consider a role for TbNop2 in mRNA cytosine base methylation.

We also detected the presence of six other CRMTs besides TbNop2 (S1 Table). Conse-
quently, it is logical to consider the potential functions for the other T. brucei CRMT homo-
logs. It is possible that one or more CRMT's are responsible for methylation of tRNA. In T.
brucei, tRNA methylation primarily occurs in the variable region between the anticodon sys-
tem and T-arm [42]. Many T. brucei tRNAs have multiple methylated cytosines, and it is
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possible that multiple enzymes are necessary for complete tRNA modification. We also
hypothesize that the other CRMTs are involved in rRNA methylation. Two 28S rRNAR sites
were found in the bisulfite sequencing data without an assignment of the responsible enzymes.
As there is no transcriptome-wide methylation map for T. brucei, it is possible that the CRMTs
could methylate other RNA sites. Overall, it is clear that T. brucei contains an epitranscriptome
with several RNA modifications including m>C in multiple RNA species including rRNA and
tRNA. Future experiments will focus on determining the entire extent of the T. brucei epitran-
scriptome, the identification of the responsible enzymes, and the function of the modifica-
tions/enzymes.

Supporting information

S1 Fig. Oligonucleotides used for PCR and qPCR.
(DOCX)

$2 Fig. Original western blot chemiluminescent images used for Fig 2A.
(PDF)

S3 Fig. T. brucei rRNA region used for bisulfite sequencing read mapping.
(TXT)

S1 Table. BLASTP hits from T. brucei TREU 927 using Saccharomyces cerevisiae Trm4 as a
query (E value <1E-5).
(XLSX)

S2 Table. Bisulfite sequencing data of T. brucei rRNA locus. Data for all cytosines are pres-
ent. Column A is the rRNA gene or region. Column B (pos) is the position of the cytosine in
the sequence. Column C (strand) is strand analyzed. All values are “+” indicating coding
strand. Columns with “C” indicate sequences reading as a C (m°C). Columns with a “T” indi-
cate sequences reading as a T (non m°C). Columns with “CT” indicate the total number of
sequencing reads (sum of “C” and “T”). Columns with “%m5C” is the percentage of 5-methyl-
cytosine at a specific position (C/CT)*100. There are two samples each for TbNop2 RNAi-off
samples and TbNop2 RNAi-on samples.

(XLSX)

Acknowledgments

The authors thank Michelle Zanche (The University of Rochester Genomic Research Center,
Rochester, NY) for input on project design. The authors thanks Brianna Tylec (The University
at Buffalo, Buffalo, NY) and Dalia Ghoneim (The University of Rochester Genomic Research
Center, Rochester, NY) for discussions on next generation sequencing data processing, analy-
sis, and storage. The authors thank Jan Naseer Kaur (The University at Buffalo, Buffalo, NY)
for technical support.

Author Contributions

Conceptualization: Laurie K. Read.

Formal analysis: Kevin T. Militello.

Funding acquisition: Kevin T. Militello, Laurie K. Read.

Investigation: Kevin T. Militello, Jennifer Leigh, Matthew Pusateri, Laurie K. Read, Dineen
Vogler.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298521  April 25, 2024 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298521.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298521.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298521.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298521.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0298521.s005
https://doi.org/10.1371/journal.pone.0298521

PLOS ONE

Impact of ToNop2 on rRNA methylation and processing

Validation: Kevin T. Militello, Jennifer Leigh, Matthew Pusateri, Laurie K. Read, Dineen

Vogler.

Writing - original draft: Kevin T. Militello, Laurie K. Read.

Writing - review & editing: Kevin T. Militello, Jennifer Leigh, Laurie K. Read, Dineen Vogler.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Matthews KR. 25 years of African trypanosome research: From description to molecular dissection and
new drug discovery. Mol Biochem Parasitol. 2015; 200(1-2):30—40. https://doi.org/10.1016/j.
molbiopara.2015.01.006 PMID: 25736427.

Clayton C. Regulation of gene expression in trypanosomatids: living with polycistronic transcription.
Open Biol. 2019; 9(6):190072. https://doi.org/10.1098/rsob.190072 PMID: 31164043.

Siegel TN, Gunasekera K, Cross GA, Ochsenreiter T. Gene expression in Trypanosoma brucei: les-
sons from high-throughput RNA sequencing. Trends Parasitol. 2011; 27(10):434—41. https://doi.org/10.
1016/j.pt.2011.05.006 PMID: 21737348.

Romano G, Veneziano D, Nigita G, Nana-Sinkam SP. RNA Methylation in ncRNA: Classes, Detection,
and Molecular Associations. Front Genet. 2018; 9:243. https://doi.org/10.3389/fgene.2018.00243
PMID: 30050561.

Roundtree IA, Evans ME, Pan T, He C. Dynamic RNA Modifications in Gene Expression Regulation.
Cell. 2017; 169(7):1187-200. https://doi.org/10.1016/j.cell.2017.05.045 PMID: 28622506.

Saletore Y, Meyer K, Korlach J, Vilfan ID, Jaffrey S, Mason CE. The birth of the Epitranscriptome: deci-
phering the function of RNA modifications. Genome Biol. 2012; 13(10):175. https://doi.org/10.1186/gb-
2012-13-10-175 PMID: 23113984.

Arzumanian VA, Dolgalev GV, Kurbatov |Y, Kiseleva Ol, Poverennaya EV. Epitranscriptome: Review of
Top 25 Most-Studied RNA Modifications. Int J Mol Sci. 2022;23(22). Epub 20221110. https://doi.org/10.
3390/ijms232213851 PMID: 36430347.

Pan T. Modifications and functional genomics of human transfer RNA. Cell Res. 2018; 28(4):395-404.
https://doi.org/10.1038/s41422-018-0013-y PMID: 29463900.

Suzuki T. The expanding world of tRNA modifications and their disease relevance. Nat Rev Mol Cell
Biol. 2021; 22(6):375-92. https://doi.org/10.1038/s41580-021-00342-0 PMID: 33658722.

Accornero F, Ross RL, Alfonzo JD. From canonical to modified nucleotides: balancing translation and
metabolism. Crit Rev Biochem Mol Biol. 2020; 55(6):525—40. Epub 20200916. https://doi.org/10.1080/
10409238.2020.1818685 PMID: 32933330.

Sharma S, Lafontaine DLJ. 'View From A Bridge’: A New Perspective on Eukaryotic rRNA Base Modifi-
cation. Trends Biochem Sci. 2015; 40(10):560-75. https://doi.org/10.1016/j.tibs.2015.07.008 PMID:
26410597.

Jia G, FuY, Zhao X, Dai Q, Zheng G, Yang Y, et al. N6-methyladenosine in nuclear RNA is a major sub-
strate of the obesity-associated FTO. Nat Chem Biol. 2011; 7(12):885-7. https://doi.org/10.1038/
nchembio.687 PMID: 22002720.

He PC, He C. m(6) A RNA methylation: from mechanisms to therapeutic potential. EMBO J. 2021; 40
(3):2105977. https://doi.org/10.15252/embj.2020105977 PMID: 33470439.

Moore LD, Le T, Fan G. DNA methylation and its basic function. Neuropsychopharmacology. 2013; 38
(1):23-38. https://doi.org/10.1038/npp.2012.112 PMID: 22781841.

TrixI L, Lusser A. The dynamic RNA modification 5-methylcytosine and its emerging role as an epitran-
scriptomic mark. Wiley Interdiscip Rev RNA. 2019; 10(1):e1510. https://doi.org/10.1002/wrna.1510
PMID: 30311405.

Alexandrov A, Chernyakov |, Gu W, Hiley SL, Hughes TR, Grayhack EJ, et al. Rapid tRNA decay can
result from lack of nonessential modifications. Mol Cell. 2006; 21(1):87-96. https://doi.org/10.1016/j.
molcel.2005.10.036 PMID: 16387656.

Schaefer M, Pollex T, Hanna K, Tuorto F, Meusburger M, Helm M, et al. RNA methylation by Dnmt2
protects transfer RNAs against stress-induced cleavage. Genes Dev. 2010; 24(15):1590-5. https://doi.
org/10.1101/gad.586710 PMID: 20679393.

Tuorto F, Liebers R, Musch T, Schaefer M, Hofmann S, Kellner S, et al. RNA cytosine methylation by
Dnmt2 and NSun2 promotes tRNA stability and protein synthesis. Nat Struct Mol Biol. 2012; 19(9):900—
5. https://doi.org/10.1038/nsmb.2357 PMID: 22885326.

Zhang Y, Zhang LS, Dai Q, Chen P, Lu M, Kairis EL, et al. 5-methylcytosine (m(5)C) RNA modification
controls the innate immune response to virus infection by regulating type | interferons. Proc Natl Acad

PLOS ONE | https://doi.org/10.1371/journal.pone.0298521  April 25, 2024 14/17


https://doi.org/10.1016/j.molbiopara.2015.01.006
https://doi.org/10.1016/j.molbiopara.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25736427
https://doi.org/10.1098/rsob.190072
http://www.ncbi.nlm.nih.gov/pubmed/31164043
https://doi.org/10.1016/j.pt.2011.05.006
https://doi.org/10.1016/j.pt.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21737348
https://doi.org/10.3389/fgene.2018.00243
http://www.ncbi.nlm.nih.gov/pubmed/30050561
https://doi.org/10.1016/j.cell.2017.05.045
http://www.ncbi.nlm.nih.gov/pubmed/28622506
https://doi.org/10.1186/gb-2012-13-10-175
https://doi.org/10.1186/gb-2012-13-10-175
http://www.ncbi.nlm.nih.gov/pubmed/23113984
https://doi.org/10.3390/ijms232213851
https://doi.org/10.3390/ijms232213851
http://www.ncbi.nlm.nih.gov/pubmed/36430347
https://doi.org/10.1038/s41422-018-0013-y
http://www.ncbi.nlm.nih.gov/pubmed/29463900
https://doi.org/10.1038/s41580-021-00342-0
http://www.ncbi.nlm.nih.gov/pubmed/33658722
https://doi.org/10.1080/10409238.2020.1818685
https://doi.org/10.1080/10409238.2020.1818685
http://www.ncbi.nlm.nih.gov/pubmed/32933330
https://doi.org/10.1016/j.tibs.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26410597
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1038/nchembio.687
http://www.ncbi.nlm.nih.gov/pubmed/22002720
https://doi.org/10.15252/embj.2020105977
http://www.ncbi.nlm.nih.gov/pubmed/33470439
https://doi.org/10.1038/npp.2012.112
http://www.ncbi.nlm.nih.gov/pubmed/22781841
https://doi.org/10.1002/wrna.1510
http://www.ncbi.nlm.nih.gov/pubmed/30311405
https://doi.org/10.1016/j.molcel.2005.10.036
https://doi.org/10.1016/j.molcel.2005.10.036
http://www.ncbi.nlm.nih.gov/pubmed/16387656
https://doi.org/10.1101/gad.586710
https://doi.org/10.1101/gad.586710
http://www.ncbi.nlm.nih.gov/pubmed/20679393
https://doi.org/10.1038/nsmb.2357
http://www.ncbi.nlm.nih.gov/pubmed/22885326
https://doi.org/10.1371/journal.pone.0298521

PLOS ONE

Impact of ToNop2 on rRNA methylation and processing

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sci U S A. 2022; 119(42):e2123338119. Epub 20221014. https://doi.org/10.1073/pnas.2123338119
PMID: 36240321.

Gigova A, Duggimpudi S, Pollex T, Schaefer M, Kos M. A cluster of methylations in the domain IV of
25S rRNA is required for ribosome stability. RNA. 2014; 20(10):1632—44. https://doi.org/10.1261/rna.
043398.113 PMID: 25125595.

Schosserer M, Minois N, Angerer TB, Amring M, Dellago H, Harreither E, et al. Methylation of ribosomal
RNA by NSUNS5 is a conserved mechanism modulating organismal lifespan. Nat Commun. 2015;
6:6158. https://doi.org/10.1038/ncomms7158 PMID: 25635753.

Sharma S, Yang J, Watzinger P, Kotter P, Entian KD. Yeast Nop2 and Rem1 methylate C2870 and
C2278 of the 25S rRNA, respectively. Nucleic Acids Res. 2013; 41(19):9062—76. https://doi.org/10.
1093/nar/gkt679 PMID: 23913415.

Schumann U, Zhang HN, Sibbritt T, Pan A, Horvath A, Gross S, et al. Multiple links between 5-methylcy-
tosine content of MRNA and translation. BMC Biol. 2020; 18(1):40. https://doi.org/10.1186/s12915-020-
00769-5 PMID: 32293435.

Squires JE, Patel HR, Nousch M, Sibbritt T, Humphreys DT, Parker BJ, et al. Widespread occurrence
of 5-methylcytosine in human coding and non-coding RNA. Nucleic Acids Res. 2012; 40(11):5023-33.
https://doi.org/10.1093/nar/gks 144 PMID: 22344696.

Yang X, Yang Y, Sun BF, Chen YS, Xu JW, Lai WY, et al. 5-methylcytosine promotes mRNA export—
NSUN2 as the methyltransferase and ALYREF as an m(5)C reader. Cell Res. 2017; 27(5):606—25.
https://doi.org/10.1038/cr.2017.55 PMID: 28418038.

Bohnsack KE, Hobartner C, Bohnsack MT. Eukaryotic 5-methylcytosine (m(5)C) RNA Methyltrans-
ferases: Mechanisms, Cellular Functions, and Links to Disease. Genes (Basel). 2019; 10(2). https://doi.
org/10.3390/genes10020102 PMID: 30704115.

Pavlopoulou A, Kossida S. Phylogenetic analysis of the eukaryotic RNA (cytosine-5)-methyltrans-
ferases. Genomics. 2009; 93(4):350—7. https://doi.org/10.1016/j.ygeno.2008.12.004 PMID: 19135144,

Reid R, Greene PJ, Santi DV. Exposition of a family of RNA m(5)C methyltransferases from searching
genomic and proteomic sequences. Nucleic Acids Res. 1999; 27(15):3138-45. https://doi.org/10.1093/
nar/27.15.3138 PMID: 10454610.

King MY, Redman KL. RNA methyltransferases utilize two cysteine residues in the formation of 5-
methylcytosine. Biochemistry. 2002; 41(37):11218-25. https://doi.org/10.1021/bi026055q PMID:
12220187.

Liu 'Y, Santi DV. m5C RNA and m5C DNA methyl transferases use different cysteine residues as cata-
lysts. Proc Natl Acad Sci U S A. 2000; 97(15):8263-5. https://doi.org/10.1073/pnas.97.15.8263 PMID:
10899996.

Motorin Y, Grosjean H. Multisite-specific tRNA:m5C-methyltransferase (Trm4) in yeast Saccharomyces
cerevisiae: identification of the gene and substrate specificity of the enzyme. RNA. 1999; 5(8):1105-18.
https://doi.org/10.1017/s1355838299982201 PMID: 10445884.

Bourgeois G, Ney M, Gaspar |, Aigueperse C, Schaefer M, Kellner S, et al. Eukaryotic rRNA Modifica-
tion by Yeast 5-Methylcytosine-Methyltransferases and Human Proliferation-Associated Antigen p120.
PLoS One. 2015; 10(7):e0133321. https://doi.org/10.1371/journal.pone.0133321 PMID: 26196125.

Hong B, Brockenbrough JS, Wu P, Aris JP. Nop2p is required for pre-rRNA processing and 60S ribo-
some subunit synthesis in yeast. Mol Cell Biol. 1997; 17(1):378-88. https://doi.org/10.1128/MCB.17.1.
378 PMID: 8972218.

Hong B, Wu K, Brockenbrough JS, Wu P, Aris JP. Temperature sensitive nop2 alleles defective in syn-
thesis of 25S rRNA and large ribosomal subunits in Saccharomyces cerevisiae. Nucleic Acids Res.
2001; 29(14):2927-37. https://doi.org/10.1093/nar/29.14.2927 PMID: 11452018.

Maran SR, de Lemos Padilha Pitta JL, Dos Santos Vasconcelos CR, McDermott SM, Rezende AM, Sil-
vio Moretti N. Epitranscriptome machinery in Trypanosomatids: New players on the table? Mol Micro-
biol. 2021; 115(5):942-58. https://doi.org/10.1111/mmi.14688 PMID: 33513291.

Bangs JD, Crain PF, Hashizume T, McCloskey JA, Boothroyd JC. Mass spectrometry of mMRNA cap 4
from trypanosomatids reveals two novel nucleosides. J Biol Chem. 1992; 267(14):9805—-15. PMID:
1349605.

Liang XH, Xu YX, Michaeli S. The spliced leader-associated RNA is a trypanosome-specific sn(o) RNA
that has the potential to guide pseudouridine formation on the SL RNA. RNA. 2002; 8(2):237—46.
https://doi.org/10.1017/s1355838202018290 PMID: 11911368.

Rajan KS, Zhu Y, Adler K, Doniger T, Cohen-Chalamish S, Srivastava A, et al. The large repertoire of
2’-0-methylation guided by C/D snoRNAs on Trypanosoma bruceirRNA. RNA Biol. 2020; 17(7):1018—
39. Epub 20200421. https://doi.org/10.1080/15476286.2020.1750842 PMID: 32250712.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298521  April 25, 2024 15/17


https://doi.org/10.1073/pnas.2123338119
http://www.ncbi.nlm.nih.gov/pubmed/36240321
https://doi.org/10.1261/rna.043398.113
https://doi.org/10.1261/rna.043398.113
http://www.ncbi.nlm.nih.gov/pubmed/25125595
https://doi.org/10.1038/ncomms7158
http://www.ncbi.nlm.nih.gov/pubmed/25635753
https://doi.org/10.1093/nar/gkt679
https://doi.org/10.1093/nar/gkt679
http://www.ncbi.nlm.nih.gov/pubmed/23913415
https://doi.org/10.1186/s12915-020-00769-5
https://doi.org/10.1186/s12915-020-00769-5
http://www.ncbi.nlm.nih.gov/pubmed/32293435
https://doi.org/10.1093/nar/gks144
http://www.ncbi.nlm.nih.gov/pubmed/22344696
https://doi.org/10.1038/cr.2017.55
http://www.ncbi.nlm.nih.gov/pubmed/28418038
https://doi.org/10.3390/genes10020102
https://doi.org/10.3390/genes10020102
http://www.ncbi.nlm.nih.gov/pubmed/30704115
https://doi.org/10.1016/j.ygeno.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19135144
https://doi.org/10.1093/nar/27.15.3138
https://doi.org/10.1093/nar/27.15.3138
http://www.ncbi.nlm.nih.gov/pubmed/10454610
https://doi.org/10.1021/bi026055q
http://www.ncbi.nlm.nih.gov/pubmed/12220187
https://doi.org/10.1073/pnas.97.15.8263
http://www.ncbi.nlm.nih.gov/pubmed/10899996
https://doi.org/10.1017/s1355838299982201
http://www.ncbi.nlm.nih.gov/pubmed/10445884
https://doi.org/10.1371/journal.pone.0133321
http://www.ncbi.nlm.nih.gov/pubmed/26196125
https://doi.org/10.1128/MCB.17.1.378
https://doi.org/10.1128/MCB.17.1.378
http://www.ncbi.nlm.nih.gov/pubmed/8972218
https://doi.org/10.1093/nar/29.14.2927
http://www.ncbi.nlm.nih.gov/pubmed/11452018
https://doi.org/10.1111/mmi.14688
http://www.ncbi.nlm.nih.gov/pubmed/33513291
http://www.ncbi.nlm.nih.gov/pubmed/1349605
https://doi.org/10.1017/s1355838202018290
http://www.ncbi.nlm.nih.gov/pubmed/11911368
https://doi.org/10.1080/15476286.2020.1750842
http://www.ncbi.nlm.nih.gov/pubmed/32250712
https://doi.org/10.1371/journal.pone.0298521

PLOS ONE

Impact of ToNop2 on rRNA methylation and processing

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Chikne V, Doniger T, Rajan KS, Bartok O, Eliaz D, Cohen-Chalamish S, et al. A pseudouridylation
switch in rRNA is implicated in ribosome function during the life cycle of Trypanosoma brucei. Sci Rep.
2016; 6:25296. https://doi.org/10.1038/srep25296 PMID: 27142987.

Viegas IJ, de Macedo JP, Serra L, De Niz M, Temporao A, Silva Pereira S, et al. N(6)-methyladenosine
in poly(A) tails stabilize VSG transcripts. Nature. 2022; 604(7905):362—70. Epub 20220330. https://doi.
org/10.1038/s41586-022-04544-0 PMID: 35355019.

Rubio MA, Gaston KW, McKenney KM, Fleming IM, Paris Z, Limbach PA, et al. Editing and methylation
at a single site by functionally interdependent activities. Nature. 2017; 542(7642):494—7. https://doi.org/
10.1038/nature21396 PMID: 28230119.

Militello KT, Chen LM, Ackerman SE, Mandarano AH, Valentine EL. A map of 5-methylcytosine resi-
dues in Trypanosoma bruceitRNA revealed by sodium bisulfite sequencing. Mol Biochem Parasitol.
2014; 193(2):122-6. https://doi.org/10.1016/j.molbiopara.2013.12.003 PMID: 24389163.

Aslett M, Aurrecoechea C, Berriman M, Brestelli J, Brunk BP, Carrington M, et al. TriTrypDB: a func-
tional genomic resource for the Trypanosomatidae. Nucleic Acids Res. 2010; 38(Database issue):
D457-62. https://doi.org/10.1093/nar/gkp851 PMID: 19843604.

Notredame C, Higgins DG, Heringa J. T-Coffee: A novel method for fast and accurate multiple
sequence alignment. J Mol Biol. 2000; 302(1):205-17. https://doi.org/10.1006/jmbi.2000.4042 PMID:
10964570.

Tamura K, Stecher G, Kumar S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol
Biol Evol. 2021; 38(7):3022-7. https://doi.org/10.1093/molbev/msab120 PMID: 33892491.

Wirtz E, Leal S, Ochatt C, Cross GA. A tightly regulated inducible expression system for conditional
gene knock-outs and dominant-negative genetics in Trypanosoma brucei. Mol Biochem Parasitol.
1999; 99(1):89-101.

Cunningham |. New culture medium for maintenance of tsetse tissues and growth of trypanosomatids. J
Protozool. 1977; 24(2):325-9. https://doi.org/10.1111/j.1550-7408.1977.tb00987.x PMID: 881656.

Dean S, Sunter J, Wheeler RJ, Hodkinson |, Gluenz E, Gull K. A toolkit enabling efficient, scalable and
reproducible gene tagging in trypanosomatids. Open Biol. 2015; 5(1):140197. https://doi.org/10.1098/
rsob.140197 PMID: 25567099.

Wickstead B, Ersfeld K, Gull K. Targeting of a tetracycline-inducible expression system to the transcrip-
tionally silent minichromosomes of Trypanosoma brucei. Mol Biochem Parasitol. 2002; 125(1-2):211—
6. https://doi.org/10.1016/s0166-6851(02)00238-4 PMID: 12467990.

Burkard G, Fragoso CM, Roditi |. Highly efficient stable transformation of bloodstream forms of Trypa-
nosoma brucei. Mol Biochem Parasitol. 2007; 153(2):220-3. https://doi.org/10.1016/j.molbiopara.2007.
02.008 PMID: 17408766.

Hayman ML, Miller MM, Chandler DM, Goulah CC, Read LK. The trypanosome homolog of human p32
interacts with RBP16 and stimulates its gRNA binding activity. Nucleic Acids Res. 2001; 29(24):5216—
25. https://doi.org/10.1093/nar/29.24.5216 PMID: 11812855.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402—-8. Epub 2002/02/16. https://doi.org/10.
1006/meth.2001.1262 PMID: 11846609.

Pollex T, Hanna K, Schaefer M. Detection of cytosine methylation in RNA using bisulfite sequencing.
Cold Spring Harb Protoc. 2010; 2010(10):pdb prot5505. https://doi.org/10.1101/pdb.prot5505 PMID:
20889702.

Schaefer M, Pollex T, Hanna K, Lyko F. RNA cytosine methylation analysis by bisulfite sequencing.
Nucleic Acids Res. 2009; 37(2):e12. https://doi.org/10.1093/nar/gkn954 PMID: 19059995.

Afgan E, Baker D, Batut B, van den Beek M, Bouvier D, Cech M, et al. The Galaxy platform for accessi-
ble, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 2018; 46
(W1):W537-W44. https://doi.org/10.1093/nar/gky379 PMID: 29790989.

Krueger F, Andrews SR. Bismark: a flexible aligner and methylation caller for Bisulfite-Seq applications.
Bioinformatics. 2011; 27(11):1571-2. https://doi.org/10.1093/bicinformatics/btr167 PMID: 21493656.

Akalin A, Kormaksson M, Li S, Garrett-Bakelman FE, Figueroa ME, Melnick A, et al. methylKit: a com-
prehensive R package for the analysis of genome-wide DNA methylation profiles. Genome Biol. 2012;
13(10):R87. https://doi.org/10.1186/gb-2012-13-10-r87 PMID: 23034086.

Edelheit S, Schwartz S, Mumbach MR, Wurtzel O, Sorek R. Transcriptome-wide mapping of 5-methyl-
cytidine RNA modifications in bacteria, archaea, and yeast reveals m5C within archaeal mnRNAs. PLoS
Genet. 2013; 9(6):1003602. https://doi.org/10.1371/journal.pgen.1003602 PMID: 23825970.

Team. RC. R: A language and environment for statistical computing. https://wwwR-projectorg/. 2017.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298521  April 25, 2024 16/17


https://doi.org/10.1038/srep25296
http://www.ncbi.nlm.nih.gov/pubmed/27142987
https://doi.org/10.1038/s41586-022-04544-0
https://doi.org/10.1038/s41586-022-04544-0
http://www.ncbi.nlm.nih.gov/pubmed/35355019
https://doi.org/10.1038/nature21396
https://doi.org/10.1038/nature21396
http://www.ncbi.nlm.nih.gov/pubmed/28230119
https://doi.org/10.1016/j.molbiopara.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24389163
https://doi.org/10.1093/nar/gkp851
http://www.ncbi.nlm.nih.gov/pubmed/19843604
https://doi.org/10.1006/jmbi.2000.4042
http://www.ncbi.nlm.nih.gov/pubmed/10964570
https://doi.org/10.1093/molbev/msab120
http://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1111/j.1550-7408.1977.tb00987.x
http://www.ncbi.nlm.nih.gov/pubmed/881656
https://doi.org/10.1098/rsob.140197
https://doi.org/10.1098/rsob.140197
http://www.ncbi.nlm.nih.gov/pubmed/25567099
https://doi.org/10.1016/s0166-6851%2802%2900238-4
http://www.ncbi.nlm.nih.gov/pubmed/12467990
https://doi.org/10.1016/j.molbiopara.2007.02.008
https://doi.org/10.1016/j.molbiopara.2007.02.008
http://www.ncbi.nlm.nih.gov/pubmed/17408766
https://doi.org/10.1093/nar/29.24.5216
http://www.ncbi.nlm.nih.gov/pubmed/11812855
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1101/pdb.prot5505
http://www.ncbi.nlm.nih.gov/pubmed/20889702
https://doi.org/10.1093/nar/gkn954
http://www.ncbi.nlm.nih.gov/pubmed/19059995
https://doi.org/10.1093/nar/gky379
http://www.ncbi.nlm.nih.gov/pubmed/29790989
https://doi.org/10.1093/bioinformatics/btr167
http://www.ncbi.nlm.nih.gov/pubmed/21493656
https://doi.org/10.1186/gb-2012-13-10-r87
http://www.ncbi.nlm.nih.gov/pubmed/23034086
https://doi.org/10.1371/journal.pgen.1003602
http://www.ncbi.nlm.nih.gov/pubmed/23825970
https://wwwR-projectorg/
https://doi.org/10.1371/journal.pone.0298521

PLOS ONE

Impact of ToNop2 on rRNA methylation and processing

60.

61.

62.

63.

64.

65.

66.

67.

Alsford S, Turner DJ, Obado SO, Sanchez-Flores A, Glover L, Berriman M, et al. High-throughput phe-
notyping using parallel sequencing of RNA interference targets in the African trypanosome. Genome
Res. 2011; 21(6):915-24. https://doi.org/10.1101/gr.115089.110 PMID: 21363968.

Liao H, Gaur A, McConie H, Shekar A, Wang K, Chang JT, et al. Human NOP2/NSUN1 regulates ribo-
some biogenesis through non-catalytic complex formation with box C/D snoRNPs. Nucleic Acids Res.
2022; 50(18):10695-716. https://doi.org/10.1093/nar/gkac817 PMID: 36161484.

Dean S, Sunter JD, Wheeler RJ. TrypTag.org: A Trypanosome Genome-wide Protein Localisation
Resource. Trends Parasitol. 2017; 33(2):80—2. Epub 20161115. https://doi.org/10.1016/j.pt.2016.10.
009 PMID: 27863903.

Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg GW, et al. A genomic sequencing proto-
col that yields a positive display of 5-methylcytosine residues in individual DNA strands. Proc Natl Acad
Sci U S A. 1992; 89(5):1827-31. Epub 1992/03/01. https://doi.org/10.1073/pnas.89.5.1827 PMID:
1542678.

Taoka M, Nobe Y, Yamaki Y, Sato K, Ishikawa H, Izumikawa K, et al. Landscape of the complete RNA
chemical modifications in the human 80S ribosome. Nucleic Acids Res. 2018; 46(18):9289-98. https://
doi.org/10.1093/nar/gky811 PMID: 30202881.

Rajan KS, Chikne V, Decker K, Waldman Ben-Asher H, Michaeli S. Unique Aspects of rRNA Biogenesis
in Trypanosomatids. Trends Parasitol. 2019; 35(10):778-94. Epub 20190828. https://doi.org/10.1016/j.
pt.2019.07.012 PMID: 31473096.

Chikne V, Shanmugha Rajan K, Shalev-Benami M, Decker K, Cohen-Chalamish S, Madmoni H, et al.
Small nucleolar RNAs controlling rRNA processing in Trypanosoma brucei. Nucleic Acids Res. 2019;
47(5):2609-29. https://doi.org/10.1093/nar/gky1287 PMID: 30605535.

Szaflarski W, Lesniczak-Staszak M, Sowinski M, Ojha S, Aulas A, Dave D, et al. Early rRNA processing
is a stress-dependent regulatory event whose inhibition maintains nucleolar integrity. Nucleic Acids
Res. 2022; 50(2):1033-51. https://doi.org/10.1093/nar/gkab1231 PMID: 34928368.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298521  April 25, 2024 17/17


https://doi.org/10.1101/gr.115089.110
http://www.ncbi.nlm.nih.gov/pubmed/21363968
https://doi.org/10.1093/nar/gkac817
http://www.ncbi.nlm.nih.gov/pubmed/36161484
https://doi.org/10.1016/j.pt.2016.10.009
https://doi.org/10.1016/j.pt.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/27863903
https://doi.org/10.1073/pnas.89.5.1827
http://www.ncbi.nlm.nih.gov/pubmed/1542678
https://doi.org/10.1093/nar/gky811
https://doi.org/10.1093/nar/gky811
http://www.ncbi.nlm.nih.gov/pubmed/30202881
https://doi.org/10.1016/j.pt.2019.07.012
https://doi.org/10.1016/j.pt.2019.07.012
http://www.ncbi.nlm.nih.gov/pubmed/31473096
https://doi.org/10.1093/nar/gky1287
http://www.ncbi.nlm.nih.gov/pubmed/30605535
https://doi.org/10.1093/nar/gkab1231
http://www.ncbi.nlm.nih.gov/pubmed/34928368
https://doi.org/10.1371/journal.pone.0298521

