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Nm sites were hypermodified, and four sites were hypomodified in L. major amastigotes compared to 

promastigotes (Supplementary Data  4). In L. donovani four sites were hypermodified, and eleven sites 

were hypomodified when comparing these two stages, whereas in L. amazonensis, only one site was 

hypermodified and one was hypomodified in these stages (Supplementary Data  4).   

Localizing the Nm modifications on the 3D structure of L. major 26 (Fig. 1Bi) and L. donovani 28 

ribosomes (Fig. 1Bii) demonstrated that two of the differentially regulated Nm in L. major are located 

around the protein exit tunnel, and four such Nm also exist in L. donovani.  The other modifications are 

not located near any known functional domains. Interestingly, only Am479 on SSU rRNA was found to 

be hypermodified in amastigotes of all Leishmania species examined. The hypermodification of Am479 

was further verified by LC-MS in both L. donovani and L. amazonensis (Fig. 1C). To understand the 

mechanism by which Am479 is hypermodified in amastigotes, we checked the level of the corresponding 

guide snoRNA (LM/LD/LA32Cs1C1) using Northern analysis. The result (Fig. 1D) suggests that the 

snoRNA level  is indeed increased in amastigotes compared to promastigotes. 

 

Cytosine base editing depletion of LD32Cs1C1 demonstrates the importance of Am479  

The Nm modification Am479 is located in the SSU near the uS12 ribosomal protein, which contacts the 

incoming mRNA (Fig. 2A). We previously demonstrated that the CRISPR-Cas9 based knockout (KO) of 

a single copy H/ACA snoRNA can be achieved in Leishmania 26. To deplete L. donovani cells for single-

copy C/D snoRNA (LD32Cs1C1) guiding Am479, we decided to use the recently described cytosine 

base-editing (CBE) approach 30. The CBE system is comprised of cytidine deaminase domain (APOBEC-

1), Cas9-D10A nickase, and uracil glycosylase inhibitors (UGI). The guide RNA (gRNA) directs the CBE 

system to introduce a C-U mutation in the genome. A single gRNA can guide multiple C-U editing events 

in nucleotides 4-12 on the complementary strand to which the gRNA binds. The mutated uridine is then 

repaired to thymidine during the DNA repair processes 30. To eliminate the function of the C/D snoRNA, 
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we decided to mutate the D-box in both copies of the gene encoding this species. Studies on yeast 31 and 

vertebrates 32 demonstrate that a mutation in the D-box interferes with the binding of the core proteins that 

stabilize the snoRNP complex, since these proteins make direct contact with the D-box 33.  We anticipated 

that editing the D box would result in unstable snoRNP. We designed a gRNA that obeys the conventional 

CRISPR rule (20 nt upstream from the PAM sequence that guides Cas9 binding) with a D-box motif 

(CUGA) within the 4-12 editing window and no predicted off-target site. The gRNA was cloned into 

plasmids containing a ribosomal promoter, hepatitis delta virus ribozyme sequence for proper termination, 

and all the protein components necessary for the CBE approach 30. The proposed secondary structure of 

LD32Cs1C1 is presented (Fig. 2Bi), and the sequences that were used to design the guide RNA and the 

PAM sequence are marked (Fig. 2Bi).  We transfected to L. donovani the plasmid carrying the guide RNA 

and the CBE enzymes described above. Clones were obtained and polymerase chain reaction (PCR) was 

used to amplify the region surrounding the edited site in both edited and un-edited cells. As expected, all 

three cytosines in and around the D box were edited (Fig. 2Bii). After observing that the mutations were 

correctly introduced into both snoRNA genes, the RNA from the transgenic parasites was subjected to 

Northern blot analysis, demonstrating near-complete elimination of the snoRNA (Fig. 2Aiii).  However, 

minute amounts of snoRNA were still detectable, suggesting that complete elimination of the snoRNA 

could not be achieved. The level of Nm on Am479 guided by the snoRNA was determined by RiboMeth-

seq, and the results (Fig. 2Ci) showed only a ~29% reduction in the Am479 level. Similar results were 

also obtained by LC-MS (Fig. 2Cii), suggesting that either another snoRNA guides the same position, or 

that the residual amounts of the snoRNA can still guide the Nm. Indeed, we searched for additional 

snoRNAs that could potentially guide this modification and found that three snoRNAs (LD27Cs1C3, 

LD36Cs4C1a, LD26Cs1C1) that could base pair with 8-10 nt base-pairing and guide Am479 

(Supplementary Fig.3). However, even though the rRNA was only partially modified on Am479 

compared to the parental strain (PS), the growth of the transgenic parasites was compromised (Fig. 2D). 
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Since complete depletion of the snoRNA could not be achieved, suggesting its essentiality and/or the 

modification it guides, we sought to study its function by overexpression (OE). Interestingly, our analysis 

also suggested that the level of snoRNA is increased in the amastigote form compared to the promastigote 

stage (Fig. 1D). To this end, LM32Cs1C1 wild-type and M2 mutant carrying mutations in the interaction 

domain to guide Am479, as depicted in Fig. 2Aiv, were expressed from the pX-expression vector in 

promastigote-stage L. major 26. The results (Fig. 3A) show a dramatic increase in overexpression of the 

wild-type (WT) and of its M2-mutant (Fig. 3B). RiboMeth-seq and LC-MS analysis showed an increase 

in the level of Am479, and a slight but non-significant decrease in this Nm in the cell line overexpressing 

the wild-type and the mutated M2 snoRNA, respectively (Fig. 3B). Next, the growth of the transgenic 

parasites was compared to the parental strain OE pX-empty vector, and growth inhibition was observed 

in both the wild-type and the mutant cells overexpressing the snoRNAs (Fig. 3C). To examine whether 

cells OE the WT snoRNA and its M2 derivative affect rRNA processing, total RNA from OE cells was 

hybridized with ITS1 and ITS3 antisense probes 36 (Fig. 3D).  The results (Fig. 3D) indicate that the levels 

of SSU and LSU precursors were unchanged between the parental strain and cells OE the wild-type or its 

mutant M2 derivative, suggesting that LM32Cs1C1 OE does not affect rRNA processing. To examine the 

translation capacity of cells overexpressing the snoRNA, global translation was assessed by measuring 

the incorporation of puromycin using the SUnSET assay 37 (Fig. 3E). The results demonstrate no 

significant reduction in protein synthesis in either WT-OE or M2-OE cells. Interestingly, minor defects 

in the polysomal pattern of the OE cells (Fig. 3F) were observed, and no significant difference was 

observed in the composition of the 80S ribosomal protein as determined by mass-spectrometry (Fig. 3G, 

Supplementary Data  6).  

To better understand the impact of LM32Cs1C1 OE and mutation on translation, the poly-A 

mRNA from whole-cell extracts and those associated with translating ribosomes were isolated and 

sequenced (Fig. 3H-I, Supplementary Data  7-8). The levels of only 9 and 18 mRNAs were significantly 
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(p-adj<0.01, fold change >/< 2-fold) downregulated upon WT-OE and M2-OE in the whole-cell extracts 

(Fig. 3H, Supplementary Data  8), which is consistent with the specific effect on translation. A scatter 

plot illustrating the pattern of ribosome-associated mRNA levels in cells overexpressing WT and M2, 

presented in Fig. 3I, shows that 1165 (944 down-regulated and 221 up-regulated) and 1573 (1149 down-

regulated and 424 up-regulated) mRNAs (p-adj<0.01, fold change >/< 2-fold) changed their translation 

pattern upon WT and M2 snoRNA overexpression. Comparison of both patterns suggests that the M2 

mutant was able to reverse the translation pattern of only 213 out of 1165 mRNAs, suggesting that 952 

mRNAs are differentially translated in both WT and M2 overexpressing cells, and indicating that the 

domain responsible for guiding Nm is essential for the translation of only a small subset (18%) of mRNAs. 

The major effect on translation may therefore stem from an additional function of the snoRNA.  GO 

analysis of down-regulated mRNAs in the WT-OE translatome suggests that genes associated with 

ribosomes and protein heterodimerization are significantly affected in OE cells (Fig 3J). Whereas genes 

involved in protein phosphorylation are enriched in the mRNAs upregulated in the OE translatome. 

Comparison of the WT-OE translatome with the previously published transcriptome of L. major 

amastigote vs promastigote 38  suggests that 52 mRNAs that are down-regulated in our translatome were 

also down-regulated significantly in the amastigote transcriptome. Some of these genes encode for 

proteins invovled in flagella formation which is known to be down-regulated in amastigote, suggesting 

that the overexpression of the snoRNA contribute to this phenomenon during differentiation 38.  

 

Cryo-EM analysis of ribosomes from cells overexpressing LM32Cs1C1 snoRNA  

To further investigate the role of the snoRNA and its guided Nm in translation regulations, we determined 

the 3D structure of 80S ribosomes from L. major cells overexpressing LM32Cs1C1 wild-type gene 

(LM80S-WT-OE) and its mutated version (LM80S-M2-OE) using single particle (SPA) cryo-EM 

techniques. 80S ribosomes in their native state were purified from log-phase cells and subjected to SPA 
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overexpressing LM32Cs1C1 snoRNA, the tRNA encoding for the Glu-GAA codon exits the E-site and 

P-site relatively faster than other tRNAs (Fig. 7D). 

Our previous study suggested that loss of a single pseudouridine in H69 affected its local structure, 

altered its interaction with A-site tRNA, and affected the translation of a subset of mRNAs carrying 

specific codons 26. Previous analysis of tRNAs that differentially interact with H69 suggested that tRNAs 

carrying specific RNA modifications in the H69-tRNA interaction region are preferentially selected by 

the ribosomes lacking a single Pseudouridine 26. The complete repertoire of Leishmania tRNA 

modification is unknown, especially in the acceptor stem that interacts with H68. It is currently not clear 

how flipping of U451 in the H68 in the OE cells affects the interaction with specific tRNAs. The data 

therefore support the notion that overexpression of LM32Cs1C1 resulted in structural differences in H68 

of LSU rRNA affecting the efficient binding of specific tRNAs.  

 

DISCUSSION 

In this study, we mapped the Nm on rRNA of both life stages of three Leishmania species. Our study 

identified more than a hundred Nm sites with high confidence. Using RiboMeth-seq, we identified several 

Nm sites that are differentially modified between amastigote and promastigote. We focused on the role 

of Am479, guided by LD/LM32Cs1C1, which was found to exhibit elevated modification levels in 

amastigotes due to increased snoRNA levels. Depletion of the snoRNA by CBE suggested that Am479 is 

essential for ribosome formation, as ribosome subunits lacking the Nm are not incorporated into 

translating ribosomes. Overexpression of this snoRNA resulted in a specific effect on translation, affecting 

over a thousand mRNAs. However, this major impact on translation observed in the OE strain is mostly 

not because of  the Nm (Am479) guided by the snoRNA, but rather, due to its function as a chaperone for 

properly shaping the structure of the ribosome.  
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Since the discovery that C/D snoRNAs guide Nm modifications, their role as chaperones in 

ribosome biogenesis was neglected, apart from that of a small number of snoRNAs that are directly 

involved in rRNA processing, by removing pre-rRNA spacers (ITS/ETS). Here, we show that the 

chaperone function of an snoRNA dictates ribosome structure. Overexpression of a single snoRNA 

resulted in structural perturbation, affecting the nucleotides in H68, as observed using cryo-EM 

techniques. Accordingly, this study revives an old concept regarding the chaperone function of C/D 

snoRNAs. 

In addition, we show that Nm levels are not homogeneous across rRNA throughout the parasite's 

life cycle. Variation in the levels of some Nm modifications was observed in mammalian cells, whereas 

most Nm sites are nearly fully modified. Notably, the modification level of a subset of sites varies only 

during specific developmental stages at the tissue level 44.  In cancer cells, 56-90% of the differential Nms 

are located on the surface of the ribosome 45. It was previously demonstrated that in yeast, certain Nms in 

rRNA are only partially methylated over the population 46.  This also seems to be the case in T. brucei 

25,27  and Leishmania species (Fig. 1A). We suggest that the low level of modification on specific sites is 

due to the large number of sites available for Nm modification, and limiting levels of core proteins to 

assemble a large number of each snoRNP, thereby restricting the modification at each position 25. 

Alternatively, the proximity of the Nm sites, each with its own snoRNP, in the rRNA results in 

competition between snoRNAs for access to neighbouring nucleotides. The Nm guided by 

LD/LM32Cs1C1 is developmentally regulated, and it correlates with an increase in the level of its guiding 

snoRNA. The presence of low-level Nm on certain sites may enable regulation by increasing these 

modifications under various stress conditions. More importantly,  the elevated level of the snoRNA may 

have an impact on ribosome structure and affect the translation of a subset of proteins as seen by 

overexpression of the snoRNA (Fig. 3I and 6G).  Indeed, Grumpy snoRNA is dramatically elevated during 

the transition in the mammalian host of the bloodstream form Trypanosoma brucei 47.  The effect of 
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adenine, 2 mM L-glutamine, 10 µg/ml folic acid, 13.7 µM hemin, 4.2 mM NaHCO3, 1xRPMI1640 

vitamins, 8 µM 6-biopterin, 100 units penicillin and 100 µg/ml streptomycin, pH 7.4). L. major 

promastigotes were also differentiated from animal-derived amastigotes and maintained in M199, 10% 

FBS, 25 mM HEPES; 100 µM adenine, 2 mM L-glutamine, biotin 1 µg/ml, 13.7 µM hemin, 4.2 mM 

NaHCO3, 100 units penicillin and 100 µg/ml streptomycin, pH 7.4.  

 

Generation of transgenic L. major parasites overexpressing snoRNA 

To generate L. major (Friedlin strain) overexpressing LM32Cs1C1 snoRNA, the regions flanking the 

snoRNA were cloned into pX-Neo plasmid 53 using the primers listed in Supplementary Data  13. Site-

directed mutagenesis was performed to introduce mutations in the rRNA interaction domains. The 

template plasmid was digested with DpnI (NEB), and clones were isolated. 

 

Editing of the snoRNA gene 

Guide RNA (gRNA) targeting the LD32Cs1C1 gene was designed using BE-Designer 

(http://www.rgenome.net/be-designer/) and EuPaGDT (http://grna.ctegd.uga.edu/). Since CBE takes 

place within the 4-12 nt window of gRNA, the gRNA was designed such that the cytosine in D-box motif 

(CUGA) is included in this window. The gRNA was cloned into pLdCH-hyBE4max-LmjFDBD 30 

plasmid between BbsI restriction sites. The primers are listed in Supplementary Data  13. To generate 

LD32Cs1C1-edited L. donovani cells, the plasmid was transfected into Ld1S (MHOM/SD/62/1S-CL2D) 

with or without gRNA, selected using Hygromycin, and cloned by serial dilution. Clonal population was 

derived and verified using Sanger sequencing and Northern analysis. All primers used in this study were 

purchased by Integrated DNA Technologies (IDT). 

 

Preparation of the C/D snoRNome  

http://grna.ctegd.uga.edu/
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(https://imagej.nih.gov/ij) software was used to analyze western and Northern blots. Canvas X (Canvas 

GFX, Inc.) was used to arrange and prepare the images and figures. 

 

DATA AVAILABILITY 

The sequencing data generated in this study have been deposited in the NCBI BioProject  database under 

accession codes PRJNA1109342 [https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1109342], 

PRJNA776630 [https://www.ncbi.nlm.nih.gov/bioproject/PRJNA776630], and  

PRJNA776629 [https://www.ncbi.nlm.nih.gov/bioproject/PRJNA776629]. The RNA LC-MS data 

generated in this study have been deposited to the ProteomeXchange Consortium via the jPOST partner 

repository under accession code PXD053706 [https://www.ebi.ac.uk/pride/archive/projects/PXD053706] 

(JPST003203). The mass spectrometry proteomics data generated in this study have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository under accession codes PXD052150 

[https://www.ebi.ac.uk/pride/archive/projects/PXD052150], PXD068423 

[https://www.ebi.ac.uk/pride/archive/projects/PXD068423] and PXD074266 

[https://www.ebi.ac.uk/pride/archive/projects/PXD074266]. The cryo-EM density maps of the L. 

donovani LD32CS1C1-edited ribosome generated in this study have been deposited in the Electron 

Microscopy Data Bank (EMDB) under accession codes EMD-56552 

[https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-56552] (Class-1 APE tRNA), EMD-56554 

[https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-56554] (Class-2 PE tRNA), EMD-56555 

[https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-56555] (Class-5 APE tRNA), EMD-56556 

[https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-56556] (Class-6 APE tRNA), EMD-56557 

[https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-56557] (Class-7 EP tRNA). The cryo-EM density maps 

of the L. major ribosome generated in this study have been deposited in the EMDB under accession codes 

EMD-18437 [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-18437] (LM80S-M2-OE), EMD-18419  
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FIGURE LEGENDS 

 

Figure 1. Nms on Leishmania rRNA are developmentally regulated. A) RiboMeth-seq analysis of 

RNA derived from amastigote and promastigote forms. (i) Fraction methylated (score C) is presented 

across the L. major rRNA molecules, and the identity of specific Nm sites is indicated. Data are presented 

as mean ± S.E.M. Three biological replicates (n = 3) were used for the quantification. The p-value was 

determined by Student's t-test, two-tailed distribution. p<0.05 was considered significant. Hyper-modified 

and hypo-modified nucleotides are highlighted in red and blue respectively. (ii) As in (i) for L.donovani. 

Data are presented as mean ± S.E.M. Four biological replicates (n = 4) were used for the quantification. 

The p-value was determined by Student's t-test, two-tailed distribution. (iii) As in (i) for L. amazonensis. 

Data are presented as mean ± S.E.M. Five biological replicates (n = 5) were used for the quantification. 
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The p-value was determined by Student's t-test, two-tailed distribution. B) Localization of variable Nm 

sites on the Leishmania ribosome. Differentially regulated Nm sites in Lesihmania amastigote and 

promastigote rRNA are shown. The Nms that are increased in amastigotes (compared to promastigotes) 

are depicted in red, and those decreased are shown in blue. The upper panel indicates the location of Nm 

in the entire 80S ribosomes, and the lower panel indicates the sites with respect to LSU ribosome. (i) L. 

dononovani and (ii) L. major. C) LC-MS analysis of Am479 in SSU rRNA. Total RNA from L. 

donovani and L. amazonensis amastigote and promastigote was subjected to LC-MS as described in 

Materials and Methods. The LC-MS experiment was done only once (n=1). D) LA32Cs1C1 is 

differentially expressed in the two life stages of the parasite. The level of LA32Cs1C1 in amastigote 

and promastigote cells was validated by Northern analysis. The identity of various RNA probes is 

indicated. 7SL RNA served as a loading control. Contrast-adjusted blots are presented. The experiment 

was conducted once (n=1). 

 

Figure 2. Am479 modification is essential for translation. A) Localization of Am479 on the 

Leishmania ribosome. Am479 in SSU rRNA is shown relative to uS12 (sky blue), mRNA (brown), A-

tRNA (blue), and P-tRNA (green). B) Depletion of LD32Cs1C1 using a cytosine base editing 

approach. i) The secondary structure of LD32Cs1C1 snoRNA is presented. The C/D box, domain base-

pairing with rRNA to guide Nm and to bind H68 is indicated. The gRNA and the PAM sequence are 

highlighted in cyan and green, respectively. ii) Validation of cytosine editing in D-box. Sanger 

sequencing identified a C-T mutation in the snoRNA gene and no significant changes around the targeted 

region.  (iii) Northern analysis. The level of LD32Cs1C1 in snoRNA-edited and their addback cells was 

validated by Northern analysis. The identity of various RNA probes is indicated. LD32Cs3H1 served as 

a loading control. Contrast-adjusted blots are presented. The experiment was conducted only once (n=1). 

(iv) Schematic representation indicating potential base pairing of LD/LM32Cs1C1 with the SSU rRNA 
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to guide Am479 (indicated in red), and the mutated form with two introduced mismatches (indicated in 

green). C) Quantification of Am479 level by RiboMeth-seq (i) and LC-MS (ii). The fraction 

methylated (Score-C) and the percentage of modification calculated by RiboMeth-seq and LC-MS are 

presented, respectively. RiboMeth-seq data for PS were obtained four times (n=4), and were obtained two 

times (n = 2) for other cell lines. The data are presented as mean ± S.D. The LC-MS experiment was done 

only once (n=1). D) Promastigote cell growth. The growth of edited, un-edited, and various addback 

promastigote cells was compared at 27°C  over 5 days, starting at a concentration of 105 cells/ml. Data 

are presented as mean ± S.E.M. Experiments were performed in triplicate (n = 3). E) Analysis of pre-

rRNA upon depletion of LD32Cs1C1 by Northern blotting. The identity of various pre-rRNAs 

detected is indicated, and their molecular size is shown. 7SL-RNA served as a loading control. Contrast-

adjusted blots are presented. The experiment was conducted once (n=1). F) Fractionation of ribosomes 

on a sucrose gradient. The fractions containing 40S, 60S, and 80S monosomes and polysomes are 

indicated. G) Global translation assay. Wholecell lysates prepared from cells incubated with puromycin 

were subjected to western blot analysis using anti-Puromycin mouse monoclonal antibody, clone 12D10 

ZooMAb® (Sigma, ZMS1016) (1:2000 dilution). Cells treated with cycloheximide before treatment with 

puromycin were used as a negative control. Representative blot from two independent experiments (n=2) 

is shown. HSP83 served as a loading control. H) Transcriptome of LD32Cs1C1-edited and addback 

cells. Poly(A) RNA was enriched from unedited parental strain (PS), edited (Edit), WT-addback (WT-

add) and M2-addback (M2-add) cells using oligo-dT beads, and subjected to RNA-seq. Two biological 

replicates (n=2) were used to calculate the fold-change (FC) expression. Statistical analysis was 

performed using DESeq2 (v1.38.3)63. DESeq2 corrects for multiple testing using the Benjamini-Hochberg 

procedure and uses the Negative Binomial model for detecting differentially expressed mRNAs. The 

significantly altered mRNAs are highlighted in orange (up-regulated) and blue (down-regulated). I) Gene-

ontology analysis of differentially expressed genes in the transcriptome. TriTrypDB 
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(ii) L. donovani (p<0.05, n=4)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

5.8S_Gm75

SSU_Am479

LSUβ_Am1496

LSUβ_Gm71

LSUβ_Am1385
LSUβ_Am591
LSUβ_Am1373

LSUα_Am235

LSUβ_Cm14

LSUα_Um505

LSUα_Am858

LSUβ_Gm1254

LSUβ_Cm583

LSUβ_Am628

LSUβ_Gm655

1

Promastigote (Fraction methylated) Promastigote (Fraction methylated)

C

Ama
Pro

7SL RNA

LA32Cs1C1

~258 nt

~80 nt0

10

20

30

40

50

60

70

80

90

100

%
o

f
m

et
h

yl
at

io
n

Ama Pro Ama Pro

L.donovani L.amazonensis

LC-MS - Am479
D Northern analysis

RiboMeth-seq quantification (Amastigote vs Promastigote)A

ARTICLE IN PRESS



ARTI
CLE

 IN
 P

RES
S












