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ABSTRACT 

Ribosomal RNA modifications in prokaryotes have been sporadically studied, but there is a lack of a 

comprehensive picture of modification sites across bacterial phylogeny. B. subtilis is a preeminent model 

organism for gram-positive bacteria, with a well-annotated and editable genome, convenient for fundamental 

studies and industrial use. Yet remarkably, there has been no complete characterization of its rRNA 

modification inventory.  By expanding modern MS tools for the discovery of RNA modifications, we found a 

total of 25 modification sites in 16S and 23S rRNA of B. subtilis, including the chemical identity of the 

modified nucleosides and their precise sequence location. Furthermore, by perturbing large subunit 

biogenesis using depletion of an essential factor RbgA and measuring the completion of 23S modifications in 

the accumulated intermediate, we provide a first look at the order of modification steps during the late stages 

of assembly in B. subtilis. While our work expands the knowledge of bacterial rRNA modification patterns, 

adding B. subtilis to the list of fully annotated species after E. coli and T. thermophilus, in a broader context, 

it provides the experimental framework for discovery and functional profiling of rRNA modifications to 

ultimately elucidate their role in ribosome biogenesis and translation.   
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INTRODUCTION 

RNA components of the ribosome, an essential ribonucleoprotein machine, are extensively decorated 

with post-transcriptional rRNA modifications, among which methylations of the base or ribose, and 

pseudouridines are the most frequent. rRNA is modified during the ribosome biogenesis process using either 

site-specific protein enzymes or an RNA-guided mechanism present in archaea and eukaryotes. There is little 

conservation of modified sites among the three domains of life (1), with an increased number of 

modifications found in eukaryotic ribosomes (36 sites in E. coli vs 228 in mammalian cells (2)).  The 

abundance of modification events adds to the overall complexity of the ribosome assembly process, and both 

modification machinery and modified nucleosides arguably play active roles in rRNA folding and protein 

binding steps during the assembly (3,4).  Furthermore, many modifications are located in functionally 

important sites of the ribosome including the decoding center, peptidyl transferase center (PTC), peptide-exit 

tunnel, and inter-subunit bridges (5), where they presumably modulate local structure and interactions to 

ensure accurate and efficient protein synthesis. 

The rRNA modification machinery remains an important target for the constantly evolving drug 

resistance in pathogenic organisms. Not only can an acquired modification be effective at preventing binding 

of  antibiotics to their ribosome target sites, but the lack of a modification due to loss of function mutations 

can decrease susceptibility to drugs (6). While roles of individual modifications and corresponding enzymes 

in ribosome biology and in bacterial evolution are not well understood, the variability of rRNA modification 

patterns between species is evident and may provide further clues for functional investigations (SI Table 1).  

Although rRNA is the most abundant RNA in cells, attempts to obtain a complete list of bacterial rRNA 

modifications have been surprisingly infrequent.  E. coli and T. thermophilus are the only two organisms for 

which both 16S and 23S modification have been characterized in full.  In E.coli, a set of 36 rRNA 

modifications has been reported and independently proven by many labs  (3,5,7), and a total of  25  modified 

nucleosides placed in rRNA of T. thermophilus (8-10) (SI Table 1). Complete or nearly complete maps of  

16S modifications have been reported for T. maritima (11), C. acetobutylicum (12), and L. pneumophila (13). 

Significant number of residues were discovered in rRNA of C. sporogenes (14),  in P. aeruginosa (15), S. 

aureus (16),  and in B. subtilis, where a total of ten rRNA methylations and pseudouridines were 

experimentally confirmed (17-22). In addition, many experimentally verified rRNA modification sites remain 

uncatalogued in RNA modification databases like Modomix (23) due to the fact that only a few were found 

per species (24-27). 

In the era of Next-Generation (NGS) and Direct RNA Sequencing (DRS), Mass Spectrometry (MS) 

continues to play a crucial role in the discovery, independent validation, and quantitative profiling of 

modifications in abundant cellular RNAs like rRNA and tRNA. In fact, MS offers direct simultaneous 
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identification of all the types of modified residues that produce a detectable mass shift even when placed in 

the vicinity of other modification sites. Unlike eukaryotic rRNA, where ribose methylations and 

pseudouridines are dominating the pool of modified nucleosides, bacterial rRNA is especially rich in diverse 

base modifications all of which may be difficult or impossible to detect using sequencing approaches alone. 

Furthermore, recent advances increasing MS instrumentation speed and sensitivity, improving bioinformatics 

analysis (28) and ribonuclease cleavage specificity (29,30) make MS-based discovery more efficient. Another 

advantage of MS is the opportunity for relative and absolute quantitation of modifications which is key for 

studying biological functions. 

rRNA modifications are an integral part of the assembly process where binding and release of 

modification enzymes are tightly coordinated with structural rearrangements within the growing precursor. 

The transient nature of rRNA-modification enzyme interactions and low abundance of the assembly 

intermediates (~ 2% of the total ribosome load in the bacteria cell) in general, make the modification steps 

difficult to study. Fortuitously, several cryo-EM structures have been reported with modification enzymes 

bound to their substrates, yet all the findings are currently limited to the late assembly stages  (31-34). 

Perhaps, a more tangible approach is a direct observation of rRNA modifications in intermediate particles 

accumulated as a result of genetic perturbations, environmental stresses, and inhibition of assembly.  Since 

single-particle EM resolution of 3-5 � is hardly enough to confidently assign modification status directly 

within the intermediate isolates, RNA MS offers a much more robust alternative to quantitative assessment, 

as previously demonstrated by our laboratory for E. coli rRNA modifications and assembly intermediates 

(35,36). 

 In this report, we expand our MS toolset to provide the complete set of modifications in 16S and 23S 

RNA of B. subtilis. Furthermore, we characterize the modification status of the abundant large subunit 

intermediate particles (45SRbgA) isolated from B. subtilis cells depleted of an essential ribosome biogenesis 

factor called RbgA. The 45SRbgA intermediate has a scaffold of a nearly complete 50S subunit, but the A, P 

and E tRNA binding sites are unstructured (37). Quantitative inventory of RNA modifications using isotope 

ratio MS demonstrates that except for several positions in helix 69, all 23S modifications are fully 

incorporated into 45SRbgA. The missing modifications are installed by the homologs of pseudouridine 

synthase RluD and methyltransferases TlyA and RlmH, which are known to be late-acting protein enzymes in 

other bacteria species (34,36,38). These observations suggest that despite the highly flexible parallel nature of 

the assembly pathway, modification enzymes elicit their functions along the route strictly cooperating with 

the folding of the large structural blocks composed of rRNA and r-proteins. This precision is important to 

warrant complete modification status in matured 70S.    
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MATERIALS AND METHODS 

B. subtilis growth, metabolic labeling, and rRNA purification  

B. subtilis strain RB1202 was constructed by transforming chromosomal DNA from RB301 (39) to 

prototrophic py79 strain containing rbgA (a.k.a. ylqf) under the IPTG inducible Pspank promoter. For 

identification of modified nucleosides, RB1202 was grown in the MSpitz9 defined medium (40) using 1 mM 

IPTG for induction that leads to the synthesis of mature 50S and 70S ribosomal particles. To elicit specific 

changes to the mass of RNA and facilitate the discovery of RNA modifications, metabolic precursors 

containing stable isotopes were added. Particularly, 1 g/L of either (NH4)2SO4 (designated as 14N throughout 

the text) or (15NH4)2SO4 (designated as 15N, Cambridge Isotope Laboratories) was used as a source of 

nitrogen. C[2H]3-methionine (Cambridge Isotope Laboratories) labeling was carried out by adding deuterated 

methionine at a concentration of 50 mg/L directly to the 14N medium. For pseudouridines identification, 25 

mg/L of 5,6-[2H]-uracil (CDN isotopes) precursor was added to both 14N and 15N labeled medium. All the 

bacteria cultures were incubated at 37°C until reached 0.5 OD600. Cells were harvested by centrifugation for 

10 min at 5000 g.  

To isolate ribosomes and separate 30S and 50S rRNA subunits, cells were lysed in the lysis buffer (10 

mM Tris–HCl pH 7.5, 60 mM KCl, 10 mM MgCl2, complete EDTA-free protease inhibitor (Roche), 10 

μg/ml RNase-free DNase (Qiagen), and 1 uL/ml of RNaseOUT (Thermo Fisher), 0.005% Tween20) using 

French press at 1400-1600 psi. Cell lysate was first clarified by centrifuging at 16 000 g for 20 minutes, then 

the ribosome pellet was isolated by centrifuging the lysate at 135 000 g for 2.25 h at 4°C. The pellet was 

gently washed using high salt buffer (20 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 800 mM NH4Cl, 1 mM DTT) 

and resuspended in 20 mM Tris-HCl, pH 7.5, 30 mM NH4Cl, 1 mM MgCl2, 1 mM DTT. 18-43% (wt/vol) 

sucrose density gradient was made in 20 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 50 mM NH4Cl, 1 mM DTT. 

Ribosome resuspension was layered on the surface of the gradient and centrifuged for 14 hours at 21 000 rpm 

(~ 88 000 g) and 4°C in the Surespin 630 rotor (Sorvall). Gradient fractions were collected using Biorad 

FPLC by monitoring OD254. Fractions assigned to the individual ribosomal subunits were pooled, then 

concentrated and buffer exchanged to 10 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 60 mM KCl,1 mm DTT using 

a 100 kDa Amicon filter device.  

For quantitative analysis of modifications in RbgA depleted ribosomes, RB1202 cells were grown in 

MSpitz9 using 5 or 10 µM IPTG induction. For comparison, the doubling time at 5 µM IPTG induction was 

111.7 min, at 10 µM IPTG - 78.4 min, and at 1 mM IPTG - 52.3 min. Cells were harvested and 45SRbgA and 

70SRbgA particles were isolated via 10-40% sucrose gradient ultracentrifugation (SI Figure 6A) under non-

dissociating conditions (using 15 mM MgCl2).   
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Gradient fractions corresponding to fully induced or RbgA-depleted ribosomal particles were pooled and 

rRNA was stripped of the ribosomal proteins using TRIzol reagent (Invitrogen) followed by isopropanol 

precipitation for large rRNA yields or using Direct-zol RNA miniprep kit (Zymo Research) for low RNA 

quantities. RNA has been resuspended and stored in UltraPure water (Thermo Fisher Scientific), and sample 

concentration was determined using NanoDrop UV-Vis (Thermo Fisher Scientific).       

RNA MS samples and data acquisition 

For identification and placement of modifications, ~10-20 pmol of each 14N and 15N rRNA were 

combined (see SI Figure 1 for the complete list of samples and their isotope composition). Each sample was 

then heat denatured and subjected to RNase T1 or RNase A (~25-50 units) treatment in a 5 uL volume of 25 

mM ammonium acetate (pH 6.0) at 55°C for 1 h. Samples were directly injected into the LC-MS system for 

MS or MS/MS data acquisition.  

Oligonucleotide data were acquired via Agilent Q-TOF 6520-ESI system using negative ion detection 

following previously published protocol (28).  Briefly, nucleolytic oligonucleotides were separated on  

XBridge C18 column (3.5 µm, 1x150 mm, Waters) using 15 mM ammonium acetate (AA, pH 8.8) in water 

as mobile phase A and 15 mM AA (pH 8.8) in 50% acetonitrile as B,  by the linear ramp of 1-15% mobile 

phase B in 40 min. MS2 collision energies were optimized by direct infusion of RNA oligonucleotide 

standards (28). Targeted MS/MS was pursued to increase the quality of acquired MS2 spectra, used for 

modifications placement. rRNA isolated from RbgA depleted ribosomes were analyzed via data-dependent 

MS/MS acquisition, and the following precursor ion selection rules were applied: absolute intensity threshold 

set to 2000 counts, ions with charge of 1 were excluded, and 0.35 min dynamic exclusion window applied 

after three precursor selection events. 

CMC chemical labeling  

Chemical labeling with pseudouridine specific CMCT (N-cyclohexyl-N′-(2-

morpholinoethyl)carbodiimide metho-p-toluenesulfonate (Sigma-Aldrich) reagent was pursued to identify 

and quantify pseudouridine modifications in B. subtilis rRNA. For that, an equimolar mixture of 14N and 15N 

16S or 23S RNA was freeze-dried, and the obtained RNA pellet dissolved in 20 μl volume of freshly made 

0.4 M CMCT in BEU buffer (50 mM Bicine pH 8.5, 4 mM EDTA pH 8.0, 7 M urea). The mixture was 

incubated at 37°C for 1 h. Then, 480 µL of RNase-free water was added and the excess of unreacted CMCT 

was removed by two consecutive rounds of Amicon Ultra (0.5 ml, 30 kDa) filtration. To release the label 

from CMC-guanosines and CMC-uridine adducts present following the reaction, an equal volume (~ 40 μl) of 

100 mM sodium carbonate-bicarbonate buffer (pH 10.5) was added to CMCT free rRNA and incubated at 

50°C for 2 h. After two rounds of 30 kDa Amicon Ultra buffer exchange to RNase-free water, derivatized 

rRNA was dried in a speed-vac system and subjected to T1 or A digestion. LC-MS chromatography gradient 
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was modified to accommodate increased retention of CMC-labeled oligonucleotides on the C18 column and 

included step 1: 1% of mobile phase B for 5 min; step 2: 1-15% of B in 45 min; step 3: 15-35% of B in 10 

min; step 4: 35-100% of B in 5 min.  

Survey of RNA modifications using stable-isotope labeling and least-squares fitting of MS1 

spectra 

The initial phase of the modification search employed an in-house software suit Massacre for mass 

spectra extraction, m/z matching to RNA digested in-silico, and MS envelope fitting using the previously 

published algorithm Isodist (41). Raw MS1 data were converted to mzML file format via MSConvert 

(ProteoWizard 3.0) and used as Massacre input. B. subtilis strain 168 rrnA-16s and rrnA-23S gene sequences 

were cleaved in-silico according to T1 or A specificities with up to 5 missed cleavages. Modification search 

was enabled by appending at least one and up to four mass tags to the mass of an unmodified nucleolytic 

oligo. A maximum of 4 methyl group tags (+14 Da or +17 Da with C[2H]3-methionine labeling), 2 

dihydrouridine tags (+2 Da), and 1 hydroxycytidine tag (+16 Da) per oligonucleotide were allowed at a time 

during stage 1 of discovery (SI Figure 1), and a maximum of 3 pseudouridine tags (-1 Da for 5,6-[2H]- 

labeling and +251.2 Da for CMCT derivatization) at stage 2. Isotope composition for modified and canonical 

residues was adjusted for the presence of 15N and 2H. Each Massacre run was configured to find coeluting 

peaks pairs that match predicted 14N and 15N masses of the modified oligos present in the in-silico digest 

within 20 ppm tolerance window. Then, extracted MS1 envelopes were fit using the element and isotope 

composition of nucleolytic RNAs. Obtained fits were first filtered using 14N /15N peak intensity ratio and fit 

quality metric, and the remaining ones were visually inspected to pick candidate oligos for targeted MS/MS 

acquisition and sequence analysis.   

MS2 spectra identification using Pytheas database search   

Pytheas software was used for annotation of MS2 spectra, assignment of oligonucleotide sequence, and 

sequence placement of the unknown modifications (28). MS2 scans acquired via targeted MS/MS acquisition 

were averaged across the width of the chromatographic peak and then exported to mgf format via 

MassHunter Qualitative Analysis B.07.00, limiting the number of peaks to 250 most intense. Data were 

matched across all theoretical spectra in the database generated using Pytheas in silico digestion routine. 

During digestion, B. subtilis strain 168 rrnA-16S or rrnA-23S sequences were cut according to the RNase 

specificity with 1 or 3 missed cleavages, and redundant oligonucleotides were consolidated. Then, a custom 

script was added to the standard workflow that partially replaces canonical with methylated nucleosides: 

[mA], [mG], [mC], [mU], [mmC], [mmU], [mmA], [mmG], with dihydrouridine [D] or with 5-

hydroxycytidine [ho5C] (see SI Table 2 for notations). A maximum of 3 modifications were allowed per 

oligo. All the methyl groups were allocated to the nucleobase since base and ribose methylations cause small 

changes to the theoretical spectrum. 12 and 40 ppm precursor and fragment mass tolerance windows were 
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used for matching, and alpha and beta rewards for consecutive matches were set to 2 and 0.025. After the 

assignment of methylated nucleosides and dihydrouridine was complete (stage 1, SI Figure 1), a new set of 

spectral databases was generated for pseudouridine identification (stage 2).  Positions of pseudouridines 

encoded by Pytheas as [Y] (5,6-[2H] labeling) or [cmc-Y] (CMC labeling) were varied (up to 3 

pseudouridines per oligo allowed) while positions of methylations and dihydrouridine were fixed. Upon 

completion of the database matching, the best-scored sequences were pulled and used for modification 

mapping. The Ariadne online calculator tool was routinely used for quick verification of the precursor and 

fragment m/z values when needed (42). 

Quantitative analysis of modifications in RbgA depleted ribosomal particles  

rRNAs isolated from unlabeled 45SRbgA and 70SRbgA were spiked with 23S purified from 15N-labeled 

RB1202 cells (1 mM IPTG induction) in approximately 1:1 molar ratio, then digested with RNase T1 or A. 

Pseudouridines detection was enabled using CMC chemical labeling. Positions of 23S modifications were 

fixed and provided in the form of the Pytheas input file. The Pytheas final report, containing a list of 

identified 14N and 15N nucleolytic oligos (IDs), and MS1 traces in mzML format were passed to Massacre for 

RNA quantitation. The updated Massacre workflow for RNA included 1) consolidation of multiple IDs with 

the same sequence, 2) LC peak picking using precursor m/z and the retention time window, 3) extraction and 

fitting of the MS1 envelopes. 14N/15N intensity ratios from the Massacre fits were normalized to 23S RNA 

input (median 14N/15N value obtained for 23S IDs that lack modifications) and used to report levels of rRNA 

modifications. 

Validation of B. subtilis genes corresponding to helix 69 modifications in 23S   

Deletion strains BKK24260 (yqxC::kan), BKK11620(yjbO::kan), BKK09210(yhcT::kan), 

BKK15460(ylyB::kan) (43) and the reference B. subtilis  strain 168 were purchased from BGSC (Ohio State 

University). MGNA-B814  (yydA::erm) (44) was obtained from NBRP B. subtilis (NIG, Japan). Following 

initial antibiotic selection, batch cultures were grown in LB medium at 37°C until reached 0.5-0.7 OD600. 70S 

ribosomes were pelleted through the 40% (w/v) sucrose cushion. rRNA, deproteinated using Trizol reagent, 

was first subjected to treatment with the CMCT reagent, then digested with either RNase T1 or A. Digestion 

products were analyzed using data-dependent MS/MS acquisition followed by the Pytheas search to identify 

rRNA modifications affected by the deletion of a single gene. T1 and A datasets are available for download 

from the PRIDE archive (PXD051518).    

Double cleavage RNase H assay 

2’-deoxy-2’-O-methyl chimera oligonucleotides targeting specific sites in 16S and 23S (SI Table 4) were 

mixed in 2:1 molar ratio with 25 pmol of rRNA in 5 µL volume of the annealing buffer (10 mM Tris-HCl, pH 

7.8, 50 mM NaCl, 0.5 mM EDTA) and boiled at 95°C for 2 min. After cooling down to the ambient 
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temperature, 1 µL of 0.1 M DTT and 1 µL of the 10X reaction buffer (500 mM NaCl, 50 mM MgCl2, 450 

mM Tris-HCl, pH 7.8) were added to the annealed RNAs. 2-3 U of E. coli RNase H (New England Biolabs) 

was then used to initiate a sequence-specific rRNA cleavage in 10 µL final volume, and the reaction was 

incubated at 37°C overnight. Upon completion, salts and buffer components of the reaction were depleted 

using Amicon filtration (0.5 ml, 3 kDa), and the RNA retained by the membrane dried in the speed-vac. The 

resulting double cleavage 5’-P and 3’-OH products were analyzed using data-dependent MS/MS, and 

positions of modifications (or their absence) were inferred using Pytheas search.     

Ribonucleoside analysis 

Complete hydrolysis of rRNA was performed according to the protocol published by the Kellner Lab 

(45). For relative quantitative analysis of nucleosides, ~ 20 pmol of each B. subtilis and E. coli rRNA 

(isolated from BW25113 strain, grown in M9 minimal medium) with distinct isotope composition between 

the two species were mixed. RNA digestion was carried out in the final volume of 20 µL by adding 4 µL of 

5x digestion buffer (100 mM Tris-HCl, pH 8.0 and 5 mM MgCl2), 2 U of Benzonase (Novagen), 0.2 U of 

Phosphodiesterase I (Worthington), 2 U of quick CIP (NEB), and water as needed. After 2 h incubation at 

37°C, 480 uL of RNase-free water was added to the hydrolyzed RNA and proteins were removed by 

ultrafiltration using Amicon Ultra (0.5 ml, 10 kDa) filter. The filtrate was dried and after resuspension in LC-

MS water, the material was analyzed by Agilent Q-TOF 6520-ESI.  

To confirm correct nucleoside identification, samples containing 15N-labeled B. subtilis RNA were 

prepared and spiked with a mixture of commercially available ribonucleoside standards (SI Table 4). To 

disambiguate between positional isomers (e.g., 7-methylguanosine, N2-methylguanosine, 2'-O-

methylguanosine in 23S), they were pre-mixed at different stoichiometric ratios.  Nucleoside retention times 

and elution order were recorded and used for their subsequent identification in bacteria samples devoid of 

synthetic standards.  

Content of the rRNA hydrolysate was resolved using Zorbax SB-C18 column (5 µm, 0.5 x 150 mm, 

Agilent) and the LC conditions were tuned empirically, mostly to optimize the detection of modified 

pyrimidines. Two sets of conditions were established, using either mobile phases A1 (0.1% formic acid in 

water) and B1(0.1% formic acid in acetonitrile) at column temperature of 30°C, or mobile phases A2 (10 mM 

ammonium acetate pH 5.4 in water) and B2 (80% acetonitrile in water) without additional column heating. 

The LC gradient consisted of step 1: 3% of mobile phase B1 (or B2) for 3.5 min; step 2:  3-30% of B1 (or 

B2) in 6.5 min; and step 3: 30-90% of B1 (or B2) in 5 min. MS detection was carried out using positive 

ionization in 160-700 m/z range with 1 s MS1 scan rate. The capillary voltage was set to 4.5 kV and 

fragmentor to 100 V.  Each biological replicate sample was analyzed twice, injecting an equivalent of 0.2-0.5 

pmol of B. subtilis rRNA to accurately measure canonical ribonucleosides, used for calculating rRNA input. 

Furthermore, 5-10 pmol of rRNA was injected for relative quantitation of modified nucleosides, present at 
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quantities that are ~100-800 fold lower. 14N- and 15N-peak areas were obtained using integration of extracted 

ionic chromatograms implemented in MassHunter Qualitative Analysis B.07.00. For B. subtilis labeled with 

5,6-[2H]-uracil, MS1 data were fitted, and 14N- and 15N-peak intensities calculated using Massacre. To correct 

the data for rRNA input, B. subtilis / E. coli peak area ratio for each modified nucleosides was normalized to 

the B. subtilis / E. coli peak area ratio for the canonical nucleosides (i.e., median value for A, G, U, C) and 

reported in Figure 3. 

To enhance ionization efficiency and avoid interference from coeluting species, several uridine 

derivatives (m3
Ψ, Ψ, D) were interrogated using negative detection mode and mobile phases A2 and B2.  

Coelution (3.0 min column retention) and small (+2 Da) mass shift between Ψ and D, preclude their 

independent measurements in 23S RNA using MS1 signal alone (SI Figure 5B). Therefore, Ψ nucleoside 

quantification was carried out via two MRM transitions 243.06→153.03 and 243.06→183.05 for 14N 

precursor, and 245.06 →155.02 and 245.06 →185.04 for 15N at a collision energy of 10 V. 5,6-

dihydrouridine quantification was not attempted.  

RESULTS 

The overall strategy for discovery of RNA modifications 

The standard bottom-up approach has been utilized for the discovery of modifications, where 16S and 

23S RNA were purified from 14N and 15N labeled B. subtilis cells and subjected to either RNase T1 or A 

treatment. The resulting mixture of nucleolytic oligos (~ 3-15 nt size range) was first analyzed using LC-MS. 

Then precursor ions containing specific MS1 spectral signatures were interrogated by tandem MS. Given that 

base/ribose methylations and pseudouridines are the most abundant rRNA modifications (SI Table 1) in 

prokaryotes, the discovery workflow has been split into two parts: discovery of methylations and other non-

mass silent modifications (5-hydroxycytidine and 5,6-dihydrouridine were included in the search), and the 

discovery of pseudouridines (see stages 1 and 2 in SI Figure 1). To amplify spectral features of the 

methylated oligonucleotides and to discriminate pseudouridines from isomeric uridines, specific isotope and 

chemical labeling schemes were employed at the sample preparation step.  

During the precursor (i.e., MS1) survey phase of the discovery workflow, subsets of candidate sequences 

were identified using predictable mass shifts and isotopic envelope transformations induced by known RNA 

modifications. Briefly, monoisotopic masses of the coeluting 14N and 15N peak pairs were extracted from the 

raw data and matched to the masses of oligos present in the theoretical digest, then experimental 14N and 15N 

spectra were fit using the provided atomic composition (solid line fits in Figure 1A and 1C). This step 

efficiently eliminated canonical sequences, leaving a small number of “mass-shifted” precursors (~15) for 

targeted LC-MS/MS. Targeted acquisition notably improved the quality of the tandem spectra enabling 

sequence assignment and localization of the modified nucleoside with high confidence. Pseudouridine 
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modifications (Ψ) are isobaric to uridines, and reliable detection requires specific metabolic labeling or 

chemical treatment for effective “mass-shifting” of Ψ in RNA. Consequently, pseudouridine search was 

carried out independently (at stage 2), after the localization of other modifications was complete, following 

the exact same data acquisition and analysis scheme. 

Elicited mass changes to precursor and fragment ions were accommodated by specifying element and 

isotope composition of the modified nucleosides during in-silico digestion step. Variable modifications 

(modifications that are either present or absent) were sampled explicitly, in all possible arrangements across 

the sequence space provided by 16S or 23S RNA cleaved by the RNase. The upper limit to the net number of 

modifications per nucleolytic oligo was set to 3-4 (see Material and Methods for details), which generated a 

search space of manageable complexity (SI Table 3) but allowed for the presence of closely spaced 

modification clusters in rRNA.   

Using the described workflow, we detected 15 new and 10 previously identified B. subtilis modifications 

(Table 1). Each assignment was confirmed by multiple means: using different enzymatic cleavage products, 

by varying isotope composition of rRNA, and in the case of pseudouridines by using chemical tagging.  

Modifications type and positions presented here are fully consistent with prior experimental evidence 

collected by other labs using HPLC and low-resolution techniques such as sequencing gels (17,18,20), and 

agree well with modifications that were annotated in E. coli and other bacteria (SI Table 1). Excitingly, this 

further broadens the landscape of functional modification sites in RNA biology. 

Table 1. RNA modifications identified in B. subtilis 16S and 23S RNA.  
 

B. subtilis position Modification  Ribonuclease 
used a 

Evidence found in work of 
others 

Respective E. 
coli 

position 
16S RNA     

524 Ψ RNase H  516-Ψ 

535 m7G RNase H 
HPLC, primer extension  

(18) 
527-m7G 

975 m2G T1 & A  966-m2G 
976 m5C T1 & A  967-m5C 

1060 m2G RNase H  1051-C 
1410 m4Cm T1 & A  1402-m4Cm 
1417 Cm T1   1409-C 
1507 m3U T1  1498-m3U 
1527 m6

2A A  1518-m6
2A 

1528 m6
2A A  1519-m6

2A 

23S RNA 

    

620 m5U RNase H 
 576-U 

794 m5U RNase H MS/MS (19) 747-m5U 
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1940 Ψ T1 CMC-Ψ with primer 
extension (20) 

1911-Ψ 

1944 m3
Ψ T1 CMC-Ψ with primer 

extension (20) 
1915- m3

Ψ 

1946 Ψ T1 CMC-Ψ with primer 
extension (20) 

1917-Ψ 

1949 Cm T1 
 

1920-C 

1968 m5U T1 MS/MS (19) 1939-m5U 
2280 Gm RNase H 

 

2251-Gm 

2474 m2G T1 & A  
 

2445-m2G 

2478 D T1 
 

2449-D 

2521 Ψ RNase H CMC-Ψ with primer 
extension (20) 

2492-U 

2532 m2A RNase H 
 

2503-m2A 

2582 Gm T1 primer extension (17), 
MS/MS (21) 

2553-G 

2603 m7G T1 MS, primer extension (17) 
MS/MS (22) 

2574-G 

2634 Ψ T1 & A CMC-Ψ with primer 
extension (20) 

2605-Ψ 

 

a Nuclease (or a combination of two nucleases) used to unambiguously place modifications within 16S and 23S RNA (see SI Table 2 for details). 

Isotope and chemical labeling for identification of methylations and pseudouridines 

To identify a list of digestion products that potentially carry one or many methyl groups, we grew cells in 

C[2H]3-methionine supplemented minimal medium (14N-C[2H]3-meth, Figure 1A). C[2H]3-methionine is a 

metabolic precursor of SAM, a co-factor used by cell methyltransferases to catalyze the transfer of C[2H]3 

moiety to RNA. Consequently, a characteristic +3 Da mass shift becomes a prominent MS signature of the 

methyl group presence. In samples containing a nearly equimolar mixture of 14N-, 15N-, and 14N-C[2H]3-

methionine labeled RNAs, unmethylated oligos present two peak spectra with a 2:1 intensity ratio (UCCCG 

in Figure 1A, note merging of 14N states).  Methylated oligos, on the other hand, exhibit three peak spectra 

with an approximately 1:1:1 ratio ([m5C]AACG and GAA[m2G][m5C]). The +3 Da shift per methyl group 

rule applied to all methylated precursors detected in this study except for T1 and A cleaved fragments 

subsequently assigned to m2A at position 2532 in 23S. 2532-m2A produces +2 Da mass shift and is 

equivalent to the RlmN dependent 2503-m2A methylation in E. coli (Table 1). RlmN belongs to the family of 

methyltransferases with a distinct radical-based mechanism, where two participating SAM molecules result in 

a bulk transfer of C[2H]2 rather than C[2H]3, consistent with the observed +2 Da mass shift (46). This 

observation is in line with the broad conservation of RlmN across the bacteria phyla (47) and in B. subtilis (SI 

Figure 2B). 
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Two complementary approaches were undertaken to make the normally isobaric rRNA pseudouridines 
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apparent via MS measurements, one using metabolic labeling in cell culture, and the other exploiting the 
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carbodiimide reactivity of pseudouridines (SI Figure 1). The first approach relies on the efficient 
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incorporation of the deuterium atom into C5 of bacteria uridines, as demonstrated in prior work (35). If 5,6-
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[2H]-uracil precursor is available during bacteria growth, it is efficiently assimilated into 5,6-[2H]-uridine and 
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5,6-[2H]-cytidine triphosphates via the salvage pathway of pyrimidine biosynthesis (Figure 1B). After rRNA 
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is transcribed, pseudouridine synthases carrying out uridine isomerization, exchange C5-2H to C5-1H leading 
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to the detectable -1 Da shift between U and Ψ. An example in Figure 1C shows 14N+5.6-[2H]-ura and 
15N+5.6-[2H]-ura spectra pairs for three oligonucleotides identified in T1 treated 23S following the metabolic 

  
Figure 1.  Stable isotope labeling, quantitative MS1, and oligonucleotide MS2 tools for identification of modifications in B. subtilis rRNA. 
(A) Examples from MS1 datasets employing ~1:1:1 stoichiometric mixture of three isotopically distinct 16S species: 14N, 14N +C[2H]3-
methionine, and 15N labeled. 
Nucleolytic oligos without a methyl group observe two population spectra with 2:1 intensity ratio, while methylations result in three 
population spectra with 1:1:1 ratio. Note, that the latter ratio can slightly vary due to increased retention of deuterated RNA on the C18 
column. Single methyl group gives rise to +3 Da (or +3 m/z as shown) mass shift between 14N and 14N +C[2H]3-methionine peaks, two 
methyl groups to +6 Da (+6 m/z) shift etc. (B) Schematic of the pyrimidine [2H]-labeling in B. subtilis culture using 5,6-[2H]-uracil as a 
metabolic precursor. The purple star marks the nitrogen atom in CTP that is 15N-labeled when 5,6-[2H]-uracil is added to the 15N-
substituted minimal medium. (C) MS1 data demonstrates the utility of the labeling scheme (B) to resolve pseudouridines from canonical 
uridine and cytidine nucleosides. 4-mer oligos spectra, identified in T1 digested 23S, are different in a single pyrimidine nucleoside. 
Characteristic 1 Da (or 1 m/z as shown) shifts are observed between 14N-species (Ψ, C vs U) and 15N-species (Ψ vs C, U), permitting 
identification of all three. In (A) and (C), MS fits (solid line) generated using Isodist are overlayed on top of the raw data (grey dots). (D) 
Pytheas Sp score distributions for selected 14N and 15N precursor ions using MS2 variable modifications search. The number of competing 
oligonucleotide spectrum matches (N) is shown, and the top horizontal bar indicates Sp value for the top sequence match. For each entry, 
RNA sample (16S or 23S), ribonuclease (T1 or A), position, and identity of the modification are shown. Data for 14N and 15N precursor 
pairs are in green and in yellow. Detailed Pytheas outputs used for plotting are provided in Supplementary Data.  
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labeling. Clearly, the difference in a single pyrimidine residue (Ψ vs C vs U, from top to bottom) gives rise to 

distinct -1 Da mass shifts between U and Ψ 14N spectra and between C and Ψ 15N spectra, permitting 

recognition of Ψ containing precursors. Pyrimidine-specific 1 Da shifts shown here using MS1 data are 

further retained in the fragmentation spectra of 14N and 15N species that are directly available for MS2 based 

oligo sequencing to ultimately confirm or identify new positions of Ψ modifications. This has been done 

previously for pseudouridine detection in yeast rRNA (28) and is fully exploited here (SI Table 2).   

The alternative route used for pseudouridine profiling is a chemical reaction with a bulky CMC (N-

cyclohexyl-N′-(2-morpholinoethyl)carbodiimide) group that specifically tags pseudouridines within a 

canonical RNA sequence. Taking advantage of CMC-Ψ specific stalling of the reverse transcriptase (RT), 

many labs combined RT primer extension and gel-sequencing, later replaced by more robust NGS 

technologies to de novo identify pseudouridines in cellular RNAs including bacteria rRNA  (20,27). CMC 

derivatization has been adapted for use in mass spectrometry by the Limbach group (48,49). CMC adds a 

characteristic 251.2 Da mass tag per single pseudouridine, causes an RNase A missed cleavage at the CMC-Ψ 

site (SI Table 2), and dramatically increases retention of the derivatized product on the reverse-phase column, 

making CMC-tagged oligos easy to identify out of hundreds of unlabeled and often coeluting RNase 

digestion products. These advantages were exploited here to find pseudouridine precursor ions and 

characterize their sequence via MS/MS (SI Figure 3).          

MS2 spectra analysis reveals positions of RNA modifications 

Quality annotation of an entire MS2 spectrum remains critical for reliable sequence determination and 

modification placement. Following MS1-based selection of “mass-shifted” precursor ions, targeted MS/MS 

acquisition was pursued, and acquired MS2 spectra were matched against theoretical databases of spectra 

using Pytheas software (SI Figure 1).  A top-ranking sequence match was accepted as a true ID if confirmed 

using both 14N and 15N precursors from at least two replicate experiments. Sequences assigned to the 

modified oligos from B. subtilis samples are listed in SI Table 2 and top scoring spectra are available for 

download from the PRIDE database (PXD050367). 

Unsurprisingly, variable modifications included in the search expand the size of spectral databases, 

setting high competition between the candidate sequences, with up to 3-4.5·105 sequences present in 16S and 

23S theoretical digests (SI Table 3). For each precursor, the number of alternative sequence IDs varied 

dramatically depending on the rRNA, nuclease used, and isotope composition (Figure 1D and Supplementary 

Data). For example, RNase A product 616-AGAA[mU]-620 labeled with 14N was the top ranking match 

among 33 other candidate sequences, found in 23S in-silico library within 5 ppm of the precursor m/z. 

Among candidates are AGAAU plus three other anagrams of this sequence with every possible allocation of 

the methyl group, six unmodified oligos, and seven oligos that contain other modifications. This emphasizes 
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that automated search such as implemented here is the only practical way of managing complexity 

enumerated using flexible modifications, as it would be hard to verify all the matches by hand.  

For the majority of precursors, the quality of acquired MS2 spectra was sufficiently high to discriminate 

between first- and second-best sequence matches, with the median value of the Pytheas relative distance score 

(∆Sp2) equal to 0.43 (calculated for data presented in SI Table 2). Except for a few cases when low ∆Sp2 

values were obtained (see SI Table 2 discussion), Pytheas search could effectively resolve oligonucleotide 

sequences and localize modification sites.  

Double cleavage RNase H assay for unambiguous placement of modifications within rRNA 

The use of commercial ribonucleases T1 (G-specific) and A (U, C-specific) for post-transcriptional 

modifications mapping is very common but limited due to frequent occurrence of cleavage sites generating 

short oligonucleotides (1-5 nt) that are hard to uniquely map on to 1.5 kb (16S) and 2.9 kb (23S) rRNA. Long 

RNAs in general tend to produce short modified T1/A digestion products that can map to multiple sequence 

sites, and placement of modifications becomes challenging (e.g. [m2A]UG and G[m2A]U assigned to 2532-

m2A of 23S, SI Table 2). In total, eight modification sites in 16S and 23S could not be uniquely mapped 

using either T1 or A alone or assuming true overlap between T1 and A cleavage products (Table 1, marked 

by RNase H). While newly discovered enzymes and cleavage tools (29,30) that potentially increase oligo size 

remain unavailable to the broad public, we found a new way to repurpose RNase H enzyme for the needs of 

oligonucleotide mass spectrometry. 

RNase H cleavage method used here was adapted from the work of Zhao and Yu (50) who proposed the 

design of synthetic 2’-deoxy-2’-O-methyl complementary sequences to cut RNA in a precise sequence-

specific manner. For B. subtilis rRNA, similar chimera probes that contain two cleavage sites separated by 

the 7-9 nt long region complementary to the rRNA area of interest were used (Figure 2A).  The new assay 

was very effective, producing a dominant MS1 peak corresponding to the anticipated 3’-P 5’-OH double 

cleavage product with small quantities of the 3’- dephosphorylated (3’-OH 5’-OH) byproduct. No significant 

off-target cleavages were detected, however some of the targets had an elevated propensity for ± 1 nt slipped 

cleavages, thus increasing or decreasing the size of the expected product by 1 nt. To take advantage of this 

new method, we constructed several RNase H chimera probes against positions that either could not be 

validated via conventional T1/ A treatment, or against sites suggested by the precursor survey data, and the 

sites modified in other bacteria species (SI Tables 4 and 5). MS2 spectra were collected and Pytheas search 

carried out to map modifications on to rRNA (Figure 2B) or otherwise prove absence of modifications.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 11, 2024. ; https://doi.org/10.1101/2024.05.10.593627doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.10.593627
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

While RNase H double-cleavage method played a decisive role to complete placement of modifications 

on rRNA sequence, it will be broadly applicable for MS-based interrogation of specific sites in virtually any 

RNA of synthetic or biological origin.   

Nucleoside content of 16S and 23S  

Bacterial rRNA and tRNA carry a large yet manageable repertoire of methylated nucleosides, spanning 

from ribose methylations to different positional isomers of the methylated base, that is largely determined by 

the evolutionary conservation of methyltransferases in prokaryotes (47).  Despite being tricky to resolve, we 

found that oligonucleotide MS data carry information that can help to distinguish positional isomers, or at 

least to narrow down the number of possible methylation types. 

It is recognized that modifications, including positional isomers, influence column retention, therefore 

synthetic standards can be used to verify modification chemistry. While the availability of modified 

Figure 2. Double cleavage RNase H assay for modification placement. (A) Schematic of the 2’-deoxy-2’-O-methyl chimera design and 

sequence-guided RNase H cleavage at the interrogated site, followed by mass spectrometry detection (B) Pytheas annotation of the MS2 

spectrum for the dominant RNase H cleavage product obtained using 23S labeled with 5,6-[2H]-uracil. Sequence-directed cleavage method and 

database search were used to prove pseudouridine modification at position 2521 of B. subtilis 23S, which otherwise hard to resolve using 

conventional nucleolysis. In the spectrum, assigned peaks are colored according to an RNA fragmentation ion series (a/a-B/w – green, b/x – 

blue , c/y – pink, d/z – yellow). The table below shows m/z values for all predicted MS2 fragments, and fragments observed experimentally are 

highlighted using the color scheme described.   
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oligonucleotides is limited, many labs use biological RNAs as a reference. Given an overall high 

conservation of rRNA sequence between species and complete annotation of E. coli modifications, a sample 

containing 14N-RNA from B. subtilis was spiked with 15N-RNA from E coli. The analysis revealed eight 

coeluting 14N/15N peak pairs (SI Table 6), strongly suggesting that sites found are where both sequence and 

modification type are identical.   

Furthermore, RNases T1 and A are well known to create missed cleavages at certain modified 

nucleosides: T1 misses Gm, m7G, and m1G, but cleaves at m2G, while A misses Um, Cm, m3U, m3
Ψ and 

cleaves at m5U and m5C. Besides, MS2 spectra contain evidence of the specific modification type such as m7G 

due to their unique fragmentation behavior (SI Figure 4C) or otherwise display fragments corresponding to 

free methylated bases and methylated base losses (SI Table 2). Spectra with multiple methylations carry 

features that help to attribute both methyl groups to a single base ([mmA] base loss corresponding to 

1527|1528-m6
2A, SI Figure 4A), or to assign methylations to adjacent positions ([mG] and [mC] base losses 

corresponding to 975-m2G and 976-m5C in SI Figure 4B). MS2 fragments containing m5U, m5C, or any 

methylated pseudouridine (m3
Ψ, m1 Ψ or Ψm) observe a characteristic -1 Da mass shifts when rRNA is 

labeled with 5.6-[2H]-uracil. m3
Ψ is easily confused with m5U, as neither of the two react with CMCT, and 

both are found in bacterial 23S. Unlike m5U, m3
Ψ is unreceptive to RNase A cleavage (SI Table 2), a feature 

used to distinguish these two isomers. In summary, nuclease specificities and often MS2 spectra themselves 

provided enough MS-based signatures for assigning positions of G, U, and C methyl groups. Adenosine 

 

Figure 3. Characterization of B. subtilis nucleoside composition via complete 16S and 23S digestion using E. coli as a quantitative 

reference. Each bar represents data from an independent biological replicate of B. subtilis. Error bars refer to the standard deviation 

between multiple technical replicates when available. Numeric labels on top of each bar indicate the expected nucleoside ratio 

between two species, assuming that each site is 100% modified. For example, an expected ratio equal to 2 for Gm and ½ for m2G in 

(B) indicates that B. subtilis 23S RNA should have twice as many Gm and twice as low m2G residues as E. coli. Absolute quantities 

of each nucleoside in B. subtilis RNA were calculated based on the bottom-up MS inventory (Table 1). In (A), replicates 1 and 3 used 
14N-16S of B. subtilis, replicate 2 – 15N-16S, and replicate 4 – 15N+5.6-[2H]-uracil-16S. In (B), replicate 1 used 15N-23S, replicate 2 – 
14N-23S, and replicate 3 – 15N+5.6-[2H]-uracil-23S. E. coli rRNA of complementary isotope composition was used as an internal 

reference.  
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methylation types remain irresponsive to the nucleolytic treatment used which was addressed using complete 

rRNA hydrolysis and the nucleoside LC-MS analysis.      

    A near-equimolar mixture of isotopically labeled B. subtilis and E. coli rRNA was enzymatically 

converted to nucleosides, where E. coli rRNA served as a quantitative reference with a well-defined 

nucleoside composition. For 16S, all predicted modification types, except Cm, were identified and quantified, 

with a good correspondence between expected and measured stoichiometry ratios (Figure 3A and SI Figure 

5A).  Since E. coli 16S lacks Cm, its presence was confirmed separately using 15N-16S from B. subtilis 

spiked with a synthetic nucleoside standard. For 23S RNA, coelution of 5,6-dihydrouridine (D) and 

pseudouridine (Ψ) nucleosides precluded quantitative analysis of D, and Ψ was quantified using multiple 

reaction monitoring (MRM, SI Figure 5B). Other modified nucleosides, including the only methylated 

adenosine m2A present in 23S were well resolved chromatographically, and their isotope ratios are in good 

agreement with the expected values. It remains possible that the increased stoichiometry ratio for 23S 

pseudouridines (~5/9 vs expected 4/9) is due to one extra Ψ residue that escaped identification at the 

oligonucleotide level. Otherwise, the result can be explained by the precision of the measurement (namely, 

MRM transitions chosen for quantification), or by the incomplete pseudouridine stoichiometries in E. coli 

23S.   

To summarize, except for 23S pseudouridines, the total modification content agrees well between the 

nucleoside analysis and number of modifications detected using bottom-up approach. This completes the 

identification of rRNA modifications in B. subtilis, with a total of 12 types of modified nucleosides found at 

25 different positions. 

Inventory of modifications in RbgA-dependent large subunit intermediate  

To begin to understand how rRNA modifications are acquired along the biosynthesis pathway we chose 

to focus on the large subunit (LSU), exploring the key role of the B. subtilis GTPase called RbgA during late 

steps of LSU assembly. Although absent in the E. coli genome, rbgA (ylqf) is an essential gene, necessary for 

the assembly process to proceed past an RbgA dependent 45S intermediate (45SRbgA). Composition of 

45SRbgA has been extensively characterized including MS and EM analyses (40), demonstrating a mixed pool 

of particles (class A and B) with a well-resolved LSU core and either completely missing or a well-defined 

CP (central protuberance), and a partially defined L7/L12 stalk region (37). Importantly, all the 45SRbgA 

particles are missing PTC. To link available structural information with presence of RNA modifications, 

45SRbgA intermediate has been isolated from cells grown at permissive conditions (5 or 10 µM IPTG 

induction of RbgA, SI Figure 6A), and its RNA component analyzed relative to the mature, modified 

reference (Figure 4A).  
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Compared to 70S ribosome, modification status of 45SRbgA intermediate is complete except for three 
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pseudouridines and two methylations, all of which reside in helix 69 of 23S (positions 1935-1953, Figure 4B 
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in yellow). A closer look into 45SRbgA data suggests that the pseudouridine methylation 1944-m3
Ψ is fully 
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missing, but pseudouridines themselves are likely present at high sub-stochiometric ratios (0.73±0.03 

calculated for 1940-Ψ, and 1944-Ψ |1946-Ψ spectra presented in SI Figure 6B). Likewise, 50SWT fractions 

Figure 4. Analysis of rRNA modifications in the late stage of the large subunit assembly. (A) Relative levels of 

23S modifications in the ribosomal particles isolated from RbgA-depleted cells   �   45SRbgA, 70SRbgA (5 µM 

and 10 µM IPTG induction, data merged), and from cell with constitutive expression of RbgA (1 mM IPTG)  � 

50SWT, 70SWT
.  Modifications were quantified relative to 15N-23S B. subtilis and corrected for the median 

14N/15N ratio. Data for independent biological experiments are shown using various colors, error bars indicate 

standard deviation for all the datapoints available. Modified residues that are part of a modification cluster can 

be identified individually and in a group of other modifications (e.g., 1940-Ψ and 1940-Ψ |1944-m3
Ψ |1946-Ψ 

|1949-Cm). In such cases, data are shown separately for each combination of modifications. (B) Fragment of 

23S secondary structure, indicating positions of the modified residues within h69 and h69-h71 junction. (C) 

Cryo-EM map of the 45S intermediate bound to the recombinant RbgA (PDB ID: 6PPK), with RbgA shown in 

green. rRNA helices h69 (yellow), h71 (orange), and h69-h71 junction (blue) are missing in the EM map shown 

and were modeled from the mature 70S (PDB ID: 3J9W). CP refers to the central protuberance. (D) Schematic 

of RbgA dependent steps during LSU assembly, integrating late modifications 1940-Ψ, 1944-Ψ, 1946-Ψ by 

RluDh (ylyB); 1949-Cm by TlyAh (yqxC), and 1944-m3
Ψ by RlmHh (yydA).  These modification enzymes are E. 

coli or M. tuberculosis homologs. 
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from cells with constitutive expression of RbgA are partially depleted of the three pseudouridines in h69 

(0.75 calculated for 1940-Ψ), however 1944-m3
Ψ is 56±13% present.  

The three pseudouridines in the h69 stem loop are universally conserved. E. coli, for example, utilizes a 

single protein enzyme RluD to carry out h69 pseudouridylations, followed by the RlmH dependent methyl 

transfer to form 1915-m3
Ψ (corresponds to 1944-m3

Ψ in B. subtilis).  Depletion (and 1944-m3
Ψ absence) of 

h69 pseudouridine modifications in B. subtilis 45SRbgA|50SWT is consistent with the late status of RluD in E. 

coli LSU biogenesis (36,38). Moreover, it has been speculated that E. coli RlmH may induce its function not 

until the final steps of the large and the small ribosomal subunits joining (51). Given that a portion of 

particles associated with the 50SWT peak on the density gradient arise from recycled and dissociated 70S, the 

partial abundance of 1944-m3
Ψ in 50SWT is expected. On the other hand, 45SRbgA particles are incomplete 

assembly intermediates unable to form translation competent ribosomes and thus lack 1944-m3
Ψ.     

 Another h69 methylation, 1949-Cm is partially depleted in both 45SRbgA (0.87±0.09) and in 50SWT 

(0.74±0.09), suggesting that 1949-C methyl transfer might be concurrent to h69 pseudouridines 

isomerization. tlyA dependent ribose methylation at position 1920-Cm (corresponds to 1949-Cm in B. 

subtilis) is found in M. tuberculosis.  Recently, Laughlin and co-workers demonstrated that recombinant 

TlyA enzyme stably binds the matured large subunit of M. tuberculosis and efficiently catalyzes cytidine 

methyl transfer (34).  

The late status of h69 modifications, suggested by our data, correlates well with missing EM density for 

helix 69 (as well as h68 and h71) in 45S intermediate particles (PDB IDs: 6PVK, 6PPF) or RbgA bound 45S 

(6PPK, Figure 4C). In the latter structure, RbgA occupies P site, sterically excluding and preventing docking 

of h69 and h71 in their final conformation. By doing so, RbgA likely blocks access to the modification 

enzymes which remain to act either before RbgA binding or after its release. Either way, the completeness of 

all 23S modifications is reassured before mature 70S ribosomes enter the translation pool (70SRbgA and 

70SWT, Figure 4A). 

To confirm the genes involved in the process of h69 modification, five B. subtilis protein homologs of the 

pseudouridine synthase RluD, and methyltransferases RlmH and TlyA were identified using Blast protein 

search (SI Figure 2). Single-gene deletion mutants of the B. subtilis 168 were obtained and characterized 

relative to the wild-type strain using shotgun LC-MS/MS. Analysis of the rRNA isolates demonstrates that 

∆ylyB ribosomes lack all three pseudouridine modifications (1940-Ψ,1944-Ψ, 1946-Ψ), ∆yydA mutant has no 

1944-m3
Ψ, while both 23S-1949-Cm and 16S-1417-Cm are absent in ∆yqxC (SI Figure 7). These observed 

phenotypes confirm that ylyB (NCBI gene ID: 939987), yydA (ID: 937752), and yqxC (ID: 938651) express 

homologs of RluD, RlmH, and TlyA (later in text denoted as RluDh, RlmHh, and TlyAh). 
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To summarize, we assembled a model that incorporates late modification enzymes to the LSU assembly 

pathway in B. subtilis (Figure 4D). Based on the prior findings (52), RbgA acts at the late stage of LSU 

assembly, where it likely binds to the precursors with a well-developed CP region. Upon binding, RbgA 

stabilizes several rRNA helices into their mature state (h91-93), thus initiating formation of A and P 

functional sites. Since RbgA limits access to h69, TlyAh and RluDh must catalyze modification reaction 

before RbgA binding or after GTP hydrolysis triggers RbgA release. While 70-80% of TlyAh and RluDh 

dependent modifications are completed by the time 45S-RbgA complex is formed, these modifications may 

be easily rerouted to take place following RbgA dissociation. Lastly, several r-proteins and other protein 

factors contribute to LSU maturation including m3
Ψ methylation by RlmHh, which is the final modification 

step on the assembly pathway.  

DISCUSSION 

Using a diverse collection of evidence provided by MS data, a total of 25 modification sites in B. subtilis 

rRNA were identified, and the nucleoside positions and chemistries found agree well with homologous 

modification sites in other bacteria species (SI Table 1). Out of 25, ten modifications were previously 

predicted by MS1 and RT primer extension analyses (Table 1) and were confirmed here independently using 

MS2 data in coordination with bioinformatics analysis.  

A variable modification search implemented in Pytheas can be programmed for placement of virtually 

any modification types, by specifying their atomic composition, and is fully compatible with custom 

chemical derivatization and stable isotope labeling. The complexity demonstrated by the inclusion of variable 

modifications is huge and would be hard to handle manually. Therefore, future developments leading to fast, 

efficient, and user-friendly software tools for discovery of RNA modifications will benefit the whole MS 

community to abandon an obviously subjective process of manual MS/MS spectra verification. Access to 

MS2 spectra of modified oligonucleotides from B. subtilis ribosome is granted through the PRIDE repository. 

Given the limited availability of modified oligonucleotide standards, these data might be useful for a better 

understanding of fragmentation patterns induced by different modification types, for tailoring scoring 

functions, and further algorithmic developments.  Along this line, the Pytheas search used by us is clearly 

faulty at scoring m7G and CMC-Ψ spectra (SI Table 2 and SI Figures 3 and 4C). Due to intrinsic low scores, 

sequence IDs with m7G and CMC-Ψ can easily fall below the overall FDR threshold and modifications can 

be missed. Work is underway to reflect the needed changes. Another significant drawback of the approach is 

that only common modification types, previously identified in prokaryotic rRNA, were considered, and if any 

other non-canonical nucleosides are present, they are left behind by the analyses. 

Annotation of the rRNA modification across species is important for understanding their role in 

translation and antibiotic resistance, but predicting modification sites solely based on the presence or absence 
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of the protein homolog is unreliable. We performed a BLAST protein search across B. subtilis proteome (SI 

Figure 2) to demonstrate that conservation of the modification enzyme may not guarantee conservation of the 

target site.  For example, homologs of E. coli methyltransferases RsmC, RsmF, RlmA, RlmG, and RlmI are 

available, but these enzymes have distinct RNA specificity in B. subtilis. Predicting pseudouridine target sites 

is even more difficult, as pseudouridine synthases from the same enzyme family display a high degree of 

sequence similarity. To summarize, reliable and conclusive annotation of modifications requires direct 

experimental evidence. 

Although the body of rRNA data collected across bacteria species is limited, the inventory of available 

modification sites and enzymes ((47) and SI Table 1) suggests that likely there is a core of highly conserved 

modifications. In B. subtilis they correspond to 527-m7G, 966-m2G, 967-m5C, 1402-m4Cm, 1498-m3U, 

1518|1519-m6
2A in 16S, and to 747-m5U, 1911-Ψ, 1915-m3

Ψ, 1917-Ψ, 1939-m5U, 2251-Gm, 2445-m2G, 

2503-m2A in 23S (E. coli numbering here and below). On the opposite side remain B. subtilis specific 

modifications 1051-m2G, 1409-Cm in 16S and 576-m5U, 1920-Cm, 2553-Gm, 2574-m7G, 2492-Ψ in 23S. 

Although absent in E. coli, most of these nucleosides were identified in other species like M. tuberculosis 

(1409-Cm  and  1920-Cm, (25)), B. stearothermophilus (2553-Gm, (17)), and in T. maritima (1051-m2G, 

(11)). Interestingly, B. subtilis 1051-m2G found in h34 of 16S is directly opposite to 1207-m2G in E. coli, 

which is likely a result of C-m2G to m2G-C inversion. Furthermore, several novel residues were mapped to 

the functional sites of the 30S and 50S subunits. Guanosine methylations 2553-Gm (h92), 2574-m7G (h90), 

and pseudouridine 2492-Ψ (h89) belong to the PTC. Cytidine methylations 1409-Cm (16S) and 1920-Cm 

(23S), also found in several Mycobacteria and associated with capreomycin and viomycin sensitivity (25), 

are part of helices 44 and 69 establishing inter-subunit bridge B2a that connects PTC to the decoding center. 

The close association with ribosome functional centers suggests that each of these modifications can benefit 

specific aspects of the B. subtilis translation cycle. Unfortunately, the dispensable nature of individual rRNA 

modification in bacteria makes it technically challenging to link modifications to the specific translational 

defects that are usually mild (53).  As an example, modifications within universally conserved and essential 

h69, highlighted by us as a result of RbgA depletion, can facilitate processes like initiation, termination, and 

ribosome recycling, where formation and breakage of the h69-h44 inter-subunit interactions take place (54).  

Further important to say, that our studies were performed at conditions of steady-state growth in a controlled 

laboratory environment, and clearly the dynamics of the rRNA modification pattern and stoichiometry may 

change in response to nutrient availability, stress (55), or to the B. sublitis sporulation process.     

By examining the LSU assembly pathway that depends on the essential biogenesis factor RbgA we 

separated 23S modifications into two cohorts. Modifications that are stoichiometrically present in RbgA-

dependent 45S intermediate are installed at the early-intermediate stages of assembly, and more studies are 

needed to further subdivide modification event, determine temporal order and functional dependencies along 
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the pathway. Late modification steps, uncovered by us, include modifications catalyzed by RluD, RlmH, and 

TlyA homologs. Likely, there is no specific hierarchy between RluDh and TlyAh (and to some degree RbgA) 

as flexibility of the assembly pathway can provide time for the binding and release of these proteins in an 

arbitrary order. Based on the cryo-EM structures reported previously for RluD and TlyA associated to their 

substrates (31,34), enzymes access h69 and flip the base out preparing for the catalysis.  RluD (PDB ID: 

7BL5) and TlyA (7S0S) have a common protein binding site, and 70-80% of these modifications are 

completed by the time of RbgA association. Methyl transfer to 1944-m3
Ψ (B. subtilis numbering) depends on 

prior RluDh pseudouridylation, and RlmHh associates with the late 50S precursors following the release of 

RbgA (Figure 4D).   

Previous studies establish  RluD, RlmH, and RlmE ( 2552-Um target site) as late modification enzymes 

participating in the LSU biogenesis of E. coli (36). Unlike RluD and RlmH, RlmE does not have a homolog 

in B. subtilis (SI Figure 2B).  Instead, B. subtilis utilizes a different enzyme RlmP to form a ribose methylated 

2582-Gm (2553-G in E. coli) directly adjacent to unmodified 2581-C (2552-Cm in E. coli) in h92 stem-loop. 

According to 45SRbgA inventory (Figure 4A) and the in vitro activity of RlmP assayed by Roovers et al. (21), 

2582-Gm methylation is complete by the late phases of LSU assembly. Curiously, neither in E. coli nor in B. 

subtilis, completion of the modification status strictly follows the order of 23S RNA folding into its canonical 

conformation. For example, B. subtilis 1968-m5U situated at h69-h71 junction (Figure 4B) is complete long 

before two helices are docked. Likewise, 2521-Ψ (h89), 2582-Gm (h92), and 2603-m7G (h90) are presented 

prior to the maturation of the A and P binding sites late on the pathway. While PTC and h69-h71 are known 

to be the last elements to mature, this further reminds about the complexity of the LSU assembly process in 

general, and particularly about the lack of understanding of structural rearrangements taking place and 

additional protein participating in the early assembly phases.   

In summary, the provided list of rRNA modification sites leads the way to further discoveries.  By 

understanding the specifics of individual organisms like B. subtilis and drawing parallels with other species, 

including better characterized E. coli (SI Table 1 and SI Figure 8), we can gradually define the role of 

individual RNA modifications and functionally relate modification enzymes to the key steps of the ribosome 

assembly process. Perhaps, a continued effort of experimental validation of rRNA modification enzymes in 

B. subtilis (18,19,21,22) remains an important direction. By further expanding the list of modification 

positions across different bacteria species and deciphering the dynamic changes in pattern and stoichiometry 

they encounter upon stress, limitations, and antibiotic treatment, we will better understand the mechanisms 

used by RNA modifications to fine-tune translation. Meanwhile, the mass-spectrometry framework and tools 

for the discovery and quantification of RNA modifications described in this work and the work of others are 

readily available for accelerating this progress.         
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FIGURE LEGENDS 

Figure 1.  Stable isotope labeling, quantitative MS1, and oligonucleotide MS2 tools for identification of 

modifications in B. subtilis rRNA. (A) Examples from MS1 datasets employing ~1:1:1 stoichiometric mixture 

of three isotopically distinct 16S species: 14N, 14N +C[2H]3-methionine, and 15N labeled. 

Nucleolytic oligos without a methyl group observe two population spectra with 2:1 intensity ratio, while 

methylations result in three population spectra with 1:1:1 ratio. Note, that the latter ratio can slightly vary due 

to increased retention of deuterated RNA on the C18 column. Single methyl group gives rise to +3 Da (or +3 

m/z as shown) mass shift between 14N and 14N +C[2H]3-methionine peaks, two methyl groups to +6 Da (+6 

m/z) shift etc. (B) Schematic of the pyrimidine [2H]-labeling in B. subtilis culture using 5,6-[2H]-uracil as a 

metabolic precursor. The purple star marks the nitrogen atom in CTP that is 15N-labeled when 5,6-[2H]-uracil 

is added to the 15N-substituted minimal medium. (C) MS1 data demonstrates the utility of the labeling scheme 

(B) to resolve pseudouridines from canonical uridine and cytidine nucleosides. 4-mer oligos spectra, 

identified in T1 digested 23S, are different in a single pyrimidine nucleoside. Characteristic 1 Da (or 1 m/z as 

shown) shifts are observed between 14N-species (Ψ, C vs U) and 15N-species (Ψ vs C, U), permitting 

identification of all three. In (A) and (C), MS fits (solid line) generated using Isodist are overlayed on top of 

the raw data (grey dots). (D) Pytheas Sp score distributions for selected 14N and 15N precursor ions using MS2 

variable modifications search. The number of competing oligonucleotide spectrum matches (N) is shown, and 

the top horizontal bar indicates Sp value for the top sequence match. For each entry, RNA sample (16S or 

23S), ribonuclease (T1 or A), position, and identity of the modification are shown. Data for 14N and 15N 

precursor pairs are in green and in yellow. Detailed Pytheas outputs used for plotting are provided in 

Supplementary Data.  

 
Figure 2. Double cleavage RNase H assay for modification placement. (A) Schematic of the 2’-deoxy-2’-O-

methyl chimera design and sequence-guided RNase H cleavage at the interrogated site, followed by mass 

spectrometry detection (B) Pytheas annotation of the MS2 spectrum for the dominant RNase H cleavage 

product obtained using 23S labeled with 5,6-[2H]-uracil. Sequence-directed cleavage method and database 

search were used to prove pseudouridine modification at position 2521 of B. subtilis 23S, which otherwise 

hard to resolve using conventional nucleolysis. In the spectrum, assigned peaks are colored according to an 

RNA fragmentation ion series (a/a-B/w – green, b/x – blue , c/y – pink, d/z – yellow). The table below shows 

m/z values for all predicted MS2 fragments, and fragments observed experimentally are highlighted using the 

color scheme described.   

 

Figure 3. Characterization of B. subtilis nucleoside composition via complete 16S and 23S digestion using 

E. coli as a quantitative reference. Each bar represents data from an independent biological replicate of B. 

subtilis. Error bars refer to the standard deviation between multiple technical replicates when available. 
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Numeric labels on top of each bar indicate the expected nucleoside ratio between two species, assuming that 

each site is 100% modified. For example, an expected ratio equal to 2 for Gm and ½ for m2G in (B) indicates 

that B. subtilis 23S RNA should have twice as many Gm and twice as low m2G residues as E. coli. Absolute 

quantities of each nucleoside in B. subtilis RNA were calculated based on the bottom-up MS inventory (Table 

1). In (A), replicates 1 and 3 used 14N-16S of B. subtilis, replicate 2 – 15N-16S, and replicate 4 – 15N+5.6-

[2H]-uracil-16S. In (B), replicate 1 used 15N-23S, replicate 2 – 14N-23S, and replicate 3 – 15N+5.6-[2H]-uracil-

23S. E. coli rRNA of complementary isotope composition was used as an internal reference.  

 

Figure 4. Analysis of rRNA modifications in the late stage of the large subunit assembly. (A) Relative levels 

of 23S modifications in the ribosomal particles isolated from RbgA-depleted cells   �   45SRbgA, 70SRbgA (5 

µM and 10 µM IPTG induction, data merged), and from cell with constitutive expression of RbgA (1 mM 

IPTG)  � 50SWT, 70SWT
.  Modifications were quantified relative to 15N-23S B. subtilis and corrected for the 

median 14N/15N ratio. Data for independent biological experiments are shown using various colors, error bars 

indicate standard deviation for all the datapoints available. Modified residues that are part of a modification 

cluster can be identified individually and in a group of other modifications (e.g., 1940-Ψ and 1940-Ψ |1944-

m3
Ψ |1946-Ψ |1949-Cm). In such cases, data are shown separately for each combination of modifications. (B) 

Fragment of 23S secondary structure, indicating positions of the modified residues within h69 and h69-h71 

junction. (C) Cryo-EM map of the 45S intermediate bound to the recombinant RbgA (PDB ID: 6PPK), with 

RbgA shown in green. rRNA helices h69 (yellow), h71 (orange), and h69-h71 junction (blue) are missing in 

the EM map shown and were modeled from the mature 70S (PDB ID: 3J9W). CP refers to the central 

protuberance. (D) Schematic of RbgA dependent steps during LSU assembly, integrating late modifications 

1940-Ψ, 1944-Ψ, 1946-Ψ by RluDh (YlyB); 1949-Cm by TlyAh (YqxC), and 1944-m3
Ψ by RlmHh (YydA). 

These modification enzymes are E. coli or M. tuberculosis homologs. 
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