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ABSTRACT 

RNA post-transcriptional modifications are ubiquitous across all organisms and serve as 

fundamental regulators of cellular homeostasis, growth, and stress adaptation. Techniques for the 

simultaneous detection of multiple RNA modifications in a high-throughput, single-nucleotide-

resolution manner are largely absent in the field, and developing such techniques is of paramount 

importance. We used the Escherichia coli ribosome as a model system to develop novel techniques 

for RNA post-transcriptional modification detection, leveraging its extensive and diverse array of 

modifications. For modification detection, we performed reverse transcriptase reactions in the 

presence of Mn2⁺ and quantified the reverse transcriptase deletions and misincorporations at 

modification positions using Illumina next-generation sequencing. We simultaneously detected 

the following modifications in ribosomal RNA (rRNA): 1-methylguanosine (m1G), 2-

methylguanosine (m2G), 3-methylpseudouridine, N6,N6-dimethyladenosine, and 3-methyluridine, 

without chemical treatment. Furthermore, subjecting the rRNA samples to 1-cyclohexyl-3-(2-

morpholinoethyl) carbodiimide metho-p-toluenesulfonate followed by alkaline conditions allowed 

us to simultaneously detect pseudouridine, 7-methylguanosine (m7G), 5-hydroxycytidine (OH5C), 

2-methyladenosine, and dihydrouridine (D). Finally, subjecting the rRNA samples to KMnO4 

followed by alkaline conditions allowed us to simultaneously detect m7G, OH5C, and D. Our 

results reveal that m1G, m2G, m7G, and D are incorporated prior to the accumulation of the 27S, 

35S, and 45S large subunit intermediates in cells expressing the helicase-inactive R331A DbpA 

construct. These intermediates belong to three distinct stages and pathways of large subunit 

ribosome assembly. Therefore, our results identify the time points in three pathways at which m1G, 

m2G, m7G, and D are incorporated into the large ribosome subunit and provide a framework for 

broader studies on RNA modification dynamics. 
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INTRODUCTION  

RNA post-transcriptional modifications are ubiquitous across all kingdoms of life and play 

fundamental roles in regulating RNA structure, RNA–protein interactions, RNA transport, and 

decay 1-7. Furthermore, these modifications are dynamically altered in response to environmental 

and cellular changes 1, 8-14. Consequently, due to their critical roles in regulating cellular functions 

under varying conditions, RNA modifications influence organisms’ growth, proliferation, stress 

adaptation, and survival 1. To date, approximately 170 distinct RNA modifications have been 

identified 15. However, high-throughput, single-nucleotide-resolution techniques exist for only a 

limited subset of these modifications 16. Moreover, most of these techniques are designed to detect 

a single modification at a time, while detecting multiple modifications requires diverse 

experimental workflows with distinct bioinformatics pipelines, which are time-consuming, labor-

intensive, and expensive 16-18.  Since RNA modification roles have been shown to be 

interconnected, straightforward, high-resolution, and high-throughput techniques capable of 

detecting multiple RNA modifications simultaneously are essential for deciphering how they 

regulate cellular functions 2. In this study, we introduce novel techniques capable of 

simultaneously detecting different classes of RNA modifications at single-nucleotide resolution 

and in a high-throughput manner. The Escherichia coli (E. coli) ribosome was used as a model 

system due to its extensive and diverse modification content. 

 

The E. coli ribosome (70S) is an RNA–protein macromolecule composed of the small (30S) and 

large (50S) subunits, both of which contain a plethora of RNA modifications19. The large subunit 

contains two ribosomal RNA (rRNA) molecules: 23S and 5S 19. The 5S rRNA, which is 120 
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nucleotides long, has no RNA modifications 19, 20. In contrast, the 23S rRNA, which is 2907 

nucleotides long, contains the following RNA modifications (Table S1): 1-methylguanosine (m1G) 

747, pseudouridine (Ψ) 748, 5-methyluridine (m5U) 749, Ψ 957, 6-methyladenosine (m6A) 1620, 

2-methylguanosine (m2G) 1837, Ψ 1915, 3-methyl-Ψ (m3Ψ) 1919, Ψ 1921, m5U 1943, 5-

methylcytidine (m5C) 1966, m6A 2034, 7-methylguanosine (m7G) 2073, 2'-O-methylguanosine 

(Gm) 2255, m2G 2449, dihydrouridine (D) 2453, Ψ 2461, 2'-O-methylcytidine (Cm) 2502, 5-

hydroxycytidine (OH5C) 2505, 2-methyladenosine (m2A) 2507, Ψ 2508, 2'-O-methyluridine (Um) 

2556, Ψ 2584, Ψ 2608, and Ψ 2609  19, 21-31. The small subunit contains a single RNA molecule, 

the 16S rRNA, which is 1541 nucleotides long and contains the following modifications (Table 

S1): Ψ 516, m7G 527, m2G 996, m5C 967, m2G 1207, N4,2'-O-dimethylcytidine (m4Cm) 1402, 

m5C 1407, 3-methyluridine (m3U) 1498, m2G 1516, N⁶,N⁶-dimethyladenosine (m6
2A) 1518, and 

m6
2A 1519 19, 23, 32-37. With few exceptions, unique and specialized enzymes incorporate each 

modification into the bacterial ribosome (Table S1). In some cases, these modification enzymes 

function as RNA chaperones, and the modifications themselves regulate ribosome assembly 2, 6, 7, 

38. Therefore, for a complete understanding of the ribosome maturation process, which may vary 

significantly under different cellular and environmental conditions, it is essential to determine the 

extents and roles of RNA modifications at each stage of ribosome assembly and within each 

pathway, as well as the specific points during the maturation process at which modification 

enzymes act along distinct pathways 2, 8, 14. 

 

In this study, the m1G, m2G, m3Ψ, m3U, and m6
2A modifications are simultaneously detected in 

rRNA without requiring chemical treatment. These modifications were previously detected either 
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individually or in pairs using Illumina next generation sequencing (NGS) by counting reverse 

transcriptase stops, deletions, and/or misincorporations (Table S2). However, methods for the 

simultaneous detection of these modifications in a high-throughput manner with single-nucleotide 

resolution have been absent in the field (Table S2) 16. Furthermore, methods for the simultaneous 

detection of m2A, OH5C, m7G, Ψ, and D modifications have also been absent in the field (Table 

S2). In this study, however, the m2A, OH5C, m7G, Ψ, and D modifications are simultaneously 

detected by treating rRNA samples with 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-

p-toluenesulfonate (CMCT), followed by NaHCO₃ treatment.  

 

In addition, we can simultaneously detect m7G, D, and OH5C modifications by subjecting rRNA 

to KMnO₄ plus NaHCO₃ treatment. These three modifications have been detected either 

individually or simultaneously in earlier studies through chemical treatment and Illumina NGS 

(Table S2). For example, Marchand et al. detected m7G, D, and OH5C by subjecting the RNA to 

alkaline conditions, followed by aniline chemical cleavage, and using Illumina NGS to determine 

the cleavage sites 39. However, since the aniline cleavage detects the end of the transcript, the 

efficacy of this powerful assay diminishes when modifications are closely spaced in sequence. By 

contrast, our KMnO₄ plus NaHCO₃ method, combined with Illumina NGS, counts reverse 

transcriptase deletions and mismatches rather than stops, making it more effective at resolving 

closely spaced modifications. Thus, our approach complements and extends the aniline cleavage 

approach by enhancing the detection of m7G, OH5C, and D modifications that are closely spaced 

in sequence 39. 
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We applied the Illumina NGS techniques developed in this study to measure the extents of m1G, 

m2G, m7G, and D modifications in the 27S, 35S, and 45S large subunit intermediates accumulating 

in cells expressing the helicase-inactive R331A DbpA construct 40-43. The DbpA protein belongs 

to the DEAD-box family of RNA helicases, which are involved in the ribosome maturation process 

of most known organisms 44-51. The extents of m2G, m7G, and D modifications in the 27S, 35S, 

and 45S large subunit intermediates have not previously been examined. In contrast, our previous 

studies determined the extents of m2A, OH5C, m3Ψ, and Ψ modifications in the same intermediates 

42, 43. 

 

Based on the sedimentation coefficient and protein composition, the 27S, 35S, and 45S represent 

progressively more advanced stages of large subunit ribosome assembly, with the 27S being very 

early-stage, the 35S early-stage, and the 45S late-stage 40, 41. Pulse-labeling experiments revealed 

that the 27S, 35S, and 45S intermediates mature to form the 50S through independent pathways 

40. Since these intermediates represent distinct stages and pathways of large subunit ribosome 

assembly, our experiments identify the specific stages in these pathways at which m1G, m2G, m7G, 

and D modifications are incorporated into the 23S rRNA. Furthermore, the stages of large subunit 

ribosome assembly during which the D modification is incorporated into E. coli 23S rRNA have 

not been determined under any cellular or environmental conditions 52-54. Therefore, this is the first 

study to determine the specific stages during large subunit ribosome assembly at which the D 

modification is incorporated into E. coli 23S rRNA. 

 

MATERIALS AND METHODS  

 

Ribosome Particles Isolation  
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The 27S, 35S, and 45S large subunit intermediates, as well as the 30S and 50S subunits from wild-

type cells, were isolated using the same procedure described in our previous studies 40, 42, 43. In 

brief, large subunit particles were isolated from E. coli BLR (DE3) pLysS ΔdbpA:kanR cells 

expressing either the wild-type DbpA or the R331A DbpA construct from the pET-3a vector 40, 42, 

43, 48, 49. Cells were grown at 37°C in 200 mL of medium containing 10 g/L tryptone, 1 g/L yeast 

extract, 10 g/L NaCl, 100 μg/mL carbenicillin, and 34 μg/mL chloramphenicol. Once the cell 

culture reached an optical density (OD600) of approximately 0.3 at 600 nm, cell growth was arrested 

by the addition of 200 mL of ice. The cells were then pelleted by centrifugation at 6500 × g for 10 

minutes at 4°C, and the supernatant was discarded. Following this, the cell pellets were 

resuspended in a buffer consisting of 20 mM HEPES-KOH (pH 7.5), 30 mM NH4Cl, 1 mM MgCl2, 

4 mM β-mercaptoethanol (BME), and 300 μg of lysozyme. The lysozyme reaction was allowed to 

proceed for 30 minutes on ice. This mixture was then flash-frozen in liquid nitrogen and thawed 

at least three times. The freezing and thawing process was repeated multiple times to ensure 

complete cell lysis. Next, the DNA in the lysate was digested through the addition of 20 units of 

RNase-free DNase I (New England Biolabs) and incubated on ice for 90 minutes. Subsequently, 

the lysate was clarified by centrifugation at 17,000 × g for 30 minutes at 4°C. Lastly, to separate 

the ribosomal particles, approximately 80 OD260 of the clarified lysate was loaded directly onto a 

38 mL 20–40% linear sucrose gradient or stored at -80°C for subsequent loading onto the sucrose 

gradient 40, 42, 43.  

 

Linear 20–40% sucrose gradients were prepared in a buffer containing 20 mM HEPES-KOH (pH 

7.5), 150 mM NH4Cl, 1 mM MgCl2, and 4 mM BME. Gradients were prepared using the Biocomp 

Gradient Master device. For particle separation, the clear cell lysate was loaded onto the linear 
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sucrose gradient, which was then spun at 174,587 × g for 16 hours at 4°C. Upon centrifugation, 

the gradient was fractionated using the Teledyne R1 fraction collector or the Biocomp Gradient 

Station 40, 42, 43. The fractions containing the desired ribosomal particles were pooled and used for 

NGS experiments or flash-frozen in small aliquots and stored at -80°C for later use. 

 

 

In the 20–40% sucrose gradient employed to separate the ribosomal particles from cells expressing 

the R331A DbpA construct, the 45S intermediate migrates significantly differently from the 30S, 

27S, 35S, and 50S particles 40, 42, 43. On the other hand, the 27S and 35S intermediates travel near 

and under the 30S small subunit peak 40, 42, 43. Thus, the 27S and 35S samples also contain native 

30S small subunits 40, 42, 43. As in our previous studies, for the experiments aimed at determining 

the 27S, 35S intermediates’ modifications, the NGS reads were aligned to the 23S rRNA rrlB gene 

reference sequence, and the 16S rRNA reads were disregarded 42, 43.  

 

The DbpA protein interacts tightly and specifically with the 50S large subunit, and the expression 

of R331A does not affect the native 30S small subunit 40, 41. Thus, we used the 16S rRNA present 

in the 35S large subunit intermediate to interrogate the content of 16S rRNA modifications for all 

the experiments in this manuscript. The only exceptions were the rRNA samples subjected to 

KMnO4, and KMnO4 plus NaHCO3. For those latter experiments, the 16S rRNA was obtained 

from the 30S of cells expressing wild-type DbpA protein 42.  

 

Treatment of rRNA with CMCT and NaHCO3, and NaHCO3  
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Chemical treatment with CMCT followed by NaHCO3 of the large subunit intermediates was 

performed as described previously for the 27S, 35S, and 45S intermediates, as well as the 30S and 

50S subunits 42, 43. In summary, the ribosomal proteins were stripped from 23S rRNA particles by 

employing phenol/chloroform extraction. Naked rRNA was then treated with 170 mM CMCT for 

30 minutes at 37°C in a buffer containing 50 mM bicine (pH 8.3), 7 M urea, and 4 mM EDTA in 

a total reaction volume of 120 µL. This reaction was stopped by adding 0.3 M sodium acetate (pH 

5.5), and rRNA was subsequently ethanol-precipitated.  

 

The CMCT–modified rRNA was incubated with 10 mM NaHCO3 (pH 10.4) at 37°C for 2.5 hours 

and at 65°C for 30 minutes. The NaHCO3 reaction was stopped with 0.3 M sodium acetate (pH 

5.5). rRNA was again ethanol-precipitated and stored for later use in Illumina NGS library 

preparation. The rRNA samples treated only with NaHCO3 were subjected to the same procedure 

as the rRNA samples treated with both CMCT and NaHCO3, with the sole exception that these 

samples were not exposed to CMCT 42, 43.  

 

Treatment of rRNA with KMnO4 alone, and with KMnO4 and NaHCO3  

Small and large subunit particles used for KMnO4 treatment were isolated from wild-type-DbpA -

expressing cells. Ribosomal proteins were removed from the particles using phenol/chloroform 

extraction and the rRNA was desalted and concentrated using ethanol–precipitation. 

Approximately 5 µg of rRNA was subjected to 0.12 mM KMnO4 plus 30 mM sodium acetate (pH 

4.4) in a total volume of 25 µL 42. The KMnO4 modification reaction was allowed to proceed for 

three or six minutes before arresting it with 2 µL of 14.3 M BME. Prior to Illumina NGS library 
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preparation or NaHCO3 treatment, rRNA was concentrated and desalted by ethanol-precipitation 

42.  

 

Half of 16S and 23S rRNA samples subjected to KMnO4 for three or six minutes and desalted by 

ethanol-precipitation were additionally subjected to NaHCO3 (pH 10.4) at 37°C for 2.5 hours, and 

then at 65°C for 20 minutes. The NaHCO3 reaction was arrested by adding 0.3 M sodium acetate 

(pH 5.5). The rRNA was ethanol precipitated and subsequently used for Illumina NGS library 

preparation.  

 

Illumina NGS library preparation 

The Illumina NGS library was prepared as previously described for the randomer workflow of 

selective 2’-hydroxyl acylation and analyzed by extension of primers and mutational profiling 

protocol (SHAPE-MaP) 55. In brief, the reverse transcriptase reaction of untreated or chemically 

treated rRNA was performed using the SuperScript II enzyme in the presence of 6 mM Mn2+ and 

random DNA primers 55. The conversion of single-stranded DNA into double-stranded DNA was 

performed using the NEB second strand synthesis kit. The Nextera XT DNA library preparation 

kit was used to tag the Illumina sequencing adaptors 55. The libraries were multiplexed and 

sequenced using Illumina 2×150 paired-end MiSeq or 2×100 paired-end NovaSeq 6000 platforms. 

 

Data analysis  

The Bowtie 2 aligner, as part of the ShapeMapper v1.2 program, was used to align the 23S rRNA 

NGS reads of the 27S, 35S, 45S, and 50S samples to the 23S rrlB gene 55. Furthermore, Bowtie 2 

was used to align the 16S rRNA NGS reads to the rrsB gene 55. The 16S rRNA NGS reads were 
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obtained from the 30S small subunit isolated from cells expressing wild-type DbpA, or the 30S 

subunit mixed with 35S intermediates. The Bowtie 2 aligner has been proven effective in aligning 

mixtures of NGS reads to the correct reference sequences, particularly when the RNA sequences 

in the mixture are sufficiently different 56. Given that 16S and 23S rRNA sequences do not have 

significant similarities, Bowtie 2 can accurately align NGS reads from a mixture of 16S and 23S 

rRNA, such as in the 27S and 35S samples, to their correct reference sequences 43. 

 

The mutation rates for each nucleotide in all ribosomal particles were calculated as in our previous 

studies 42, 43. Briefly, the suggested parameters for ShapeMapper v1.2 for the randomer primer 

workflow and the Nextera XT kit were used 55. ShapeMapper v1.2 calculates mutation rates of a 

given nucleotide as the ratio of the sum of misincorporations and deletions divided by the total 

read depth at that nucleotide position 55. Thus, the mutation rate represents the fraction of reverse 

transcriptase reaction mismatches and deletions at a nucleotide position when compared to the 

total number of nucleotide reads at the same position 55.  

 

Detection of m1G, m2G, m3Ψ, and m3U post-transcriptional modifications in the 27S, 35S, 

45S, 50S, and 30S ribosomal particles without chemical treatment 

 m1G, m2G, m3U, and m3Ψ are detected as the averages of mutation rates from two chemically 

untreated biological samples.  

 

avg(untreated)(i) =
m(i)(r1)+m(i)(r2)

2
                                                                     Equation1 
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In Equation 1, avg(untreated)(i) represents the average mutation rate in chemically untreated samples 

for nucleotide i. m(i)(r1) and m(i)(r2) denote the mutation rates for nucleotide i in biological replicates 

1 and 2, respectively.  

 

The standard deviations for the mutation rates of chemically untreated samples were calculated 

using the following equation: 

 

std(untreatd)(i) = √
(m(i)(r1)−avg(untreated)(i))2+(m(i)(r2)−avg(untreated)(i))2

2
                      Equation 2 

 

In Equation 2, std(untreated)(i) represents the standard deviation of the mutation rate averages 

calculated with Equation 1. avg(untreated)(i) denotes the average mutation rate calculated with 

Equation 1. m(i)(r1) and m(i)(r2) represent the mutation rates for nucleotide i in biological replicates 

1 and 2, respectively.  

 

Detection of D and m7G post-transcriptional modifications in the 27S, 35S, 45S, 50S, and 30S 

ribosomal particles 

D and m7G were detected by analyzing the mutation rate as calculated by ShapeMapper v1.2 for 

the rRNA samples subjected to the following alkaline conditions: NaHCO3, CMCT plus NaHCO3, 

and KMnO4 plus NaHCO3.  

 

Detection of D and m7G from rRNA samples treated with NaHCO3 alone, and with KMnO4 plus 

NaHCO3 
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NGS data were obtained from a single biological replicate for the rRNA samples subjected to 

NaHCO₃, KMnO₄, and KMnO₄ plus NaHCO₃ treatments. The mutation background corrections 

and error propagations for these experiments were performed as follows. First, the ShapeMapper 

v1.2 mutation rate was background-corrected by subtracting the average mutation rate of the 

chemically untreated sample (Equation 1) from that of the chemically treated rRNA sample. 

 

BCm(c)(i) = m(c)(i) − avg(untreated)(i)         Equation 3 

 

In Equation 3, BCm(c)(i) represents the background-corrected mutation rate for nucleotide i of the 

rRNA sample subjected to one of the following chemical treatments: NaHCO3, KMnO4, and 

KMnO4 plus NaHCO3. m(c)(i) denotes the mutation rate of nucleotide i subjected to NaHCO3, 

KMnO4, or KMnO4 plus NaHCO3. avg(untreated)(i) denotes the average mutation rate of nucleotide i 

for the untreated rRNA samples, as calculated from Equation 1.  

 

The error propagation for BCm(c)(i) was performed by taking into account the errors of both m(c)(i) 

and avg(untreated)(i). The error for m(c)(i) was calculated as previously described using the following 

equation 57.  

ste(c)(i) =  
√m(c)(i)

√RD(i)
            Equation 4 

 

In Equation 4, ste(c)(i) represents the mutation rate standard error for nucleotide i, m(c)(i) denotes the 

mutation rate at nucleotide i, and RD(i) is the total read depth at nucleotide i 57. The final error for 

BCm(c)(i) was calculated through error propagation as follows.  
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ste(prop)(i) =  √ste(c)(i)
2 + std(untreated)(i)

2
                    Equation 5 

 

In Equation 5, ste(prop)(i) represents the propagated error for BCm(c)(i) when only one biological 

replicate was investigated. std(untreated)(i) and ste(c)(i) denote the errors as calculated from Equations 

2 and 4, respectively.  

 

Detection of D and m7G from rRNA samples treated with CMCT plus NaHCO3 

The ShapeMapper v1.2 mutation rates of rRNA samples subjected to CMCT plus NaHCO3 were 

background-corrected by subtracting the average mutation rates of the chemically untreated 

samples (Equation 1) from those of the CMCT plus NaHCO3-treated rRNA samples.  

 

BCmCMCT+OH)(i) = m(CMCT+OH)(i) − avg(untreated)(i)                    Equation 6 

 

In Equation 6, m(CMCT+OH)(i) represents the mutation rate of the rRNA samples subjected to CMCT 

plus NaHCO3. avg(untreated)(i) denotes the average mutation rate of nucleotide i for the untreated 

rRNA samples, as calculated from Equation 1. 

 

The average of the two biological replicates was obtained for the rRNA samples treated with 

CMCT plus NaHCO3 using the equation below. 

 

avg(CMCT+OH)(i) =  
BCm(i)(r1)+ BCm(i)(r2)

2
                                                        Equation 7 
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In Equation 7, avg(CMCT+OH)(i) represents the average mutation rate in nucleotide i from biological 

replicates 1 and 2, chemically treated with CMCT plus NaHCO3. BCm(i)(r1) and BCm(i)(r2) denote 

the background-corrected mutation rates at nucleotide i in CMCT plus NaHCO3 treated biological 

replicates 1 and 2, as described in Equation 6.  

 

The errors for the mutation rates of the CMCT plus NaHCO3-treated samples were calculated by  

 

std(CMCT+OH)(i) = √
(BCm(CMCT+OH)(i)(r1)−avg(CMCT+OH)(i))2+(BCm(CMCT+OH)(i)(r2)−avg(CMCT+OH)(i))2

2
                       

Equation 8 

 

In Equation 8, std(CMCT+OH)(i) represents the standard deviation from the mutation rate averages. 

avg(CMCT+OH)(i) is the average mutation rate calculated using Equation 7. BCm(CMCT+OH)(i)(r1) and 

BCm(CMCT+OH)(i)(r2) represent the background-corrected mutation rates for nucleotide i in biological 

replicates 1 and 2, for samples subjected to CMCT plus NaHCO3, as described in Equation 6.  

 

Threshold used for modification detection  

In our study, rRNA nucleotides were considered modified if they had a background-corrected 

mutation rate of 0.05 or greater in experiments with one biological replicate (Equation 3) or an 

average mutation rate of 0.05 or greater in experiments with two biological replicates (Equations 

1 and 6).  
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RESULTS AND DISCUSSION

 

Figure 1. Detection of m1G, m2G, m3Ψ, m3U, and m6
2A using reverse transcriptase reaction deletions and 

misincorporations. ShapeMapper v1.2 was used to count the reverse transcriptase reactions’ deletions and 
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misincorporations. The mutation rates were calculated from deletions and misincorporations as explained 

in Materials and Methods. The mutation rates shown in this figure are not background-corrected. The 

unmodified nucleotide and the modified nucleotides that cannot be detected in these experiments are labeled 

as gray circles, m1G in blue, m2G in purple, m3Ψ in orange, m3U in pink, m4Cm in green, and m6
2A in brown. 

R1 and R2 represent the mutation rates for the biological replicates 1 and 2. The mutation rates for the 

modified nucleotides agree very well between the two biological replicates. A) All the m1G, m2G, and m3Ψ 

modifications present in the 23S rRNA of mature 50S can be detected by using the threshold of 0.05 for the 

mutation rate (Table 1). B) The m2G 1207, m3U 1498, and m6
2A 1519 modifications present in the 16S 

rRNA of mature 30S can be detected by counting reverse transcriptase reaction deletions and 

misincorporations and a threshold of 0.05 for the mutation rate. The m2G 966, m2G 1516, m6
2A 1518, and 

m4Cm 1402 exhibit mutation rates below our threshold of 0.05; thus, they cannot be detected using our 

method.  

 

Table 1. Mutation rates of m1G, m2G, m3Ψ, m7G, D, and OH5C modifications in 27S, 35S, and 

45S intermediates and the 50S mature large subunit in the absence or presence of chemical 

treatments. 

Treatment Modification 
Mutation Ratea 

27Sb 35Sb 45Sb 50Sb 

Untreatedc 

m1G 747 0.693 ± 0.007 0.723 ± 0.051 0.764 ± 0.015 0.752 ± 0.020 

m2G 1837 0.491 ± 0.127 0.530 ± 0.083 0.565 ± 0.089 0.633 ± 0.006 

m3Ψ 1919 0.266 ± 0.007 0.131 ± 0.029 0.092 ± 0.029 0.755 ± 0.022 

m7G 2073 0.006 ± 0.002 0.003 ± 0.000 0.003 ± 0.000 0.002 ± 0.001 

m2G 2449 0.045 ± 0.007 0.055 ± 0.003 0.051 ± 0.005 0.050 ± 0.006 

D 2453 0.002 ± 0.001 0.001 ± 0.000 0.001 ± 0.000 0.001 ± 0.000 

OH5C 2505 0.046 ± 0.019 0.012 ± 0.009 0.014 ± 0.004 0.006 ± 0.000 

OHd 
m7G 2073 0.111 ± 0.030 0.103 ± 0.007 0.113 ± 0.005 0.106 ± 0.006 

D 2453 0.114 ± 0.024 0.121 ± 0.007 0.112 ± 0.005 0.109 ± 0.006 
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CMCT + OHe 

m7G 2073 0.132 ± 0.024 0.110 ± 0.004 0.127 ± 0.004 0.127 ± 0.005 

D 2453 0.108 ± 0.004 0.117 ± 0.002 0.133 ± 0.003 0.137 ± 0.001 

OH5C 2505 0.057 ± 0.040 0.067 ± 0.009 0.109 ± 0.008 0.274 ± 0.004 

KMnO4 

(3 min)f 

m7G 2073 - - - 0.005 ± 0.001 

D 2453 - - - 0.001 ± 0.000 

OH5C 2505 - - - 0.460 ± 0.005 

KMnO4 

(3 min) + OHf  

m7G 2073 - - - 0.137 ± 0.004 

D 2453 - - - 0.093 ± 0.004 

OH5C 2505 - - - 0.405 ± 0.008 

KMnO4 

(6 min)f 

m7G 2073 - - - 0.005 ± 0.001 

D 2453 - - - 0.001 ± 0.000 

OH5C 2505 - - - 0.446 ± 0.005 

KMnO4 

(6 min) + OHf 

m7G 2073 - - - 0.136 ± 0.003 

D 2453 - - - 0.092 ± 0.003 

OH5C 2505 - - - 0.403 ± 0.007 

 

a Mutation rates were calculated using ShapeMapper v1.2, as detailed in the Materials and Methods section 

of the manuscript. The NGS reads were aligned to the 23S rRNA rrlB gene.  

b The 27S, 35S, and 45S intermediates were isolated from cells expressing helicase-inactive R331A DbpA. 

The mature 50S large subunit was isolated from cells expressing wild-type DbpA. All ribosomal particles 

were isolated using a linear 20–40% sucrose gradient (see Materials and Methods). 

c The mutation rates for the chemically untreated RNA samples were not background-corrected. The average 

mutation rates for the two untreated biological samples were calculated using Equation 1. The errors were 

defined as the deviations from the averages, as described in Equation 2.  

d The mutation rates for the 23S rRNA treated with NaHCO3 were background-corrected using Equation 3. 

The errors were calculated using Equations 4 and 5. 

e The depicted mutation rates for the 23S rRNA treated with CMCT combined with NaHCO3 represent the 

average mutation rate from two biological replicates, as calculated using Equation 7. Before calculating the 
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average mutation rates, the data were background-corrected using Equation 6. The errors were defined as 

the deviations from the averages, as described in Equation 8.  

f The mutation rates of 23S rRNA samples exposed to KMnO4 for three or six minutes (min), as well as 

those treated with KMnO4 followed by NaHCO3, were background-corrected using Equation 3. The errors 

were calculated as outlined in Equations 4 and 5 

 

Table 2. Mutation rates of m2G, m3U, m6
2A, m7G, m4Cm in the mature 30S small ribosomal 

subunit in the absence or presence of chemical treatments.  

 

Treatment Modifictiona Mutation Rateb 

Untreatedc 

m2G 1207 0.125 ± 0.036 

m3U 1498 0.501 ± 0.031 

m6
2A 1519 0.223 ± 0.023 

m7G 527 0.007 ± 0.001 

OHc m7G 527 0.244 ± 0.004 

CMCT+OHd m7G 527 0.242 ± 0.009 

KMnO4 (3 min)e m7G 527 0.006 ± 0.001 

KMnO4 (3 min) + OHe m7G 527 0.262 ± 0.004 

KMnO4 (6 min)e m7G 527 0.007 ± 0.001 

KMnO4 (6 min) +OHe m7G 527 0.243  ± 0.005 

 

a The NGS reads were aligned to the 16S rRNA rrsB gene, and the mutation rates were calculated using 

ShapeMapper v1.2, as described in the Materials and Methods section of the manuscript.  

b The average mutation rates for the two untreated biological samples were calculated using Equation 1. These 

average mutation rates were not background-corrected. The errors were calculated as described in Equation 

2.  
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c The value shown represents the mutation rate for 16S rRNA treated with NaHCO₃. The mutation rate was 

background-corrected using Equation 3, and the error was calculated as described in Equations 4 and 5.  

d The values shown represent the average mutation rates for 16S rRNA treated with CMCT, followed by 

NaHCO₃. Before calculating the average mutation rates, the mutation rates were background-corrected using 

Equation 6. The average mutation rates were calculated from two biological replicates using Equation 7, and 

the errors represent the deviations from the averages, as described in Equation 8.  

e The values of mutation rates for 16S rRNA subjected to the following treatments — KMnO₄ for 3 minutes 

(min), KMnO₄ for 6 min, KMnO₄ for 3 min followed by NaHCO₃, and KMnO₄ for 6 min followed by NaHCO₃ 

— were background-corrected using Equation 3. The errors were calculated using Equations 4 and 5 

 

Detection of m1G, m2G, m3Ψ, m3U, and m6
2A through reverse transcriptase reaction 

deletions and misincorporations without chemical treatment 

Illumina NGS combined with ShapeMapper v1.2 was employed to detect m1G 747, m2G 1837, 

m3Ψ 1919, and m2G 2449 in 23S rRNA of the 50S, as well as m2G 1207, m3U 1498, and m6
2A 

1519 in 16S rRNA of the 30S (Figure 1, Table 1, and Table 2). These modifications exhibited a 

mutation rate equal or higher than 0.05 in both biological replicates (Figure 1, Table 1, Table 2). 

By contrast, the mutation rates of m2G 966, m4Cm 1402, m2G 1516, and m6
2A 1518 in 16S rRNA 

were below our threshold of 0.05 (Figure 1B), making these modifications undetectable using this 

method. Importantly, employing our threshold, we observed only two false-positive modifications 

in both biological replicates of 23S rRNA (2907 nucleotides long) (Table S3). In 16S rRNA (1541 

nucleotides long), three false-positive modifications were observed in one biological replicate and 

none in the other (Table S3). A strong correlation observed in two independent NGS experiments 
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for the 23S and 16S rRNA molecules underscores the reproducibility of our modification detection 

method (Figure 1). 

 

The average mutation rate for the m4Cm 1402 modification in 16S is 0.017 ± 0.002, which is below 

the threshold mutation rate of 0.05 used in this study for modification detection, but significantly 

higher than the average background mutation rate of all the unmodified nucleotides of 16S rRNA, 

which is 0.003 ± 0.004. This suggests that our assay could potentially detect m4Cm modifications. 

The low mutation rate we observe could result from the inability of m4Cm modifications to induce 

a significant number of mismatches and deletions during the reverse transcriptase reaction. 

Additionally, the absolute stoichiometry of m4Cm in 16S rRNA of the mature 30S ribosome 

remains unknown, to the best of our knowledge. It is also possible that the m4Cm modification is 

incorporated at substoichiometric levels in 16S rRNA of the mature ribosome, and these low levels 

of incorporation may fall below the detection threshold of our assay.  

 

Our inability to detect the m2G 966, m2G 1516, and m6
2A 1518 modifications in 16S rRNA, despite 

successfully detecting other m2G and m6
2A modifications in 16S and 23S rRNA, may result from 

sequence- or modification-context dependency of the reverse transcriptase reaction stops and 

errors (Figure 1, Table 1, and Table 2). ShapeMapper v1.2 only counts deletions and 

misincorporations 55. Thus, if certain RNA sequences or adjacent modifications increase the 

number of reverse transcriptase reaction stops at the m2G and m6
2A positions while simultaneously 

reducing the mutation rates below our threshold of 0.05, these specific m2G and m6
2A 

modifications will remain undetectable by our assay. Previous studies found that reverse 
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transcriptase stops and misincorporation frequencies at 1-methyladenosine (m1A) modification 

sites, in chemically untreated samples, and at CMCT-modified Ψ sites are highly dependent on the 

sequence context 58, 59. 

 

Interestingly, the patterns of mismatches and deletions for m2G 1837 and m2G 2449 in 23S rRNA 

and m2G 1207 in 16S rRNA are similar to one another and distinct from that of m1G 747 in 23S 

rRNA (Figure S1). Most often, the reverse transcriptase at the m2G position misincorporates a C, 

followed by an A, and less frequently a T (Figure S1). On the other hand, at the m1G 747 position, 

the reverse transcriptase most often skips a base, followed by misincorporating a T, and less often 

misincorporating an A (Figure S1).  While a larger dataset needs to be analyzed with m1G and m2G 

modifications located in different sequence contexts, the data presented here indicate that the m1G 

and m2G modifications produce distinct reverse transcriptase signatures under our reaction 

conditions (Figure S1). These unique signatures could serve as a basis for discriminating between 

m1G and m2G modifications in RNA molecules with unknown modification compositions. 

 

The m3Ψ 1919 in 23S rRNA and m3U 1498 in 16S rRNA also induce distinct reverse transcriptase 

signatures. At the position of m3Ψ 1919 in 23S rRNA, the reverse transcriptase most frequently 

misincorporates an A, less frequently a G, and rarely a C. In contrast, at the position of m3U 1498 

in 16S rRNA, the reverse transcriptase most often misincorporates a G, followed by an A, and 

occasionally misincorporates a C or skips a base (Figure S1). Future experiments will determine 

whether differences in reverse transcriptase signatures occur when m3Ψ and m3U are located in 

different sequence contexts from those investigated here. If the distinct reverse transcriptase m3Ψ 
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and m3U modification signatures are consistent across various RNA sequences, these signatures 

could provide a reliable method for distinguishing between the two modifications in an RNA 

molecule with unknown m3Ψ and m3U composition.  

 

Direct RNA sequencing (DRS) using Oxford Nanopore Technologies (ONT) enables the 

simultaneous detection of all RNA modification classes analyzed in the manuscript 8, 14. However, 

a limitation of DRS ONT in its present form is its low sequencing accuracy, which produces a 

significant number of false-positive modification signals 60. The Illumina NGS techniques 

described here exhibit very few false-positive modifications (Table S3). Thus, using our Illumina 

NGS techniques compared to DRS ONT sequencing, to discriminate between true and false 

modifications in an RNA molecule with an unknown modification composition, fewer mass 

spectrometry or other validation methods will be needed. 
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Figure 2. Alkaline treatment combined with CMCT enables the simultaneous detection of m7G, D, m2A, 

Ψ, and OH5C. A) 23S rRNA from the mature 50S ribosomal subunit contains one m7G (purple) at position 

2073 and one D (pink) at position 2453 (Table S1). These modifications exhibit significantly higher 

mutation rates than the average mutation rate of other nucleotides in the 23S rRNA sample subjected to 

NaHCO₃ (y-axis). Furthermore, in the 23S rRNA samples treated with CMCT plus NaHCO₃ (x-and y-axes), 
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the mutation rates of m7G at position 2073 and D at position 2453 are similar to those of Ψ modifications 

(red) at positions 748, 957, 1915, 1921, 2461, 2508, 2584, 2608, and 2609; OH5C (green) at position 2505; 

and m2A (brown) at position 2507, which are significantly higher than the average mutation rate of other 

nucleotides in 23S rRNA. R1 and R2 represent two biological replicates of the 50S large subunit subjected 

to treatment with both CMCT and NaHCO₃. B) 16S rRNA from the 30S small subunit contains one Ψ at 

position 516 and one m7G at position 527 but does not contain D or OH5C modifications (Table S1). Both 

Ψ and m7G modifications exhibit significantly higher mutation rates than the mutation rates of other 

nucleotides in 16S rRNA samples treated with CMCT plus NaHCO₃ (x-and y-axes; R1 and R2 represent 

two biological replicates). Additionally, the m7G modification exhibits a significantly higher mutation rate 

than the average mutation rate of other nucleotides in 16S rRNA treated only with NaHCO₃ (z-axis). These 

results confirm that m7G can be reliably detected using treatment with CMCT plus NaHCO₃ or NaHCO₃ 

alone. The mutation rates depicted in panels (A) and (B) have been background-corrected as described in 

Equations 3 and 6. In both panels (A) and (B), the abbreviation “nt” denotes nucleotide. The mutation rates 

for the D, m7G, m2A, OH5C, and Ψ modifications across the two biological replicates treated with CMCT 

followed by NaHCO₃ show strong agreement, demonstrating the reproducibility of our method.  
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Subjecting rRNA to CMCT followed by alkaline conditions enables the simultaneous 

detection of the m7G, D, m2A, Ψ, and OH5C modifications.  

Treatment of 23S rRNA and 16S rRNA with NaHCO₃ induces structural changes in both m7G and 

D nucleotides, leading to reverse transcriptase deletions and mismatches that exceed our mutation 

rate threshold of 0.05 and significantly surpass the average mutation rate of other nucleotides in 

both rRNA molecules (Figure 2, Table 1, and Table 2). In the NaHCO₃-treated rRNA samples, one 

false positive modification was observed in 23S rRNA (2907 nucleotides long) and three false 

positive modifications were observed in 16S rRNA (1541 nucleotides long) (Figure 2, Table S3). 

These false positive modifications represent a very small fraction of the total nucleotides analyzed.  

 

Previous studies demonstrated that subjecting tRNA to alkaline conditions causes the D nucleotide 

to undergo ring opening, which results in reverse transcriptase stops, as identified by gel 

electrophoresis 61, 62. Under our experimental conditions, this D ring opening leads to reverse 

transcriptase deletions and mismatches (Figure 2, Table1, Figure S2). Additionally, exposing RNA 

m7G modifications to alkaline and/or reducing conditions has been shown to induce imidazole ring 

fission 63. Prolonged exposure to high temperatures and acidic conditions following this process 

can produce an abasic site 64, 65. However, in our experiments, we do not expose the RNA to acidic 

conditions at high temperatures for extended periods. Therefore, the reverse transcriptase deletions 

and mismatches detected in the 23S and 16S rRNA samples are likely caused by the imidazole 

ring fission of m7G in the presence of NaHCO₃ (Figure 2, Table 1, Table 2, and Figure S2). 
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In our previous studies, we showed that subjecting rRNA to CMCT followed by NaHCO3 

treatment enabled the simultaneous detection of m2A, Ψ, and OH5C modifications 42, 43. In those 

studies, the mutation rates of NaHCO3-treated samples were used for background correction. As a 

result, the D and m7G modifications, which were altered by NaHCO3 in the same manner in both 

the NaHCO3-treated samples and the CMCT plus NaHCO3-treated samples, and which induced  

reverse transcriptase mismatches and deletions at similar levels, were not detected (Figure 2, Table 

1, and Table 2) 42, 43. By using the mutation rates of chemically untreated RNA samples to perform 

the background correction on the mutation rates of rRNA samples treated with CMCT plus 

NaHCO3, we can simultaneously detect m2A, Ψ, OH5C, m7G, and D (Figure 2, Table 1, and Table 

2). 

 

Since Ψ and D are both U modifications, the CMCT plus NaHCO₃ treatment cannot discriminate 

between Ψ and D modifications in an RNA molecule where Ψ and D sequence positions are 

unknown. To address this issue, the RNA sample should also be subjected to NaHCO₃ treatment 

alone, which uniquely induces reverse transcriptase deletions and mismatches at D modification 

sites but not at Ψ modification sites (Figure 2A, Table 1). Alternatively, the pattern of reverse 

transcriptase deletions and misincorporations could be analyzed in RNA samples subjected to 

CMCT plus alkaline conditions to differentiate between D and Ψ modifications. 

 

However, under our experimental conditions, the reverse transcriptase deletion and 

misincorporation patterns at Ψ modification positions in rRNA samples treated with CMCT plus 
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NaHCO₃ were found to be sequence-context dependent (Figure S3). Moreover, the reverse 

transcriptase pattern of deletions and misincorporations at the only D modification site in the 

ribosome overlapped with the patterns observed for Ψ modifications (Figure S2, Figure S3). 

Thus, based on our data, D and Ψ modifications cannot be reliably differentiated using reverse 

transcriptase deletion and mismatch signatures alone. 

 

The reverse transcriptase signature of mismatches and deletions differs between m7G 2073 of 23S 

rRNA and m7G 527 of 16S rRNA (Figure S2). This difference arises from the distinct sequence 

contexts where these two m7G modifications are located in 23S and 16S rRNA. Therefore, the 

reverse transcriptase deletions and mismatches observed under our experimental conditions, 

similar to those of Ψ modifications, are sequence-context dependent (Figure S2, Figure S3). 

 

Previous studies demonstrated that CMCT-induced reverse transcriptase stops and 

misincorporations at Ψ modification sites are sequence context-dependent 59. Similarly, the stops 

and mismatches signature of reverse transcriptase at m1A modification sites was also found to be 

sequence-context dependent 58. Our experiments revealed that the reverse transcriptase deletions 

and misincorporations signatures for CMCT-modified Ψ and m7G under alkaline conditions are 

sequence-context dependent, paralleling the patterns observed in earlier studies on CMCT-

modified Ψ and m1A modifications (Figure S2, Figure S3) 58, 59. 
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m7G, D, and OH5C are detected simultaneously by subjecting rRNA to KMnO4 followed by 

alkaline treatment.  

In our previous study, we demonstrated that treating rRNA with KMnO₄ for 3 or 6 minutes alters 

the chemical structure of OH5C, resulting in reverse transcriptase mismatches and deletions 42. In 

the present study, we extended this approach by following the 3- and 6-minute KMnO₄ treatments 

with alkaline exposure (Figure 3, Figure S4). This sequential treatment increased the reverse 

transcriptase mutation rates at m7G, D, and OH5C nucleotides in the 50S rRNA and at m7G in the 

30S rRNA, compared to other nucleotides (Figure 3). A comparison of mutation rates between 

rRNA samples treated with both KMnO4 and NaHCO3 and those treated with KMnO₄ alone 

revealed that the structural alterations at m7G and D nucleotides are induced specifically by the 

NaHCO₃ treatment, not by KMnO₄. These alterations drive the reverse transcriptase mismatches 

and deletions at m7G and D modification positions relative to other nucleotides (Figure 3, Figure 

S2, Figure S4, Table 1, and Table 2). 

 

For the rRNA samples subjected to KMnO4 and KMnO4 plus NaHCO₃, we observe a larger number 

of false-positive modifications than in other conditions interrogated here (Table S3). KMnO4 has 

been found to oxidize G, T, and C bases, and less frequently A bases 66, 67. This oxidation process 

has been shown to produce polymerase mistakes 68-72. The false-positive modifications that we 

observe, which are more extensive in G bases, are likely due to G oxidation by KMnO4 (Table S3) 

66, 67.  Future experiments employing a smaller concentration of KMnO4 or exposing the RNA to 

KMnO4 for a shorter period of time could decrease the number of false-positive G modifications. 

In its present form, comparing the NGS data of RNA subjected to KMnO4 plus NaHCO₃ to those 
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of RNA treated with CMCT plus NaHCO₃ will validate m7G and OH5C modifications and will 

discriminate between D and Ψ modifications. 
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Figure 3. Sequential chemical treatment of rRNA with KMnO₄ followed by alkaline treatment enables 

simultaneous detection of m7G, D, and OH5C modifications. A) Mutation rates of m7G and D nucleotides 

in 23S rRNA treated with KMnO4 followed by NaHCO3 increase significantly when compared to 23S 

rRNA treated with KMnO4 alone. This indicates that chemical changes induced by alkaline conditions at 

m7G and D nucleotides result in an elevated reverse transcriptase mutation rate. The x-axis represents 23S 

rRNA treated with KMnO₄ for 3 minutes, while the y-axis represents 23S rRNA treated sequentially with 

KMnO₄ followed by NaHCO₃ for 3 minutes. The m7G (magenta), D (pink), and OH5C (olive green) 

modifications exhibit higher mutation rates in the dual-treated sample compared to the other nucleotides 

(gray). Consistent with our previous findings, the OH5C modification exhibits a higher mutation rate than 

that of the other nucleotides in the rRNA sample treated only with KMnO4 
42. B) The same experiment as 

in (A), but with 23S rRNA treated with KMnO₄ for 6 minutes instead of 3 minutes. C) In 16S rRNA, the 

sole m7G nucleotide shows a significantly elevated mutation rate when treated with KMnO₄ followed by 

NaHCO₃ for 3 minutes, compared to KMnO₄ alone. The x-axis represents the mutation rate for 16S rRNA 

treated with KMnO₄ alone, and the y-axis represents the mutation rate for 16S rRNA treated with KMnO₄ 

followed by NaHCO₃. The m7G mutation rate (magenta) increases in the dual-treated sample compared to 

the other nucleotides (gray). Unlike 23S rRNA, 16S rRNA lacks D and OH5C modifications. D) The same 

experiment as in (C), but 16S rRNA was treated with KMnO₄ for 6 minutes instead of 3 minutes. E) 

Mutation rates of m7G, D, and OH5C modifications in 23S rRNA under various treatment conditions: 3 

minutes with KMnO₄ (magenta), 6 minutes with KMnO₄ (blue), 3 minutes with KMnO₄ followed by 

NaHCO₃ (brown), and 6 minutes with KMnO₄ followed by NaHCO₃ (pink). F) Mutation rates of m7G 

modification in 16S rRNA treated with KMnO₄ alone or KMnO₄ followed by NaHCO₃, as described in (E). 

For all panels, mutation rates are background-corrected using Equation 3, and errors in panels (E) and (F) 

are propagated using Equation 5. In all panels, "nt" refers to nucleotides and “min” to minutes.  
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Figure 4. The m1G and m2G modifications are incorporated at similar levels in the 27S, 35S, and 45S 

intermediates, as well as in the 50S large subunit. The m3Ψ modification is incorporated to a lesser extent 

in the 27S, 35S, and 45S than in the 50S large subunit. The mutation rates shown here were determined 

from 23S rRNA samples that were chemically untreated. The values shown are the averages determined 

from two biological replicates (Equation 1); the errors represent the standard deviations from the averages 

(Equation 2). The mutation rate for m1G 747 is shown as blue bars, m2G 1837 as magenta, m2G 2449 as 

purple, and m3Ψ 1919 as brown. The m3Ψ modification is incorporated to a lesser extent in the 35S, an 

early-stage large-subunit assembly intermediate, and the 45S, a late-stage large-subunit assembly 

intermediate, when compared to the very-early-stage large-subunit ribosome assembly intermediate, 27S. 

 

The RlmA enzyme, which incorporates m1G 747; the RlmG enzyme, which incorporates, 

m2G 1837; and the RlmL enzyme, which incorporates m2G 2449, have performed their 

functions before the 27S, 35S, and 45S accumulate in cells 
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In the untreated 23S rRNA samples, modified nucleotides m1G 747, m2G 1837, and m2G 2449 

show similar levels of mutation rates across the three different intermediates, 27S, 35S, 45S and 

50S (Figure 4). Since the 27S particle is a very early-stage large-subunit intermediate, in the 

pathway where the 27S accumulates, the RlmA, RlmG, and RlmL methyltransferases act during 

the very early stages of large subunit assembly. Similarly, the 35S intermediate is an early-stage 

large-subunit intermediate; thus, in the large subunit ribosome assembly pathway, where the 35S 

intermediate is populated, RlmA, RlmG, and RlmL could act during the very early or early stages 

of large subunit ribosome assembly. Lastly, the 45S is a late-stage large-subunit intermediate; 

therefore, in the large subunit ribosome assembly pathway where the 45S is populated, RlmA, 

RlmG, and RlmL could act during any of the very early, early, or intermediate stages of large 

subunit ribosome assembly. 

 

Previous studies have found that in E. coli cells exposed to erythromycin and chloramphenicol, in 

cells lacking the DEAD-box RNA helicase SrmB, and in wild-type cells, the RlmA and RlmG 

methyltransferases function during the early stages of large subunit ribosome assembly 52-54. 

Furthermore, in cells exposed to erythromycin or chloramphenicol, the RlmL enzyme was found 

to act during the early stages of large subunit ribosome assembly 52. However, no distinctions were 

made in the above studies between very-early and early stages of large-subunit ribosome assembly 

52-54. Thus, in our cells expressing the helicase-inactive R331A DbpA construct, in the pathways 

where the 27S and 35S intermediates accumulate, the RlmA, RlmG, and RlmL enzymes act during 

the early stages of ribosome assembly, similar to previously investigated cellular or stress 

conditions 52-54. 
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The RlmL methyltransferase makes up one domain of the RlmKL protein; the other domain 

consists of the RlmK methyltransferase, which incorporates m7G 2073 modifications 73. The 

specific stage of ribosome assembly at which RlmK performs its function in cells expressing the 

R331A construct DbpA will be discussed in the next section.  

 

Interestingly, we observe that while the m3Ψ 1919 modification is incorporated to a lesser extent 

in the 27S, 35S, and 45S intermediates compared to the wild-type 50S, this modification is 

incorporated to a greater extent in the very-early large subunit stage intermediate 27S than in the 

later-stage intermediates 35S and 45S (Figure 4). The m3Ψ 1919 modification is facilitated by the 

combined action of two enzymes (Table S1). First, the pseudouridine synthase RluD isomerizes U 

1919 to Ψ 74. Subsequently, the RlmH methyltransferase adds a methyl group at the N3 position 

of Ψ 1919 25, 75. Studies from various groups reveal that RluD and RlmH function both in vivo and 

in vitro during the late stages of ribosome assembly 5, 25, 42, 43, 52-54, 76. The Cryogenic Electron 

Microscopy analysis of a late-stage 50S ribosomal intermediate reveals that the RluD enzyme 

interacts with another maturation factor, YjgA, which is also involved in the late stages of ribosome 

assembly 5, 77. It is possible that certain unique RNA structures or early-acting maturation factors 

present in the pathway where the 27S intermediate accumulates, partially stimulate the isomerase 

function of RluD and the subsequent methyltransferase function of RlmH at position 1919 of 23S 

rRNA, compared to the 35S and 45S intermediates. The structure of the 27S intermediate remains 

unknown. Future structural studies could shed light on the RNA structures and maturation factor 

compositions that render the 27S intermediate more desirable for the RluD and RlmH enzymes to 

act upon than the 35S and 45S intermediates. 
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The RlmK enzyme, which incorporates m7G 2073, and the RdsA enzyme, which incorporates 

D 2453, have carried out their respective functions in the 27S, 35S, and 45S intermediates  

The mutation rates of m7G 2073 and D 2453 nucleotides in the 23S rRNA samples isolated from 

27S, 35S, and 45S intermediates, as well as the mature wild-type 50S, are similar for samples 

treated with NaHCO3 or CMCT plus NaHCO3 (Figure 5A, and Figure 5B). Thus, the RlmK 

enzyme, which incorporates the m7G 2073 modification, and the RdsA enzyme, which 

incorporates the D 2453 modification, have carried out their functions in the 27S, 35S and 45S 

intermediates. Since the 27S particle is a very-early large-subunit intermediate, in the pathway in 

which it accumulates, the RlmK and RdsA enzymes act during the very-early stages of large-

subunit assembly. Similarly, since the 35S intermediate is an early-stage large-subunit intermediate 

in the large-subunit ribosome assembly pathway, where it is populated, the RlmK and RdsA 

enzymes act during the very early or early stages of large-subunit ribosome assembly. Lastly, the 

45S is a late-stage large-subunit intermediate; hence, in the large-subunit ribosome assembly 

pathway where it is populated, the RlmK and RdsA enzymes act during the very-early, early, or 

intermediate stages of large-subunit ribosome assembly. 
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Figure 5. m7G and D are incorporated at similar levels in the 27S, 35S, and 45S large-subunit intermediates, 

as well as in the wild-type 50S. A) The mutation rates of D (pink) and m7G (purple) in the 27S, 35S, and 

45S intermediates, as well as in the 50S large subunit, were determined by NaHCO3 treatment. Background 

corrections were performed using Equation 3, and errors were calculated using Equation 5. B) The mutation 
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rates of D and m7G in the 27S, 35S, and 45S intermediates, as well as the 50S large subunit, were determined 

by CMCT and NaHCO3 treatments. The mutation rate values represent the averages from two biological 

replicates (Equation 7), and the errors indicate deviations from these averages (Equation 8). Subjecting the 

23S rRNA samples to CMCT treatment, in addition to NaHCO3, has no effect on the D and m7G mutation 

rates in the intermediates or the 50S large subunit. 

 

The RdsA enzyme was only recently identified, and the stage at which it acts during E. coli large-

subunit ribosome assembly remained undetermined until this study 52-54, 78. A recent study found 

that the D modification is present in a late large-subunit ribosomal particle with a sedimentation 

coefficient of 45S, which accumulates in Bacillus subtilis (B. subtilis), at the same level as in the 

properly matured 50S 79. Thus, in B. subtilis, the D modification is incorporated during the early 

or intermediate stages of large-subunit ribosome assembly, consistent with  the results presented 

in this study for E. coli large-subunit ribosome assembly (Figure 5) 79. 

 

The RlmK enzyme was found to act during the early to intermediate stages of large-subunit 

ribosome assembly in E. coli cells exposed to erythromycin or chloramphenicol, and during the 

early stages of large-subunit ribosome assembly in wild-type cells or cells lacking the SrmB 

protein 52-54. Thus, in cells expressing the helicase-inactive R331A DbpA, in the pathways where 

the 27S and 35S intermediates are populated, the RlmK enzyme acts at similar time points during 

ribosome assembly as in wild-type cells or cells lacking the SrmB protein 53, 54. Moreover, it is 

possible that in cells expressing R331A DbpA, in the pathway where the 45S intermediate is 

populated, the RlmK enzyme could act during the early to intermediate stages of large-subunit 

ribosome assembly, similarly to cells exposed to erythromycin or chloramphenicol 52. 
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Figure 6. Summary of the timing of modification enzyme activity in three pathways of large ribosomal 

subunit assembly in cells expressing the R331A DbpA construct. The 27S is a very-early-stage large-subunit 

intermediate, as RdsA, RlmKL, RlmG, and RlmA perform their functions before the 27S accumulates in 

cells.  In the pathway where the 27S intermediate is populated, RdsA, RlmKL, RlmG, and RlmA act at the 

very-early stages of large-subunit ribosome assembly (Table 1). The 35S is an early-stage large subunit 

intermediate, as RdsA, RlmKL, RlmG, and RlmA perform their functions before the 35S accumulates in 

cells. In the pathway where the 35S intermediate is populated, RdsA, RlmKL, RlmG, and RlmA act at the 

early stages of large subunit ribosome assembly (Table 1). The 45S is a late-stage large-subunit 

intermediate, as RdsA, RlmKL, RlmG, and RlmA perform their functions before the 45S accumulates in 

cells. In the pathway where the 45S intermediate is populated, RdsA, RlmKL, RlmG, and RlmA perform 
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their enzymatic functions at the very-early, early, or intermediate stages of large subunit ribosome assembly 

(Table 1). 

 

CONCLUSIONS  

 

In this work, we developed three Illumina NGS techniques to simultaneously detect multiple 

classes of RNA modifications: one without chemical treatment, one using CMCT plus alkaline 

conditions, and one using KMnO4 plus alkaline conditions. These techniques allowed us to detect 

the following rRNA modifications: m1G, m2G, m3Ψ, m3U, and m6
2A (no chemical treatment; 

Figure 1); m7G, D, m2A, OH5C, and Ψ (CMCT plus alkaline; Figure 2); and m7G, D, and OH5C 

(KMnO4 plus alkaline; Figure 3). A comparative analysis of data from the CMCT plus alkaline 

treatment and the KMnO4 plus alkaline treatment could be used to validate the presence of m7G 

and OH5C modifications, while distinguishing between D and Ψ modifications in rRNA molecules 

with unknow modification compositions.  

 

We applied these techniques to detect the presence of m1G, m2G, m7G, and D modifications in the 

27S, 35S, and 45S intermediates that accumulate in cells expressing the R331A DbpA construct. 

Our results reveal that the m1G 747, m2G 1837, m2G 2449, m7G 2073, and D 2453 modifications 

are incorporated into these three intermediates at levels comparable to those in the mature 50S. 

Thus, the enzymes responsible for incorporating these modifications—RlmA, RlmG, RlmKL, and 

RdsA—complete their functions prior to the accumulation of the 27S, 35S, and 45S intermediates 

in cells (Figure 6). 
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The 27S, 35S, and 45S intermediates belong to distinct pathways and stages of large-subunit 

ribosome assembly: very-early, early, and late (Figure 6). Our findings also reveal that the four 

enzymes—RlmA, RlmG, RlmKL, and RdsA—act in the pathway where the 27S intermediate 

accumulates during the very-early stages of large subunit ribosome assembly, in the pathway where 

the 35S intermediate accumulates during the early stages, and in the pathway where the 45S 

intermediate accumulates during the very-early, early, or intermediate stages of large-subunit 

ribosome assembly (Figure 6).  

 

Finally, although the precise timing of RdsA-mediated reduction of U 2453 to D during E. coli 

large-subunit ribosome assembly was previously unknown, our study identifies the specific time 

points within the three pathways of large subunit ribosome assembly where the RdsA enzyme acts 

in cells expressing the R331A DbpA construct 52-54. 

 

 

DATA AVAILABILITY 

 

The Illumina NGS raw files and ShapeMapper v1.2 output files were deposited on Gene 

Expression Omnibus (GEO). The GEO accession codes are: GSE196821; GSE232539; 

GSEXXXXXX 
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List of positions of RNA modified nucleotides as well as the enzymes that insert them in 16S rRNA 

and 23S rRNA.  Summary of NGS Illumina Techniques employed to detect RNA modifications. 

List of nucleotides erroneously marked as modified sites as per our 0.05 mutation rate threshold. 

The mismatch and deletion pattern of the reverse transcriptase at m2G modifications is sequence-

context-independent and distinct from that of m1G. The mismatch and deletion profile of m7G is 

sequence-context-dependent. The error signatures of reverse transcriptase differ depending on the 

sequence context of Ψ modifications. D and m7G mutation rates are unaffected by KMnO4, 

whereas they increase in the presence of NaHCO3.  

 

Accession Code 

 

E.coli DbpA Uniprot entry: P21693 

E.coli SrmB Uniprot entery: P21507 

E.coli RluD Uniprot entry: P33643 

E.coli RlmH Uniprot entry: P0A818 

E.coli RlmA Uniprot entry: P36999 

E.coli RlmG Uniprot entry: P42596 

E.coli RlmKL Uniprot entry: Q8XDB2 

E.coli RdsA Uniprot entry: P37631 
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