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Abstract

23S ribosomal RNA (rRNA) of Escherichia coli 50S large ribosome subunit contains 26 post-
transcriptionally modified nucleosides. Here, we determine the extent of modifications in the

35S and 45S large subunit intermediates, accumulating in cells expressing the helicase inactive
DbpA protein, R331A, and the native 50S large subunit. The modifications we characterized

are 3-methylpseudouridine, 2-methyladenine, 5-hydroxycytidine, and nine pseudouridines. These
modifications were detected using 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-
toluenesul-fonate (CMCT) treatment followed by alkaline treatment. In addition, KMnOy4
treatment of 23S rRNA was employed to detect 5-hydroxycytidine modification. CMCT and
KMnOy treatments produce chemical changes in modified nucleotides that cause reverse
transcriptase misincorporations and deletions, which were detected employing next-generation
sequencing. Our results show that the 2-methyladenine modification and seven uridines to
pseudouridine isomerizations are present in both the 35S and 45S to similar extents as in the 50S.
Hence, the enzymes that perform these modifications, namely, RIUA, RIuB, RIuC, RIUE, RIUF,
and RImN, have already acted in the intermediates. Two uridines to pseudouridine isomerizations,
the 3-methylpseudouridine and 5-hydroxycytidine modifications, are significantly less present

in the 35S and 45S, as compared to the 50S. Therefore, the enzymes that incorporate these
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modifications, RIuD, RImH, and RIhA, are in the process of modifying the 35S and 45S or

will incorporate these modifications during the later stages of ribosome assembly. Our study
employs a novel high throughput and single nucleotide resolution technique for the detection of
2-methyladenine and two novel high throughput and single nucleotide resolution techniques for
the detection of 5-hydroxycytidine.
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INTRODUCTION

The Escherichia coli (E. coli) ribosome, which migrates in a sucrose gradient as a particle
with a sedimentation coefficient of 70S, consists of the 30S small and the 50S large subunit.
The 30S subunit comprises one 16S ribosomal RNA (rRNA) molecule and 21 ribosomal
proteins (r-proteins).> The 50S large subunit is made up of two rRNA molecules, 23S

and 58, and 33 r-proteins.! In £. coli, the 16S and 23S rRNAs are post-transcriptionally
modified. The rRNA modifications have been shown to modulate the catalytic activity of
the ribosome, stabilize the proper rRNA structure formation, and the correct rRNA-r-protein
interactions.2=> Moreover, enzymes performing RNA post-transcriptional modifications have
been suggested to be RNA folding chaperones.®” Hence, both the enzymes that perform

the modifications and the modifications themselves could modulate the ribosome assembly.
Determining the precise points during ribosome assembly, the rRNA modifications are
incorporated into intermediates populated under different cellular conditions, is important
for a complete understanding of the ribosome assembly process.

E. coli 23S rRNA contains 26 post-transcriptional modifications.8-? The most common
madification in £. coli 23S rRNA is uridine (U) to pseudouridine () isomerization. There
are nine y nucleotides in 23S rRNA, 748, 957, 1915, 1921, 2508, 2584, 2461, 2608,

and 2609, and one 3-methyl y (m3y), 1919.8 Additionally, £. co/i 23S rRNA contains

13 methylated nucleosides: 1-methylguanine (m!G) 747, 5-methyluridine (m°U) 749, 6-
methyladenine (m®A) 1620, 2-methylguanine m?G 1837, m®U 1943, 5-methylcytidine
(m°C) 1966, m®A 2034, 7-methylguanine (m’G) 2073, 2" O-methylguanine (Gm) 2255,
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m2G 2449, 2" O-methylcytidine (Crm) 2502, 2-methyladenine (m2A) 2507, and 2”O-
methyluridine Um 2556.8 Lastly, £. coli 23S rRNA contains one 5-hydroxycytidine (OH>C)
2505 and one dihydrouridine (D) 2453.89

Both /n vitroand in vivo experiments were employed to determine the time points during
large subunit ribosome assembly when modifications are incorporated into 23S rRNA. The
in vitro experiments used purified methyltransferases and investigated the ability of these
enzymes to methylate naked 23S rRNA,10-14 a partially deproteinated 50S precursor,1®
the 50S large subunit, 1817 or the 70S ribosome.16:18 Methyltransferases that modified the
naked 23S rRNA were considered to act early during large subunit ribosome assembly, the
methyltransferase that modified the partially deproteinated 50S precursor was considered to
act during the intermediate stages of large subunit, and the methyltransferases that acted
only in the 50S and 70S particles were considered to act during the late stages of large
subunit ribosome assembly. The in vitro studies collectively determined the time points at
which eight methyltransferases carry out their function during the large subunit assembly
process.

To determine when the remaining modifications were incorporated into 23S rRNA and

to investigate whether /n vivo the modifying enzymes acted at different stages of large
subunit ribosome assembly compared to /n vitro, three studies investigated the extent of 23S
rRNA modifications in the large subunit’s intermediates isolated from cells. Leppik et al.
isolated a 40S large subunit intermediate from cells lacking the DEAD-box RNA helicase
DeaD.1® Employing gel electrophoresis primer extension, they compared the extents of the
¥ 1915, 1919, and 1921 incorporation into the 40S intermediate, the native 50S, and the
70S ribosome. The comparison demonstrated that the ¥ isomerase RluD, which converts U
1915, U 1919, and U 1921 to ¥, acts late during large subunit ribosome assembly.19

Siibak et al. isolated large subunit intermediates, accumulating in cells treated with
chloramphenicol and erythromycin.29 Both antibiotics produced two large subunit
intermediates that migrated as particles with sedimentation coefficients of 35S and

45S. The extent of 10 ¥-isomerizations and 13 nucleoside methylations on the 35S,

45S intermediates, and 50S large subunit was investigated using high-performance

liquid chromatography and gel electrophoresis primer extension. Next, they grouped the
modifications into three classes. The modifications that occurred at the same extent in the
35S and 50S particles were considered to be placed during early stages of large subunit
ribosome assembly. The modifications that were largely missing from the 35S intermediates
but were placed at the same extent in the 45S intermediates and the 50S large subunit were
considered to occur during the intermediate stages of large subunit ribosome assembly.20
Lastly, the modifications that were largely missing in the intermediates and present only
in the 50S large subunit were considered to occur during the late stages of large subunit
ribosome assembly.20

More recently, Popova et al. and Rabuck-Gibbsons et al. isolated large subunit intermediates
from wild-type cells and cells lacking the DEAD-box RNA helicase SrmB.21:22 Using
quantitative mass spectrometry (MS), they determined the time points during large subunit
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assembly that the incorporations of four ¥ nucleotides, m3¥, 14 methylated nucleosides,
and OH>C occur.21.22

Interestingly, a subset of 23S rRNA maodifications are incorporated at different time points
during large subunit ribosome assembly in cells grown under different conditions.19:20.22
Also, differences on the time points of the modifications were observed between the /in
vivo accumulated intermediates and the 77 vitro particles.19:20.22 Combining the above
observations further demonstrates that the intermediates’ rRNA structure, r-protein, and
maturation factor compositions modulate the time points during large subunit ribosome
assembly at which the enzymes incorporate the modifications into 23S rRNA. More
importantly, these comparisons demonstrate the need for identifying and characterizing
novel classes of intermediates to better understand the interconnection between different
ribosome assembly events and rRNA modifications.

Here, we investigate the extent of twelve 23 rRNA modifications, nine ¥ nucleotides, m3V,
m2A, and OH®C, in the 35S and 45S large subunit intermediates accumulated in £. coli
cells, expressing R331A DbpA, and compare the extent of these modifications to those

of native 50S large subunits. DbpA is a DEAD-box RNA helicase implicated in peptidyl
transferase center maturation.23-26 Based on the sucrose gradient migration and 5” end
23S rRNA processing, the 35S is an early-stage large subunit assembly intermediate.2’
Similarly, based on sucrose gradient migration, 5" end 23S rRNA processing, and r-
protein composition, the 45S is a late-stage large subunit assembly intermediate.27-29
Furthermore, the 35S and 45S intermediates belong to two independent pathways of large
subunit ribosome assembly.2” Therefore, the experiments outlined here describe when the
modification enzymes act on two different pathways and stages of large subunit assembly.

If a modification is present in the 35S or 45S intermediate to the same extent as in the native
50S large subunit, the enzyme performing the modification acts in cells before the 35S or
45S intermediate is populated. On the other hand, if a modification is missing in the 35S or
45S intermediate but is present in the native 50S large subunit, the enzyme performing the
modification is in the process of acting in the 35S or 45S intermediate, or it will act during
the later stages of large subunit ribosome assembly once the 35S or 45S intermediate have
further matured.

In addition, the 35S and 45S intermediates act as markers of the time points, during

50S large subunit ribosome assembly, when modifications are incorporated. Since the
35S intermediate is an early-stage large subunit ribosome assembly intermediate,” on the
pathway, in which the 35S intermediate is populated, a modification present in the 35S
intermediate is incorporated during the early stages of large subunit ribosome assembly.
Furthermore, a modification missing in the 35S intermediate is incorporated during the
intermediate or late stages of large subunit ribosome assembly. On the other hand, the
45S intermediate is a late-stage large subunit ribosome assembly intermediate.2”-29 Thus,
on the pathway in which the 45S intermediate is populated, a modification present in the
45S intermediate is incorporated during the early or intermediate stages of large subunit
ribosome assembly. A modification missing in the 45S intermediate is incorporated during
the late stages of large subunit ribosome assembly.
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The technique we employ to simultaneously detect the ¥'s, m3¥, m2A, and OHC
modifications involves 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluene
sulfonate (CMCT) and alkaline treatment of rRNA combined with reverse transcriptase
misincorporation and deletion counting. The reverse transcriptase misincorporations and
deletions were determined by next-generation sequencing (NGS). Our technique is similar
to the previously used techniques for ¥ detections, which involve CMCT?3 or bisulfite
treatment.31

CMCT treatment has been used extensively to detect ¥ formations. CMCT forms adducts
with ¥ at positions N1 and N3, G at position N1, and U at position N3.32 Treatment of
RNA with alkaline solution removes the CMCT adducts from G and U.33 On the other
hand, the CMCT adduct at the N3 position of ¥ is resistant to alkaline treatment.33 The
CMCT adduct at the N3 position of ¥ has been shown to produce reverse transcriptase stops
and misincorporations.3%:34 Recently, NGS counting of stops or a combination of stops and
misincorporations, produced by CMCT treatment of RNA, has been used to determine the U
to ¥ conversion.3934 The bisulfite treatment of RNA combined with NGS was employed to
simultaneously detect ¥, m®C, and m1A.31 In the bisulfite experiments, the ¥ nucleotides
were detected by deletion counting, while m®C and m!A modifications were detected by
misincorporation counting.

Our results indicate that ¥ 748, ¥ 957, ¥ 2461, ¥ 2508, ¥ 2584, ¥ 2608, ¥ 2609,

and m2A 2507 were present in the 35S and 45S intermediates to the same extent as in the
native 50S large subunit. Hence, enzymes performing these modifications act before the

35S and 45S intermediates are assembled in the cell. On the other hand, ¥ 1915, ¥ 1921,
m3¥1919, and OH>C 2505 modifications are considerably less present in the 35S and 45S
intermediates when compared with the native 50S large subunit. Taken together, these results
demonstrate that the enzymes performing these modifications are in the process of acting in
the 35S and 45S intermediates or will act at the later stages of large subunit assembly.

In addition, by treating 23S rRNA with KMnO,4 and counting the misincorporations and
deletions of the reverse transcriptase, we are able to accurately detect OH>C. Therefore,
employing our techniques, the OH>C could be identified in an RNA molecule using CMCT
modification and validated using KMnO4 modification. Historically OH>C has been detected
in RNA using MS,21.22:3536 hich is not a high throughput and single nucleotide resolution
technique. Our techniques allow the detection of OH°C at a single nucleotide resolution and
in a high throughput manner.

MATERIALS AND METHODS

Large Subunit Particle Isolation.

The isolation of large subunit particles from cells were performed, as previously described
with a few minor changes.2” The ribosomal particles were isolated from £. co/i BLR (DE3)
plysS AdbpA/kanR cells. The cells were transformed with the pET3a vector bearing the
coding sequence of the wild-type DbpA or R331A DbpA constructs. The cells were grown
at 37 °C in 200 mL of media containing 10 g/L tryptone, 1 g/L yeast extract, 10g/L NaCl,
100 tg/mL carbenicillin, and 34 pg/mL chloramphenicol. When the cell reached an optical
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density at 600 nm of approximately 0.3, the cell growth was arrested by adding 200 mL of
ice. Next, the cells were pelleted by centrifugation.

The cell pellet was resuspended in a buffer consisting of 20 mM HEPES-KOH (pH 7.5), 30
mM NH4CI, 1 mM MgCl,, 4 mM BME, and 300 £g of lysozyme and incubated in ice for 30
min. Next, the mixture was flash frozen in liquid nitrogen and thawed at room temperature.
This step was repeated three times to ensure complete cell lysis. The lysed cells were treated
with 20 units of DNase | (RNase free) for 90 min on ice to digest the DNA. Subsequently,
the cell lysate was cleared by centrifugation. The cleared lysate was either directly loaded on
a 20-40% sucrose gradient or flash frozen in small aliquots and stored in —80 °C.

The 20-40% gradients were made in a buffer consisting of 20 mM HEPES KOH (pH

7.5), 150 mM NH4CI, 1 mM MgCl,, and 4 mM BME. The gradients were prepared using
the Biocomp Gradient Master. To separate the particles, the cleared lysate was layered on
top of the gradient, and the gradient was spun at 32,000 revolution per minute using SW

32 rotor for 16 h at 4 °C. The gradient was fractionated using the Teledyne R1 fraction
collector combined with the SYR-101 syringe pump and collected in ultraviolet transparent
96 well plates from Corning. Next, the 96-well plates’ absorbance at 260 nm was read
using the SpectraMax plate reader from Molecular Devices. The fractions containing the
particles were pooled together and were either directly used for the chemical modification
experiments or flash frozen in small aliquots and stored in =80 °C.

In a sucrose gradient, the 45S particle is clearly separated both from the 35S intermediate
and 508 large subunit.2-2% On the other hand, the 35S intermediate travels near and under
the 30S small subunit.2” Therefore, the isolated 35S particle sample also contains the native
30S small subunit.2” The NGS data for the 35S particles were aligned both to 23S rRNA
and 16S rRNA. Lastly, all the 50S particles in this study were isolated from E. coli cells,
expressing the wild-type DbpA.

CMCT Treatment of rRNA.

The CMCT treatment of RNA was performed, as previously described with a few
modifications.3”:38 The proteins were removed from the ribosomal particles by phenol/
chloroform extraction, and the rRNA was concentrated by ethanol precipitation.
Approximately 5 g of rRNA from each particle was treated with 170 mM CMCT in a
buffer containing 50 mM bicine (pH 8.3), 7 M urea, and 4 mM EDTA for 30 min at 37 °C
in a total reaction volume of 120 yL. The CMCT reaction was arrested by the addition of
120 4L of 0.3 M sodium acetate buffer at pH 5.5. Next, the rRNA was ethanol precipitated,
resuspended in 100 zi of sodium carbonate buffer (pH 10.4), incubated at 37 °C for 2.5 h
and then at 65 °C for 30 min. The reaction was stopped with the addition of 100 L of 0.3
M sodium acetate buffer at pH 5.5. The rRNA was ethanol precipitated and later used for
NGS library preparation. The control reactions went through the exact same process as the
experimental sample, the only exception being that they were not exposed to CMCT.

KMnO4 Treatment of rRNA.

30S and 50S particles used for the KMnQO, treatment were isolated from cells, expressing
the wild-type DbpA. The proteins were removed from the particles using phenol/chloroform

Biochemistry. Author manuscript; available in PMC 2022 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Koculi and Cho

Page 7

extraction followed by ethanol precipitation. About 5 g of rRNA was treated with 0.12
mM KMnQy in a total volume of 25 4L and in the presence of 30 mM of sodium

acetate (pH 4.4). The reaction was allowed to continue for 3 or 6 min and was stopped

by the addition of 2 /L of 14.3 M 2-mercaptoethanol.3%40 The rRNA was subsequently
concentrated and desalted using ethanol precipitation and used for NGS library preparation.
The control reactions went through the exact same process as the experimental sample, the
only exception being that they were not exposed to KMnQg,.

NGS Library Preparation and Sequencing.

The NGS sequencing library was performed following the randomer workflow of the
selective 2”-hydroxyl acylation analyzed by primer extension and the mutational profiling
(SHAPE-MaP) protocol.#! In brief, we used nine nucleotide long random primers for the
reverse transcriptase reaction. The Supper-Script I1 in the presence of 6 mM Mn2* was used
to perform the reverse transcriptase reaction. The NEB second strand synthesis kit was used
to convert single-stranded DNA to double-stranded DNA, while the Illumina Nextera XT kit
was used to tag the sequencing adaptors. The sequencing was performed using the MiSeQ 2
x 150 paired-end Illumina platform.

Mutation Rate Determination.

The mutation rates at specific nucleotides were calculated using ShapeMapper 1.2.41
ShapeMapper 1.2 determines the mutations by counting the number of misincorporations
and deletions at a specific nucleotide position. Subsequently, the mutation rate is calculated
by dividing the number of total misincorporations plus deletions at a specific nucleotide by
the read depth at that nucleotide.#! Thus, the mutation rate as calculated by ShapeMapper
1.2 is the fraction of misincorporated and deleted nucleotides at a specific nucleotide
position.41

The NGS reads were aligned to the sequence of 23S rRNA rr/B gene or 16S rRNA rrsB gene
of DE3 (BL21) cells. Lastly, the ShapeMapper 1.2 suggested parameters for the randomer
workflow and Illumina Nextera XT kit were used to calculate the mutation rate at each
nucleotide position.4!

Determination of rRNA Modifications Using CMCT.

Two different biological samples were treated with CMCT and NaHCOs3, while one control
sample was treated only with NaHCO3. The background corrected mutation rate was
calculated using the equation below.

BCrmi)py(m) = MCMCT)()(p)(rn) — M(i)(p) (€)

Ineq 1, BCmyp)(m) is the background corrected mutation rate, for nucleotide i, of particle
p for replicated rn. /mcme)(iy(p)(m) IS the ShapeMapper1.2 calculated mutation rate for the
CMCT- and NaHCOs-treated sample, nucleotide i, particle p, and replicated rn. /7)) is the
ShapeMapperl.2 calculated mutation rate for the control samples treated only with NaHCO3
for nucleotide i and particle p.
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In the manuscript’s figures, the nucleotides that differ in different ribosome genes and the
nucleotides that have a mutation rate of higher than 5% in the control sample are considered
unmodified and are not shown.*1

The average background corrected mutation rate was calculated using the equation given
below

BCm; 1 + BCmy; )
an(i)(p) = O@aD 5 (H(p)(r2) 2

In eq 2, avg(j)p) is the average mutation rate background corrected for biological replicates 1
and 2 for nucleotide i of particle p. BC/m)p)(rr) @d BC iy (p)(r2) are background corrected
mutation rates for the two CMCT- and NaHCOs-treated biological replicates for nucleotide i
and particle p.

The standard deviation error between two different biological replicates is calculated using
the equation given below

2 2
e = 2 BEMiG) e — avEi)p)” + (BCMapim) — aVEip) @)
stdiy(p) = 5

In eq 3, stdj)(p) is the standard deviation errors for the nucleotide i of particle p treated with
CMCT and NaHCO3. Avggiy(p) is the average mutation rate background corrected from eq
2, and BC/j)(py(r1) @and BCmi)p)(r2) are the background corrected mutation rates for the
biological replicates 1 and 2 calculated from eq 1.

OH®C Determination Using KMnO,4 Treatment.

In order to determine OH>C modifications using KMnQ, treatment, we calculated the
background corrected mutation rate using eq 1. For these calculations, the experimental
sample was the sample treated with KMnQ,, while the control sample was the untreated
sample. In the manuscript’s figures, the nucleotides which vary in different £. coli ribosomal
genes and the nucleotides that have a mutation rate of higher than 5% in the control sample
are not shown.#! Supporting Information (Table S1) shows the mutation rates of the 23S
rRNA nucleotide OH>C 2505 exposed to KMnO, for 3 or 6 min and the control sample that
never saw KMnOyg.

RESULTS AND DISCUSSION

¥ Isomerases RIUA, RIuB, RIUC, RIUE, and RIuF act before the 35S and 45S intermediates
are populated in the cell, while ¥ isomerase RluD and methyltransferase RImH are in the
process of acting in the 35S and 45S intermediates or will act during the later stages of large
subunit assembly.

The data in Figure 1A show the NGS mutation rates for U nucleotides after CMCT
and NaHCOg3 treatment of 23S rRNA from the native 50S large subunit. The mutation
rates are background corrected by subtracting the mutation rates of 23S rRNA treated
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only with NaHCO3 from the 23S rRNA mutation rates treated with CMCT and NaHCO3
(Equation 1). ShapeMapper 1.2,1 which counts mutations as the sum of the deletions and
misincorporations, was used to determine the mutation rates at each nucleotide position.
There are nine ¥ nucleotides in 23S rRNA. The nine ¥ nucleotides have mutation

rates considerably higher than the other Us in 23S rRNA. Thus, counting deletions and
misincorporations, we accurately detect the ¥ nucleotides in the 23S rRNA of the native
50S large subunit.

Interestingly, methylation of ¥ 1919 at position N3, similar to the CMCT modification of ¥
at position N3, produces reverse transcriptase deletions and misincorporations (Supporting
Information, Table S2). The CMCT combined with NaHCO3 treatment cannot modify the
N3 methylated ¥ 1919 but does modify the N3 unmethylated ¥ 1919. As a consequence,
the mutation rates we observe at position 1919 in the CMCT- and NaHCOg3-treated samples
are the sum of the mutation rates of methylation and CMCT adduct formation at the ¥
1919 N3 position. If a fraction of ¥ 1919 nucleotides is unmethylated, we should observe
a higher mutation rate on CMCT- and NaHCOg3-treated 23S rRNA compared to 23S rRNA
that was exposed only to NaHCO3. However, because ¥ 1921 is modified by CMCT, and
ShapeMapper 1.2 clusters the mutations occurring in the same read at the 3" end mutation
position,#2 a number of mutations occurring at ¥ 1919 in the CMCT-treated samples are
counted by Shape-Mapper 1.2 as ¥ 1921 mutations. This decreases the mutation rate at the
¥ 1919 nucleotide for the CMCT-treated samples when compared with the control sample
(Supporting Information, Table S2). Consequently, the background corrected mutation rates
at nucleotide 1919 are negative numbers (Supporting Information, Table S2) and are not
shown in Figure 1A.

The data in Figure 1B show the background corrected mutation rates for 16S rRNA U
nucleotides from the 30S small subunit treated with CMCT followed NaHCO3 (Equation
1). There is one known ¥ in 16S rRNA, which is at position 516. We are able to correctly
determine the 16S rRNA’s V. Furthermore, similar to 23S rRNA, we do not observe false
positive ¥ nucleotides in 16S rRNA.

Figure 2A shows the background corrected average mutation rate for the ¥ nucleotides 748,
957, 2461, 2508, 2584, 2608, and 2609 of 23S rRNA from different particles. The average
mutation rates were calculated, as explained in the Materials and Methods section (eq 2).
The average mutation rates for these nucleotides are very similar between the 35S and 45S
intermediates and the native 50S large subunit (Table 1); hence, these ¥ isomerizations are
performed before the 35S and 45S are populated in cells. The isomerizations are performed
as follows: U 748 to ¥ by RIuA;*3 nucleotides U 957, 2508, and 2584 to ¥ by RIuC;*4 U
2461 to ¥ by RIUE;*> U 2608 to ¥ by RIUF;*> and U 2609 to ¥ by RIuB.*> Thus, in the
cells expressing R331A DbpA, the RIuA, RIuB, RIUC, RIUE, and RIUF ¥ isomerases act
before the 35S and 45S intermediates assemble.

Figure 2B shows the background corrected average mutation rates for nucleotides 1915 and
1921 and uncorrected average mutation rate for the 1919 nucleotide from the 35S, 45S,

and 50S. The average mutation rates for 1915 and 1921 nucleotides are considerably higher
for the native 50S large subunit than the 35S and 45S intermediates (Table 1, Supporting
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Information, Table S3). Therefore, the nucleotide U 1915 and 1921 isomerizations to

¥ occur after the 35S and 45S intermediates are populated in cells. RIuD isomerizes
nucleotides U 1915 and 1921 to ¥.%6 Thus, RIuD is in the process of acting in 1915 and
1921 nucleotides of the 35S or 45S intermediates or will act in these nucleotides during later
stages of large subunit ribosome assembly.

The average mutation rate at nucleotide 1919 of 23S rRNA is also significantly smaller in
the 35S and 45S intermediates than that in the native 50S large subunit (Figure 2B, Table

1, Supporting Information, Tables S2 and S3). As explained above, for the nucleotide 1919,
we count the combined mutation rates of the methylated and CMCT-modified ¥ at position
N3. Consequently, all the mutations we observe for nucleotide 1919 are at a minimum U
nucleotides isomerized to ¥ nucleotides. RIuD performs U 1919 to ¥ isomerization,*6 and
we conclude that RIuD is in the process of performing the U 1919 to ¥ isomerization in
the 35S and 45S intermediate or will perform this isomerization during the later stages of
large subunit ribosome assembly. RImH methylates U 1919 only after RluD has isomerized
this U to V.18 Thus, RImH, similar to RIuD, is in the process of acting in the 35S and 45S
intermediates or will act during the later stages of large subunit ribosome assembly.

Next, we compared our results of ¥ isomerizations with those of previously investigated
large subunit intermediates. The nucleotides U 1915, 1919, and 1921 are isomerized to ¥
during the late stages of large subunit ribosome assembly in wild-type cells,?2 cells lacking
the SrmB protein,?2 and cells lacking the DEAD-box RNA helicase DeaD.1 On the other
hand, experimental measurements performed with particles, accumulated in cells treated
with chloramphenicol?0 and erythromycin,2% demonstrate that the nucleotides U 1915, 1919,
and 1921 are isomerized to ¥ during the middle-to-late stages of large subunit ribosome
assembly. The determination that in the 35S intermediate, the nucleotide U 1915, 1919, and
1921 isomerizations to ¥ have occurred at a significantly smaller extent than that in the
native 50S large subunit (Table 1, Supporting Information, Table S3, Figure 2B), indicating
that, on the pathway, in which the 35S intermediate is populated, the nucleotides U 1915,
1919, and 1921 isomerizations to ¥ occur during the intermediate stages of large subunit
ribosome assembly, similar to cells treated with chloramphenicol?9 and erythromycin,2° or,
alternatively, during the late state of large subunit ribosome assembly, similar to wild-type
cells, 22 cells lacking SrmB,22 and cells lacking DeaD.1?

Moreover, in the 45S intermediate, the ¥ modifications at positions 1915, 1919, and 1921
have occurred at significantly smaller extents than that in the native 50S large subunit.
Therefore, on the pathway, in which the 45S intermediate is populated, nucleotide U 1915,
1919, and 1921 isomerizations to ¥ occur, similar to the experimental measurements
performed on the intermediates from wild-type cells, cells lacking the SrmB protein, and
cells lacking the DeaD protein, during the late stages of large subunit ribosome assembly.

In vitro experiments, 18 experimental measurements performed on intermediates from wild-
type cells,22 and cells lacking the SrmB protein22 have shown that the methylation of ¥
1919 by RImH occurs during the very late stages of large subunit ribosome assembly.
Since our data show that the extent of combined m3¥ and ¥ modifications at position
1919 is small in the 35S and 45S intermediates when compared with the native 50S large
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subunit (Figure 2B), we conclude that on the pathway, in which the 35S intermediate is
populated, the m3¥ modification occurs during the intermediate or late stages of large
subunit ribosome assembly, while on the pathway, in which the 45S intermediate is
populated, similar to the Jn vitro experiments,18 experimental measurements performed on
wild-type cells?2 and cells lacking the SrmB protein,22 the m3¥ modification occurs during
the late-stages of large subunit ribosome assembly.

RIhA has not completed its function in the 35S and 45S intermediates, while RImN acts
before the 35S and 45S intermediates are assembled in cells.

In addition to 'Y, the retention of CMCT adduct after CMCT and alkaline treatment has been
observed for 2-methylthio-N6-isopentenyladenosine (ms2i®A)38 and OH5C.38 The positions
of ms2i8A and OH>C modifications by CMCT remains unknown.36:38 Here, we show that
under our experimental conditions, OH>C 2505 and m2A 2507 retain the CMCT adducts
after CMCT and NaHCOg treatment, and these adducts produce reverse transcriptase
misincorporation and deletion (Figure 3A). The detection of OH°C 2505 and m2A 2507
using CMCT treatment was performed similar to  detection experiments and as explained
in the Materials and Methods section.

The mutation rates for OH>C 2505 and m2A 2507 for CMCT-treated 23S rRNA from the
native 50S large subunit are significantly larger than the mutation rates for the other A

and C bases in the native 50S’s 23S rRNA (Figure 3A). Furthermore, we do not observe
false positive OH>C or m2A modifications in the CMCT-treated native 50S’s 23S rRNA. In
the 16S rRNA, there are no known OH°C or m2A modifications, and we do not observe

an increase on the mutation rates for the CMCT-treated 16S rRNA from the native 30S
small subunit (Figure 3B). In summary, the CMCT treatment of RNA combined with NGS
accurately detects the OH>C and m2A modifications. Future experiments will determine the
precise chemical structures of CMCT-modified OH®C and m2A nucleotides.

Next, we compared the extent of OH3C and m2A modifications in 35S, 45S, and 50S
particles (Figure 4, Table 1, Supporting Information, Table S3). Significantly, less OH°C
modifications are present in the 35S and the 45S intermediates when compared with the
native 50S large subunit. Thus, the RIhA enzyme,3° which places the hydroxyl group at the
position C5 of C 2505, is in the process of acting in the 35S and 45S intermediates or acts
during the later stages of large subunit ribosome assembly. On the other hand, the mutation
rates at position m2A 2507 are very similar for 35S, 45S, and 50S particles (Figure 4, Table
1 and Supporting Information, Table S3). This demonstrates the enzyme that incorporates
this modification, RImN,*’ has performed its action before the 35S and 45S intermediates
are populated in cells.

Experimental measurements performed on intermediates isolated from wild-type cells
demonstrated that C 2505 hydroxylation occurs during intermediate stages of large subunit
ribosome assembly.22 In cells lacking the SrmB protein, the hydroxylation of C 2505
occurs during the late stages of large subunit ribosome assembly.22 OH>C is largely missing
from the 35S intermediate (Table 1, Supporting Information, Table S3 and Figure 4). This
observation indicates that on the pathway, in which the 35S intermediate is populated, the
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hydroxylation of C 2505 occurs during the intermediate stages of large subunit assembly,
similar to the wild-type cells, or late stages of large subunit ribosome assembly, similar to
cells lacking the SrmB protein.22 The OH>C modification is present in the 45S intermediate
at a significantly less extent than that in the native 50S large subunit (Table 1, Supporting
information, Table S3 and Figure 4). Consequently, on the pathway, in which the 45S
intermediate is populated, the OH>C modification occurs during the late stages of large
subunit ribosome assembly, similar to the cells lacking the SrmB protein.22

Experimental measurements performed on intermediates from wild-type cells,?? cells
lacking the SrmB protein, 22 cells treated with chloramphenicol,2° and cells treated with
erythromycin?® show that the m2A 2507 modification is performed during the early stages
of large subunit ribosome assembly. Our determination that the m2A 2507 modification

is present at the same extent as in the native 50S large subunit and in the 35S and 45S
intermediates (Table 1, Supporting Information, Table S3, and Figure 4) indicates that the
m2A 2507 modification occurs during the early stages of large subunit ribosome assembly
on the pathway, in which the 35S particle is populated, and during the early or intermediate
stages of large subunit ribosome assembly on the pathway, in which the 45S intermediate is
populated.

Detection of OH® C Using KMnO,4 Oxidation.

With the goal of developing another high throughput technique for the detection of OH> C
modifications, in addition to CMCT treatment, we treated the rRNA with KMnO,4. KMnQOy4
is an oxidizing agent that has been used extensively to investigate the DNA structure

and modifications.#8 Our hypothesis was that oxidation of OH>C by KMnO, would form
molecules, which produce reverse transcriptase misincorporations and deletions.

The background corrected mutation rates of C nucleotides from native 50S 23S rRNA
treated with 0.12 mM KMnOy for 3 or 6 min are shown in Figure 5A (eq 1 and Materials
and Methods). The mutation rates of OH°C 2505 are considerably higher than the mutation
rates of the other C nucleotides in 23S rRNA. Hence, using KMnO4 we can accurately
determine the OH®C nucleotides in 23S rRNA, and we do not observe false positive C
mutations.

The background corrected mutation rates of C nucleotides from native 50S 23S rRNA
treated with 0.12 mM KMnQy, for 3 or 6 min are shown in Figure 5A (eq 1 and Materials
and Methods). The mutation rates of OH°C 2505 are considerably higher than the mutation
rates of the other C nucleotides in 23S rRNA. Hence, using KMnO4 we can accurately
determine the OH°C nucleotides in 23S rRNA, and we do not observe false positive C
mutations.

The 16S rRNA from the native 30S small subunit was also treated with 0.12 mM KMnOy4
for 3 or 6 min. There are no OH>C modifications in 16S rRNA, and we do not observe
false positive OH®C in 16S rRNA using KMnQ, treatment (Figure 5B). Together, the
data obtained in 23S rRNA and 16S rRNA molecules demonstrate that KMnOy, treatment
of RNA combined with mutation and deletion counting accurately determines OH°C
modifications.
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CONCLUSIONS

We have determined in this study the extent of twelve 23S rRNA modifications on two large
subunit ribosome assembly intermediates, the 35S and 45S, from two different stages and
pathways of the 50S large subunit ribosome assembly. A number of modifications occur at
the same stages of large subunit ribosome assembly on the pathways investigated here, the
pathways investigated under different cellular conditions,1~22 and/or in vitro'® assembly
pathways. This observation suggests that the rRNA structural motifs, the r-proteins’, and
maturation factors’ compositions, which a number of modification enzyme recognize, are
present at similar time points during large subunit ribosome assembly occurring under
various cellular conditions and /in vitro. Furthermore, while there are more than 170

known RNA modifications,*? and many of these modifications have been implicated in
antibiotic resistance,0 cancer,50 and neurodegenerative diseases,>! only a subset of RNA
modifications can be detected in a high throughput and single nucleotide manner,30.31,52,53
The simultaneous detection of ¥, m3¥, m2A, and OH>C modifications in a high throughput
and in a single nucleotide resolution manner described in this study is readily generalizable
to other RNA molecules. Lastly, MS, which is not a high throughput technique, has

been used to detect OH5C on RNA.9:22:35.36.54 Here we have developed two techniques,
involving CMCT and KMnOQOy treatments combined with misincorporations and deletion
counting, to detect OH>C modification in RNA in a single nucleotide and high throughput
manner.
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CMCT followed by NaHCO3 treatment detects nine ¥ nucleotides in 23S rRNA of the 50S
and the only ¥ in 16S rRNA of the 30S. (A,B) Background corrected rates of mutations
were calculated as explained in the Materials and Methods section of the paper. Only the U
residues are shown in the x-axes. The blue circles and the red diamonds are the data from
two different biological samples. There are nine ¥ nucleotides in 23S rRNA of the 50S large
subunit. We are able to detect all of them (A). The mutation rates for m3¥, as explained

in the Results and Discussion section of the paper, are not shown in this figure (A). There
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is only one ¥ in 16S rRNA, which our chemical modification and mutation calculation
methods also detect (B).
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Majority of ¥ modifications are present in the 35S and 45S intermediates. The calculation
of average mutation rates for the '¥'s detections were performed, as explained in the
Materials and Methods section of the paper. (A,B) Average mutation rates for specific
nucleotides of the 35S and 45S intermediates and native 50S large subunit are shown in
green, blue, and red, respectively. The data are the averages of two biological replicates, and
the errors are the standard deviation from the averages. (A) Nucleotides U 748, 957, 2461,
2508, 2584, 2608, 2609 isomerizations to ¥ occur before the 35S and 45S intermediates are
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populated in cells. The extents of the nucleotides U 748, 957, 2461, 2508, 2584, 2608, and
2609 isomerizations to ¥ are similar for the 35S, 45S, and 50S particles. Therefore, these
isomerizations occur before the 35S and 45S intermediates are formed. (B) Nucleotides U
1915, 1919, and 1921 are in the process of being isomerized to ¥ in the 35S and 45S
intermediates or will be isomerized to ¥ during the later stages of large subunit ribosome
assembly. The nucleotides U 1915, 1919, and 1921 are extensively more isomerized to ¥
in the native 50S large subunit than that in the 45S and 35S intermediates. As explained in
the manuscript, the average mutation rate for m3¥ 1919 (1919*) was calculated from the
two CMCT- and NaHCOg3-treated samples without subtracting the mutation rate of NaHCO3
only treated control sample. Thus, no background correction was performed on the m3¥
1919 nucleotide data.
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CMCT treatment followed by NaHCO3 exposure accurately detects OHC and m2A
modifications. (A,B) Background corrected mutation rates were calculated, as explained
in the Materials and Methods section of the paper. Only the A and C residues are shown

in the x-axes. The blue circles and the red diamonds are the data collected on two different
biological samples. 23S rRNA of the native 50S large subunit contains one OH>C (2505)

and m2A (2507).

The background corrected mutation rates of OH°C 2505 and one m2A

2507 residues are significantly higher than the other C and A residues in 23S rRNA (A).
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Thus, employing CMCT and NaHCO4 treatment, we are able to detect both OH3C and m2A
modifications and do not observe false positive OH>C or m2A modifications. There are no
OH5C and m2A modifications in 16S rRNA of the 30S, and we do not observe false positive
OH®C and m2A modifications in this RNA molecule (B).
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Figure 4.
OH5C is not present at a significant level in the 35S and 45S intermediates’ 23S rRNA,

whereas m2A is incorporated into 23S rRNA before the 35S and 45S intermediates are
populated in cells. The average mutation rates for OH®C and m2A were calculated, as
explained in Materials and Methods section of the paper. The average mutation rates for

the 35S and 45S intermediates and the native 50S large subunit are shown in green, blue,
and red, respectively. The data are the averages of two biological replicates, and the errors
are the standard deviations from the averages. The extent of the OH>C modification in the
35S and 45S intermediates is significantly smaller than the extent of the OH>C modification
in the native 50S. On the other hand, the extent of m2A modification in the 35S and 45S
intermediates is similar to the extent of m2A modification in the native 50S.
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Figure5.
KMnOy, treatment accurately detects the OH>C. Mutations rates after treating the sample

with KMnO4 were calculated, as explained in the Materials and Methods section of the
paper. Only C nucleotides are shown in the x-axes. The red diamonds and blue circles are
the data from treating the rRNA with KMnOy for 3 or 6 min, respectively. (A) Mutation
rates of 23S rRNA from the native 50S large subunit treated with KMnO4. KMnQg4
treatment detects the single OH>C modification in 23S rRNA of the native 50S large subunit.
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(B) Mutation rate of 16S rRNA from 30S treated with KMnO,. No OH>C is present in 16S
rRNA of the 30S, and we do not observe false positive OHC in this molecule.
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