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ABSTRACT

All organisms contain RNA modifications in their ribosomal RNA (rRNA), but the importance, positions
and exact function of these are still not fully elucidated. Various functions such as stabilizing structures,
controlling ribosome assembly and facilitating interactions have been suggested and in some cases
substantiated. Bacterial rRNA contains much fewer modifications than eukaryotic rRNA. The rRNA
modification patterns in bacteria differ from each other, but too few organisms have been mapped to
draw general conclusions. This study maps 23S ribosomal RNA modifications in Clostridium sporogenes
that can be characterized as a non-toxin producing Clostridium botulinum. Clostridia are able to
sporulate and thereby survive harsh conditions, and are in general considered to be resilient to
antibiotics. Selected regions of the 23S rRNA were investigated by mass spectrometry and by primer
extension analysis to pinpoint modified sites and the nature of the modifications. Apparently, C.
sporogenes 23S rRNA contains few modifications compared to other investigated bacteria. No modifica-
tions were identified in domain Il and Il of 23S rRNA. Three modifications were identified in domain 1V,
all of which have also been found in other organisms. Two unusual modifications were identified in
domain V, methylated dihydrouridine at position U2449 and dihydrouridine at position U2500
(Escherichia coli numbering), in addition to four previously known modified positions. The enzymes
responsible for the modifications were searched for in the C. sporogenes genome using BLAST with
characterized enzymes as query. The search identified genes potentially coding for RNA modifying
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enzymes responsible for most of the found modifications.

1. Introduction

Protein synthesis is a highly regulated process and rRNA mod-
ifications are thought to play an important role as all organisms
contain them, and many modified nucleotides are conserved
among bacterial species. The majority of the modified nucleo-
tides of the 50S ribosomal subunit observed so far are in domains
II, IV and V of the 23S rRNA. Many are positioned in functional
centers such as in the peptidyl transferase center [1]. Eukaryotic
rRNAs contain many more modifications than bacteria, espe-
cially because of a high number of pseudouridines and ribose
methylations. The whole 23S rRNA modification pattern has
only been determined for a few bacteria and it is also difficult
to conclude when a modification data set is complete. It is
generally agreed that the total rRNA modification pattern has
been elucidated in E. coli that contains 25 modifications in 23S
rRNA and 11 in 16S rRNA, reviewed by e.g. [2,3]. E. coli 23S
rRNA contains 14 methylations, nine pseudouridines, one
methylpseudouridine, one dihydrouridine and one hydroxycy-
tidine. In contrast Thermus thermophilus only seem to contain
11 modifications in 23 rRNA [4,5]. All E. coli genes involved in
23S rRNA modifications have been identified, except the one
responsible for dihydrouridine formation [6,7]. In bacteria, the
RNA modifying enzymes are often specific for one site and they
differ in substrate preference such as bare rRNA, intermediates
of assembly, or mature ribosomal subunits. Various steps of
ribosome biogenesis may program certain modification enzyme

actions, and most of the 23S rRNA modifications take place at
early assembly steps [8]. This is in contrast to 16S sSRNA mod-
ifications where many are applied on the assembled 30S sub-
unit [8].

The full role of each of the RNA modifications is still not
elucidated and they are singly dispensable but often not in
combinations. For example, seven modified nucleotides of the
peptidyl transferase center were found to be indispensable in the
reconstruction of functionally active ribosomal particles in E. coli
[9]. The modifications influence chemical properties of nucleo-
tides, and can thus influence the structure, assembly and activity
of the ribosome. The most common modifications in rRNA are
methylations that increase nucleotide hydrophobicity and influ-
ence base stacking and in some cases affect hydrogen bonding,
and pseudouridine formation that increases hydrogen bonding
potential and also affects stacking interactions, reviewed in
[2,10]. RNA nucleotide methylation occurs at a variety of
atoms and the function of nucleotide methylations have been
intensively studied in tRNA (reviewed in [11]). Especially for
rRNA, the modifications may create ‘check-points’ for ribosomal
subunits assembly [12]. Finally, rRNA methylation (or the lack
of methylation) can cause resistance to antibiotics that bind to
the ribosome by changing the antibiotic binding site, reviewed in
[13,14].

Finding modifications in large RNAs is not a trivial task
and there is no easy method to map the presence and position
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of all modifications in rRNA. The overall content of modifi-
cations can be determined by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) e.g. [15,16], but this does not
tell where in the structure they are present. More extensive
investigations rely on the rRNA being digested into defined
products, which are then sequenced by tandem mass spectro-
metry [17]. In later years, this concept has been supplemented
with the potential for quantitation based on LC-MS/MS ana-
lyses of isotopically labelled rRNA [18,19]. There are also new
methods for profiling ribose methylations and pseudouridines
based on next-generation nucleic acid sequencing (see e.g.
[10,20]), which may help unravel the location and importance
of RNA modifications in general.

In this study, we investigated the modification pattern in C.
sporogenes 23S rRNA regions that are known to be hot spots
for modifications in other bacteria. The purpose was to glean
an impression of modification level and diversity in the 23S
rRNA of a hitherto unexplored genus. The presence of ten
modifications was determined by mass spectrometry and pri-
mer extension analysis of specific 23S rRNA regions. The ten
modifications comprise nine different nucleotide positions
and two of the ten differ from those seen in E. coli 23S
rRNA. One modification appears at position U2500 where
modifications have not previously been observed.
Furthermore, BLAST and database searches were used to
identify putative modifying enzymes coded for in the C.
sporogenes genome.

2. Materials and methods

2.1. Growth conditions and purification of total RNA for
primer extension analysis and mass spectrometry
analysis

The strain Clostridium sporogenes ATCC 15579 was obtained
from the American Type Culture Collection. It was grown
anaerobically in ATCC® Medium: 2107 Modified Reinforced
Clostridial Broth. 0.2 mL of an overnight culture of C. sporogenes
was added to 100 mL aliquots of fresh broth and incubated at 37°
C until significant visible growth was obtained. Cells were placed
on ice for 10 min and then centrifuged at 4500 rpm for 10 min at
4°C. The pellets were resuspended in 10 mL of cold TMN buffer
(100 mM NH,CI, 10 mM MgCl,, 50 mM Tris-HCl pH 7.5). The
cells were lysed by sonication, and cell debris was removed by
centrifugation. RNA was extracted using phenol (equilibrated to
pH 4.5 with Sodium acetate) and chloroform (3 x phenol, 1 x
phenol/chloroform, 1x chloroform). The RNA was precipitated
with 1/10 volume of 3M NaOAc, pH 4.5 and 2,5 volumes of 96%
ethanol, incubated at —20°C and centrifuged for 40 min. The
pellet was washed with 70% cold ethanol, centrifuged and left to
dry at room temperature before dissolving in water. E. coli RNA
was used as control for the primer extension analysis. E. coli
MREG600 was grown in LB medium at 37°C until middle expo-
nential phase, harvested and then total RNA was obtained using
GeneJET RNA purification kit (Thermo Scientific).
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2.2. Mass spectrometric analysis of RNA

Selected fragments of the 23S rRNA sequence around potential
modified sites were isolated for MALDI Time-of-Flight mass
spectrometric analysis. Purified total RNA was hybridized with
complementary oligodeoxynucleotides, followed by digestion
with mung bean nuclease and RNase A as described in [21].
After sub-fragment purification on a denaturing polyacrylamide
gel, the RNA was separately digested with RNase T'1 (G-specific)
and RNase A (U/C-specific) for mass spectrometric analysis as
previously reported [22]. Briefly, 1-2 pmol rRNA sub-fragment
were RNase digested to completion and analyzed directly using
3-hydroxypicolinic acid as matrix. Mass spectra were recorded
in positive ion mode with a reflectron Time-of-Flight mass
analyzer on a Bruker UltraFlex MALDI mass spectrometer
and processed using the software ‘m/z’ (Proteometrics). The
observed masses were compared to theoretical masses calculated
using GPMAW software (Lighthouse Data, Denmark). Further
analysis to confirm the exact position of the observed modifica-
tions was performed by MALDI tandem mass spectrometry
using a Waters Q-TOF Premiere instrument (Waters,
Manchester, UK) in positive ion mode as previously
described [23].

2.3. Primer extension analysis to verify the position of
specific modifications

Selected modifications were studied by primer extension ana-
lysis [24] with AMYV reverse transcriptase (Roche) and 5 "-[**P]
labelled oligodeoxynucleotide primers complementary to C.
sporogenes 23S rRNA. To overcome presumed rRNA structure
problems when using primer BV632 on C. sporogenes rRNA the
extension temperature was raised by 2°C and the dideoxynu-
cleotide concentration was doubled. The cDNA extension pro-
ducts were separated on 13% polyacrylamide sequencing gels.
The positions of the stops were visualized by autoradiography
on a Typhoon scanner and identified by reference to dideox-
ynucleotide sequencing reactions on 23S rRNA that were elec-
trophoresed in parallel. The 23S rRNA sequence used was C.
sporogenes ATCC 15579.

2.4. Potential genes for RNA modifying enzymes in C.
sporogenes ATCC 15579

Potential genes for the modifying enzymes were sought based
on information primarily from E. coli genes, but also from
genes from other bacteria with known 23S rRNA modifying
enzymes. BLAST searches using https://blast.ncbi.nlm.nih.
gov/Blast.cgi and default parameters were performed with
the query described in the text and in the non-redundant
protein sequences from C. sporogenes ATCC 15579. The E
values (Expect values) presented in the text are directly from
the BLAST searches and express the number of BLAST hits
you can expect to see by chance.


https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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3. Results and discussion

3.1. Modifications in C. sporogenes 23S rRNA

This study focuses on mapping methylations and other mass-
changing RNA modifications in C. sporogenes 23S rRNA.
According to [1,2] and others, including the MODOMICS
database [25], the modified nucleotides cluster in specific
domains in 23S rRNA. As a detailed mapping is a major
task, we have focused our investigations on the domains and
areas where modifications can be expected to occur based on
knowledge from other bacteria. The areas investigated are
shown in green overlay in Figure 1. To ease comparison
with other organisms all numbering in this paper is according
to the E. coli 23S rRNA sequence. The C. sporogenes 23S
rRNA is 2902 nucleotides in length while the E. coli 23S
rRNA is 2904 with various insertions and deletions, so correc-
tions are needed for exact C. sporogenes numbering.

The amount of bacterial 23S rRNA modification data is
still limited. In addition to the complete data from E. coli 23S
rRNA modifications and the enzymes performing these mod-
ifications, there is a study of the 23S rRNA modifications
from T. thermophilus [4], and some data on specific positions
in Bacillus subtilis [26], Deinococcus radiodurans [27],
Pseudomonas aeruginosa [6] and Mycobacterium tuberculosis
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[28]. Although using E. coli 23S rRNA as main information
source for choosing areas of investigation, we took into
account the data from the other organisms whenever relevant.

The modifications were pointed to, characterized and con-
firmed by analysis using mass spectrometry (MS), tandem
mass spectrometry (MS-MS) and primer extension.
Modifications might escape mass spectrometry analysis of
RNase digestion products if the modifications end up in
mononucleotides that are too low in mass for proper detec-
tion or if present in fragments that are difficult to detect. Also,
not all modifications affect primer extension analysis, but
even this information can be used to suggest the nature of
modification, as will be illustrated later. The MS-MS analyses
provide information on both the modified position as well as
whether the modification is positioned on the base or the
ribose moiety [29]. A summary of detected modifications is
presented in Table 1 and the individual findings are described

below.

3.2. RNA modifications in domain V of 23S rRNA

Domain V generally contains more posttranscriptional mod-
ifications than other 23S rRNA domains, and some of the
modifications are also phylogenetically highly conserved.

B0 assasas
ST oolill-

H EC1915:m'W

c Cs:m*U or m'¥
$ v

§

264

T ooril

B BV616

N
IR Ec1920:C
Cs:Cm

} Fo
o
Sty _aguagd, ¢ 1939: MU
Acy Cs:m*U

= R N
= Acceadeccals,|

Pirel-iin A
eEACUGauU
&

Ec2251:Gm

4
4
v Aach” O, w
A A 4
ssach
¢ A
ST
Agucuca

'
s,

i

N

u £
¢ g
é A

A°~¢ £
3

eu@

Yy

6 A G CUUGARAAGAGA

Ec2445:m'G

b CsimG
Gol®a ucucccccAA
T

A g

5rs207, 0 0 yONNGe® ©
NI BY61s

. S i

|
=y
(£ Ec2500:U
vi/, P BV483 ¥ Cs:D
S Aee e - il \E(ZSO]:thC(pamal)
E%uf,}‘ et Bve3s, (-8 Cs:oh*C
TA A Yl AC 6 gl
4 g, O (gt Ec2503:miA
628 e oo g-m CsmA
d . g el g8
g=¢
&§-¢

ucou caaddion,
o o'c. et
ABCS\\, 6.7,C, BGG CCCUGG, U
NeUor%elosh, r iR %
Gt S a0y

y
g Bveos
¢

S, 8
SN, U
NN
Uk A%
SR

'
aAAGAGGUAUCUU
Villeseionl

Figure 1. A secondary structure model of C. sporogenes 23S rRNA (http://www.rna.icmb.utexas.edu). Green overlay shows areas isolated for MS analysis with the
names of the complementary oligodeoxynucleotides used for hybridization. The overlapse between BV616 and BV617 and between BV483 and BV608 are indicated
by L-shaped symbols. Red overlay shows areas used for hybridizing DNA for primer extension analysis. Modified nucleotides are pointed to by arrows, using E. coli
numbering though the 23S rRNA sequence is C. sporogenes. Ec is abbreviation for E. coli and Cs for C. sporogenes.
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Hence, we started our investigations with this domain in C.
sporogenes 23S rRNA, where we both re-found some of the
generally modified nucleotides but also some new modified
positions.

In the lower right of the peptidyl transferase loop, the
oligodeoxynucleotide BV483 (Figure 1) covers a modification
‘hotspot’. E. coli 23S rRNA has the ribose methylation Cm2498,
a partial hydroxylation at C2501 (oh®C2501), m*A2503 and a
pseudouridine at position 2504. In e.g. D. radiodurans, the
methylation at C2498 is absent, but C2499 harbours a methyl

a 70000
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group at C-5 [27]. The C. sporogenes 23S rRNA fragment from
position 2480 to 2527 was isolated as described in ‘Materials
and Methods’ and subsequently digested in parallel with RNase
T1and RNase A. The RNase products were directly analyzed by
mass spectrometry. The RNase T1 digest (Figure 2(a)) revealed
two products indicative of modifications. m/z 1013.1 suggests
the presence of m*A2503, as this signal replaces the unmodified
2503AUG,s505 signal at m/z 999.1. The RNase T1 product
2406 CACCUCG 50, would appear at m/z 2219.3 in an unmodi-
fied version, but instead a signal at m/z 2237.3 appeared. As
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Figure 2. MS analyzes of the fragment isolated by the oligodeoxynucleotide BV483 covering position 2480 to 2527. (a) MALDI TOF mass spectrum of RNase T1
digested 23S rRNA sub-fragment. The labelled signals correspond to the 3’-phosphate products, but intense signals corresponding to 2°-3"-cyclic phosphate products
(*) also appear approximately 18.0 Da. lower as exemplified in the insert. The table shows m/z values of unmodified RNA and compares to observed values and
interpretation of the mass increase; the latter is based on modifications reported in literature, digestion with RNase A and tandem MS data as explained in the main
text. (b) MALDI TOF mass spectrum of RNase A digested 23S rRNA sub-fragment. The table indicates m/z values of unmodified RNA and compares to observed values
and interpretation of the mass increase; the latter is based on modifications reported in literature, digestion with RNase T1 and tandem MS data as explained in the
main text. The insert illustrates m/z signals and isotope patterns leading to the assignment of m?A2503. Unlabelled signals have m/z values corresponding to gas
phase-formed dimers of the RNase products around 660 and 1000 m/z. (c) Tandem mass spectrum of the m/z 2237.3 RNase T1 digestion product (position
2496-2502 of 23S rRNA) harbouring 18.0 Da. posttranscriptional modifications. Unambiguous backbone fragment ions, key N-glycosidic bond cleavage products and
a few other prominent fragment signals are assigned. The insert indicates how backbone fragment ions contribute to the sequence determination. Fragment ion

nomenclature is according to [50].
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Table 1. Summary of the 23S rRNA modifications detected and a putative annotation of modifying enzymes. Ec = E. coli, Cspo = C. sporogenes, pos. = nucleotide
position in E. coli 23S rRNA, mod = nucleotide modification, * The E value obtained by BLAST is presented after the accession code for the enzyme, see text for

organism and % identity, ** = partial modified, *** indicate an alleged assignment.

Ec pos. Cspo mod. Ec mod. Enzyme E value* Putative Cspo protein
1915 m3U m3 Y RImH POA8I8: 5e-25/RluD P3364: 4e-76 EDU38179.1/EDU37299.1%***
1920 Cm none TlyA KBJ35054.1: 5e-61 EDU36942.1
TlyA WP_053414602.1: 6e-99
1939 m°U m°U RImD KIX81902.1: 3e-179 EDU39155.1
2251 Gm Gm RImB P63177: 4e-53 EDU39019.1
2445 mG m’G RImKL WP_001475205.1: 2e-62 EDU37295.1
Smu472 Q8DVLO: 3e-111
2449 mD D (mD*¥) unknown unknown
2500 D none unknown unknown
2501 oh*C oh>C ** RIhA P76104: 8e-74 EDU39416.1%**
2503 m?A m?A RIMN P36979.1: 8e-72 EDU36326.1

mentioned above, methylations at nucleotides 2498 and 2499,
and hydroxyl group at 2501 have previously been reported, but
combinations of these do not match the observed 18.0 Da. mass
increase. The RNase A digestion (Figure 2(b)) showed an
unmodified ,497AC,40¢ product at m/z 653.11 (ribose methyla-
tion of C2498 prevents RNase A cleavage, and would induce a
mass increment of one nucleotide). In line with the RNase T1
digestion, m/z 1013.1 for ,50,GAU,s504 Suggests m?>A2503, and a
base methylation of A2503 was verified by tandem mass spec-
trometry (data not shown). This was expected as m*A2503
seems to be a very well conserved modification in bacteria
[30,31]. It is the only adenosine in E. coli rRNA, which is
methylated at a carbon atom. The RImN methyltransferase
responsible for this modification belongs to the family of radi-
cal SAM enzymes that differs from the majority of other
methyltransferases [31]. In the C. sporogenes genome we find
a gene for a 348 aa enzyme (EDU36326.1) with a 36% identity
(E-value 8e-72) to the E. coli 384 aa RImN (P36979.1), and we
consider this a likely candidate for performing the m*A2503
modification in C. sporogenes 23S rRNA. The modification is
positioned in the peptidyl transferase center and it has been
suggested to play a role in proofreading [31] and it might also
be weakly related to antibiotic sensitivity.

By combining the RNase digestion information (Figure 2
(a,b)) the unaccounted 18.0 Da. modifications must reside in
the sequence ,499CUC;50;, which may be explained by a
hydroxylation of C2501 and a dihydrouridine (D) at position
2500. We substantiated this by tandem mass spectrometry of
the %406CACCUCG;50, + 18.0 Da.” RNAse T1 digestion pro-
duct (Figure 2(c)). The data confirms an unmodified C2498,
D2500 and oh®C2501. This is surprising as dihydrouridine in
23S rRNA has previously only been observed at position 2449
in E. coli. Either the observed D2500 is an exception to the
common pattern of 23S rRNA modifications or its presence
has escaped detection in other organisms. We observed full
hydroxylation at C2501 as in D. radiodurans, while E. coli 23S
rRNA only showed partial oh>C2501 [27]. A very recent study
by Kimura et al. [7] has assigned the gene ydcP in E. coli to
code for the enzyme responsible for oh°C2501, and the gene
was renamed rlhA. Notably, they distinctly identified homo-
logous of rlhA in Clostridia. The E. coli studies [7,27]
observed a relation between modification level and growth
phase and Kimura et al. showed that iron depletion decreased
the modification level. It might be that in some organism this
modification either reflects growth phase or response to

changes in growth conditions. BLAST of the 653 aa RIhA E.
coli protein sequence with protein sequences from C. sporo-
genes suggests the 788 aa long protein EDU39416.1/
WP_003483554.1 (E-value 8e-74) with an extension in the
C-terminal part relative to the E. coli protein and 33% identity
in the region covered. This identification is tentative and
needs verification.

Gm?2251 is a highly conserved nucleotide modification that
is found in all three kingdoms of life [2,5]. MS analysis of
RNase digests of the RNA hybridized to oligodeoxynucleotide
BV606 confirmed the presence of masses corresponding to a
methylated RNase A product ,,50GGGGCy;54, and methylated
GG from RNase T1 digestion in accordance with Gm2251
(ribose methylation prevents digestion with RNase T1). The
exact position and the nature of the methylation were inves-
tigated by MS/MS of methylated ,,50GGGGC,,54 and con-
firmed methylation at the ribose of G2251 (data not shown).
The methyltransferase RImB is responsible for this 2'-O
methylated nucleotide [32]. A C. sporogenes protein
(EDU39019.1/WP_003482898.1) with 36% identity to E. coli
RImB (E-value 4e-53) was found and is a putative candidate
for the enzyme responsible for the G2251 ribose methylation.
This nucleotide is located in the so-called P-loop of the 23S
rRNA, interacting with the CCA-end of the P-site bound
tRNA [33], which suggests an important function for the
modification.

The region in domain V covered by oligodeoxynucleotide
BV607 (Figure 1) has two modifications in E. coli 23S rRNA,
namely m”G2445 and dihydrouridine (D) at 2449. Our MS
analyses suggested an additional methyl group located at
either A2448 or D2449 in C. sporogenes 23S rRNA: The
RNase A digest showed a mass corresponding to dimethylated
2444GGGGAU, 49 + 2.0 Da, the RNase T1 digest showed a
mass corresponding to methylated
244sAUAACAG,454 + 2.0 Da and a methylated GG; there
was absence of the corresponding unmodified fragments in
all cases. Tandem MS analyses of modified ,444GGGGAU, 449
and ,443AUAACAG, s, (Figure 3) showed methylation of
G2445 and a methylated D2449 (or alternatively some other
16.0 Da modification of U2449). We favour a methylated
D2449, because such a modification is sub-stoichiometrically
present in E. coli 23S rRNA at position 2449 [34]. The enzyme
responsible for the E. coli D2449 modification is not yet
identified, but D is a common modification in the D-loop of
tRNAs. Some dihydrouridine synthases (DUS) responsible for
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D modifications in tRNA have been characterized (reviewed
by [35]). E. coli has three dus genes, and, so far, they have only
been related to tRNA modifications; D2449 is thus the only
23S rRNA modification in E. coli where the modifying
enzyme has not been identified. BLAST searches with the
three E. coli Dus proteins stipulate two enzymes in C. spor-
ogenes, EDU38226.1 with 34% identity to DusB and
EDU38527.1 with 22% identity to DusA.

In E. coli, the large bifunctional enzyme, RImKL modi-
fies both m’G2069 and m>G2445 [34,36,37]. We analyzed
the region around G2069 in C. sporogenes 23S rRNA (cov-
ered by oligodeoxynucleotide BV605, Figure 1) by MS, but
observed lack of G2069 methylation (or other modifications
in this area). This is in accordance with unmodified G2069
in the Gram-positive rRNAs investigated (including B. sub-
tilis, Mycobacterium smegmatis and Streptomyces coelicolor)
[34]. The Gram-positive Streptococcus mutans harbours two
proteins Smu472 and Smu776 similar to the N- and C-
terminal part of RImKL, respectively, where Smu472 add
the m?G2445 modification [34]. As we do not see m-
7G2069, we only expect a gene for an RImL homologue in
the C. sporogenes genome. BLAST of the Smu472 found
only one C. sporogenes protein: a 380 aa EDU37295.1
(WP_003486512.1) with a 45% identity (E-value 3e-111).
BLAST with E. coli RImKL (WP_001475205.1) gives the
same enzyme with 32% identity (E-value 2e-62) and with
only homology in the N-terminal end. We thus expect
EDU37295.1 (hypothetical protein CLOSPO_03464) to be
an RlmL analogue and responsible for the m*G2445 mod-
ification in C. sporogenes. m°G2445 is in a helix structure
close to the peptidyl transferase loop but might be impor-
tant for interaction with other nucleotides (reviewed in
(2]) .

We also investigated the loop region covered by oligodeox-
ynucleotide BV608 (Figure 1) where E. coli 23S rRNA has
Um2552. The nucleotide is conserved, and the modification
seems to be widespread although at least some Bacillus species
seem to have methylation at the neighbouring G2553 [38]. Our
MS analyses did not show any signals that could be assigned to
a U2552 modification. We therefore performed a primer exten-
sion analysis with varying dNTP concentration to see if that
could indicate a modification [39]. The results are shown in
Figure 4(a) and compared to E. coli 23S rRNA. It shows a clear
dNTP dependent stop at U2552 E. coli 23S rRNA, while the
data for C. sporogenes are less clear. The experiment has been
repeated several times with the adjustments mentioned in
‘Materials and Methods’. At very low dNTP concentration
there are four strong stops in the area. The stops at 2552 and
2553 persist at higher concentration but are eventually partly
overcome at the highest concentration, but the pattern is not
the one typically seen with probing of ribose methylations. We
believe these stops are caused by strong secondary structures,
which inhibit progression of the reverse transcriptase. A strong
RNA helix structure is present neighbouring the loop with the
2552 modification that might cause the ANTP dependent stop
at positions 2558 and 2559. When succeeding in opening the
helix, the possibility of forming two new helix structures
appears by parring 2520-2524 with 2533-2536 and

2538-2542 with 2546-2550 and we suggest this to be the
cause of the double band seen at positions 2552-2553.

U2552 in E. coli is modified by the methyltransferase
RImE and is located in the so-called A-loop that interacts
with aminoacyl tRNA [40] and the methylation has been
suggested to be a negative modulator of translational
accuracy [41]. A BLAST search with WP_000145975.1
(E. coli RImE) does not find C. sporogenes proteins with
significant similarity. Based on the MS data, the primer
extension data and the absence of an RImE orthologue we
suggest that U2552 is unmodified in C. sporogenes 23S
rRNA.

3.3. RNA modifications in domain IV of 23S rRNA

As E. coli has an m*G modification at position 1835, we analyzed
the region covered by oligodeoxynucleotide BV603 (Figure 1) by
MS and observed lack of methylation at the position correspond-
ing to G1835. In contrast, the investigation of the next region of
domain IV revealed three methylations at U1915, C1920 and
U1939. The methylation at C1920 is indicated by the presence
of a mass signifying a specific inhibition of RNase A digestion at
C1920 (data not shown). Furthermore, the fragment
1911UAACUAUAAC, g5 contains an additional methylation in
the mass spectrum of the RNase T1 products. Its position could
be pinpointed to be at U1915 as the primer extension analysis with
primer BV631 (Figure 1) shows a very strong stop at U1915
(Figure 4(b)). m’U will prevent primer extension and thus give
a very strong stop [42], while m°U will not prevent primer exten-
sion [26], and ribose methylation will give weaker stops that are
dependent of the NTP concentration used for primer extension
[39]. Based on this, we propose an m’U at position U1915, and it
is likely an m®¥ (m’pseudouridine), as this modification appears
to be universal in bacteria. The same primer extension points to a
dNTP dependent stop just below C1920 consistent with a ribose
methylation at this position. E. coli 23S rRNA is not modified at
this position but other bacteria are, as discussed below.

A base methylation of U1939 was determined by combina-
tions of RNase digestion, MS and tandem MS analyses (data not
shown). A primer extension analysis covering the relevant
region with primer BV604 (Figure 1) was performed but no
stops were seen, and as the modification does not affect primer
extension, we assume it is m°U1939. This modification has also
been observed at the same position in 23S rRNA from e.g. E. coli
[2,3], T. thermophilus [4], and P. aeruginosa [6].

E. coli 23S rRNA has m’¥1915 and the methylating
enzyme is RImH (previously named YbeA) [42]. It has been
reported that the methyltransferase RImH prefers to work on
pseudouridine, and requires associated 70S ribosome as a
substrate [42,43]. A recent structural study elucidates that
this small enzyme works as a functional asymmetric dimer
[44]. The C. sporogenes genome contains a gene annotated to
code for an RImH (EDU38179.1) but with only 31% identity
(E-value 5e-25) to the E. coli RImH sequence. The m>¥1915
modification is also present in Pseudomonas (putative mod-
ifying gene PA4004) [6]. T. thermophilus also have mU at this
position where Mengel-Jorgensen et al. [4] in addition to mass
spectrometry data see a strong primer extension stop, thus
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Figure 4. Primer extension analysis to pinpoint nucleotides with modifications. The long vertical lines separate E. coli and C. sporogenes samples and the shorter lines
separate sequencing and dNTP variation. G, A, U, and C indicate sequence lanes with dideoxynucleotide-sequencing. (a) Extension from primer BV632 (Figure 1). The
first four lanes are sequencing of 23S rRNA from E. coli, the next four lanes are sequencing of 23S rRNA from C. sporogenes, then follows five lanes with decreasing
dNTP concentrations (0.64, 0.16, 0.08, 0.02, and 0.01mM), see text for discussion. The next five lanes are with decreasing dNTP concentrations on E. coli 23S rRNA (0.5,
0.1, 0.04, 0.02, and 0.004mM) and show a dNTP-dependent stop at U2552, indicating a ribose methylation. The rightmost four lanes show sequencing. (b) Extension
from primer BV631 (Figure 1). The first four lanes are sequencing lanes with 23S rRNA from C. sporogenes. There is not clear sequencing close to the primer as is often
seen, but there is a complete stop at position 1915 and a partial stop at 1920. The next five lanes show extension on the same RNA with decreasing dNTP
concentrations (0.5, 0.1, 0.04, 0.02, and 0.004mM). This shows a dNTP-dependent stop at 1920, indicating a ribose methylation. The last five lanes show sequencing
of 23S rRNA from E. coli plus a control (R) without ddNTPs. The absence of stop at C1920 and the clear stop at U1915 are indicated by arrows.

pointing to a m*U while Polikanov et al. [5] report m*U from
X-ray modelling. U1915 is positioned in the loop of helix 69
in a region where the two ribosomal subunits interact and
close to helix 44 of the 30S subunit [5].

This study does not look for pseudouridines, which cannot be
detected directly by MS methods, but as the U1915 methylation
likely implies a pseudouridine, the C. sporogenes genome was also
searched for pseudouridine synthase genes. A BLAST with E. coli
RluD pseudouridine synthase (WP_000079112.1) that is respon-
sible for the W1915 shows three C. sporogenes protein sequences
belonging to the RluA family of pseudouridine synthase with 43%
(EDU37299.1, E-value 4e-76), 35% (EDU35865.1) and 24%
(EDU37345.1) identity to E. coli RluD, respectively. EDU37299.1
is thus a candidate for a U1915 pseudouridine synthase in C.
sporogenes, but a confirmation requires experimental
investigation.

The enzyme TIyA responsible for Cm1920 ribose methy-
lation was first identified in M. tuberculosis and later found
to exist in two variants [45]. Absence of this methylation
causes resistance to capreomycin and viomycin [28,46].
Searching the C. sporogenes genes for possible TlyA ortho-
logues suggests a 273 aa enzyme (EDU36942.1/

WP_003485867.1) with 36% identity to the 268 aa M.
tuberculosis Tlyll variant (KBJ35054.1) (E-value 5e-61);
37% identity to the 269 aa M. smegmatis MC2 155 TIyll
variant (WP_011729305.1) (E-value 4e-61); 40% identity to
the 235 aa T. thermophilus Tlyl variant (WP_011228016.1)
(E-value 1e-59); 42% identity to the 240 aa Brachyspira
hyodysenteriae Tlyl variant (AIS71962.1) (E-value 2e-57)
and 52% identity to the 282 aa Geobacillus stearothermo-
philus TIyll variant (WP_053414602.1) (E-value 6e-99).
From this we infer that C. sporogenes contains a TIyA
orthologue responsible for the Cm1920. This nucleotide is
positioned in helix 69 right at a bridge where the two
ribosomal subunits interact.

The methyltransferase RImD (previously named YgcA and
RumA) in E. coli is responsible for the m°U1939 modification
[47,48] and uses free 23S rRNA as substrate [47]. The search for a
similar enzyme in C. sporogenes (using WP_000046812.1, 433 aa
as query) resulted in the proteins EDU35986.1/WP_003484135.1
(E-value 2e-53) and EDU39155.1/WP_003483097.1 (E-value le-
52) with only 28% and 27% identity, respectively. The Bacillus
subtilis RImCD has been shown to methylate both m°U747 and
m°>U1939 [26]. A search for similarity with this 459 aa RImCD
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(KIX81902.1) in C. sporogenes resulted in the protein
EDU35986.1/WP_003484135.1 (E-value 2e-82) with 33% identity
and EDU39155.1/WP_003483097.1 (E-value 3e-179) with 52%
identity. EDU39155.1 is thus the most likely candidate for the
m°U1939 modifying enzyme in C. sporogenes. The m>U1939
modification has also been found in P. aeruginosa (putative mod-
ifying gene PA0933) [6] and in T. thermophilus [5] and in
Mycoplasma capricolum. As the modifying enzyme in M. caprico-
Ium (RImFO) uses a different, folate dependent mechanism [49],
we also checked if a gene for a similar enzyme is present in C.
sporogenes, but this is not the case. U1939 is positioned near the
the CCA end of ribosome bound tRNAs and the modification
may thus play a role in this interaction.

3.4. Domain Il and Ill of 23S rRNA from C. sporogenes

We finally investigated the domain II and domain III
regions shown in Figure 1 with MS to search for specific
modifications seen in other bacteria. No mass changing
modifications were observed in the RNase digestion pro-
ducts. As pointed out above we cannot rule out any possi-
bility of modified nucleotides in these regions with our
method, but the analyses determine lack of methylations
at the following positions modified in other bacteria; U571,
G745, U747, A1067 and A1618, as only unmodified RNase
digestion products appeared in the mass spectra.

4. Concluding remarks

It is well known from other studies that rRNA modifica-
tions tend to cluster in specific areas in bacterial rRNA and
this is coherent with our study of 23S rRNA modifications
in C. sporogenes ATCC 15579. We have detected nine mass-
changing modifications, all of which cluster in domain IV
and VI of 23S rRNA. Eight of these modifications are also
found in other bacteria at the corresponding positions
while one is at a position not previously found to be
modified, namely D2500. The presumed mD2449 is also a
particular case, as this modification is found at sub-stoi-
chiometrical levels in E. coli [34], but is fully modified in C.
sporogenes 23S rRNA. This resembles the situation for the
0h>C2501, where the modification level depends on E. coli’s
environmental conditions [7]. Although we find it unlikely,
we cannot exclude the presence of modifications in the
areas not investigated. Also, a modification might escape
MS detection if it ends up in fragments too small to be
detected in either of the two RNase digests. In general, the
modification pattern in 23S rRNA from C. sporogenes is
more similar to the modification pattern seen in T. thermo-
philus than the pattern in E. coli. This includes the apparent
absence of methylations in domain II and III and the lower
number of methylations overall, seven and eight [4,5],
respectively, compared to the 14 methylations in E. coli
23S rRNA. All detected modifications occur in regions
either engaged in subunit interaction or tRNA binding,
which is consistent with the suggestion from Mengel-

Jorgensen et al [7] that the role is to modulate inter-mole-
cular RNA-RNA contacts.
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