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Chemical Modifications of Ribosomal RNA
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Abstract

Cellular RNAs in all three kingdoms of life are modified with diverse chemical modifications. These
chemical modifications expand the topological repertoire of RNAs, and fine-tune their functions. Ribo-
somal RNA in yeast contains more than 100 chemically modified residues in the functionally crucial and
evolutionary conserved regions. The chemical modifications in the rRNA are of three types—methylation
of the ribose sugars at the C2-positionAbstract (Nm), isomerization of uridines to pseudouridines (Ψ), and
base modifications such as (methylation (mN), acetylation (acN), and aminocarboxypropylation (acpN)).
The modifications profile of the yeast rRNA has been recently completed, providing an excellent platform
to analyze the function of these modifications in RNA metabolism and in cellular physiology. Remarkably,
majority of the rRNAmodifications and the enzymatic machineries discovered in yeast are highly conserved
in eukaryotes including humans. Mutations in factors involved in rRNA modification are linked to several
rare severe human diseases (e.g., X-linked Dyskeratosis congenita, the Bowen–Conradi syndrome and the
William–Beuren disease). In this chapter, we summarize all rRNA modifications and the corresponding
enzymatic machineries of the budding yeast.
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1 Introduction

RNA modifications are present in all three kingdoms of life and
detected in all classes of cellular RNAs. RNA modifications are
diverse, with more than 100 types of chemical modifications iden-
tified to date [1]. Ribosomes are molecular assemblies of RNA and
proteins and are responsible for the synthesis of all proteins in the
cells [2]. Structural and functional analyses of ribosomes have
revealed that it is the ribosomal RNA (rRNA) that makes the
structural framework of ribosomes and catalyzes the joining of
amino acids (peptidyl transfer) during translation, hence making
the ribosome a ribozyme [3]. Though the chemical composition of
RNA seems to be rather insufficient to provide the structural com-
plexity to RNA, the composition analysis of rRNA has shown that
rRNA contains different chemical modifications that are added
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both co- and posttranscriptionally [4, 5]. Ribosomal RNA (rRNA)
contains three types of chemical modifications, methylation of the
ribose sugars at the C2-position (Nm), isomerization of uridines to
pseudouridines (Ψ), and base modifications (methylation (mN)
such as acetylation (acN) and aminocarboxypropylation (acpN))
[6]. Mutations in factors involved in rRNA modifications are asso-
ciated with several rare severe human diseases (e.g., X-linked dys-
keratosis congenita, the Bowen–Conradi syndrome, Hutchison
Gilford syndrome, and the William–Beuren disease) [7–
13]. Emerging evidences indicate that some bases are not always
completely modified providing heterogeneity with respect to RNA
modification [14–16]. Heterogeneity in rRNA modification has
been correlated with disease etiology (cancer) and shown to play a
role in cell differentiation (hematopoiesis) [17]. Remarkably,
alterations in rRNA modification patterns profoundly affect the
preference of ribosomes for cap- versus IRES-dependent transla-
tion having major consequences on cell physiology [18, 19]. Here,
we summarize all known rRNA modifications of the budding yeast
with an emphasis on base modifications (see Tables 1, 2, 3 and 4).

In Saccharomyces cerevisiae, 18S rRNA of the small subunit
contains 14 Ψs, 18 Nms (20O-methylated Ns), 4 mNs (methylated
Ns), and 2 acNs (acylated Ns) (Tables 1 and 2), whereas 25S rRNA
of the large subunit contains 30 Ψs, 35 Nms, and 6 base methyla-
tions (Tables 3 and 4). Mapping of these modifications has revealed
that these modifications cluster in the functionally conserved
regions of the ribosomes like the intersubunit and the peptidyl
transferase center [6, 20, 21]. Due to technical limitations, the
chemical modification profile of rRNA, especially for the base
modifications, remained poorly characterized for a long time.
Using state-of-the-art RP-HPLC and mass spectrometry together
with “reverse genetics,” we and others have recently completed the
characterization and mapping of the complete set of yeast rRNA
modifications, and have identified the corresponding enzymatic
machinery involved in adding these modifications to the RNA
[16, 22, 23].

2 Ribose Methylation

Methylation of 20-OH of ribose sugar to a 20-O-methyl-ribose is a
characteristic modification in mRNA and many noncoding RNA
(ncRNA) including tRNA, rRNA and siRNAs (Fig. 1). Ribose
methylation favors a 30-endo conformation of the ribose and since
30-endo conformations are known to stabilize A-form helices, meth-
ylation of ribose increases the rigidity of the RNA by promoting
base stacking. Furthermore, ribose methylation provides RNA sta-
bility against base and nuclease hydrolysis by insulating the other-
wise active 20-OH group. Our recent analyses together with other
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Table 1
18S rRNA modifications catalyzed by snoRNPs

Modified residue snoRNA Modified residue snoRNA

20O-A28 snR74 Ψ 106 snR44

20O-A100 snR51 Ψ 120 snR49

20O-C414 U14 (snR128) Ψ 211 snR49

20O-A420 snR52 Ψ 302 snR49

20O-A436 snR87 Ψ 466 snR189

20O-A541 snR41 Ψ 632 snR161

20O-A562 snrR40 Ψ 759 snR80

20O-U578 snR77 Ψ 766 snR161

20O-A619 snR47 Ψ 999 snR31

20O-A796 snR53 Ψ 1181 snR85

20O-A974 snR54 Ψ 1187 snR36

20O-C1007 snR79 Ψ 1191 snR35

20O-G1126 snR41 Ψ 1290 snR83

20O-U1269 snR55 Ψ 1415 snR83

20O-G1271 snR40

20O-G1428 snR56

20O-G1572 snR57

20O-C1639 snR70

Table 2
18S rRNA modifications catalyzed by specific enzymes

Modified residue Enzymes snoRNAs

m7G1575 Bud23

m1acp3Ψ1191 Nep1, Tsr3 snR35

m6
2A1781 Dim1

m6
2A1782 Dim1

ac4C1280 Kre33 snR4

ac4C1773 Kre33 snR45
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Table 3
25S and 5.8S rRNA modifications catalyzed by snoRNPs

Modified residue snoRNA Modified residue snoRNA

20O-A649 U18 (snR18) 20O G2922 SPB1

20O-C650 U18 (snR18) 20O A2946 snR71

20O-C663 snR58 20O C2948 snR69

20O-G805 snR39 20O C2959 snR73

20O-A807 snR59 Ψ776 snR80

20O-A817 snR60 Ψ960 snR8

20O-G867 snR50 Ψ966 snR43

20O-A876 snR72 Ψ986 snR8

20O-U898 snR40 Ψ990 snR49

20O-G908 snR60 Ψ1004 snR5

20O-A1133 snR61 Ψ1042 snR33

20O-G1142 ? Ψ1052 snR81

20O-C1437 U24 (snR24) Ψ1056 snR44

20O-A1449 U24 (snR24) Ψ1110 snR82

20O-G1450 U24 (snR24) Ψ1124 snR5

20O-U1888 snR62 Ψ2129 snR3

20O-C2197 snR76 Ψ2133 snR3

20O-A2220 snR47 Ψ2191 snR32

20O-A2256 snR63 Ψ2258 snR191

20O-A2280 snR13 Ψ2260 snR191

20O-A2281 snR13 Ψ2264 snR3

20O-G2288 snR75 Ψ2266 snR84

20O-C2337 snR64 Ψ2314 snR86

20O-U2347 snR65 Ψ2340 snR9

20O-G2395 snR190 (predicted) Ψ2349 snR82

20O-U2417 snR66 Ψ2351 snR82

20O-U2421 snR78 Ψ2416 snR11

20O-G2619 snR67 Ψ2735 snR189

20O-A2640 snR68 Ψ2826 snR34

20O-U2724 snR67 Ψ2865 snR46

20O-U2729 snR51 Ψ2880 snR34

20O-G2791 snR48 Ψ2923 snR10

20O-G2793 snR48 Ψ2944 snR37

20O-G2815 snR38 Ψ2975 snR42

20O-U2921 snR52

5.8 S RNA
Ψ 73

snR43



groups have identified several partial rRNA modifications in eukar-
yotes including humans. These observations suggest the existence
of a heterogeneous population of ribosomes supporting the
“specialized” translation model, which could possibly play an
important role during embryonic development [14–16, 22,
24, 25].

2.1 C/D Box snoRNPs All 20-OH ribose methylation occur at distinct positions in eukary-
otic rRNAs (Tables 1 and 3). The respective positions are targeted
via specific C/D box snoRNAs having complementary guide
sequences to the respective rRNAs together with distinguishing
sequence elements called boxes C and D.

The methylation guide sequence is located upstream of the box
D/D0 element and consists of 10–21 nucleotides. The guide
sequences direct ribose methylation to the nucleotide base paired
to the fifth nucleotide (nt) upstream of the box D or D0 sequence
(box D + 5 rule) [26]. The C/D box snoRNPs consist of four
common core proteins: Fibrillarin (human)/Nop1 (yeast), Nop58,
Nop56, and Snu13 [27]. Interestingly, C/D box snoRNPs
involved in functions apart from catalysis like U3, U14, U8, U22,
snR4, and snR45 also contain additional proteins [27, 28]. Nop1 is
a S-adenosyl methionine (SAM) dependent methyltransferase and
catalyzes the 20-O methylation reaction. Snu13 binds to the kink-
turn (loop-stem structure that includes the canonical C/D ele-
ments in the loop portion) in the C/D box of snoRNAs. Nop56
and Nop58 are characterized by extensive coiled-coil domains,
likely responsible for heterodimerization and providing stability to
the snoRNA.

Table 4
25S and 5S rRNA modifications catalyzed by enzymes

Modified residue Enzyme

25S rRNA

m1A645 Rrp8 (Bmt1)

m1A2142 Bmt2

m5C2278 Rcm1 (Bmt3)

m5C2870 Nop2 (Bmt4)

m3U2634 Bmt5

m3U2843 Bmt6

5S rRNA

Ψ 50 Pus7
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3 Pseudouridylation

Pseudouridylation (ψ) is a C-glycoside rotation isomer of uridine
(Fig. 1). Due to rotation, the nitrogen atom at position
1 (N1) forms no longer a glycosidic bond to the ribose and is
protonated at physiological pH. Compared to uracil, in pseudour-
acil both N1 and N3 participate in hydrogen bonding. The N1
proton makes hydrogen bonding with a phosphate group from the
same or neighboring nucleotide and provides stability of the
structure.

Furthermore, like ribose methylation, pseudouridine also
favors a C3-endo sugar pucker (the conformation preferred by an
A-form RNA helix) and has been shown to increase the thermal
stability of RNA by up to 2 �C [29]. Therefore, the presence of Ψ
also plays an important role in RNA stability that may not be
essential, but seemingly provides a significant advantage [5].

Fig. 1 Chemical structure of modified bases and 20O-methylation in yeast rRNAs
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3.1 H/ACA snoRNPs The majority of pseudoridines in rRNAs are added via specific
H/ACA box snoRNPs having complementary guide sequences to
the respective rRNAs and contain small sequence elements referred
to as boxes H and ACA [30]. Similar to C/D box snoRNAs,
substrate targeting involves base pairing through two short guide
sequences in a loop portion of the duplex structures (Tables 1
and 2). The guide sequences are 14–15 nucleotides from the H
or ACA box. The binding of the substrate places the target uridine
in a pseudouridylation pocket between the flanking paired
regions [30].

H/ACA snoRNPs contain four core proteins in yeast: Cbf5p
(Dyskerin in humans), Gar1, Nhp2, and Nop10. Cbf5 is the cata-
lytic pseudouridine synthase. Although the crystal structure from
the eukaryotic H/ACA snoRNP is still missing, the archaeal
H/ACA structure has provided noteworthy details about the orga-
nization of various core proteins [31]. Cbf5 has been shown to
contact the ACA motif and both P1 and P2 stem. Nhp2, the yeast
homolog of archaeal L7Ae binds to the K loop structure in the
upper half of the RNA. Gar1 does not bind to the RNA directly but
rather joins the complex through its interaction with Cbf5. Further
structural analyses of Cbf5 have revealed that its interaction with
Gar1 is essential for substrate binding and release [27].

4 Base Modifications

The rRNAs contain three different types of base modifications—
methylation (m), acetylation (ac), and aminocarboxypropylation
(acp). Methylation is the most common base modification in
rRNA. All four nitrogenous bases of RNA undergo methylation
either at nitrogen (N) or carbon (C) atoms. On the other hand,
only cytosine bases are acetylated, and aminocarboxypropyl is
added either to a uridine or pseudouridine residues in yeast. The
base modifications of RNA are primarily catalyzed by snoRNA-
independent enzymes with only exception being 18S rRNA acety-
lation that requires particular C/D box snoRNAs (Tables 2 and 4).

4.1 Base Methylation Methylation of nitrogenous base strongly affect their physical and
chemical properties. Methylation promotes base stacking by
increasing the hydrophobicity and the polarizability. Furthermore,
methylation also influences the structure by increasing steric hin-
drance, blocking canonical (Watson–Crick) hydrogen bonding and
fostering noncanonical Hoogsteen base paring. This presumably
helps ncRNA like rRNA to attain and maintain specific conforma-
tions, essential for their corresponding function—both with respect
to their structure and their enzymatic activity.
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4.2 Methyl

transferases

Methyltransferases are the enzymes that catalyze specific transfer of
methyl group form a methyl donor to various substrates. S-adeno-
syl-methionine (SAM or AdoMet) is the most common methyl
donor by virtue of the presence of a charged methylsulfonium
center [32]. Methyltransferases that utilize the methyl group of
SAM for the methylation reaction are called SAM dependent
methyltransferases. Based on their structural analysis, all currently
known SAM dependent methyltransferases have been divided into
five distinct classes (Class I to Class V) [33].

Class I methyltransferases are characterized by a Rossmann-fold
like domain and methylate a wide variety of substrates (DNA, RNA
and proteins along with other small molecules). Rossmann folds are
nucleotide (especially NAD(P)) binding domains that also contain
an alternating α/β strands topology in which two Rossmann fold
domains are linked into 6 parallel β stands sandwiched by a pair of
α-helices [32]. The Rossmann-like fold comprises of alternating
β-stranded and α-helical regions, with all strands forming a central
relatively planar β-sheet, and helices stuffing two layers, one on each
side of the plane.

Class II methyltransferases are characterized by a methionine
synthase activation domain. The Met synthase activation contains
an unusual fold with long, central, antiparallel β-sheet flanked by
groups of helices at either end, which makes it structurally distinct
from Class I methyltransferases [32].

Class III methyltransferases act on ring carbons of the large,
planar precorrin substrates during cobalamin biosynthesis (e.g.,
CbiF) [32].

Class IV methyltransferases belong to the SPOUT family and
methylate either RNA or proteins [32, 34]. These enzymes contain
a six- stranded parallel β sheet flanked by seven α-helices. Interest-
ingly the first three strands of these methyltransferases form half of a
Rossmann fold. The active site of SPOUT methyltransferases is
located near the subunit interface of a homodimer.

Class V methyltransferases contain typical SET domains, discov-
ered originally as conserved domain shared by chromatin remodel-
ing proteins Su (var) 3–9, E (Z) (short for Enhancer of Zeste) and
Trithorax [32]. Most of the currently known SET methyltrans-
ferases methylate lysine residues of various nuclear proteins
involved in chromatin remodeling and transcriptional regulation.
The SAM binding site and the catalytic center of SET domains
contains all-β (eight curved β strands forming three small sheets)
and knot-like structures like Class IV methyltransferases but based
on a different topology [32].

4.3 N4- Acetylation

of Cytidine (ac4C)

Acetylation of cytidine residues is a highly conserved base modifi-
cation present in 18S rRNA, as well as leucine and serine tRNAs of
yeast [35, 36]. Molecular dynamics simulation and in vitro studies
using the noninitiator methionine-accepting tRNA of E. coli have

156 Sunny Sharma and Karl-Dieter Entian



reported that acetylation of cytidine residues stabilize the C30-endo
puckering conformation of ribose, and stabilizes the G–C base
pairing in the RNA, which has been highlighted as an important
function of this modification in counteracting mistakes that may
occur during translation due to misreading of the isoleucine AUA
codon by tRNAMet [37–39]. Interestingly, in the 18S rRNA both
ac4C residues [ac4C 1280 (helix 34) and ac4C1773 (helix 45)] are
also involved in C-G base pairings that are fundamental for ribo-
some functionality [6, 40]. The disruption of these base pairing was
found to be lethal for yeast cells (unpublished data).

Structural and functional analysis of bacterial RNA acetyltrans-
ferase TmcA has revealed that RNA acetyltransferases utilize acetyl-
CoA as an acetyl group donor, which is transferred in an
ATP-dependent manner to the cytosine residues [41]. RNA acet-
yltransferases contain an N- terminal RNA helicase domain similar
to that of DEAD-box RNA helicases paired with a C- terminal
Gcn5-related N-acetyltransferase (GNAT) fold. TmcA is a stand-
alone enzyme and does not necessitate auxiliary factors for sub-
strate specificity, which is likely due to similar substrates that it
acetylates [42].

In contrast to TmcA, the yeast and higher eukaryotes
TmcA homologs Kre33/NAT10 utilize protein factors Tan1 and
THUMPD1, respectively, for tRNA acetylation and snoRNAs
snR4 and snR45 for 18S rRNA acetylation [28, 43, 44].

4.4 3-Amino carboxy

propylation acp

The addition of 3-aminocarboxypropyl (acp) to the RNA is another
highly conserved modification in eukaryotic cellular RNAs derived
from S-adenosyl-L-methionine (SAM) [45]. This modification is
mostly added to the uridine and pseudouridine residues and
impacts the ability of these bases to establish hydrogen bonding
with otherwise complementary adenosine residue [46, 47].

RNA aminocarboxypropyl transferase is a novel class of SAM
dependent acp transferase with a significant homology to the
SPOUT-class RNA-methyltransferases [46, 47]. Structure anal-
ysis of its archaeal Tsr3 homologs has revealed that these enzymes
contains the same fold as in SPOUT- class-RNA methyltransferase
[34], but due to a discrete SAM binding arrangement acp trans-
ferases transfer the acp instead of the methyl group of SAM to its
substrate [47].

5 Base Modifications of 18S rRNA

The 18S rRNA of ribosome small subunit (SSU) contains four base
methylation: one m1acp3Ψ1191, two m6

2A1781, m
6
2A1782, and

a single m7G1575, and two base acetylation—ac4C 1280 and 1773
(Fig. 1 and Table 3).
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5.1 Dim1 Catalyzes

m62A1781 and

m62A1782 dimethyla-

tion

The first base methylation analyzed in rRNAs of S. cerevisiae were
the m6

2A1781 and m6
2A1782 dimethylations [48]. Both dimethy-

lations of adenine residues at carbon atom 6 (C-6) in the 30of SSU
rRNA are highly conserved and are catalyzed by universally con-
served orthologous methyltransferases. In S. cerevisiae, Dim1 cata-
lyzes the methylation of both adenine residues [48, 49]. Dim1 is an
essential protein and plays a key role in 40S biogenesis. Interest-
ingly, both these dimethylations of 18S are performed in the cyto-
plasm and it has been shown that 40S subunits lacking
dimethylated 18S rRNA are not competent for translation in vitro
[48, 49].

Nevertheless, further analysis of this methylation and its
corresponding enzymes revealed that the methylation deficient
mutant of dim1 is viable albeit influences the 35S rRNA processing,
suggesting that methylations are dispensable for ribosome function
in vivo [48, 49].

5.2 Bud23 Catalyzes

m7G1575 Methylation

Bud23 catalyzes the methylation of nitrogen atom 7 in the guano-
sine residue at position 1575 (m7G1575) of 18S rRNA [50]. Resi-
due G1575 is highly conserved and interacts with the anticodon
loop of the P-site tRNA [40]. Bud23 is a eukaryote specific enzyme
and no orthologs have been detected in prokaryotes. It is a nucleo-
lar protein and has been shown to be critical for the efficient export
of the small subunit and its cytoplasmic maturation [50]. Intrigu-
ingly, as observed for Dim1, the m7G1575 methylation also turned
out to be not the essential function of Bud23 as the loss of methyl-
ation does not exhibit any 40S processing and export defects.
Conspicuously, Bud23 needs the assistance of methyltransferase
adaptor protein, Trm112 for the methylation of G1575 [50–52].

5.3 Nep1 (Emg1) and

Tsr3 Catalyze Ψ1191

Modification (m1

acp3Ψ1191)

The most interesting modification in the rRNA result in 1-methyl-
3-(3-amino-3-carboxypropyl)-pseudouridine (m1acp3Ψ1191)
[4]. S. cerevisiae 18S rRNA contains a single m1acp3Ψ hypermodi-
fication at residue 1191, located in the decoding center of the 40S
subunit, proximal to the P site-tRNA [40]. The m1acp3Ψ1191
modification comprises of three reactions: (1) pseudouridylation,
(2) methylation, and finally (3) the addition of 3-amino-3-carbox-
ypropyl [8, 47, 53]. During maturation of 18S rRNA, these mod-
ifications are added sequentially. First, snR35 snoRNP catalyzes the
pseudouridylation of U1191, thus unlinking the N1 of the U1191
from the glycosidic bond with the ribose sugar [30]. Next, Nep1
(Emg1) methylates this N1 of Ψ1191. Nep1, also described as
Emg1 is a highly conserved and an essential pseudouridine-N1-
specific methyltransferase [8] with an extended SPOUT-class
methyltransferase fold and a pre-organized SAM-binding site
[9, 54, 55]. Remarkably, a point mutation in
the human Nep1 (Emg1) protein (D86G) has been shown to be
responsible for Bowen–Conradi syndrome (BSC mutation) [7]. As
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already observed in case of Bud23 and Dim1, the methylation
appeared not to be the essential function of the Nep1. Instead,
the BSC-mutated yeast Nep1 protein showed enhanced dimeriza-
tion propensity and increased affinity for its RNA-target in vitro.
Furthermore, the BCS mutation prevented nucleolar accumulation
of Nep1, which could be the reason for reduced growth in yeast and
the Bowen-Conradi syndrome [8]. Furthermore, loss of methyla-
tion leads to defects in 40S subunits and affects antibiotic sensitivity
[8, 56, 57]. Genetic analysis of Nep1 has provided understanding
of its possible essential function [56, 58]. Overexpression of Rps19
protein has been demonstrated to suppress the deletion of other-
wise essential Nep1 [58]. This has led to the hypothesis that per-
haps the essential function of Nep1 is to assist the incorporation of
Rps19 protein during 40S biogenesis. Nevertheless, this model
awaits the biochemical experiments in its support [59].

Whereas Ψ (snR35) and N1-CH3 (Nep1) are introduced in
the nucleus, it was shown that the addition of 3-amino-3-carbox-
ypropyl to the Ψ1191 takes place in the cytoplasm [53]. The
enzyme responsible for the transfer of 3-amino-3-carboxypropyl
(acp) to the N3 atom of Ψ1191 was recently identified as Tsr3
[47]. A homologous enzyme was also identified in E. coli that
catalyzes acp3U modification at position 47 in the variable loop of
eight E. coli tRNAs [46].

5.4 Kre33/NAT10

Catalyzes ac4C1280

and ac4C1773

Acetylation of the 18S

rRNA in a snoRNA

Dependent Manner

Eukaryotes contain only one cytidine acetyltransferase Kre33
(yeast) and NAT10 (human) that catalyzes both rRNA and tRNA
cytidine acetylation [28, 43, 44]. Kre33 contains a N terminal
helicase domain fused to the C terminal acetyltransferase domain
related to GCN5 [42, 44]. In S. cerevisiae Tan1 was initially identi-
fied as a protein that is required for acetylation of ac4C formation at
position 12 of tRNA-Ser (CGA) [36]. Nevertheless, Tan1 does not
contain any catalytic (acetyltransferase) domain for ac4C formation
but rather contains the THUMP domain, responsible for tRNA
binding.

Interestingly, the acetylation of two cytosine residues in 18S
rRNA catalyzed by Kre33 are guided by the two box C/D snoR-
NAs snR4 and snR45 which are not known to be involved in
methylation [28]. This is in contrast to tRNA acetylation where
protein Tan1 likely guides Kre33 to the acetylated cytidine [28, 43,
44]. These results highlighted yet another example of an incredible
cellular modularity, where a single enzyme is targeted to diverse
substrates by means of either protein or RNA adaptors. Both snR4
and snR45 establish extended bipartite complementarity around
the cytosines targeted for acetylation [28].

The viability of catalytically deficient Kre33 mutants demon-
strated that acetylation of 18S rRNA is dispensable for cell viability.
Although both catalytic deficient mutants, kre33-H545A and
kre33-R637A exhibited severe growth defects at 37 �C, similar to
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what was observed previously for the Tan1 deletion mutant
[36, 44]. Since snoRNA deletions did not exhibit this phenotype
at 37 �C, we concluded that this is probably due to the loss of tRNA
acetylation.

6 Base Modifications of 25S rRNA

The 25S rRNA of the ribosome large subunit (LSU) in yeast
contains 6 base methylation: two m1A (1-methyl adenosine), two
m5C (5-methyl cytosine), and two m3U (3-methyl uridine) (Fig. 1
and Table 4). Two m5U (5-methyl uridine) methylations were also
reported previously but the presence of these in the 25S rRNA have
been disproven.

6.1 Rrp8 (Bmt1)

Catalyzes m1 A 645

Methylation

Rrp8, a protein previously shown to be involved in the processing
of 35S rRNA at site A2 [60]. Rrp8 catalyzes m1A645 base methyl-
ation of 25S rRNA and is a Class I SAM dependent rRNA methyl-
transferase [61]. The mapping of m1A645 on the ribosomal RNA
revealed that this residue is present in helix 25.1 of domain II of the
25S rRNA. Helix 25.1 is highly conserved in eukaryotes including
humans [62]. The in vivo structural probing of 25S rRNA, using
bothDMS and SHAPE, revealed that the loss of the Rrp8-catalyzed
m1A modification alters the conformation of domain I of yeast 25S
rRNA causing translation initiation defects detectable as halfmer
formation, likely because of incompetent loading of 60S on the
43S-preinitiation complex [62]. Surprisingly, quantitative proteo-
mic analysis of the yeast Δrrp8 mutant strain using 2D-DIGE have
exhibited that loss of m1A645 impacts production of a specific set
of proteins involved in carbohydrate metabolism, translation, and
ribosome synthesis [62]. These findings in yeast point to a role of
Rrp8 in primary metabolism. In conclusion, the m1A modification
is crucial for maintaining an optimal 60S conformation, which in
turn is important for regulating the synthesis of key metabolic
enzymes.

6.2 Bmt2 Catalyzes

A2142 Methylation

(m1A2142)

Bmt2 catalyzes the m1A2142 methylation located in helix
65 (H65) of the 25S rRNA [63]. H65 belongs to domain IV of
25S rRNA, which makes most of the intersubunit surface of the
large subunit. Interestingly, L2, a highly conserved protein makes
physical contact with H65, especially with its SH3-β barrel globular
domain. Like Rrp8, Bmt2 also belongs to Class I Rossmann-like
fold methyltransferases family [63].

A deletion mutant of BMT2 was previously identified to extend
hibernating life span and to exhibit peroxide sensitivity [64]. A
methyltransferase dead mutant (bmt2-G180R) and rDNA point
mutants (A2142G, A2142C, and A2142T) also exhibited hydro-
gen peroxide sensitivity. Taken together this indicates that the
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biosynthetic pathways of this modifications interact with the cellu-
lar response toward oxidative stress stimulated by hydrogen
peroxide.

6.3 Rcm1 (Bmt3) and

Nop2 (Bmt4) Catalyze

m5C2278 and m5C2870

Methylation

Yeast 25S rRNA contains two m5C residues at positions 2278 and
2870 [65]. Rcm1 and Nop2 were shown to be responsible for two
distinct m5C methylations of 25S rRNA at position C2278 and
C2870, respectively [66]. Both Rcm1 and Nop2 belong to Class I
methyltransferases characterized by Rossmann-like folds. Interest-
ingly, biochemical and structural analyses of other RNA cytosine
methyltransferases have provided an important insight into their
catalytic mechanism [67]. All known RNA cytosine methyltrans-
ferases utilize two highly conserved cysteine residues in the motif
IV and motif VI for the addition of methyl group at C5 of cytosine
[65, 67]. The cysteine in motif VI makes a nucleophilic attack on to
the C-6 of cytosine and form a covalent adduct with the RNA,
whereas the cysteine of motif IV is important for the release of the
substrate [67]. For both Rcm1 and Nop2 exchange of cysteine in
motif VI with the alanine led to methyltransferase-dead mutants,
whereas replacement of cysteine in motif IV with alanine turned out
to be lethal [66].

The lethality of both rcm1 and nop2 motif IV cysteine mutant
proteins suggested that due to substitution of cysteines in motif IV,
the mutant proteins fail to separate themselves from their
corresponding targets and forms a stable protein-rRNA complex.
This fixing of the mutant protein then blocks the 25S rRNA pro-
cessing and probably causes cell death. This model was further
supported by suppression of this lethality upon exchange of both
motif IV and motif VI cysteine residues together in case of Rcm1
and also Nop2, as this precluded the formation of any covalent
complex [66].

Nop2 is an essential protein in S. cerevisiae [68]. Previous
biochemical analyses using the hypomorphic expression system
have shown that Nop2 depletion causes severe defects in the
rRNA processing and 60S biogenesis. The viability of the nop2-
C478Amethyltransferase-deadmutant demonstrated, that methyl-
ation at C2870 is not the essential function of Nop2. In other
words m5C2870 is not essential for viability. Nevertheless, the
polysome profiles and Northern-blotting analysis of the
methyltransferase-dead mutant of Nop2 demonstrated that loss of
m5C2870 strongly impairs the 35S rRNA processing and 60S
biogenesis; the phenotypes observed previously upon depletion of
Nop2 [66]. Therefore, this suggested that the Nop2 depletion
phenotypes observed previously are apparently the result of
reduced m5C modification.

Absence of m5C2278 causes anisomycin hypersensitivity
[66]. In contrast to m5C2870, loss of m5C 2278 did not exhibit
any defects in 60S biogenesis and 35S rRNA processing. As far as
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the biological role of m5C2278 is concerned, loss of m5C2278 in
helix 70 (H70) causes anisomycin hypersensitivity, indicating that
the loss of this methylation disrupts its optimal conformation.
Together with the data from the m1A2142 base modification in
helix 65, the anisomycin hypersensitivity after the loss of m5C 2278
also suggests that the conformation of domain IV of 25S rRNA is
crucial for anisomycin sensitivity as both m1A2142 and m5C 2278
reside in the domain IV of the 25S rRNA [66].

To understand how 25S/28S rRNA cytosine methylation
(m5C) and its corresponding enzyme (Rcm1/NSUN5) impact
biological functions, in a collaboration with Johannes Grillari’s
lab, we found, that reduced levels of the enzyme increase the life
span and stress resistance in yeast, worms, and flies [69]. Loss of
m5C alters the structural conformation of the ribosome and pro-
motes translational reprogramming by favoring translation of a
distinct subset of oxidative stress-responsive mRNAs [69]. Thus,
rather than merely being a static molecular machine executing
translation, the ribosome exhibits functional diversity by modifica-
tion of just a single rRNA nucleotide, resulting in an alteration of
organismal physiological behavior, and linking rRNA-mediated
translational regulation to the modulation of life span, and differ-
ential stress response.

6.4 Bmt5 and Bmt6

Catalyze m3U2634 and

m3U2843 Methylation

Bmt5 and Bmt6 catalyze the m3U methylations at positions 2634
and 2843 of the 25S rRNA [70]. Both enzymes belong to the
Rossmann-like fold protein family. The substitution of highly con-
served glycine residues in the SAM binding motif of both Bmt5 and
Bmt6 with arginine abolished their catalytic activity. Surprisingly,
m3Umethylation in the 16S rRNA of E. coli is catalyzed by proteins
of the SPOUT methyltransferase family which had led to the
assumption that m3U methylation could only be performed by
SPOUT methyltransferases [71]. With the identification of Bmt5
and Bmt6 this convention is no more valid.

Both Bmt5 and Bmt6 are highly conserved in lower eukaryotes
including yeasts like Schizosaccharomyces pombe, Neurospora crassa,
and Kluyveromyces lactis. The Bmt5 and Bmt6 homologs are likely
performing the same function in these organisms.

6.5 25S rRNA of

Yeast Does Not

Contain any m5U

Residues

Yeast 25S rRNA was predicted to contain two m5U residues at
position 956 and 2924 [20, 72]. Using both RP-HPLC and mass
spectrometry this was disproved [70]. Similarly, the 25S rRNA of
C. albicans and S. pombe also did not contain any m5U residues
[73]. This has been also confirmed for higher eukaryotes, whereas
m5U residues have been only observed in tRNAs, which is in
consent with the presence of only one m5U methyltransferase,
Trm2 (in yeast and its homologs), responsible for m5U modifica-
tion of tRNAs at position 54. Up till now, Trm2 has not been
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observed to display any interaction with the rRNA in yeast. Taken
together, this would apparently suggest that during the course of
evolution m5U methylation have disappeared in rRNA of
eukaryotes.
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